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PREFACE 

 

 

The outcomes of this work are a result of experimental doctoral thesis, which is based on the 

preparation of nanostructured materials, their full characterization and integration into devices 

and it was carried out in the division of Materials Science at Luleå University of Technology 

(LTU) in Sweden within the framework of May 2015 and June 2019. 

The work has been carried out in national/international collaboration with Uppsala University in 

Sweden, Royal institute of Technology (KTH) in Sweden, Università degli Studi di Catania in 

Italy, National Research Council Section of Bologna in Italy, University of Padova in Italy, and 

University of Cologne in Germany. 

The outcomes of this work have been published in peer-reviewed scientific journals and pre-

sented at international conferences. The main achievements of the thesis were the fastest visible 

light photodetector based on oxides, the first dye-sensitized solar fuel device based on a biomi-

metic FeFe-catalyst that works in acidic pH condition, and the most efficient hematite-based 

water oxidation catalyst. These results can contribute to further development in the optoelec-

tronic devices for solar energy applications. 

 

 

Pedram Ghamgosar 

Luleå, May 2019 
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ABSTRACT 

 

 

Increasing energy consumption and its environmental impacts make it necessary to look for al-

ternative energy sources. Solar energy is considered as a favorable alternative to fossil fuels. 

Optoelectronic devices like solar cells and photoelectrochemical cells take high interest to pro-

vide the energy that we need. They can convert solar energy, as a huge and sustainable energy 

source, to electricity and fuel. Transition metal oxides (TMOs) due to high chemical stability, 

abundance, facile production and low cost are favorable materials to be used in these optoelec-

tronic applications. In TMOs, d-orbitals electrons contribute in forming bonds that gives special 

magnetic, electronic and geometric characteristics to these materials. They can be synthesized 

with different chemical and physical deposition methods.  

The electronic properties of TMOs vary from metallic characteristics to electrical insulators. 

Transition metal oxide semiconductors (TMOSs) are mostly used in optoelectronic devices. 

Tuning the properties of TMOSs like composition, morphology, dimensions, crystal structure, 

improves the performance of the optoelectronic devices. The light absorption, charge carrier 

mobility, the time scale between charge injection, regeneration and recombination processes are 

some of the properties critical to exploitation of TMOSs in solar cells and solar fuel technology. 

In this thesis, we explore the use of nanostructured TMOSs in all-oxide solar cells, photodetec-

tors and photoelectrochemical cells. One-dimensional (1D) heterojunctions of n-type transpar-

ent semi-conductive metal oxides (ZnO and TiO2) in conjunction with p-type light absorbing 

semi-conductive metal oxides (Cu2O and Co3O4) were tested in all-oxide photodetectors and so-

lar cells.  It is shown that the 1D nanostructured geometry, i.e. nanowires, nanotubes, improves 

the charge separation and charge transport properties. Increasing the surface to volume aspect 

ratio in nanowires and nanotubes improves the light absorption compared to the thin film geom-

etry. Our ZnO-Cu2O core-shell nanowire photodetector is the fastest visible light photodetector 

based on oxides reported till now. Mesoporous NiO photocathodes, sensitized with a biomimet-

ic FeFe-catalyst and coumarin C343 dye, were tested in a photoelectrochemical cell for hydro-

gen production. This system is the first solar fuel device based on a biomimetic FeFe-catalyst 

and shows a Faradic efficiency of 50% in hydrogen production. Cobalt catalysts have higher Fa-

radic efficiencies but their performance due to hydrolysis in low pH condition is limited. 
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Nanostructured hematite/magnetite film as a photoanode was tested in a photoelectrochemical 

cell for water splitting. This hybrid electrode improved the photoactivity of the photoelectro-

chemical cell for water splitting. The main mechanism for the improvement of the functional 

properties relies on the role of the magnetite phase, which improves the charge carrier mobility 

of the composite system, compared to pure hematite, which is a good light absorbing semicon-

ductor. 

 

Keywords: Metal Oxide, Photovoltaic, Semiconductors, Self-powered photodetectors, Photoe-

lectrochemical cell, Solar fuel, Water splitting               
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1. INTRODUCTION 

 

 

1.1. Energy from the Sun 

 

Energy, as an ability to perform work, has an important role in human’s modern life. Vaclav 

Smil in his book, Energy and Civilization: A History, says: “Energy is the only universal cur-

rency; it is necessary for getting anything done. The conversion of energy on Earth ranges from 

terra-forming forces of plate tectonics to cumulative erosive effects of raindrops. Life on Earth 

depends on the photosynthetic conversion of solar energy into plant biomass. Humans have 

come to rely on many more energy flows - ranging from fossil fuels to photovoltaic generation 

of electricity - for their civilized existence.” [1] Energy based on its sources can be classified in-

to two main groups: renewable and non-renewable. Energy carriers (also called secondary ener-

gy sources): electricity and hydrogen are produced from conversion of renewable and non-

renewable energy sources which are called primary energy sources. [2] 

 Nowadays, most of our energy infrastructures are based on fossil, non-renewable energy 

sources, like oil, natural gas, and coal. While these fossil fuel energy sources are our main ener-

gy reservoirs, we are faced with several major issues using them. Replenishment is the first is-

sue that should be considered. From natural resources, it takes millions of years to form new 

fossil fuels by natural processes. The second issue is back to the pollution. The greenhouse gas-

es which are a reason for global warming are released from combustion of these carbon-based 

energy sources. [3]  

Sustainable energy sources are a key to overcome these problems. The sustainable energy is a 

source of energy that has enough energy supplies and generates less destructive impact on na-

ture like air pollution and global warming. [4] Renewable energy sources like solar energy, wind 

energy, biomass, hydropower, wave power, geothermal, and tidal energy have the properties to 

be sustainable energy sources. These energy sources, except geothermal and tidal energy which 

are non-solar renewable energy sources, are called solar renewable sources. [4] Electricity, heat, 

and fuel for transportation can be generated from renewable energy sources. [2]  
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Fusion reactions convert hydrogen atoms to helium in the bulk of the sun. This nuclear energy 

in the core of the sun is almost equal to 3.89 × 1026 joules per second. Nuclear energy quickly 

transforms to thermal energy and transfers from the core to the surface of the sun. The thermal 

energy leaves the surface of the star as electromagnetic radiation called solar radiation. [5]  

The changes in solar activity and earth/sun distance affect the irradiance of the sun that reaches 

the earth atmosphere by 1% to 6.6% within a year. The solar spectrum at the top of the atmos-

phere is called extraterrestrial spectrum (Figure 1-1). This spectrum is the same all over from 

the surface of the sun to the atmosphere of the earth, since there is no absorption and scattering 

effects in this region. [6]  

 

Figure 1-1. Solar spectrum out of earth's atmosphere, extraterrestrial (dotted line), and solar spectrum at the sea level, 

terrestrial (solid line) [6] 

   

The travel of the solar light from earth’s atmosphere to the surface of the earth causes changes 

in the extraterrestrial spectrum due to absorption and scattering (Figure 1-2). 

The ozone (O3) layer, carbon dioxide (CO2), water vapor (H2O), and oxygen (O2) are responsi-

ble for the absorption of the solar radiation. The ozone layer absorbs light at shorter wave-

lengths in the ultraviolet spectral region, while the other substances above absorb light in the 

near infrared region. Scattering from particles such as water drops and aerosols, and Rayleigh 

scattering also cause some variations in solar spectrum in addition to absorption. The scattering 

and absorption in the atmosphere cause some changes in the extraterrestrial spectrum and form 

another spectrum that is called global radiation spectrum. [6]  
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Figure 1-2. Contribution of the various components in global radiation (adapted from ref 6) 

 

       

One definition that is important for solar spectrum characterization is air mass (AM). The air 

mass can be defined in two ways: the first according to path length of the solar radiation through 

the earth atmosphere and the second according to the sun angle. The relative path length of the 

solar light when the sun is perpendicular to the earth and when the sun is not perpendicular to 

the earth is one of the AM definitions. The second definition is coming from the zenith angle 

when it passes through the atmosphere relative to the overhead air mass (Figure 1-3). [6]  
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Figure 1-3. The air mass according to the zenith angle variation (adapted from ref 6) 

The air mass coefficient is also important for characterization of solar cell performance. The 

AM is followed by a number which will be calculated by following equations according to the 

model when the atmosphere is assumed to be plain (equation 1) and when the curvature of at-

mosphere is considered (equation 2). [7] 

𝐴𝑀 =  
𝐿

𝐿0
 ≈  

1

cos 𝑧
 , where 

 

L: The path length through the atmosphere, 

L0: The zenith path length, 

Z: zenith angle in degrees. 

 
 

𝐴𝑀 =  
1

cos 𝑧+0.50572 (96.07995−𝑧)−1.6364 . 

 

 

Some of the different existing standards for air mass are presented in Table 1. 

The irradiance of the sun has the SI-unit of watt per square meter (W m-2). Another unit for irra-

diance is defined as 1 sun = 1000 W m-2.  

  

(1) 

(2) 
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Table 1. Existing standards for air mass and their power densities [6] 

Solar condition Standard                        Power Density (W m-2) 

  Total                  250 – 2500 nm               250 – 1100 nm 

 WMO Spectrum 1367   

AM 0 ASTM E 490 1353 1302.6 1006.9 

AM 1 CIE Publication 85, Table 2  969.7 779.4 

AM 1.5 D ASTM E 891 768.3 756.5 584.7 

AM 1.5 G ASTM E 892 963.8 951.5 768.6 

AM 1.5 G CEI/IEC* 904-3 1000 987.2 797.5 

* Integration by modified trapezoidal technique 

CEI: Commission Electrotechnique Internationale 

IEC: International Electrotechnical Commission  

 

As mentioned previously, some parts of the solar energy, which is released from the surface of 

the sun, after absorption and reflection hits the surface of the earth with a total power equal to 

100,000 TW. [5] According to the International Energy Agency’s (IEA) report, the annual glob-

al energy consumption in 2014 was equal to 9,425 Mtoe, which can be translated to 12.5 TW. 

[8] This means that solar energy could cover all human’s need for energy. 

Renewable Energy Policy Network for the 21st Century (REN21) reported that in 2015, the con-

tribution of the renewable energy resources in annual global energy consumption was 19.3% 

(Figure 1-4). [9] The solar energy with approximately 5% contribution was one of the lowest 

energy supplies in 2015. Despite of numerous and quick improvement in solar harvesting tech-

nology in previous years, the contribution of solar energy in annual energy consumption is still 

very low. In recent years, photovoltaics (PV) gained a major role for electricity and fuel produc-

tion in the market but still it cannot compete with cheap fossil fuel. For this reason, the low-cost 

and highly efficient PV devices are the golden key for the future energy contribution. [5]          

 

Figure 1-4. Contribution of Renewable Energies in annual energy consumption in 2015 [9] 
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1.2. Metal oxides 

 

In large variety of materials to be used in PV, metal oxide semiconductors are of high interest 

due to high chemical stability, abundance, facile production and low cost. The metal-oxygen 

bonding in oxides, which typically form rock-forming minerals with very high chemical stabil-

ity, can vary between ionic bonding to covalent or metallic bonding. [10,11] Among the main 

group oxides, some of them with very large band gaps like magnesium oxide (MgO) and alumi-

num oxides (Al2O3) are electrical insulators and cannot be used in optoelectronic devices as a 

semiconductor for photovoltaics. Although few of main group oxides like indium (III) oxides 

(In2O3), tin (IV) oxide (SnO2) and gallium (III) oxide (Ga2O3) are used as wide band gap trans-

parent oxides but their nature is to be n-type (section 1.3). It is difficult to dope them to become 

p-type (section 1.3) semiconductors. [10] Transition metal oxides (TMOs), compared to main 

group oxides, have special geometric, electronic and magnetic properties due to the contribution 

of d-orbital electrons in the bond formation. These properties have effects on physical, chemical 

and geometrical characteristic of TMOs. [10–12] For this reason, they have large varieties in 

physical properties such as: melting temperatures between 6-2800 ˚C, electrical properties from 

metallic characteristic to insulators, light absorption in a large range of the spectrum have been 

addressed for TMOs. Also, different geometrical properties like: 0- 1- 2- and 3-dimentional, 

molecular, layered and chain have been determined. [12] In terms of synthesis, there are many 

synthesis methods that can be used like: chemical methods, thermal methods (hydrothermal 

(HT), solvothermal (ST)), deposition methods (screen printing, tape casting), sputtering method, 

electrodeposition method, physical vapor deposition (PVD), chemical vapor deposition (CVD) 

and atomic layer deposition (ALD). [13,14]  

All these properties make TMOs very interesting candidates to be used in different applications 

such as photodetectors, solar cells, photocatalysis and gas sensing applications. [15]      

 

1.3. Photovoltaic effect 

 

The solar energy, which passes through the earth’s atmosphere can be indirectly used by trans-

formation to wind energy, wave energy or bioenergy or can be directly used by solar thermal or 

photovoltaics. 

Photovoltaics (PV) is a technique to convert solar energy directly into electricity. The term pho-

tovoltaics consists of two words: photos and volt. “Photos” means light in Greek and “volt” de-
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rives from an Italian physicist’s name, Count Alessandro Volta, and it is the electromotive 

force’s unit. 

The photovoltaic cells are based on the voltage difference between two different types of semi-

conductors. A pure (intrinsic) semiconductor is undoped. In this structure, electrons in the con-

duction band (CB) are a result of thermal excitation and they leave a hole in the valence band 

(VB). By doping semiconductors with some other elements, p-type and n-type semiconductors 

can be formed. For instance, doping silicon (Si) with boron (B) will result in an excess of holes 

(B has one electron less than Si and it removes an electron from the VB of the Si). Hence, B-

doped silicon is a p-type semiconductor. Since phosphorus (P) has an excess electron compared 

to Si, it adds an electron to the CB of the silicon and P-doped silicon is an n-type semiconduc-

tor.  

The interface between a p- and n-type semiconductor in contact is called a p-n junction. An il-

lustration of a p-n junction is shown in the top-left panel of Figure 1-5. Holes are considered as 

positive charges and diffuse from the p-type semiconductor to the n-type semiconductor. The 

electrons diffuse oppositely from n-type to p-type. Hence, a depletion layer with only few mo-

bile holes and electrons is formed in the near-junction region and an electric field appears in the 

interface (Figure 1-5, top right). Electron-hole pairs will be generated due to photon absorption 

when solar light shines on the depletion region. Then, electrons and holes migrate to the n-type 

and p-type side, respectively (Figure 1-5, down left). A potential difference occurs in the deple-

tion region and if the two semiconductors are connected through an external circuit, current will 

be generated (Figure 1-5, down right). [4]  

 

 

Figure 1-5. Photovoltaics’ principles of a p-n junction 
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There are three generations of photovoltaic devices. The first generation, with high efficiency 

and high production cost, consists of mono- and poly-crystalline silicon. The second generation 

that is also called “thin film photovoltaics” uses cheaper materials with lower photoconversion 

efficiency. In third generation photovoltaics, good properties from the first two generations are 

kept increasing the efficiency but keeping material and production cost low. [16]  

 

1.4. Photovoltaic applications for light detection and electricity production 

 

1.4.1. Self-powered photodetectors 

 

Nowadays, photodetectors encompass vast amount of applications in research, industry, com-

merce, and entertainment. They employ different range of photon frequencies from far infrared 

(IR) to gamma rays. They are used in different applications like TV receivers and remote con-

trollers, CCD cameras, fiberoptic photodiodes, and devices that are used in astronomy.  

Photodetectors based on their charge separation by electric field might be divided into two main 

groups, photoconductors and photovoltaic photodetectors (self-powered photodetectors). In 

photoconductors, an active semiconductor layer is sandwiched between two ohmic metal con-

tacts. An external bias (VB) is applied between the ohmic contacts which leads to a bias current 

(IB), passing through the active layer. When the active layer is exposed to light, electron-hole 

pairs will form in the optically active layer. The external bias causes the charge separation of 

photogenerated charge carriers and produces the photocurrent (IPH). In this step, the total current 

is IB+IPH and the overall conductivity of the device will increase. The high responsivity of pho-

toconductors makes them more interesting compared to photovoltaic photodetectors while their 

bandwidth, UV-Vis contrast and IR sensitivity is lower than of photovoltaic photodetectors. 

This makes limitation in the range of applicable devices for photoconductors. [17]  

In self-powered devices that use sustainable energy resources and work without external energy 

bias, the charge separation is based on the built-in potential. [18,19] Self-driven photodetectors, 

based on the common principle of electron-hole creation by exposing them to light and working 

by the photovoltaic effects (explained in section 1.3), are one type of photodetection applica-

tions. They make it possible to produce small size devices with low power usage and cheaper 

price. [18,20–22] Photovoltaic devices based on the charge separation mechanism at the inter-

face might be classified as: Schottky junctions, p-n junctions, and photoelectrochemical cells 

(PEC). [18]  
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Schottky junction devices have very similar structure as photoconductors but the ohmic metal-

semiconductor contact in one side is replaced by a Schottky barrier. In addition to a faster re-

sponse of the Schottky junction photodetectors compared to photoconductors, they are also self-

driven devices that work with a built-in potential. [18] Various types of p-n junctions have been 

used for many years as the bulk film structure in a variety of conventional optoelectronic devic-

es. Recently, in modern photodetectors, the nanostructured p-n and p-i-n (i is intrinsic or un-

doped semiconductor) junctions has enhanced device functionality by improving light absorp-

tion, charge transfer, and charge separation dynamics at the interfaces. [18] Self-powered p-n 

junction photodetectors with different geometries like core-shell, axial, branched, and crossed 

structures have been fabricated with various combination of materials due to facile synthesis of 

them. [18,19,23] 

 

1.4.2. All-oxide solar cells 

              

First generation of solar cell applications use mono-, poly-crystalline, or amorphous silicon in 

their structure (section 1.3). This generation, with highest contribution to the PV market (~ 

90%), is expensive due to high production cost. Thin film solar cells, mainly cadmium telluride 

(CdTe) and copper indium gallium di-selenide (CIGS), have the second contribution to the PV 

market. The material availability, precisely Te and Ga, is a drawback for these devices. [24] In 

the second generation of solar cells, metal oxides are used as transparent conductive oxide 

(TCO) components in the solar cell structures. Indium tin oxide (ITO), fluorine-doped tin oxide 

(FTO), and aluminum-doped zinc oxide (AZO) are three common TCOs that are used in CdTe 

and CIGS solar cells. [24,25] A conventional thin film solar cell consist of: 1) A metallic con-

tact, this contact is attached to the light absorbing layer and make an ohmic contact; 2) The light 

absorbing layer that can be a p- or n-type semiconductor; 3) A wide band gap and thin buffer 

layer with opposite conductivity of absorbing layer to make a heterojunction; 4) A transparent 

conductive electrode, this electrode is attached to the buffer layer to make an ohmic contact 

with it. [24] The third generation of solar cells, usually known as next-generation PV (NGPV), 

have nanocomposite materials in their structures. Dye-sensitized solar cells (DSSCs) and quan-

tum-dot-sensitized solar cells (QDSSCs), perovskite solar cells are categorized in this genera-

tion. Even that DSSCs and QDSSCs are also working by the photovoltaic effect, they have 

some structural and functional differences with conventional photovoltaic devices. In DSSC, a 

molecular photosensitizer (in QDSSCs instead of dye molecules quantum-dot particles are at-

tached) is anchored on a wide band gap semiconductor and it has the responsibility of light ab-
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sorption. The charge separation happens at the interface of dye/semiconductor. The semicon-

ductor transfers the separated charge to the external circuit. [26,27] In conventional photovoltaic 

devices the semiconductor has both responsibility of light harvesting and charge transfer. Also, 

the charge separation is based on the electric field in the p-n junction interface (section 1.3). 

Figure 1-6 demonstrates a schematic diagram of the main components of a DSSC and the opera-

tional mechanism of the cell. It is made of three main components: working electrode (WE), re-

dox electrolyte and counter electrode (CE).  

 

Figure 1-6. Schematic diagram of DSSC components and its operation principles. The red particles are dye molecules 

sensitized on the TiO2 mesoporous particles (blue particles) (adapted from ref 25) 

 

The working electrode is composed of a wide band gap mesoporous semiconductor deposited 

on a glass or plastic substrate which is covered by a TCO such as ITO or FTO. Dye molecules 

are anchored on the mesoporous film. The working electrodes, based on the doping of semicon-

ductors, are divided into n-type DSSC (like TiO2, ZnO) [28–32] or p-type DSSC (like NiO, 

Cu2O). [33–35] The electrolyte consists of two components: redox mediator and solvent. Io-

dide/triiodide (I-/I3
-) was the first redox couple used by O’Regan and Grätzel. [28] Later, vari-

ous types of redox mediators were tested, [36] and the cobalt redox mediator was introduced as 

a promising redox couple by Feldt and coworkers in 2010. [37] As the solvent, also different 

materials were used in DSSCs such as water, [38,39] acetonitrile, [40,41] ionic liquids, [42,43] 

etc. 

The conventional counter electrode is platinized FTO or ITO but also other electrodes using dif-

ferent catalysts like conductive polymers, carbon materials, and graphene have been used in 

DSSCs. [36,44,45] 
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The operating principles of an n-type DSSC start by photon absorption and photoexcitation of 

dye molecules (process 1 in Figure 1-6). The excited dye injects the electron to the conduction 

band of the semiconductor, here TiO2 (process 2). The excited dye will be regenerated by re-

duced species of redox couple (process 3). Electrons in the conduction band migrate to the con-

ductive substrate by diffusion (process 4). The collected electrons at the conductive substrate 

perform work via transferring to the counter electrode through the external circuit (process 5). 

The cycle will be completed by reduction of oxidized species of redox couple at the counter 

electrode (process 6). One issue about DSSCs is the liquid electrolyte that requires very good 

sealing to protect then against leakage and degradation. 

Another type of solar cells that can be categorized as NGPV are all-oxide solar cells. In all-

oxide solar cells, in addition of TCO the buffer layer and absorbing component are also metal 

oxides. The buffer layer makes better band alignment between the TCO and the absorbing layer. 

[24,25] The buffer layer can be a good electron carrier or a good hole carrier. ZnO and TiO2 are 

two well-known electron conductors [46–49] while some other MOs like Na2O5 [50], ZrO2 [51], 

and SrTiO3 [52] are used as electron transport layer as well. NiO [53,54] is the most common 

hole conductor material. MoO3 [55], V2O5 [56], and WO3 [57] are also used as hole conductors. 

ZnO and TiO2 are low work function materials and compared to low work function metals like 

Ca and Mg that are reactive, they are inert and chemically stable. [24] NiO and MoO3 are high 

work function materials and they are cheaper in contrast to high work function metals like gold 

(Au) and Platinum (Pt). [24] Among the MOs, the candidates as light absorbing layer are very 

limited compared to TCOs and buffering layer. Copper(I) oxide or cuprous oxide (Cu2O) is the 

most promising MO as a light absorbing layer. [58–60] The research on Cu2O has been started 

long time ago. [61–63] The electronic band gap of 2 eV of Cu2O is not optimized for a single 

junction solar cell and leads to reach to maximum theoretical efficiency of 23%. As an absorb-

ing layer in multijunction solar cells, its band gap is optimized to reach to 32.9% efficiency. 

[25] Co3O4 is another MOs with two band gaps (1.5 and 2.2 eV) that is less studied as absorbing 

layer in solar cells compared to Cu2O. 

 

1.5. Photovoltaic applications for fuel production 

 

In the previous part it was shown how to convert solar energy to electricity through the photo-

voltaic effect. Another attractive way of using solar energy is to convert it to storable energy 

carriers like carbohydrates and hydrogen, known as solar fuels. 
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In nature, during natural photosynthesis (NPS), carbon dioxide and water converts to carbohy-

drate and molecular oxygen by using solar energy (equation 3) and this energy stores in the 

plants, algae and cyanobacteria in the form of chemical bonds. [26,64–69]  

6𝐶𝑂2 +  6𝐻2𝑂 + ℎ𝑣 →  𝐶6𝐻12𝑂6 +  6𝑂2. 

Artificial photosynthesis (APS) is another technique that helps to store solar energy in the form 

of chemical bonds in hydrogen. In APS, by photocatalytic or photoelectrochemical (PEC) water 

splitting, which is shown in equation 4, it is possible to convert the solar energy to hydrogen. 

[26,70] 

 

2𝐻2𝑂 + ℎ𝜗 → 2𝐻2 +  𝑂2. 

 

To obtain this conversion, the basic requirements which regulate the NPS should be considered. 

They consist of a material to absorb solar light, generate an electron-hole pair, separate these 

two charges, and at the end to have enough energy to operate the catalytic water splitting.[26]  

The first reported demonstration of photoelectrochemical water splitting was by Fujishima and 

Honda in 1972. They used a wide band gap transparent semiconductor (anatase TiO2) pho-

toanode coupled with a Pt cathode in a pH gradient. [71] The schematic diagram of this photoe-

lectrochemical cell is shown in Figure 1-7. 

This report was the starting point for APS research area and after that the development on pho-

toelectrochemical water splitting was very quick and a massive progress came in hand for mate-

rials and device design. [72,73,82–90,74–81]  

 

 

Figure 1-7. Schematic diagram of a photoelectrochemical (PEC) cell using TiO2 as a photoanode, Pt as a cathode and a 

proton exchange membrane (PEM) (adapted from ref 25) 

(3) 

(4) 

P
t 
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There are several properties that a semiconductor material should cover to be a suitable photo-

catalyst for water splitting, in which the solar light is the driving force. The band gap and band 

position of these materials are two main factors. 

As a favored semiconductor material, not only the minimum band gap should be at least larger 

than 1.229 eV to be able to do water splitting according to equation 4, but also the CB and VB 

should be in a suitable position. The VB position should be more positive compared to the re-

dox potential of water oxidation half reaction (equation 5). 

𝐻2𝑂 → 2𝐻+ +
1

2
𝑂2 + 2𝑒−               𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

0′ = +0.815 𝑉. 

The CB position also should be more negative compared to the redox potential of proton reduc-

tion reaction (equation 6). 

2𝐻+ +  2𝑒− →  𝐻2                            𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
0′ =  −0.414 𝑉 . 

Both potentials are reported versus Normal Hydrogen Electrode (NHE) at 25 oC and pH = 7. 

Another property to consider is the light absorption of these semiconductor materials. Devices 

based on semiconductors with photocatalytic activity under ultraviolet (UV) light are more effi-

cient per photon energy absorption for hydrogen production via water splitting, than the visible 

light-based devices. Still the development of better materials for visible light is needed. The rea-

son is that the UV light contributes just approximately 4% to the total solar spectrum, while the 

contribution for visible light is around 53%. [91–94] Figure 1-8 shows the band gap and band 

position of some semiconductor materials at pH=7. 

The band gap of all semiconductors in Figure 1-8 is more than 1.23 eV and therefore fulfills one 

of the requirements for water splitting. Some of them, such as titanium dioxide (TiO2) and bis-

muth vanadate (BiVO4) are considered as suitable photocatalyst candidates for water splitting. 

[91] Silicon carbide (SiC), zinc oxide (ZnO), and cadmium sulfide (CdS) have suitable band 

gaps but they are not good for water splitting due to their photocorrosion properties. [91] Cu-

prous oxide (Cu2O) and hematite (Fe2O3) have favorable band gap for visible light absorption 

but their band position and their low electronic conductivity limit the possibility to be highly ef-

ficient photocatalysts. 

(5) 

(6) 
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Figure 1-8. Diagram of band gap and band position of some semiconductor materials, oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER) redox potential at pH = 7 [95–97] 

 

Finding semiconductors or developing the properties of existing semiconductors to fulfill the 

narrow band gap for light absorption and at the same time having the desired energy level for 

photocatalytic reaction is a challenge in the photocatalytic water splitting research area. 

To overcome the limitations described above, several strategies have been tested by different 

groups. One of the successful techniques was to merge a dye-sensitized solar cell (DSSC) with a 

suitable photocatalyst and make a dye-sensitized solar fuel device (DSSFD) for water splitting. 

In this way by using a molecular photosensitizer, it is possible to extend the light absorption in-

to the range of visible light spectrum. [26] In a DSSC, a molecular photosensitizer that is able to 

absorb visible light, is anchored on a large band gap semiconductor like TiO2. [98–101] The en-

ergy levels of these molecular photosensitizers, highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO), are easier to tune than the VB and CB of 

semiconductors. 

Doping and creating defects could be another strategy to increase light harvesting of semicon-

ductors. [91,102] In order to overcome the low conductivity of metal oxide semiconductors of 

late transition metals like nickel oxide (NiO) and Fe2O3, which have good catalytic activity, it is 

possible to synthesize multicomponent metal oxides. [83,91,103] 
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1.6.  Objectives of the thesis 

 

The aim of this work is to improve the performance of PV devices by engineering the structure 

and interface of photoactive electrodes made of TMOs. All-oxide photodetectors and solar cells 

made of 1-dimentinal ZnO NWs and TiO2 NWs covered conformally by Cu2O and Co3O4 were 

fabricated and characterized. The aim was to improve the light absorption, charge separation 

and charge transfer properties by high aspect ratio NWs geometry and reducing the amount of 

absorbing layer materials. 

The ZnO NWs have been exposed to vacuum plasma at atmospheric condition using hydrogen 

as process gas. This led to decreased photoluminescence (PL) emission in the visible area and 

increased near band emission (NBE) due to diffusion of hydrogen in ZnO crystal and filling the 

vacancies in the crystal structure. 

To improve the photochemical hydrogen production and water oxidation, two different photoac-

tive MO based electrodes were tested in solar fuel devices (SFDs). In a DSSFD, a biomimetic 

FeFe-catalyst attached to a photocathode based on NiO synthesized by an organic dye is tested 

to produce hydrogen. This is the first time that a DSSFD based on a biomimetic FeFe-catalyst is 

examined. Iron is an abundant material. This catalyst is more resistant in the acidic environment 

compared to the cobalt catalysts that are mostly used in photolysis. Also, a hematite/magnetite, 

α-Fe2O3/Fe3O4, photoanode was used as a hybrid electrode to improve the water oxidation per-

formance. Hematite has a suitable band gap for water splitting and good light absorption proper-

ties but has poor electrical conductivity. This hybrid structure has improved electrical conduc-

tivity since magnetite is a better conductor than hematite. 
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2. SYNTHESIS AND CHARACTERIZATION METHODS 

 

 

2.1. Sample preparation 

 

2.1.1. Tape casting 

 

Doctor blade (also called tape casting) is a simple and undemanding technique which is used for 

preparing thin films in scalable and inexpensive way on large surface areas. This method which 

was developed in 1940’s, in the beginning gave the opportunity of preparing piezoelectric mate-

rials and ceramic capacitors with better dielectric characteristics. [104] Later, the doctor blade 

method was developed for some other none-ceramic materials like polymers and metal applica-

tions. The speed of films production by this method can be scale up to several meters per 

minutes by a thickness variety between 20 and several hundred micrometers. [104] By recent 

progresses in the method, it can be used for new applications such as polymer batteries and pho-

tovoltaics, since it is possible to prepare samples by thickness down to 5 microns.  

 

Figure 2-1. Doctor blade steps for thin film deposition 

NiO mesoporous photocathodes (section 3.3) were prepared with tape casting. Standard precur-

sor solution of NiO was prepared by dissolving anhydrous NiCl2 (1 g) and the triblock co-

polymer (F108-templated precursor, 1 g) into a mixture of Milli-Q water (3 g) and ethanol (6 g). 

[105] The solution was centrifuged after 3 days rest at 30 °C. The prepared solution was depos-

ited by doctor blade method on an FTO glass substrate using Scotch tape as a spacer. The dried 

film was annealed in air at 450 °C for 30 minutes.   
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2.1.2. Hydrothermal and Solvothermal syntheses 

 

Hydrothermal (HT) and Solvothermal (ST) syntheses are solution reaction-based techniques. 

They are suitable synthesis methods for growth of nanomaterials under a variety of conditions 

with different structure, size, and morphology. [106] In these methods, the reactants are simply 

placed in an autoclave and with control of temperature (from room to high temperature), pres-

sure (from low to high pressure based on the vapor pressure of the main components), concen-

tration of reactants, reaction time, pH, reaction medium, and filled volume of autoclave, nano-

materials in different structures from nanoparticles to nanotubes and nanowires with various 

size and morphology can be synthesized. The difference between HT and ST arises from reac-

tion medium. If the reaction medium is an aqueous solution it is called HT, while using any oth-

er solvent than water, it is called ST synthesis. 

ZnO NWs (sections 3.1, 3.2, 3.5) and TiO2 NWs (section 3.6) were prepared by HT and ST syn-

theses. Prior to ZnO NWs synthesis, ZnO seed layer was deposited on a pre-cleaned FTO glass 

substrate.  0.1 M of zinc acetate dihydrate in ethanol was spin coated (four cycles, between each 

cycle it was dried at 120 C for 10 min) and it was annealed for 60 min in a furnace at 450 C at 

atmospheric condition. To grow the ZnO NWs, the seeded samples were placed in an autoclave 

filled completely with an aqueous solution of 100 mM of Zn(NO3)2.6H2O and 100 mM of hex-

amethylenetetramine (HMTA). Then it was heated for 3 hours at 95 C in the oven. 

TiO2 seed layer was prepared by spin coating of a solution consist of 10 mL of ethanol, 2 mL of 

acetic acid and 0.35 g of titanium butoxide on FTO substrate. This solution was mixed for 2 h 

before to be aged for 24 h at room temperature. [107] The spin coated substrate was annealed in 

atmospheric condition at 450 C for 1 hour. The TiO2 NWs synthesis is described in Table 5 

(section 3.6). 

 

2.1.3. Chemical vapor deposition 

 

Chemical vapor deposition (CVD) is a technique for preparing powders, films or coatings by 

chemical reactions of gaseous reactant close to a preheated substrate. Deposition of tungsten 

(W) on carbon filaments using CVD was a beginning of the industrial utilization for this tech-

nique in 1893. [108]  

The principle of CVD is: 
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 The substrate is placed in a vacuum chamber which will be activated later by heat, light, or 

plasma. The precursor is vaporized either by reducing the pressure or increasing the tempera-

ture. The vaporized precursor is transferred to the vacuum chamber. In the chamber the chemi-

cal reactions or dissociation of precursors take place in gaseous phase. The reacted precursor is 

deposited on a preheated substrate. The thickness of the coating is controlled by duration of the 

deposition and the temperature. The schematic diagram of CVD is shown in Figure 2-2. 

 

Figure 2-2. Diagram of Chemical Vapor Deposition (CVD) system (adapted from ref [108]) 

 

CVD like every other technique has both advantages and drawbacks. Some advantages are: 

good uniformity and reproducibility of deposited film with high deposition rate, pure and com-

pact coating, easy control of thin or thick deposition by adjusting the deposition rate, controlling 

the surface morphology and crystal structure by adjusting the coating parameters, wide range of 

products due to large range of suitable precursors, and relatively low production cost. [108]  

In contrast to these favorable properties, the disadvantages are: Safety problem due to flamma-

ble, toxic, and corrosive precursors, relatively high production cost in terms of need of ultrahigh 

vacuum and low pressure for deposition of some special products, and difficulty in stoichiome-

try control for deposition of multicomponent products. [108] 

Cu2O samples in section 3.1, Fe2O3 and Fe3O4 in section 3.4 were prepared by CVD method. 

 

2.1.4. Atomic layer deposition 

  

Atomic layer deposition (ALD) is a vapor phase deposition technique of ultra-thin to thin film 

materials. The cyclic and self-terminating principles of ALD results in conformality and precise 

thickness control of thin film deposition even over high aspect ratio materials. These advantages 

make ALD more interesting compared to CVD and other PVD methods. [109] In addition, the 
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deposition temperature for ALD is much lower (<350 C) compared to CVD. The main disad-

vantage of ALD is the low deposition rate of this technique. [109] 

The general steps during the ALD processes are as following procedure: 

The surface activated substrate (adsorbing of a functional group that can react with precursor) 

will be placed in the reaction chamber. The chamber will be evacuated (less than 1 torr) and the 

first precursor will be pulsed to the chamber. The precursor will react with the surface and ad-

sorb on the surface. The time and temperature allow all the surface be covered by a monolayer 

of first reactant. The excess precursor and by-products will be removed from chamber by inert 

carrier gas. The second precursor will be pulsed to the chamber. It will react with the surface 

and desired product will be formed on the surface. The excess precursor and by-product will be 

purged from chamber. These cycles will be repeated to reach to the desire thickness. 

 Al2O3 buffer layer in section 3.2 and Co3O4 in section 3.6 were prepared by ALD. 

 

2.1.5. Sputter deposition 

 

Sputter deposition is a PVD process deposit thin films on substrates. In this method, the target 

will be vaporizing due to bombardment by ions. The most common approach for sputter depos-

ited thin films is magnetron sputtering. In magnetron sputtering, the target will be bombarded 

with positive ions presented in the plasma. The target can be powered either by radio frequency 

(RF) for nonconductive targets or by direct current (DC) for conductive targets. Sputtering is 

completely a physical process. To deposit a compound layer by sputtering, a reactive gas should 

be added to the plasma, i.e. reactive sputtering. [110] 

Co3O4 samples in section 3.2 were prepared by sputter deposition. 
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2.2. Material characterization 

 

2.2.1. Fourier transform infrared spectroscopy 

 

Infrared (IR) spectroscopy is a technique to determine the structure of molecules using infrared 

light. The infrared light represents the wavenumber (�̅�) between 12800-10 cm-1 in solar spec-

trum but the main region which is used for IR spectroscopy is between 4000-400 cm-1. This 

technique works based on the changes in the vibrational energy in the molecule. The sample ab-

sorbs the IR radiation, the dipole moment of the molecular bond is changed and its vibrational 

energy level changes from ground state to the excited state. The vibrational energy gap deter-

mines the absorption frequency. Since each molecule has a unique structure of connected atoms 

to each other, the IR spectrum is unique for each molecule. This makes possible qualitative and 

quantitative analysis of various types of samples. The unique peak frequency determines the 

functional groups in the molecule and the intensity of the peak shows the amount of that group 

in the sample. The ability to analyze solid, liquid, and gas samples is another advantage of IR 

spectroscopy. [111] 

The Fourier Transform Infrared (FT-IR) is the third generation of IR spectrometers. In the FT-

IR, a Michelson interferometer (Figure 2-3) is used instead of the monochromator. The spec-

trum represents the energy of all wavelengths (λ) versus time. To be able to use these data, the 

Fourier transform algorithm is used to translate this spectrum in a way that correlates the inten-

sity of the signals to the wavelength.   

In section 3.3, FT-IR was used to determine the successful deposition of catalyst on photocath-

ode and stability of catalyst after photoelectrochemical measurement.  

 

Figure 2-3. Schematic diagram of a Michelson interferometer (adapted from ref [111]) 
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2.2.2. Ultraviolet-visible spectroscopy 

 

Infrared radiation causes a vibrational transition because of low energy incoming radiation, 

while the ultraviolet (UV) and visible (Vis) radiations due to higher energy cause electronic 

transitions. The UV and Vis light in the solar spectrum represent the wavelength 200-400 nm 

and 400-700 nm, respectively. These short wavelength radiations have enough energy to exit 

electrons from HOMO to LUMO.  

UV-Vis spectroscopy can be used as a qualitative method using the maximum absorption wave-

length (λmax). Also, it can be used to determine the thickness and band gap of semiconductors of 

which the latter helps to gain information about electrical properties of semiconductors. 

In sections 3.1, 3.2, 3.6, UV-Vis was used to characterize the transmittance and reflectance of 

the NWs and determine the band gap of the MOSs. In section 3.3, the successful sensitization of 

photocathode with catalyst and photosensitizer was determined by UV-Vis measurement.   

 

2.2.3. Photoluminescence 

 

Photoluminescence (PL) is light emission from materials when photo-excited carriers undergo a 

decay from one energy level to another. The energy difference between the final and initial en-

ergy states determine the energy of a specific luminescence transition. These energy states can 

be continuum levels in the conduction or valance bands, localized impurity or defect levels, ex-

citon states, excitons bound to neutral impurities, excitons bound to impurities or defects. Due 

to small difference between the spacing of the donors and the linewidth acquired with PL, it is 

difficult to differentiate them, and it needs deep information about the energy levels of impuri-

ties and defects, and the energy levels of excitons bound to them. [112] 

Some advantages of PL are: its non-destructive process that makes possible to investigate as-

prepared samples or processed device, its possibility to give information about non-radiative re-

combination rate by indirect measurement, its high sensitivity, its possibility to investigate the 

symmetry of energy levels, and its information about very shallow levels. The drawback of PL 

is its limited ability to investigate the deep levels and indirect bandgap semiconductors. [112] 

Xenon lamps, that mostly cover the broad range of electromagnetic spectrum from UV to near-

IR (NIR), are the common excitation sources in the conventional PL spectrometers. To excite 

samples at different wavelengths, the excitation beam goes through scanning monochromators. 

The emitted fluorescence is detected by a photomultiplier tube that is placed 90° angle relative 
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to the excitation beam. To increase the PL emission, multiple slit mechanisms are used at both 

the excitation and emission sides. PL lifetime measurement is a technique that the sample is 

pulsed by excitation source and the variation of PL intensity is recorded as a function of time. 

In sections 3.1, 3.5, PL was used to investigate ZnO NWs nanostructures. [113] 

 

2.2.4. Optical microscopy 

 

In optical microscopy, visible light is used to magnify small samples with the help of different 

lenses. Optical microscopes have been used more than one and half century in the research and 

they help to find information about microstructural properties and analyze the surface of the 

samples. 

In section 3.4, the surface of photoanodes was analyzed with optical microscopy. 

 

2.2.5. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) is an alternative microscopy technique which gives the 

opportunity to observe and analyze the microstructural characteristics of solid samples more in 

detail compared to optical microscopy. In SEM, a finely focused electron beam is used to obtain 

images instead of visible light, which is used in optical microscopy. Heterogeneous materials 

could be analyzed at high resolution, down to nanometers (nm). It is also possible to capture 

images in three-dimensional-like and topographical forms. [114] 

From the interaction between electron beam and specimen, various kinds of signals arise which 

can be used in different analysis techniques (Figure 2-4). 

The high-resolution instrumental analysis, in the range of 1-5 nm, when bulk samples are tested, 

and large depth of field are two major reasons that make SEM a versatile technique. In addition, 

the possibility of structural and elemental analyses are other advantages of SEM. The structural 

analysis gives the ability to determine the crystal structure and grain orientation of crystals. This 

capability is called electron backscattering diffraction (EBSD). The X-radiation signal gives the 

opportunity to do quantitative and qualitative elemental analysis and makes it possible to obtain 

information of surface chemical composition. Wavelength-dispersive spectroscopy (WDS) and 

energy-dispersive spectroscopy (EDS) are two techniques that use x-ray characteristic signal to 

analyze the samples. [114]  
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Figure 2-4. Diagram of signals from electron beam interaction with specimen and possible analysis techniques 

In sections 3.1, 3.2, 3.4, 3.5, 3.6, SEM was used to investigate microstructure and morphology 

of the samples. 

 

2.2.6. Energy-dispersive x-ray spectroscopy 

 

Two kinds of x-ray signals will arise from the interaction of the electron beam and specimen in 

a SEM instrument. The continuum x-ray is a result of changes in the energy of the incident elec-

tron beam by deceleration in the Coulomb filed of specimen atoms. Since the interactions are 

random, the created radiation can gain any energy between zero and incident beam energy and 

is called bremsstrahlung or braking radiation. Even though the continuum radiation carries in-

formation about the average atomic number and overall composition, it is usually considered as 

a nuisance since it forms a background under the characteristic peak. [114]  

The incident electron beam can also excite the atom by kicking off an inner shell electron. The 

excited atom will be back to its ground state energy level by transition of an outer shell electron 

to an inner shell electron within 1 ps. Since the energy difference between the shells is specific 

for each element, the created photon from this transition is a characteristic x-ray beam. [114]  

In EDS analysis, these characteristic photon energies are used for qualitative analysis to deter-

mine the existing elements in an unknown specimen. Quantitative analysis with EDS is also 

possible at an analytical precision and accuracy of 1-2%. The small requirement of specimen 

volume and the nondestructive analysis method are some of the advantages with quantitative 

EDS analysis. 

In sections 3.2, EDS was used to examine the conformality of the thin film along the NWs. In 

section 3.4, EDS was used to determine hematite and magnetite in photoanodes. 
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2.2.7. Transmission electron microscopy 

 

Transmission electron microscopy (TEM) is another microscopy technique that make possible 

higher resolution imaging than optical microscopy and SEM. In SEM, the images were formed 

from scattered electrons, while in TEM, a beam of electrons is transmitted through a specimen 

to form an image. The sample has usually a thickness of less than 100 nm or it is a suspension 

on a grid. 

In section 3.2, TEM was used to investigate thickness, atomic number (Z contrast), crystal 

structure or orientation (crystallographic contrast) of the core-shell structure of the samples. 

 

2.2.8. X-ray diffraction 

 

X-ray diffraction (XRD) is a non-destructive and versatile method which helps to determine 

structure, phase composition and texture of different kind of the samples. In XRD, the obtained 

x-ray diffraction pattern from the target sample will be compared by the patterns of a reference 

database to identify the existing phases in the sample. The reference database can be prepared 

by experimental diffraction measurement of pure phases/or patterns, using the published results 

in the scientific literature or using the existing databases which are prepared by centers which 

professionally work with XRD like International Center of Diffraction Data (ICDD). [115] 

Qualitative and quantitative phase analysis, analysis of the influence of applied pressure, tem-

perature and humidity on materials, analysis of material properties like crystallite size, preferred 

orientation and residual stress in polycrystalline materials are some of the most important topics 

in XRD techniques. [115] 

In sections 3.1, 3.2, 3.4, 3.5, 3.6, XRD was used to investigate the crystalline structure of the 

samples.  

 

2.2.9. X-ray photoelectron spectroscopy 

 

In photoelectron spectroscopy, absorption of a photon with energy of hυ and the ejection of an 

electron, mainly an electron from inner shell (K shell), are two important processes which are 

considered. The inner shell electron of the sample has no kinetic energy due to the binding en-

ergy in atomic structure. This electron, after the collision of incoming photon, gains energy 

from incoming photon and leaves the atom. The kinetic energy of this electron is used for ele-

mental identification. [116] 
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In section 3.4, XPS was used to characterize the photoanode.  

 

2.2.10. Raman spectroscopy 

 

In Raman spectroscopy, as in IR spectroscopy, the variation in vibration energy is used to inves-

tigate chemical structure, physical forms, qualify the component of a sample using characteristic 

spectral pattern and quantify the component in a sample. Raman spectroscopy is one of the main 

scattering techniques and it is used for molecular. [117] 

A Raman spectrum shows scattered intensity versus wavenumber. Each peak in the spectrum 

represents a given Raman shift. The peaks in Raman spectrum could be characterized by their 

position, intensity, and polarization. The position gives information about the frequency of the 

vibration mode, the intensity gives information about the number of diffusing molecules and vi-

brational modes, and the polarization gives information about the symmetry of the correspond-

ing mode. [118] 

In sections 3.4, 3.6, Raman spectroscopy was used to investigate samples. 

 

2.2.11. Rutherford backscattering spectroscopy 

 

Rutherford Backscattering Spectrometry (RBS) is a nuclear method to analyze the close surface 

of solid samples (2 μm for incident helium ions and 20 μm for incident protons). The incident 

ions, with an energy between 0.5-4 MeV, bombard the target, and with an energy sensitive de-

tector the energy of the backscattered projectiles will be recorded. Quantitative analysis of the 

composition of materials and depth profiling of individual elements are possible by RBS. RBS 

is a nondestructive technique with a good depth resolution (several nm). While the sensitivity of 

RBS is very good for heavy elements (parts-per-million (ppm)), for the light elements the sensi-

tivity is very low. 

In sections 3.2, 3.6, RBS was used to investigate the composition and thickness of materials. 
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2.3. Device characterization 

 

2.3.1. Current-voltage characteristics 

 

The current-voltage (I-V) characteristic is a set of curves that connects the current passing 

through a device like photodetector or solar cell to the sweeping voltage over time. 

 

2.3.2. Photoresponsivity 

 

The amount of response of a photosensitive device to the incoming photons shows its sensitivity 

and it is called photoresponsivity. It determines how effectively the device converts the incom-

ing light power to the electricity. The photoresponsivity is defined as the ratio between photo-

generated current and incident light intensity. 

     

2.3.3. (Photo) electrochemical measurement 

 

Electrochemical measurement techniques are commonly used to study chemical reactions. The 

fundamental parameters in electrochemistry consist of potential, current, concentration and 

time. The relation between these parameters depends on which of them are being controlled, the 

kinetics of both the homogeneous chemical reaction and the heterogeneous electron transfer re-

action, and the geometry of working electrode and the cell. [119] 

The standard configuration for potentiostats and galvanostats is a three-electrode setup consists 

of the working electrode (WE), the counter electrode (CE), and the reference electrode (RE). 

The WE is the electrode which the redox process happens at its geometry, the CE is the second 

electrode which the current goes through, and the RE is the electrode which no current pass 

through and it just referred the potential of the WE. 

Photoelectrochemical measurements study the interaction of light with the electrochemical sys-

tem and it is a combination of photochemistry and electrochemistry. In PEC, the driving force 

for the measurement is the incoming photon energy which generates an electron-hole pair in 

semiconductor materials. It should be mentioned that usually the light is not the only driving 

force and it is required to apply a differential potential which is called bias voltage. The reason 

is that the lifetime of generated electron-hole pair is short and the bias potential helps to de-

crease the recombination rate and increase the photocatalysis rate. 



44 

 

 

2.3.4. Transient absorption spectroscopy 

 

Transient absorption (TA), also known as flash photolysis, is a pump-probe technique by the 

principle of excitation of the samples with a short-pulse light or a strong pulse of laser source 

within nanosecond to femtosecond pulse range and probing the electronic absorption of the in-

termediate species, i.e. a radical intermediate or a short-lived excited state. The excited state in-

termediate can be returned to the ground state or react to form a new product. The absorption 

spectrum of the excited state or new product can be probed in the UV-Vis-NIR range. [120] 
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3. RESULTS AND DISCUSSION 

 

 

The “Results and discussion” chapter is divided into six sections based on the contributed publi-

cations in this thesis work, and on the ongoing activities on all-oxide solar cells: 

 

1. ZnO-Cu2O core-shell nanowires as stable and fast response photodetectors  

2. Self-powered photodetectors based on core-shell ZnO-Co3O4 nanowire heterojunctions 

3. Dynamics and photochemical H2 evolution of dye-NiO photocathodes with a biomimetic 

FeFe-catalyst 

4. Electronically-coupled phase boundaries in α‑Fe2O3/Fe3O4 nanocomposite photoanodes for 

enhanced water oxidation 

5. Tuning ZnO nanorods photoluminescence through atmospheric plasma treatments 

6. TiO2-Co3O4 coaxial core-shell nanowire solar cells 

 

 

3.1. ZnO-Cu2O core-shell nanowires as stable and fast response photodetec-

tors 

 

In this section, the preparation and characterization of self-powered photodetectors based on all-

oxide nanostructured (ZnO NWs-Cu2O core-shell) photovoltaics is discussed. The device was 

fabricated by low-cost and simple hydrothermal growth of ZnO NWs on ZnO seeded FTO sub-

strate. Then the ZnO NWs were conformally coated by Cu2O through the metal-organic chemi-

cal vapor deposition (MOCVD). Three different thicknesses were prepared to optimize the light 

absorbing layer thickness. At the end, Au was sputtered on the Cu2O as the metallic contact. To 

investigate the microstructure and morphology of the electrodes, SEM was performed. To study 

phase composition and texture of the materials, XRD was performed. To study the optical char-

acteristic of the samples, UV-Vis and PL were performed. Finally, the electrical characteristics 

such as J-V and photoresponsivity of the devices were examined. 
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The SEM images (Figure 3-1) show quasi-aligned and homogeneous ZnO NWs with 1.1 μm 

length and average diameter of 71 nm (Figure 3-1 a). Cu2O grown at 250 ˚C is smooth and co-

vers conformally ZnO NWs. Cu2O grown at 300 ˚C is rough, and due to its thickness, it looks 

like that all spaces between NWs are filled with Cu2O (Figure 3-1 d, the sketch on the right). 

 

Figure 3-1. Lateral SEM images (left) and cross-section Sketches (right) of (a) bare ZnO NWs, ZnO NWs covered by 

Cu2O (b) 70 nm at 250 ˚C, (c) 240 nm at 250˚C, (d) 420 nm at 300 ˚C 

The intense peak at 2θ equal to 34.4˚ in XRD diffractogram confirms the single crystalline 

Wurtzite structure of ZnO NWs with (002) preferred orientation (Figure 3-2 a). The XRD pat-

tern shows the pure crystalline Cu2O with cubic phase for the samples that are grown at 250 ˚C 

(70 nm and 240 nm, Figure 3-2 b,c). The samples grown at 300 ˚C show two additional peaks at 

2θ equal to 35.6˚ and 38.8˚ which means that some impurity of CuO forms in this condition. 

Figure 3-3 shows the optical characterization of samples. Comparison the transmittance and dif-

fuse reflectance (Figure 3-3 a,b) of the ZnO thin film and ZnO NWs confirms the idea of in-

creased absorption by using NW geometry. The lower transmittance and higher reflectance 

could be due to multiple scattering between NW arrays. Also, in NWs geometry the aspect ratio 

is higher compared to the thin film structure that can increase the absorption. The band gap of 

ZnO and Cu2O deposited on FTO is calculated using Tauc plot (Figure 3-3 c,d). 
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Figure 3-2. Diffractogram of (a) bare ZnO NWs, ZnONWs-Cu2O core-shell coated by (b) 70 nm, (c) 240 nm, (d) 420 nm 

Cu2O. Panel (e) shows the reference PDF file  

Figure 3-3 e shows PL emission of the samples. The excitation wavelength for ZnO NWs was 

305 nm and it resulted in two PL emission. The peak at 377 nm is related to near band emission 

(NBE) of the ZnO. The PL emission in the visible region originates from the surface defects in 

ZnO crystal structure. The pure Cu2O sample shows a peak at 530 nm. In ZnO-Cu2O core-shell 

samples, the NBE of ZnO NWs is decreased in samples with 240 nm and 420 nm of Cu2O and 

the visible emission of defects is blue shifted. 
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Figure 3-3. (a) Transmittance and (b) diffuse reflectance spectra of the ZnO NWs and ZnO NWs-Cu2O samples com-

pared to ZnO thin film. (c) Tauc plot of ZnO NWs and (d) Cu2O thin film on glass. (e) PL spectra of the bare ZnO NWs 

and pure Cu2O thin film compared to the ZnO NWs-Cu2O core-shell 

The J-V characteristic of samples (Figure 3-4 a) represent the normal rectifying behavior for the 

Schottky junctions. Figure 3-4 b shows the ratio between current density in dark and light for 

each sample. Figure 3-4 c-f show the photocurrent density vs. time at 0 V applied bias and 10 s 

interval of light turn on and turn off, repeatedly. The bare ZnO NWs and 70 nm Cu2O in core-

shell structure do not show quick response to light compared to the 240 nm and 420 nm Cu2O 

core-shell structures. Also, the recovery time for latter samples is much faster compared to bare 

ZnO NWs and 70 nm Cu2O core-shell structure. The photoresponsivity, that is defined as pho-

tocurrent density per incident light power, shows the highest value for the sample covered with 

240 nm of Cu2O. This shows the importance of optimizing the absorbing layer thickness to in-

crease total performance of the device. While the 420 nm sample has higher light absorption but 

the photoresponsivity of 240 nm samples is higher probably due to higher charge extraction. 
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Figure 3-4. (a) J-V curves in dark (solid lines) and under 1 Sun illumination (dashed lines), (b) JL/JD, ratio between light 

and dark current density,  (c-f) Current density vs time during light on-off cycles of 10 s at 0 V bias applied voltage of 

bare ZnO NWs, 70 nm , 240 nm, and 420 nm of Cu2O-ZnO NWs. The insets show the response and recovery time of the 

core-shell ZnO-Cu2O NWs 

Table 2 compares the photoresponse time and recovery time of some reported devices in litera-

tures with our results. Our system has the highest photoresponse and recovery time among the 

Vis photodetectors. 

Table 2. Response (rise) and recovery times compared with other fast response photodetectors in literature 

Response time 

(s) 

Recovery time (s) Structure Material Range of 

detection 

Reference 

≤ 0.09 ≤ 0.09 Core-shell nanowires ZnO-Cu2O VIS This work 

0.14 0.36 Nanowires ZnO-Cu2O VIS [121] 

0.22 0.32 Cu2O film / 

ZnO nanorods 

ZnO-Cu2O VIS [122] 

~ seconds ~ seconds Cu2O nanoneedles / 

ZnO nanorods 

ZnO-Cu2O VIS [123] 

0.08 0.03 Film TiO2 UV [124] 

0.022 0.009 core-shell ZnO-TiO2 UV [125] 

0.02 0.004 core-shell SnO2-TiO2 UV [126] 
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3.2. Self-powered photodetectors based on core-shell ZnO-Co3O4 nanowire 

heterojunctions 

 

In this section, the preparation and characterization of self-powered photodetectors based on all-

oxide nanostructured (ZnO NWs-Co3O4 core-shell) photovoltaics is discussed. Co3O4 is one of 

the good p-type MO semiconductors for light absorption. The motivation for this work, com-

pared to the previous work explained in section 3.1, was that Co3O4 has two band gaps (1.5 eV 

and 2.2 eV) that can increase light absorption. The device was fabricated by low-cost and sim-

ple hydrothermal growth of ZnO NWs on a ZnO seeded FTO substrate. Then the ZnO NWs 

have been conformally coated by ALD deposited Co3O4. Four different thicknesses were pre-

pared to optimize the light absorbing layer thickness. The effect of an Al2O3 insulating layer at 

the p-n junction was examined. The Al2O3 layer with 1 nm and 5 nm thickness was deposited by 

ALD on ZnO NWs prior to deposition of Co3O4. At the end, the Au was sputtered as metallic 

contact. SEM and TEM were used to investigate the microstructure and morphology of the elec-

trodes. Rutherford backscattering (RBS) was applied to determine the thickness and composi-

tion of deposited layer materials. XRD was performed to study phase composition and texture 

of the materials. UV-Vis has been performed to study the optical characteristic of the samples. 

At the end the electrical characteristic such as J-V and photoresponsivity of the devices were 

examined. 

 

Figure 3-5. Comparison of charge separation and light scattering in a) NW b) thin film geometry. HR-SEM images of 

bare ZnO NWs: c) Top view; d) lateral view, and ZnO NWs-Co3O4 core-shell: e) Plane view; f) Cross-section. g) RBS 

spectra of Co3O4 thin films on Si substrate at different deposition times. h) Thickness vs. sputter deposition time of 

Co3O4 as calculated from RBS. i) Cross-section electron image of ZnO-Co3O4 core-shell and position of EDS measure-

ments (top), and Zn, O and Co weight concentration as a function of the position, obtained from EDS (bottom) 
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Figure 3-5 a and b compare the NWs geometry with thin film structure. The light trapping 

between the NW arrays (Figure 3-5 a) increases light absorption. The charge carrier path to 

the surface is shorter for NWs compared to thin film structure and causes a more efficient 

charge separation. Figure 3-5 c and d show top view and lateral view of homogeneous and 

quasi-perpendicular of bare ZnO NWs respectively. Figure 3-5 e and f show top view and 

lateral view ZnO NWs covered by Co3O4 respectively. The NWs looks rougher compared to 

bare ZnO NWs. RBS analysis from RBS spectra (Figure 3-5 g) confirms the stochiometric 

atomic composition of Co:O = 3:4 for cobalt oxide film. The linear trend of the thickness vs. 

sputtering time is shown in Figure 3-5 h. EDS analysis (Figure 3-5 i) along a single NW 

proves the completely coverage of NW with Co3O4 while the coverage at top of NW is 

higher than the bottom of the NW. 

 

Figure 3-6. HR-TEM micrograph of the side-edge of nanowires of the a) ZnO-Co3O4 sample and of the b) ZnO-Al2O3-

Co3O4 sample. STEM-HAADF micrograph of the c) ZnO-Co3O4 sample and of the d) ZnO-Al2O3-Co3O4 sample and 

EDS profiles (e and f) performed along the orange line, reporting the Zn K, Co K and Al K peak intensity. Scale bar 

equal to 50 nm, unless stated otherwise 
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In Figure 3-6 a and b, the rough surface seen in high resolution TEM (HR-TEM) images is due 

to pyramidal nano-crystallites. The d-spacing of the lattice plane of particles matches with the d-

spacing of Co3O4. The sample with Al2O3 between ZnO NWs and Co3O4 (ZnO-Al2O3-Co3O4), 

shows a dark intermediate layer with the same d-spacing as ZnO NWs (Figure 3-6 b). STEM 

micrographs of the samples (Figure 3-6 c and d) confirms again the presence of the compact 

ZnO NWs core and the rough, nanoparticle-like Co3O4 shell. The presence of the Al2O3 buffer 

layer is clearly visible as a low contrast thin layer due to the lower atomic weight of alumina, 

enhanced by the Z-contrast characterizing STEM-HAADF measurements. The composition of 

the hetero-junction is further confirmed by the EDS profile performed on the same NWs (Figure 

3-6 e and f). Along the orange line, the mutual presence of Zn and Co confirms the core-shell 

structure in both samples. Figure 3-6 f, in addition to Zn and Co shows a plateau line between 

these two elements with 4-5 nm length that is related to Al. 

 

Figure 3-7. XRD pattern of a) ZnO-Co3O4 junction and b) bare ZnO NWs on FTO. c) The 2θ of each (hkl) orientation 

based on the standard JPCDS cards. The asterisks show the peaks belonging to the FTO substrate 

Figure 3-7 shows XRD diffractograms of the samples to investigate the crystalline structures of 

each species. The single crystalline Wurtzite structure with (002) preferred orientation is ap-

proved for ZnO NWs based on the JCPDS card no. 96-900-4180 (Figure 3-7 b). The XRD pat-
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tern of ZnO NWs-Co3O4 (Figure 3-7 a), confirms the cubic spinel structure for Co3O4 with 

(311) preferred orientation (JCPDS no. 96-900-5892). 

 

Figure 3-8. Transmittance and b) diffuse reflectance of bare ZnO NWs, bare ZnO thin film, ZnO NWs covered by 1, 8, 

10, 15 nm and ZnO thin film covered by 10 nm of Co3O4, c) Tauc plot of thin film Co3O4 on FTO (10 nm). The band gap 

calculated from other thicknesses were the same (Not shown here) 

The optical characteristics of samples are shown in Figure 3-8. Transmittance (Figure 3-8 a) of 

ZnO NWs are lower than for thin film structures, while the diffuse reflectance (Figure 3-8 b) of 
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NWs is much higher than for thin films. This confirms the multiple scattering in NWs that can 

improve the light absorption in this geometry. It is also clear that with increasing the thickness 

of Co3O4 both transmittance and diffuse reflectance are decreasing due to more absorption. The 

band gap of Co3O4 is calculated from Tauc plot (Figure 3-8 c). 

 

Figure 3-9. IV curves under illumination (solid lines) and in dark (dash lines) of a) ZnO-Co3O4 core-shell structure with 

different Co3O4 thicknesses and b) ZnO NWs-Co3O4 (1nm) with different thickness of the Al2O3 layer between ZnO and 

Co3O4. The insets show the zoom in of the IV curves 

Figure 3-9 represents the IV characteristics of the full series of samples in dark and under illu-

mination. The asymmetrical shape of IV curves in dark exhibits the expected rectifying behav-

ior for a p-n junction under direct and reverse bias. In Figure 3-9 a, the samples with four differ-

ent thicknesses of Co3O4 are compared. The photocurrent in reverse bias is decreasing by in-

creasing the thickness of Co3O4. This is likely from more recombination at the Co3O4|ZnO inter-

face. In Figure 3-9 b, the samples with same thickness of Co3O4 with 0, 1, 5 nm of Al2O3 at the 

interface of ZnO NWs and Co3O4 are compared. It is evident that more photocurrent is generat-

ed when the Al2O3 layer is thicker. 

Photoresponse vs. time is shown in Figure 3-10 a and b at zero bias for different thickness of 

Co3O4 and Al2O3, respectively. Figure 3-10 c belongs to the same samples as Figure 3-10 b by 

applying 0.1 V bias voltage. The highest photoresponsivity that is defined as the photocurrent 

density per incident power density belongs to the sample with 1 nm of Co3O4 coverage. But the 

recovery for this sample is lower than the others. The incomplete baseline recovery may be due 

to adsorption of oxygen molecules by capturing free electrons on the surface of ZnO. 
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Figure 3-10. Current-time graph of a) ZnO-Co3O4 core-shell structure with different Co3O4 thicknesses at 0 V bias. The 

inset shows the zoom in the 0 - -1.5 nA current range. b) ZnO NWs-Al2O3-Co3O4 (15 nm) with different thickness of 

Al2O3 at 0 V bias. c) Photoresponse under 0.1 V applied bias on ZnO NWs-Al2O3-Co3O4 (15 nm) with different thickness 

during the light on/off cycles 

 

 

3.3. Dynamics and photochemical H2 evolution of dye-NiO photocathodes 

with a biomimetic FeFe-catalyst 

 

In this section, the electron-transfer processes between three compartments of a photocathode in 

a dye-sensitized solar fuel device (DSSFD) and its photochemical H2 production is discussed. 

The DSSFD is based on the coumarin C343-sensitized mesoporous NiO photocathode, with a 

biomimetic FeFe-catalyst anchored on the photocathode. In this system, coumarin is the light 

absorber and after excitation will be reduced by hole injection from NiO. The reduced coumarin 

injects electron to catalyst and this electron will be used in reduction of proton to hydrogen. The 

prepared electrode is investigated by Ultraviolet-Visible (UV-Vis) absorption spectroscopy and 

Fourier transform infrared (FTIR) spectroscopy to confirm successful co-sensitization of NiO 

by the dye and the catalyst. The transient absorption (TA) spectroscopy and the decay associat-

ed spectrum (DAS) are used to study the charge injection and recombination. Finally, the pho-

toelectrochemical (PEC) experiment is performed, to evaluate the light response and the proton 

reduction capacity of the device. 

The NiO photocathode was prepared by tape casting in three steps (Figure 2-1): 

In the first step, a well-mixed solution consisting of nickel particles was applied on FTO glass 

substrate. Then the paste was spread on the FTO surface by a razor blade. Finally, the electrode 

was cooked in an oven to film be dried. 

FTIR was used to confirm the successful co-sensitization of coumarin and catalyst on NiO elec-

trode, to determine the relative concentration of them on the electrode, and to relate the decrease 

of the efficiency to the degradation of the catalyst after PEC measurement. 
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The carbonyl peaks of catalyst show up at the region 2000-2100 cm-1 and it shows the presence 

of catalyst on the electrode. The comparison of the intensity of the peaks on the co-sensitized 

sample and the catalyst/NiO sample could give an estimated ratio between coumarin and cata-

lyst (Figure 3-11. left). The intensity comparison of the carbonyl peaks of catalyst before and af-

ter PEC measurement confirms that the catalyst is degraded since the intensity is decreased after 

PEC measurement (Figure 3-11. right).      

Figure 3-11. FT-IR spectra of co-sensitized C343/catalyst on NiO (black), catalyst on NiO (red), C343 on NiO (blue) (left 
Figure) and ATR-FTIR spectra of C343/catalyst before (black) and after (red) PEC measurement (right Figure)

Figure 3-12. UV-Vis spectra of bare NiO (gray), co-sensitized C343/catalyst on NiO (black), catalyst on NiO (red), C343 
on NiO (blue)

UV-Vis was used to study the loading of materials on the NiO electrode (Figure 3-12). The gray 

line belongs to NiO bare film and it shows no peak in the visible spectral region. The red line 

represents the catalyst on the NiO surface, and it shows two peaks at 450 nm and 600 nm. The 

blue line shows a peak around 430 nm that belongs to coumarin. The black line, which shows 

both the properties of the catalyst and the coumarin belongs to the co-sensitized sample.
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Femtosecond transient absorption (TA) was carried out to study the evolution/decay of different 

species at various wavelengths and the number and rate of decay processes at a specific wave-

length.  

 

Figure 3-13. TA spectra after excitation at 440 nm of C343 on NiO (A-C) and C343/catalyst on NiO (D-F) at the time 
scale of 100 fs - 1 ps (A,B,D,E) and 1 ps -1.8 ns (C,F) 

Figure 3-13 compares the TA spectra of coumarin/NiO system and coumarin/NiO co-sensitized 

with catalyst. The hole injection dynamics for both systems is almost the same, but after that 

they differ in the decay process. For coumarin/NiO system (reduced coumarin species absorbs 

at 600 nm), the decay is slower than the coumarin/NiO co-sensitized with catalyst. Figure 3-14 

shows the time evolution of TA femtosecond excitation at 470 nm. The decay for coumarin/NiO 

co-sensitized with catalyst is multiexponential and faster than coumarin/NiO system. At this 

wavelength, the quenching of the stimulated emission happens at 1 ps and 800 fs for the couma-

rin/NiO system and coumarin/NiO co-sensitized with catalyst, respectively. In addition, for the 

latter system there is no decay at positive TA signal. A control measurement on the catalyst/NiO 

system shows a weak positive TA signal, which decays quickly (red data in Figure 3-14). This 

is not related to the reduced catalyst. Therefore, it can be pointed out that the reduction of the 

catalyst is due to the presence of the coumarin at the surface and it is not possible to happen due 

to the excitation of the catalyst alone at the surface. 



58

Figure 3-14. Time evolution of transient absorption after fs excitation at 470 nm for C343 on NiO (blue line), 
C343/catalyst on NiO (black line), and catalyst on NiO (red line)

To examine the device performance, PEC measurement with a three-electrode setup was per-

formed. The PEC cell was a two-compartment cell, connected through a membrane. The work-

ing electrode and reference electrode (Ag/AgCl) were in the same compartment and the counter 

electrode (Pt sheet) was on the other compartment. All the electrodes were places in acetate 

buffer (pH 4.5). The photocurrent response of the coumarin/catalyst system was much higher 

than the coumarin alone. This photocurrent difference can be attributed to the hydrogen genera-

tion. This was also confirmed by the gas chromatography – mass spectroscopy (GC-MS). Fig-

ure 3-15 shows the photocurrent density vs. time and GC-MS data.

Figure 3-15. A) Photocurrent density response of the photocathode in pH 4.5 and at bias voltage -0.3 V vs. Ag/AgCl ref-
erence electrode under white chopped light B) GC-MS under continuous photolysis

It should be mentioned that the decrease in photocurrent is due to the degradation of the cata-

lyst.
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3.4. Electronically-coupled phase boundaries in α‑Fe2O3/Fe3O4 nanocompo-

site photoanodes for enhanced water oxidation 

 

In this part, the preparation and characterization of an α-Fe2O3/Fe3O4 photoanode is discussed. 

Hematite is a good MO light absorber, but the electron conductivity of hematite is not good 

enough for an efficient photoanode. Magnetite is a better conductor than hematite. The pho-

toanode in this work is a composite electrode of the hematite and magnetite to improve water 

oxidation. The hematite photoanode is prepared by CVD. Through a post-deposition plasma-

chemical reduction at controlled temperature, different ratio between iron oxide phases in the 

photoanode is prepared. The electrode is examined by light optical microscopy, SEM, and EDS 

to investigate microstructure and morphology of the electrode. XRD, XPS, and Raman spec-

troscopy is carried to a full study of prepared photoanode. At the end, PEC measurement is per-

formed to evaluate the water oxidation performance of the solar fuel device (SFD). 

The hematite/magnetite photoanode was prepared by CVD deposition of hematite coupled with 

the post-deposition plasma reduction of hematite to form magnetite. 

The optical microscopy was used to analyze the surface of iron oxide samples. It shows that the 

grain size of the particles increases by increasing the deposition time (Figure 3-16). 

 

 

Figure 3-16. Optical images of iron oxide samples with deposition time of 5 min (left) and 45 min (right) 

 

SEM was used to investigate the surface and bulk structure of CVD prepared iron oxide elec-

trodes by 5 min and 45 min deposition time. Figure 3-17 shows the top view and cross-section 

images of these two samples. 

Figure 3-17 a and d represent the lateral view of 5 min and 45 min samples, respectively. The 

largest grain size in the structure is less than 500 nm for the 5 min sample and less than 8 μm for 

the 45 min sample. Figure 3-17 b and e represent the top view of the samples and the spindle-

like grains which cover most of the surface are the hematite structures which is prepared by 



60 

 

CVD. The 50 nm fine equiaxed grains which are shown by white arrows are the hematite which 

is formed by oxidation of magnetite. 

 

Figure 3-17. Cross-section and top view SEM micrographs of iron oxide photoelectrodes prepared by CVD on FTO sub-

strate. (a-c) represent 5 min and (d-f) represent 45 min samples. Images (c) and (f) display the morphology of the top 

layer (100-350 nm) for both deposition times 

     

The EDS was carried out to investigate morphological and crystallographic changes by varia-

tion of the deposition time. EDS spectra of the 5 min and 45 min samples are shown in Figure 

3-18. 

 

 

Figure 3-18. EDS spectra of samples with the different deposition time: 5 min (left) 45 min (right) 
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It was previously shown by Figueroa G. et al. that it is possible to distinguish hematite and 

magnetite by EDS. [127] In the 5 min sample, the Fe/O ratio is almost 70/30 weight percentage, 

which fits with the value for hematite. The ratio for magnetite was shown by Figueroa to be 

72/28. The measured value for the 45 min sample is 74/26, which is closer to the value for mag-

netite than hematite. The deviation could be due to existence of both species in the 45 min sam-

ple. 

The XRD was used to examine the bulk composition of the samples. Figure 3-19 shows the dif-

fractogram of the 5 samples which differ in the deposition time. In all the samples, there are 

peaks at the position (2θ=33.1°, 35.7°, 54.1° and 57.6°) which belongs to hematite, but the sam-

ples with higher deposition time show two extra peaks (2θ=30° and 43.1°) which are matched 

with magnetite.  

 

Figure 3-19. Diffractogram of iron oxide samples prepared with different deposition time 

By comparison of XPS spectra of the samples with 5 min and 45 min deposition time, the for-

mation of the magnetite in the latter sample was proved (Figure 3-20). 

 

Figure 3-20. The XPS spectra of iron oxide samples with different deposition time (left) 5 min (right) 45 min 
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Raman spectroscopy was performed to investigate the local distribution of iron oxide species in 

the samples. Two different lasers with 532 nm and 785 nm wavelength have been used. The 

first one is more surface sensitive, while the latter has larger penetration depth and gives more 

information about the bulk composition. The laser source with wavelength of 532 nm only 

shows hematite in all samples with different deposition time, which means the surface of the 

films, is covered by hematite. When the laser source with wavelength of 732 nm is used a new 

peak appears in samples with higher deposition time (20 min and higher) which is representa-

tive for magnetite (Figure 3-21).  

 

Figure 3-21. Raman spectra of iron oxides with different deposition time and two different excitation laser source a) 785 

nm b) 532 nm 

 

The large thickness of the sample (11 μm) with highest deposition time (45 min) made it possi-

ble to perform a cross-section Raman study to better investigate the geometry of the species in 

the sample. The Raman spectra show that by moving from the substrate to the surface of the 

sample, the magnetite peak intensity decreases, and the hematite peak intensity increases. This 

means that the hematite is more pronounced at the surface and the magnetite is more on the bot-

tom of the sample (Figure 3-22).  
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Figure 3-22. Cross-section Raman spectra of the sample with 45 min deposition time a) 785 nm b) 532 nm excitation la-
ser. The red arrows show moving from substrate to the surface

To examine the device performance regards to the different phases in photoanode, PEC meas-

urement with a three-electrode setup was performed. The current-voltage (I-V) curve was rec-

orded in a NaOH solution with 1 M concentration and under a chopped white light with 1 sun 

intensity. The generated photocurrent for the samples with 5 min and 45 min deposition time 

was 0.28 mA/cm2 and 0.48 mA/cm2 respectively (Figure 3-23).

Figure 3-23. a) Photocurrent density response vs. potential b) The comparison of photocurrent density at 1.23 V (vs. 
RHE) and onset potential for iron oxide samples with different phases and thicknesses

It should be mentioned that the photocurrent measured on samples from lower deposition time 

to higher deposition time is not increasing linearly. The photocurrent from 5 min to 10 min 

samples decreases due to increasing thickness of the hematite layer and absence of magnetite,

since even if the hematite is a good light absorber, it is not a good electric conductor. After that 

by formation of magnetite and increasing the thickness of magnetite the photocurrent increases 

from 10 min to 45 min sample. The better performance could be due to better electrical conduc-

tivity of magnetite and to the fewer defects in the structure of the films.
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3.5. Tuning ZnO nanorods photoluminescence through atmospheric plasma 

treatments 

 

In this part, the treatment of ZnO NRs with a simple room temperature atmospheric pressure 

plasma jet (APPJ) treatment, using different process gas atmospheres is discussed. Vertically 

aligned ZnO NRs are hydrothermally grown on an FTO substrate. Increased photoluminescence 

(PL) quantum efficiency (QE) and prolonged PL decay lifetime of ZnO UV emission were ob-

served after atmospheric hydrogen plasma exposure. The enhancement of QE is attributed to the 

plasma process induced passivation of VZn vacancies, which significantly suppress the deep lev-

el emission (DLE). This result indicates that the APPJ processing is a practical method to im-

prove the performance of ZnO NRs. 

The high efficiency of the APPJ process and its room temperature and ambient environment 

features make it a competitive alternative to heat treatment and vacuum plasma processes for 

the control of the conductivity and UV-Vis emissions of ZnO nanostructures. Moreover, it may 

find interesting applications also on the hydrogen doping of transparent conductive oxides on 

polymers. 

SEM pictures (Figure 3-24 a and b) indicate that both the as-prepared and plasma treated ZnO 

NRs have hexagonal shapes with diameter of 50-70 nm. The morphology of ZnO NRs did not 

change after the plasma treatment. Figure 3-24 c indicates vertically aligned and slightly tapered 

ZnO NRs with length around 1 µm. XRD patterns (Figure 3-24 d) show that all the samples had 

very sharp and strong diffraction at 2θ ~ 36.5̊, which indicates a single crystal structure of the 

NRs, as expected from SEM, and their strong preferred orientation along the (002) plane. Nei-

ther the relative intensity nor the peak position changed after the APPJ treatment, except for a 

small broadening of the strongest (002) diffraction in the P-100 sample (orange curve in Figure 

3-24 e), which is probably due to the interstitial hydrogen result in lattice relaxation. 
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Figure 3-24. (a-c) SEM image of ZnO NRs: (a) before (sample AS-ZnO NRs) and (b) after plasma treatment (sample P-

1). In (c) the cross-section SEM of the sample AS-ZnO NRs is reported. (d) XRD pattern of various samples and (e) ex-

panded view of the pattern in the region of the (002) diffraction peak; (f) Raman spectra of As-ZnO NRs, after annealing 

and APPJ treatments 

Raman spectra (Figure 3-24 f) from plasma treated samples coincide with Ann-ZnO NRs and 

are identical to AS-ZnO-NRs. The Raman intensity of each spectrum varied slightly depending 

on the treatment, but no peak shift or appearance of new peaks were observed. It indicates that 

the room temperature APPJ process and the annealing at 300 °C do not appreciably modify the 

structure of ZnO NRs. The Raman line at 570-580 cm-1, which is often correlated with defects 

in ZnO powders and thin films is not observed in all the AS-ZnO and post treated samples. 

Steady state photoluminescence is usually used to examine the quality of ZnO crystals and to 

highlight the effects of the post-treatments. ZnO NRs show two band emission under 325 nm 

excitation: a sharp UV-emission centered at 376 nm (usually called near band edge emission, 

NBE) and broad visible emission between 450 nm and 750 nm (usually considered to be defect 

related emission, DLE). NBE of ZnO at room temperature is attributed to the free-exciton re-

combination, while the visible emission is related to defects, being still debated in literature if 

the cause is the oxygen or the zinc vacancy (VO or VZn). 
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Figure 3-25. (a) PL of reducing atmosphere APPJ treated ZnO NRs after exposure to UV for 30 min and about 2 months 

of ageing; (b) Relative intensity and FWHM of PL vs. number of passes of APPJ treated samples after ageing 

In the plasma treated series P (Figure 3-25 a), the NBE of all the samples showed a five-fold in-

crease compared to the as-prepared, meantime the DLE decreased. The relative intensity of 

NBE and DLE (INBE/IDLE) is related to the synthesis methods, annealing temperature, aspect ra-

tio of NRs and measuring conditions. The relative intensity ratio IDLE/INBE (Figure 3-25 b) is re-

duced from about 50% in as prepared, to less than 5% in the treated ones. The samples undergo-

ing many passes in plasma reducing atmosphere (P-15, P-50 and P-100) show an asymmetric 

broadening of NBE band in the visible side, while the DLE band is severely quenched. The data 

for Figure 3-25 b is summarized in Table 3: 

Table 3. Evolution of PL profile v.s. APPJ treatments. The number in brackets refer to the error of the maximum IDLE 

v.s. maximum INBE 

Sample AS-ZnO Ann-ZnO P-1 P-15 P-50 P-100 P-5-Ann 

IDLE /INBE (%) 90 (5) 7 (1) 3 (0.5) 0.5 (0.2) 0.4 (0.2) 1.5 (0.3) 2.5 (0.5) 

FWHMNBE (nm) 12.7 11.2 12.7 13.7 15.4 15.4 11.9 

 

The static PL showed the increase of the NBE intensity after plasma treatment. However, 

whether the enhancement is due to the increase of light absorption or the efficiency of the emis-

sion from the absorbed energy is still unknown. The fluorescence QE was measured to clarify 

the matter. QE of ZnO/FTO samples was calculated by the following equation: 

𝑄𝐸 =
𝐸𝐵−𝐸𝐴

𝑆𝐴−𝑆𝐵
, (7) 
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Where EA and EB are the background from the integrating sphere and the emission from the 

sample, respectively. SA and SB are the scattering of the excitation from the integration and the 

sample, respectively.  

If the sphere background, EA, is very low the measurement of this region may be omitted and 

equation (7) is simplified to: 

𝑄𝐸 =
𝐸𝐵

𝑆𝐴−𝑆𝐵
. 

In this work we assign the scattering of excitation from a bare FTO substrate and ZnO 

NRs/FTO as SA and SB, emission from FTO and ZnO NRs/FTO as EA and EB, respectively. 

Typical recorded ZnO spectra for QE calculation are shown in Figure 3-26 a and b, in which the 

FTO emission is barely seen in the ZnO emission spectra. Therefore, the EA is omitted in the 

QE calculation as in equation (8). 

 

Figure 3-26. (a) Typical PL spectra recorded with integration sphere for QE calculation (b) The calculated QE for ZnO 

NRs after different treatments 

The photoluminescence QE for different ZnO NR samples is calculated and plotted in Figure 

3-26. The QENBE (blue triangles) increases after annealing and is further enhanced after APPJ 

treatments, while QEDLE is reduced in all post treated samples. All together the APPJ result in a 

slightly improved total quantum efficiency (QEtot) that it is the sum of QENBE and QEDLE. 

(8) 
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Figure 3-27. Lifetime of NBE in ZnO NRs. IRF represents the instrument reference function. The inset collects the aver-

age decay of ZnO NRs’ NBE v.s. the passes of H2-APPJ. The dashed horizontal line refers to the lifetime of sample P-5-

Ann 

The lifetime of ZnO UV-emission (𝜏PL) is measured with a 275 nm excitation from EPLED. 

Annealing of ZnO NRs at 300 ˚C and light APT (1 pass) does not change the decay of UV-

emission. Increasing the number of plasma treatment passes results in both broadening of NBE 

spectra, reduction of QENBE and longer NBE decay (Figure 3-27). Like most other ZnO 

nanostructures, deconvolution fitting of the measured lifetime data reveals that the 𝜏PL of the 

ZnO NRs UV-emission can be fitted by the bi-exponential attenuation function. Here, the aver-

age lifetimes are reported in Table 4. The 𝜏PL of the as prepared, annealed and plasma treated 

with single pass are almost comparable. The lifetime of annealed and single pass treated sam-

ples show 10% and 30% reduction compared to as prepared sample. The 𝜏PL of the plasma 

treated samples with 15, 50, and 100 passes are clearly different with 𝜏 above 400 ps (Table 4).  

Table 4. The average decay of ZnO NRs’ NBE lifetime. 

Sample AS-ZnO NRs Ann-ZnO NRs P-1 P-15 P-50 P-100 P-5-Ann 

𝜏PL (ps) 
99 82 70 430 480 500 74 
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3.6. TiO2-Co3O4 coaxial core-shell nanowire solar cells 

 

In this section, the preparation and characterization of all-oxide solar cell nanostructured based 

on TiO2 NWs-Co3O4 core-shell structure is discussed. TiO2 nanomaterial is a well-known can-

didate in optoelectronic devices due to its optical properties, chemical stability, corrosion re-

sistance, nontoxicity, and low cost. Anatase (tetragonal), rutile (tetragonal), brookite (ortho-

rhombic), and TiO2 (B) (monoclinic) are four common structure that are known for TiO2. Ana-

tase TiO2 with crystalline structure due to the tetragonal system, that cause higher conduction 

band edge energy and lower recombination rate of electron–hole pairs, is preferred over other 

polymorphs for solar cell applications. Rutile TiO2 also has a tetragonal crystal structure but 

there is no distortion of the TiO6 octahedron like anatase in rutile. Rutile is the most thermody-

namically stable polymorph of TiO2 at all temperatures, and compared to brookite and anatase 

structure, it has lower total free energy. [128] Co3O4 as was mentioned in section 3.2 is one of 

the good p-type MO semiconductors for light absorption with two band gap (1.5 eV and 2.2 eV) 

that can increase the light absorption. The device was fabricated by low-cost and simple hydro-

thermal and solvothermal growth of TiO2 NWs on FTO substrate. Prior to NWs growth, TiO2 

seed layer was deposited on FTO by spin coating and heat treatment at 450 ˚C for 1 hour. Then 

the TiO2 NWs were conformally coated by ALD deposited Co3O4. Cobalt alkyl amidinate was 

the precursor and it was heated up to 110 ˚C. The oxidation source was di-ionized water and Ar 

was used as carrier gas. The reaction chamber temperature was set at 200 ˚C. At the end, the Pt 

was sputtered as metallic contact (Figure 3-28). SEM was used to investigate the microstructure 

and morphology of the electrodes. RBS was applied to determine the thickness and composition 

of deposited layer materials. XRD was performed to study phase composition and texture of the 

materials. UV-Vis has been performed to study the optical characteristic of the samples. At the 

end the electrical characteristic such as J-V characteristic of devices was examined.  

 

Figure 3-28. Schematic diagram of device fabrication 

The synthesis recipes for TiO2 NWs are summarized in Table 5. The main difference in these 

methods is the solvent. Water is used as solvent in the hydrothermal method while acetone is 

used in the solvothermal method. 
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Table 5. Recipe of TiO2 NWs growth 

Hydrothermal growth [129] Solvothermal growth [130] 

(1:1v) solution of hydrochloric acid and deionized water Prepare following solution: 

- 1.5 mL of titanium butoxide 

- 10 mL of hydrochloric acid 

- 10 mL of acetone 

Add titanium butoxide to make a 0.03M solution and stir 

for 5 min 

Put the solution in autoclave at 150 ˚C for 4h Put the solution in autoclave at 180 ˚C for 1h 

Rinse with deionized water Clean ultrasonically in absolute ethanol/deionized water for 10 min 

Dry at 60 ˚C for 2h Dry at 80 ˚C for 2h 

 

Figure 3-29 a-c shows SEM images of TiO2 NWs grown by hydrothermal synthesis. Bare NWs 

has cubic structure and they are vertically aligned to the substrate (Figure 3-29 a and b). After 

deposition of Co3O4, NWs are conformally covered and they look like cylindrical but still verti-

cally aligned (Figure 3-29 c). Figure 3-29 d-f shows SEM images of TiO2 NWs grown by sol-

vothermal synthesis. NWs are vertically aligned but they are very compacted (Figure 3-29 d and 

e). While the NWs are very compacted but Co3O4 is diffused inside the NWs and covers all 

NWs length until the substrate (Figure 3-29 f).  

 

Figure 3-29. SEM image of TiO2 NWs grown by hydrothermal synthesis a) top view of bare TiO2 b) lateral view of bare 

TiO2, c) lateral view of core-shell TiO2-Co3O4 and TiO2 NWs grown by solvothermal synthesis d) top view of bare TiO2 

e) lateral view of bare TiO2, f) lateral view of core-shell TiO2-Co3O4 

Figure 3-30 shows diffractograms of FTO substrate and TiO2 NWs grown by two different 

methods. TiO2 grown by solvothermal method shows only rutile structure with (002) preferred 

orientation (Figure 3-30 b). TiO2 grown by hydrothermal method shows both rutile and anatase 

structure but the most intense peak belongs to (101) orientation of rutile structure (Figure 3-30 

c). Standard PDF files for rutile (96-900-4143) and anatase (96-500-0224) are shown in Figure 

3-30 d. Figure 3-30 a shows diffractogram of FTO substrate. 
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Figure 3-30. Diffractogram of a) FTO, b) TiO2 (hydrothermal grown), c) TiO2 (solvothermal grown) d) standard PDF 

file 

Raman data confirms the XRD observation. The existence of both rutile and anatase phase in 

TiO2 grown by the hydrothermal method is even more pronounced in the Raman spectrum 

(Figure 3-31 b). 

 

Figure 3-31. Raman data of a) solvothermal b) hydrothermal grown TiO2 c-d) standard anatase and rutile Raman data  

Raman shifts for TiO2 grown by solvothermal method confirms just the rutile structure (Figure 

3-31 a). Figure 3-31 c and d show the standard Raman spectra for anatase and rutile respective-

ly. 
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Figure 3-32 shows optical characteristics of samples. Solvothermal grown TiO2 NWs are com-

pacted (SEM image, Figure 3-29) and they look like a film with 4 µm thickness. So, the transmit-

tance for these samples (Figure 3-32 a) is lower in wavelengths 500-800 nm compared to the hy-

drothermal grown TiO2 NWs that are separated and their length is 800 nm. After Co3O4 deposi-

tion due to the absorption of cobalt oxide, for both samples the transmittance is decreased.  

 

Figure 3-32. a) transmittance b) diffuse reflectance of bare TiO2 NWs and core-shell structure of TiO2 NWs-Co3O4 

The diffuse reflectance (Figure 3-32 b) of TiO2 NWs shows the maximum reflectance at lower 

wavelengths (400-450 nm). At 400nm, the reflectance dramatically decreases and reaches close 

to zero at 350 nm due to absorbance of TiO2 NWs. Deposition of Co3O4 resulted in very low re-

flection in all ranges from 800 nm to 350 nm due to absorption of Co3O4.  

 

Figure 3-33. J-V curves of TiO2 NWs-Co3O4 heterojunction solar cells. HT stands for hydrothermal grown TiO2 and ST 

stands for solvothermal grown TiO2  

Figure 3-33 shows J-V characteristic of the solar cells. The Voc for both hydrothermal and sol-

vothermal grown samples is around 0.34 V. The Jsc for hydrothermal sample is 52 µA cm-2 
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while for solvothermal sample is much lower (0.8 µA cm-2). This low current might be due to 

the thickness of the sample. Solvothermal sample is 5 µm thick and the NWs are compacted that 

could increase the recombination rate at the interface. Thickness of Co3O4 is 30 nm and it was 

determined by RBS analysis. 
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4. CONCLUSIONS AND FUTURE OUTLOOK 

 

 

In this work, nanostructured MOSs were explored for optoelectronic devices. Two types of self-

powered photodetectors based on the core-shell heterojunction structure of n-ZnO NWs with 

two different light absorbing p-type MOSs, Cu2O and Co3O4, were investigated. TiO2-Co3O4 

core-shell n-p heterojunction was also investigated as all-oxide solar cells. Photoelectrochemical 

cells based on NiO photocathode with FeFe-catalyst and an organic dye, and hematite-magnetite 

photoanode have been explored for water splitting.  

The first photodetector system based on ZnO NWs-Cu2O was the fastest visible photodetector 

based on oxides reported till that time, reporting a response and recovery time both ≤ 0.09 s. 

ZnO NWs were prepared by the hydrothermal method and Cu2O was deposited by CVD. 

The second photodetector device was based on a ZnO NWs-Co3O4 core-shell structure. In this 

system, we managed to decrease the light absorbing layer thickness but further optimizing is 

still needed to improve overall performance of the device. Here we also improved the photode-

tectivity by adding a buffer layer of Al2O3 at the interface of the p-n junction. ZnO NWs were 

prepared by HT method. Al2O3 and Co3O4 were deposited by ALD and sputtering respectively. 

To improve the ZnO NWs functionality, we tried to remove the surface defects by room tem-

perature and ambient atmosphere plasma treatment. That resulted in improvement of NBE and 

suppress of DLE. 

All-oxide solar cell based on TiO2 NWs-Co3O4 heterojunction was investigated. This system re-

sulted in Voc and Jsc equal to 0.34 V and 52 µAcm-2 respectively. TiO2 NWs were prepared by 

HT method and Co3O4 was deposited by ALD.        

The first water splitting system was based on the dye-sensitized solar cell device. The DSSFD 

was consisting of mesoporous NiO semiconductor photocathode co-sensitized with C343 organ-

ic dye and a biomimetic FeFe-catalyst as working electrode, Ag/AgCl as reference electrode 

and a Pt foil (1 cm2) as reference electrode. Previously some other catalysts like cobalt catalysts 

have been tested in this kind of device but they suffer from instability in acidic pH condition for 
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hydrolysis. In this work for the first time a biomimetic FeFe-catalyst was tested and the faradic 

efficiency of 50% was achieved. 

In the second system, a photoanode based on the different iron oxide phases was tested in SFD. 

A CVD deposited hematite with thickness of 1.5 μm was tested as a reference. Then we tried to 

engineer the photoanode by making a hybrid electrode consisting of hematite and magnetite and 

we were able to increase the photocurrent density more than 50% due to better electrical con-

ductivity of magnetite and less defects in the film structure. 

The future work might be study of some p-type or n-type hybrid structure, in direct/inverse ge-

ometry. In addition to the previous characterization techniques, new characterization methods 

like Ultraviolet photoelectron spectroscopy (UPS) to study band position of materials, TA and  

DAS to study the charge injection and recombination, characterization with scanning probe mi-

croscopy based methods such as Kelvin probe force microscopy (KPFM) and scanning spread-

ing resistance microscopy (SSRM) and impedance spectroscopy can be useful to refine the un-

derstanding of the physical and chemical processes. 

The main achievements of this work, i.e. the fastest visible light photodetector based on oxides, 

the first DSSFD based on a biomimetic FeFe-catalyst that works in acidic pH condition, and the 

most efficient hematite-based water oxidation catalyst, brought some improvements in these re-

search areas. These results with further characterizations can contribute to future development 

in the optoelectronic devices for solar energy applications. 
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SI1: High magnification SEM of ZnO-Cu2O NWs and cross section of Cu2O film 
 

 

 

Fig. SI 1. SEM image of bare ZnO NWs (a), 240 nm Cu2O/ZnO NWs (b) and 420 nm Cu2O/ZnO NWs (c). Low 

magnification SEM image of ZnO NWs (d). SEM cross-section image of the 240 nm (e) and 420 nm (f) Cu2O film thickness 

deposited on a reference Si substrate. 



We measured the density of ZnO NWs from SEM images, like the one reported in Fig.SI1a, of three 

different samples from the same batch before the Cu2O deposition, obtaining the value of 70 ± 3 

NW/μm2. Low magnification SEM image (Fig.SI1d) show the homogeneity of the sample on a large 

scale. The average diameters of bare ZnO NWs and core-shell ZnO-Cu2O NWs obtained from SEM 

images (Fig. SI1 a-c), with the Cu2O thickness on Si substrate, are reported in Table SI1. The Cu2O 

thickness was measured from the cross-section SEM image of a Cu2O film deposited on a reference Si 

substrate (Fig. SI1 e-f). 

 
Table SI1. Values of the average diameters of bare ZnO NWs (sample a) and core-shell ZnO-Cu2O NWs (sample b, c and d) 

obtained from high resolution SEM images (Fig. SI1 a-c), the estimated lateral Cu2O thickness obtained from the subtraction 

with the diameter of the bare ZnO NW, and the Cu2O thickness on Si substrate (Fig. SI1 e-f). 

Sample Average 
diameter (nm) 

Estimated lateral Cu2O 
thickness (nm) 

Cu2O thickness on top of 
Si substrate (nm) 

sample a 71 ± 7   
sample b 110 ± 10 (110 - 70) / 2 = 20 ± 12 70 ± 10 
sample c 160 ± 10 (160 - 70) / 2 = 45 ± 12 240 ± 10 
sample d 382± 35 (382 - 70) / 2 = 156 ± 35 420 ± 10 

 

SI2: AC impedance spectroscopy measurements 
In Fig. SI2, the complete set of AC impedance spectroscopy measurements for sample a (bare ZnO 

NWs, black circles), b (240 nm Cu2O/ZnO, red triangles) and c (420 nm Cu2O/ZnO, blue squares), in 

dark and under visible light illumination, is shown. Since the force applied by the screw on the sample 

surface is slightly different we cannot compare the absolute value of the different IS spectra, however, 

we can compare the IS curve shape and the equivalent simulated circuit (as discussed in the main text), 

and the effect of illumination. Each sample under visible light show a lower resistance, in particular the 

bare ZnO impedance signal collapses next to zero). 

 
Fig. SI2. Complete set of AC IS measurements of the three samples in dark (filled symbols) and under light 

illumination (empty symbols). 
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Abstract 

Self-powered photodetectors operating in the UV-visible-NIR window made of 

environmentally friendly, earth abundant and cheap materials are appealing systems to exploit 

natural solar radiation without external power sources. In this study, we propose a new p-n 

junction nanostructure, based on ZnO-Co3O4 core-shell nanowire (NW) system, with suitable 

electronic band structure, improved light absorption, charge transport and charge collection, to 

build-up an efficient UV-visible-NIR p-n heterojunction photodetector. 

Ultrathin Co3O4 films (in the range 1-15 nm) were sputter deposited on hydrothermally grown 

ZnO NW arrays. The effect of a thin layer of Al2O3 buffer layer between ZnO and Co3O4 was 

investigated, which may inhibit charge recombination, boosting device performance. The 

photoresponse of the ZnO-Al2O3-Co3O4 system at zero bias is six times higher compared to the 

ZnO-Co3O4. The responsivity (R) and specific detectivity (D*) of the best device were 21.80 

mA W-1 and 4.12 × 1012 Jones, respectively. 

These results suggest a novel p-n junction structure to develop all-oxide UV-Vis photodetectors 

based on stable, non-toxic, low-cost materials.    



1. Introduction 

 

Low-dimensional nanostructures 1–4, targeting low cost and high performance devices, have a 

great potential to be used in optoelectronic applications like photodetectors and solar cells. 5–11 

The development of synthetic strategies in the last years gives at present the possibility of 

growing 0-, 1- and 2-dimensional nanostructures on a series of different substrates like 

conducting glasses, metal foils, and plastic sheets, through cheap and scalable techniques, 

enabling straightforward application of these technologies at competitive prices. 12–16 

Photodetectors are among the architectures, which can mostly benefit of materials 

nanostructuring to improve their performance in terms of response to light stimuli. 5,17–21 

Despite this big potential of nanostructures, the main limitation in this kind of devices is the 

need of an externally applied bias voltage to operate, which impairs their use in a series of 

applications, like wireless environmental sensing, nanorobotics, security applications, portable 

personal electronics and in-situ medical therapy monitoring. 5,22–29 Recently, self-powered 

photodetectors 30–33 have been the target of intense research with the purpose of decreasing their 

price and overcoming the limitations of the previous generation, which are the size and weight 

of devices due to the need of external power for functioning. 34–40  

Self-powered photodetectors can be formed by exploiting the photovoltaic effect in the device 

structure, i.e. by generating electron-hole pairs in semiconductors upon light illumination. The 

incident photons with energy above the bandgap of semiconductors, excite the electrons from 

the valence band (VB) to the conduction band (CB). The electrons in conduction band are free 

to move in the crystal structure. Electrons in the conduction band and holes in the valence band 

move in opposite directions due to electric field, and generate photocurrent. The electric field 

can be due to an applied bias voltage between two ohmic contacts at two end sides of the 



semiconductor. In this case the device is called photoconductor. 41 In another architecture, the 

electric field can be generated because of the built-in potential at a p-n or Schottky junction. In 

this case, the device is classified as photovoltaic (or self-powered) photodetector. 41 

To improve the performance of these devices, the energy/charge losses in various steps of the 

photoconversion process (photon absorption, charge separation and charge collection) should 

be decreased. The use of nanostructured geometries can represent a viable option for the 

purpose, and, among the different nanostructures, nanowires (NWs) are the choice of election. 

13,42,43 In fact, for the same photons penetration depth, NWs improve charge separation and 

prevent electron-hole recombination by minimizing the charge path length, with respect to a 

thin film geometry, where the path length that the charge has to cover is much larger (as depicted 

in Figure 1 a-b). 44 

In addition, light confinement occurs through multiple random light scattering in NWs. 45,46 In 

fact, multiple scattering and interference of incoming waves in disordered materials causes the 

normal conducting state turning over into a localized state. Based on this transition in a localized 

area, the system reflects/scatters most of the incoming light and the transmission will be 

decreased in that area, with increased probability of light absorption from the optically 

absorbing material. 45,46 For this reason, when the light hits a NW array, it scatters through the 

trench between NWs, undergoes multiple reflection/absorption events, and results in the 

increase of light absorption. In thin films, instead, the incoming light at the interface of the p-n 

junction can be either transmitted or undergoing a single reflection, with no chance to be 

reabsorbed. Another research direction to reduce the price of optoelectronic devices is the use 

of inexpensive materials, deposited by low-cost deposition techniques. Chemical stability, non-

toxicity, and abundance of many metal oxide (MO) semiconductors, coupled with suitable 



structural and electronic properties, such as energy bandgaps in the UV-Vis range, make them 

attractive for optoelectronic device manufacturing under ambient condition. Even if MOs are 

widely used in PV cells nowadays (mainly as transparent conducting materials), only a few of 

them are applied as light absorbers, with limited performances. 44,47 This limitation is mainly 

due to the short life time and low mobility of charge carrier of most of the MOs. 44 

During the recent years, different kinds of MOs heterojunctions, mostly based on TiO2 and ZnO 

as electron carriers, and Cu2O and Co3O4 as light absorber and hole carrier materials, have been 

tested in optoelectronic devices. 48–54 

While the research on Cu2O started long time ago 55–57 and is still ongoing, the Co3O4 is much 

less studied. Very limited studies based on TiO2-Co3O4 heterojunction are present 50,58 as a solar 

cell and a single recent work can be found about ZnO-Co3O4 system as a photodetector, 59 all 

dealing with conventional thin film geometry. In addition, as mentioned, even if a lot of NW 

and nanorod (NR) structures are reported, they are typically buried inside the second material. 

Instead, a conformal core-shell NWs structure would exhibit multiple advantages, compared to 

thin film geometry, never reported for the ZnO-Co3O4 system: increased light scattering and 

absorption, improved charge transport, reduced charge recombination, and lower amount of 

used materials.  

In our previous work on ZnO-Cu2O core-shell nanowires, 54 we showed fast response of a self-

powered photodetector. Here we demonstrated the photodetection response of a new system, 

by using less material as p-type absorbing layer and investigating the role of an insulator layer 

between the p- and n-type oxides. In this study, we aim at exploring the potential of a new p-n 

junction coaxial nanostructure based on ZnO-Co3O4 core-shell system, through application of 

ZnO n-type single crystalline NWs core, conformal covered by a p-type Co3O4 thin film shell. 



The ZnO-Co3O4 system is chosen since ZnO has a large exciton binding energy (60 meV) and 

can be easily grown in form of single crystal NWs on fluorine-doped tin oxide (FTO) glass by 

hydrothermal synthesis. The large bandgap of ZnO (3.2-3.3 eV) makes it transparent to visible 

light, with the possibility of tuning electronic conductivity by doping. 60–62 The high electron 

mobility in single crystal ZnO NWs (205 cm2 V-1 s-1) 63 compared to ZnO thin films (166 cm2 

V-1 s-1) 64 and the two direct bandgaps of Co3O4 (1.5 eV and 2.2 eV) make it a suitable light 

absorber for a single junction PV device. 58,65 In addition to the suitable energy gap of Co3O4, 

59,66 its electronic band structure in terms of positioning of conduction and valence bands with 

respect to vacuum, matches very well the position of ZnO conduction band 67 to make a 

heterojunction connection. We also investigated the role of a very thin film Al2O3 layer as a 

physical barrier to inhibit charge recombination. We demonstrated the possibility to use the 

proposed structure as fast photodetector based on the p-n junction of two chemically stable 

metal oxide semiconductors. These results represent a step forward in the research area of the 

nanoscale photodetectors and offer new directions for the development of this kind of devices. 

2. Experimental 

2.1. Synthesis 

ZnO NWs were prepared by hydrothermal synthesis. At the first step, a seed layer of ZnO was 

deposited on a pre-cleaned fluorine-doped tin oxide (FTO) conducting glass (Pilkington TEC 

15, sheet resistance =15 / ). In this step, 0.1 M of zinc acetate dihydrate in ethanol was spin 

coated (four cycles, between each cycle it was dried at 120 C for 10 min). At the end, it was 

annealed for 60 min in air in a furnace at 450 C. To grow the ZnO NWs, the seeded samples 

were placed in an autoclave filled with an aqueous solution of 100 mM of Zn(NO3)2.6H2O and 

100 mM of hexamethylenetetramine (HMTA). Then it was heated for 3 hours at 95 C in an 

oven. 



ZnO thin film, used as a benchmarking layer for comparison, was deposited by reactive DC 

magnetron sputtering at constant applied power 160 W from a pure Zinc target at room 

temperature. Deposition gas with a flow rate of 40 sccm was consisting of 50% Argon (99.99%) 

and 50% Oxygen (99.99%). Post heat-treatment was applied at 450 °C for 1 hour at ambient 

atmosphere.  

Al2O3 was deposited by atomic layer deposition (ALD) using a Savannah 200 system. Nitrogen 

(99.999%) was used as a carrier gas. Trimethylaluminum (TMA, Sigma-Aldrich packaged for 

deposition) and deionized water were used as precursor. TMA is aluminum source and water is 

oxygen source to form the Al2O3. The precursors were used at room temperature, while the 

reactor, valve manifold, exhaust line and stop valve were heated to 150 C. The pulse and purge 

time for both precursors were 0.015 sec and 5 sec, respectively. These parameters resulted in a 

growth rate of 0.9 Å/cycle. 

Co3O4 layer was deposited on ZnO NWs by means of a reactive DC magnetron sputtering at 

constant applied power of 70 W on a 3” 99.95% pure cobalt target. A reactive mixture of 95% 

Argon (99.99%) and 5% Oxygen (99.99%) was set up as deposition gas at a flow rate of 25 

sccm. Substrates were heated at 300 °C during the deposition process. 

Gold was deposited by sputter deposition as an electric back contact. A mask was used to make 

circular back contacts 25 nm thick with a diameter of 1.1 mm (area of ~ 1 mm2). 

2.2 Characterization 

High Resolution Scanning Electron Microscopy (HR-SEM) micrographs were collected using 

a Field Emission Scanning Electron Microscope (FE-SEM) Magellan 400 instrument from FEI 

company. The local composition was determined by energy dispersive spectroscopy (EDS, X-



max detector 80 mm2, Oxford Instruments) on the Magellan 400 SEM. EDS analysis was 

performed at acceleration voltages of 3.5 kV.  

High Resolution Transmission Electron Microscopy (HR-TEM) and High Angle Annular Dark 

Field Scanning Transmission Electron Microscopy (HAADF-STEM) micrographs were 

acquired with a FEI Tecnai F20 Schottky Field Emission Gun (FEG) instrument operating at 

200 kV. The chemical composition was measured by means of EDS with an EDAX Phoenix 

spectrometer equipped with an ultra-thin window detector and Tecnai Image and Analysis 

(TIA) software. 

X-ray diffraction (XRD) patterns were acquired through PANalytical Empyrean instrument 

operating in Bragg Brentano geometry, with long fine focus (0.4×12 mm) Cu-tube at 45 kV and 

40 mA.  

Rutherford backscattering spectrometry (RBS) was carried out to measure the thickness of the 

Co3O4 thin film deposited on Si reference samples. A 2.0 MeV 4He+ beam was used for the 

purpose, in IBM geometry at scattering angle θ=160 . RUMP code 68 was used to simulate the 

experimental spectra. A nominal atomic density equal to 1.07 1023 at/cm3 was applied to 

calculate the thickness of the Co3O4 films from the measured areal density (the natural unit for 

RBS analysis). 

The optical properties were studied by a UV-Vis-NIR, Cary 5000 spectrophotometer, which 

consists of double beam, ratio recording, double monochromator incorporating a R928 

photomultiplier tube detector (PMT detector, UV-vis region), and a PbS photocell detector 

(NIR region).  

The electrical measurements were performed by a Keithley 2401 equipped with a Class A 

spectral solar simulator consisting of a Xe lamp with an AM 1.5 - Global filter, which can 



generate light with power density of 1 sun (100 mW cm-2) in UV-Vis-NIR spectral region. The 

intensity of the solar simulator was verified through a calibrated silicon solar cell. The samples 

were mounted on a sample holder, which masks the sample and limits the active area under 

irradiation to 4×4 mm2, shining the sample from the glass substrate. 

The photoresponse measurements and stability test were carried out under 10 s illumination and 

10 s recovery time.  

3. Results & discussion 

Bare ZnO NWs HR-SEM images (Figure 1 c and d, top view and lateral view, respectively) 

show homogeneous grass-like layer of NWs aligned quasi-perpendicular to the substrate, with 

NWs length and thickness around (1.1  0.1) m and (71  7) nm, respectively. Cobalt oxide 

sputter deposition resulted in a conformal and homogeneous core-shell structure of ZnO-Co3O4 

(Figure 1 e and f) originating a radial junction. Four different thickness of cobalt oxide layers 

(1, 8, 10, 15 nm) were prepared by varying sputtering deposition time. RBS was applied to 

measure the thickness and composition of the deposited layers (RBS spectra and the linear trend 

of the thickness versus the sputtering time are reported in Figure 1 g and h). RBS analysis 

confirms the expected stoichiometric atomic composition Co:O = 3:4 for the sputtered cobalt 

oxide film, within the experimental uncertainty. Film thickness scales linearly with deposition 

time, enabling the control of Co3O4 layer thickness. 



 

Figure 1. Comparison of charge separation and light scattering in a) NW b) thin film geometry. HR-SEM 
images of bare ZnO NWs: c) Plane view; d) Cross-section, and ZnO NWs-Co3O4 core-shell: e) Plane view; 
f) Cross-section. g) RBS spectra of Co3O4 thin films on Si substrate at different deposition times. h) 
Thickness vs. sputter deposition time of Co3O4 as calculated from RBS. i) Cross-section electron image of 
ZnO-Co3O4 core-shell and position of EDS measurements (top), and Zn, O and Co weight concentration as 
a function of the position, obtained from EDS (bottom). 

 

EDS analysis was performed on a single ZnO-Co3O4 radial junction. The elemental analysis 

across the NW (Figure 1 i) shows the variation of Co percentage from the top (maximum 

concentration) to the bottom (minimum concentration) of the NW. This effect is due to the 

imperfect conformal deposition for sputtering on high aspect ratio objects, like NWs. 

HR-TEM micrographs (Figure 2 a and b) of the nanowires display a rough surface due to the 

presence of pyramidal-like nanocrystallites, whose lattice planes are characterized by the 

typical d-spacing of Co3O4. The nanocrystals seem not having a preferential orientation, but the 



presence of Moiré pattern only on the ZnO-Co3O4 sample in absence of Al2O3 might be due to 

the strain induced by a quasi-epitaxial growth of the core-shell structure. 69 On the other hand, 

the sample containing alumina is characterized by a sharper interface. No clear evidence of the 

alumina layer can be noticed, except for a darker intermediate layer with a thickness of about 

3-4 nm, characterized by the same d-spacing as the ZnO core. The d-spacing and fringes 

orientation observed on this thin layer are compatible both with ZnO (0,0,2) planes and Al2O3 

(1,0,4) ones, suggesting that the ALD deposition produced a continuous epitaxial film of Al2O3. 

On the top of the alumina crystalline nanoparticles, the crystal lattice assigned to Co3O4 can be 

recognized with a slightly less uniform thickness and structure. STEM micrographs of the two 

samples (Figure 2 c and d) show again the presence of the compact ZnO nanowire core and the 

rough, nanoparticle-like Co3O4 shell. The presence of the Al2O3 buffer layer is clearly visible 

as a low contrast thin layer due to the lower atomic weight of alumina, enhanced by the Z-

contrast characterizing STEM-HAADF measurements. The composition of the hetero-junction 

is further confirmed by the EDS profile performed on the same NWs (Figure 2 e and f), where 

the mutual presence of Zn and Co confirms the core-shell structure. As expected, the Al-related 

signal is higher (showing a sort of plateau in correspondence of the low contrast line along the 

NW structure) in the region sandwiched between Zn and Co, and it corresponds to an Al2O3 

layer of 4-5 nm. 



 

Figure 2. HR-TEM micrograph of the side-edge of nanowires of the a) ZnO-Co3O4 sample and of the b) 
ZnO-Al2O3-Co3O4 sample. In the inset, the Fast Fourier Transformate of the HR-TEM micrograph are 
reported, highlighting the main lattice planes. STEM-HAADF micrograph of the c) ZnO-Co3O4 sample and 
of the d) ZnO- Al2O3-Co3O4 sample and EDS profiles (e and f) performed along the orange line, reporting 
the Zn K , Co K  and Al K  peak intensity. Scale bar equal to 50 nm, unless stated otherwise. 

 

The crystalline structure of the samples is investigated through XRD (Figure 3). Based on the 

JCPDS card no. 96-900-4180, ZnO nanowires (before cobalt oxide deposition) present a 

preferential orientation of the crystalline domains along the [002] direction (diffraction peak at 

2θ equal to 34.4 ), suggesting their single crystalline assembly according to the Wurtzite 



structure (Figure 3 b). 70 This preferred orientation is due to the positioning of zinc and oxygen 

atoms on tetrahedral geometry, which makes it thermodynamically stable. 71 

The XRD pattern of ZnO-Co3O4 shows the crystalline Co3O4 with (311) orientation at 2θ equal 

to 37.21° which confirms the cubic spinel structure 72 (JCPDS no. 96-900-5892) of Co3O4 

(Figure 3 a). The expected reflections of each (hkl) orientation based on the standard JPCDS 

cards are shown in Figure 3 c. The asterisks show the peaks belongs to the FTO substrate. 

 

Figure 3. XRD pattern of a) ZnO-Co3O4 junction and b) bare ZnO NWs on FTO. c) The 2θ of each (hkl) 
orientation based on the standard JPCDS cards. The asterisks show the peaks belonging to the FTO 
substrate.  

 

The optical properties of bare ZnO NWs, bare ZnO thin film and ZnO-Co3O4 core-shells are 

shown in Figure 4. The transmittance of the bare ZnO NWs (Figure 4 a), which does not absorb 

visible light due to its energy bandgap above 3.2 eV, is decreased in the visible range due to 
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light scattering (Figure 1 a) from the rough surface. This is confirmed by the increased diffuse 

reflectance in the visible range. Around 375 nm, both transmittance and reflectance are close to 

zero due to absorption of ZnO (Eg ≈ 3.3 eV). Bare ZnO thin film shows highest transmittance 

and lowest reflectance due to lack of scattering effects.  

As expected, the transmittance of the ZnO-Co3O4 core-shells is lower than bare ZnO NWs, 

thanks to the absorption of cobalt oxide species in the visible range (Figure 4 a). The samples 

with thicker Co3O4 film have higher optical density, consistent with the higher thickness of the 

absorbing layer. ZnO thin film covered by Co3O4 shows small difference in transmittance in 

visible region compared to bare ZnO thin film, instead, due to the negligible absorption in such 

thin layer.  

The diffused reflectance of ZnO-Co3O4 core-shell is decreased in the visible range, compared 

to bare ZnO NWs (Figure 4 b). At 800 nm, the 6% reflectance of bare ZnO and ZnO-Co3O4 

core-shell system is almost the same, but the reflectance for ZnO-Co3O4 core-shell decreases 

between 700-400 nm, due to the absorbance of the Co3O4 with two optical bandgaps equal to 

1.5 eV and 2.2 eV. Diffuse reflectance of ZnO thin film covered by Co3O4 is slightly lower than 

bare ZnO thin film in visible region (between 400-500 nm).  

These results are the direct proof of the efficacy of the NW structure in boosting light capture, 

compared to thin film geometry, even for very thin optically active layers (as for Co3O4 in the 

present case). 

The optical bandgap of our ZnO NWs, calculated from absorption spectra (Figure S1, in the 

Supporting Information), is 3.2 eV, which is slightly lower than the standard bandgap for ZnO 

(3.37 eV). As pointed out by Srikant and Clarke in their work, 73 this slight discrepancy (they 

reported optical bandgap in the range 3.1-3.2 eV) can be due to the presence of defects in the 



ZnO crystal structure: the existence of a valence band-donor transition at 3.15 eV can dominate 

the absorption spectrum of the bulk crystal, as distinct from the surface. 

 
Figure 4. a) Transmittance and b) diffuse reflectance of bare ZnO NWs, bare ZnO thin film, ZnO NWs 
covered by 1, 8, 10, 15 nm and ZnO thin film covered by 10 nm of Co3O4. c) Tauc plot of thin film Co3O4 on 
FTO (10 nm). The bandgap calculated from other thicknesses were the same (Not shown here). 



 

The bandgap of Co3O4 was calculated from the Tauc plot. Two optical bandgaps are observed 

with values equal to 1.55 eV and 2.15 eV (Figure 4 c). The Tauc plot is based on the data from 

the deposition of Co3O4 thin film on FTO, which was prepared as a reference sample at the 

same time of ZnO-Co3O4 core-shell structure preparation. The results are the same, irrespective 

of the thickness and here just one is reported as an example (10 nm Co3O4 thin film on FTO). 

Absorbance data of the samples are shown in the supplementary information (Figure S1). The 

presence of the Al2O3 layer does not affect the absorbance of the samples (Figure S2). 

The electrical properties of the full series of samples are shown in Figure 5. Figure 5 a shows 

the current-voltage diagram, in dark and under illumination (1 sun), for the samples with 

different Co3O4 thicknesses.  

The connection of ZnO and Co3O4 leads to the formation of a p-n junction. The asymmetrical 

shape of current-voltage curve in Figure 5 in dark exhibits the expected rectifying behavior for 

a p-n junction under direct and reverse bias.    

The photocurrent is decreasing under reverse bias voltage with increasing the thickness of the 

Co3O4 layer. Such behavior can be attributed to the increased charge recombination rate at the 

Co3O4|ZnO interface by increasing the Co3O4 thickness. 50 Figure 5 b shows the effects of the 

Al2O3 passivation layer with thickness of 1 nm and 5 nm. The thicker Al2O3 layer resulted in 

higher photocurrent generated from the cells. We assume that this passivation layer inhibits the 

surface recombination, making charge collection more efficient. 74,75 



 

 

Figure 5. IV curves under illumination (solid lines) and in dark (dash lines) of a) ZnO-Co3O4 core-shell 
structure with different Co3O4 thicknesses and b) ZnO NWs-Co3O4 (1nm) with different thickness of the 
Al2O3 layer between ZnO and Co3O4. The insets show the zoom in of the IV curves. 

 

Figure 6 a shows the photoresponse of the ZnO-Co3O4 with 1, 8, 10 and 15 nm coverage of 

Co3O4 at zero bias. All the samples are responding to the light as a self-powered device, without 

applying any potential. The device with 1 nm coverage of Co3O4 shows the highest response to 

the light, while the photoresponse is decreasing by increasing the thickness of the Co3O4 layer. 

The photoresponsivity is defined as the photocurrent density per incident power density. We 

exposed an area of 0.16 cm2 of the samples to the light with power density of 1000 Wm-2. So, 

the photoresponsivity (R) of the samples is 1312.5, 40.63, 25 and 6.25 nA W-1 for 1, 8, 10 and 

15 nm of Co3O4 film, respectively. An incomplete baseline recovery is recorded after sample 

irradiation, which may be due to adsorption of oxygen molecules by capturing free electrons on 

the surface of ZnO. This causes formation of adsorbed oxygen ions species and generation of a 

persistent photocurrent that prevents a full recovery of the device. 76–78  



 

Figure 6. Current-time graph of a) ZnO-Co3O4 core-shell structure with different Co3O4 thicknesses at 0 V 
bias. The inset shows the zoom in the 0 - -1.5 nA current range. b) ZnO NWs-Al2O3-Co3O4 (15 nm) with 
different thickness of Al2O3 at 0 V bias. c) Photoresponse under 0.1 V applied bias on ZnO NWs-Al2O3-
Co3O4 (15 nm) with different thickness during the light on/off cycles. 

 

To study the effect of the Al2O3 passivation layer, we chose the sample with the lowest 

performance (15 nm Co3O4 coverage) to see how much the passivation layer can improve the 

photoresponse. Figure 6 b shows the photoresponse at 0 V bias of the 15 nm Co3O4 samples 

with no alumina, 1 nm and 5 nm alumina between ZnO NWs and Co3O4. The sample with 1 

nm alumina shows a small improvement while the sample with 5 nm alumina shows four times 

higher photoresponse compared to the sample with no alumina. This could be due to the 

physical barrier between the p- and the n-layer, which reduces the recombination rate, 

physically isolating the electrons and holes during their collection at the electrodes. In addition, 

the alumina barrier may improve the electric field in the depletion region, helping the electron-

hole pairs to be separated more efficiently. Figure 6 c shows the effect of application of 0.1 V 

bias to the same system shown in Figure 6 b. A small bias results in almost full recovery of the 

system.  

The stability of ZnO NWs-Al2O3(5nm)-Co3O4(15nm) after 32 cycles is shown in Figure S3 a. 

Figure S3 b shows the ratio between light and dark current (ilight/idark) for each cycle. Although, 

a incomplete recovery has been observed, we notice that after the second cycle, the ratio is 



almost the same for all cycles, meaning that the increase in current during time does not affect 

significantly the performance of the device.   

Two main reasons can be claimed for the increased current as a function of the irradiation, 

namely: (i) increased temperature and (ii) photoinduced surface depletion depth decrease. Both 

processes were already reported in the literature. Specifically, Ghoshal and Anil Kumar 79 

reported the decrease of resistivity in ZnO as a function of temperature increase in the range 

RT – tens of °C. Continuous illumination may increase the temperature of the core-shell system, 

lowering the resistivity and increasing the recorded current. The second process, i.e. the 

photoinduced surface depletion depth decrease, has been reported for single ZnO NW, which 

presents persistent photoconductivity due to oxygen desorption at the surface of ZnO, as 

mentioned before. 80 Light induced oxygen desorption results in persistent photoconductivity 

in the range of hours, perfectly compatible with our results. Additionally, the effect of 

photocatalytic activity at the surface of the Co3O4-ZnO nanoparticles was also reported, 81 

testifying the role of the surface depletion layer in regulating the electrical properties of core-

shell junctions. 

The highest responsivity is observed from ZnO NWs-Al2O3 (5nm)-Co3O4 (1nm) system and it 

is equal to 21.8 mA W-1. The comparison of our device with some other ZnO based 

photodetectors is shown in Table 1. 

 

 

 

 



Table 1. The characteristic parameters of the ZnO–Co3O4 heterojunction photodetector and other ZnO 
based heterojunction photodetector devices from the literature. 

Photodetector Range 
of 
detectio
n 

Waveleng
th 
[nm] 

Bias 
[V] 

R 
[mA 
W-1] 

D* 
[Jones] 

Ris
e 
tim
e 

Ref 

ZnO-Cu2O UV-vis 300-700 2 13 8.9 × 108 - 82 
ZnO/Ga2O3 UVC 266 0.1 9.7 6.29 × 

1012 
100 
μs 

83 

ZnO 
nanoflakes 

UVA 365 0 2.65 5.25 × 
1010 

23 
ms 

84 

ZnO NWs-
Co3O4 

Vis Solar light 0.1 21.80 4.12 × 
1012 

6 s This 
work 

 

The photoresponsivity (R) and specific detectivity (D*) are calculated by the following 

equations (from Figure S4): 

 

where the ilight and idark are the photocurrent and dark current, respectively, P is the power 

density and A is the illuminated active area. 

 

where q is elementary charge. 

4. Conclusions 

In summary, in this work we demonstrate for the first time a conformal core-shell nanostructure 

self-powered photodetector in visible light region based on the ZnO-Co3O4 nanowires. We 

show that the nanowire geometry improves the light absorption and a thin layer of light absorber 

could generate high photocurrent. These two properties decrease the usage of materials, which 

could have a big effect on the final device price. In addition, since this system is a self-powered 

photodetector, the size of device can be reduced, with additional benefits for portability, power 

consumption, and used material. We also show that the use of a thin passive layer of Al2O3 



improves the photocurrent, probably due to reduced recombination rate at the p-n junction. The 

device in this work show very high responsivity (21.8 mA W-2) and detectivity (4.12 × 1012). 

These results represent a significant advancement in the field, toward the development of low-

cost, high efficiency and self-powered photodetectors, and brings motivation to continue 

optimizing these kinds of devices by tuning the morphology, composition and electronic 

properties of p-n junctions, to maximize device performances. 

This novel conformal nanostructure based on ZnO-Co3O4 core-shell can be of interest for other 

optoelectronic applications like solar cells and photocatalytic devices to improve the 

functionality using non-toxic, earth abundant and stable materials.      

 

Acknowledgements 

The authors acknowledge the Kempe Foundation, the Knut & Alice Wallenberg Foundation, 
the ÅFORSK Foundation and the LTU Lab fund program for financial support. 

  



References 

(1)  Peng, L.; Hu, L.; Fang, X. Low-Dimensional Nanostructure Ultraviolet Photodetectors. 
Adv. Mater. 2013, 25 (37), 5321–5328. https://doi.org/10.1002/adma.201301802. 

(2)  Zhou, H.; Song, Z.; Grice, C. R.; Chen, C.; Yang, X.; Wang, H.; Yan, Y. Pressure-Assisted 
Annealing Strategy for High-Performance Self- Powered All-Inorganic Perovskite 
Microcrystal Photodetectors. J. Phys. Chem. Lett. 2018, 9, 4714–4719. https://doi.org/J. Phys. 
Chem. Lett. 2018, 9, 4714−4719 Letter. 

(3)  Ouyang, W.; Teng, F.; He, J.; Fang, X. Enhancing the Photoelectric Performance of 
Photodetectors Based on Metal Oxide Semiconductors by Charge-Carrier Engineering. Adv. 
Funct. Mater. 2019, 29, 1807672. https://doi.org/10.1002/adfm.201807672. 

(4)  Makaremi, M.; Grixti, S.; Butler, K. T.; Ozin, G. A.; Singh, C. V. Band Engineering of 
Carbon Nitride Monolayers by N‑Type, P‑Type, and Isoelectronic Doping for Photocatalytic 
Applications. ACS Appl. Mater. Interfaces 2018, 10, 111143–111151. 
https://doi.org/10.1021/acsami.8b01729. 

(5)  Tian, W.; Wang, Y.; Chen, L.; Li, L. Self-Powered Nanoscale Photodetectors. Small 2017, 
13 (45), 1701848. https://doi.org/10.1002/smll.201701848. 

(6)  Zhu, J.; Hersam, M. C. Assembly and Electronic Applications of Colloidal Nanomaterials. 
Advanced Materials. January 1, 2017, p 1603895. https://doi.org/10.1002/adma.201603895. 

(7)  Couteau, C.; Larrue, A.; Wilhelm, C.; Soci, C. Nanowire Lasers. Nanophotonics 2015, 4 
(1), 90–107. https://doi.org/10.1515/nanoph-2015-0005. 

(8)  Yuan, F.; Wang, Z.; Li, X.; Li, Y.; Tan, Z.; Fan, L.; Yang, S. Bright Multicolor Bandgap 
Fluorescent Carbon Quantum Dots for Electroluminescent Light-Emitting Diodes. Adv. Mater. 
2017, 29 (3), 1604436. https://doi.org/10.1002/adma.201604436. 

(9)  Shim, J.; Park, H.-Y.; Kang, D.-H.; Kim, J.-O.; Jo, S.-H.; Park, Y.; Park, J.-H. Electronic 
and Optoelectronic Devices Based on Two-Dimensional Materials: From Fabrication to 
Application. Adv. Electron. Mater. 2017, 3 (4), 1600364. 
https://doi.org/10.1002/aelm.201600364. 

(10)  Yang, Z.; Voznyy, O.; Liu, M.; Yuan, M.; Ip, A. H.; Ahmed, O. S.; Levina, L.; Kinge, S.; 
Hoogland, S.; Sargent, E. H. All-Quantum-Dot Infrared Light-Emitting Diodes. ACS Nano 
2015, 9 (12), 12327–12333. https://doi.org/10.1021/acsnano.5b05617. 

(11)  Vomiero, A.; Concina, I.; Natile, M. M.; Comini, E.; Faglia, G.; Ferroni, M.; Kholmanov, 
I.; Sberveglieri, G. ZnO / TiO2 Nanonetwork as Efficient Photoanode in Excitonic Solar Cells. 
Appl. Phys. Lett. 2009, 95, 193104. https://doi.org/10.1063/1.3257370. 

(12)  Fan, Z.; Kapadia, R.; Leu, P. W.; Zhang, X.; Chueh, Y. L.; Takei, K.; Yu, K.; Jamshidi, 
A.; Rathore, A. A.; Ruebusch, D. J.; Wu, M.; Javey, A. Ordered Arrays of Dual-Diameter 
Nanopillars for Maximized Optical Absorption. Nano Lett. 2010, 10 (10), 3823–3827. 
https://doi.org/10.1021/nl1010788. 

(13)  Garnett, E. C.; Brongersma, M. L.; Cui, Y.; McGehee, M. D. Nanowire Solar Cells. Annu. 
Rev. Mater. Res. 2011, 41 (1), 269–295. https://doi.org/10.1146/annurev-matsci-062910-



100434. 

(14)  Law, M.; Greene, L. E.; Johnson, J. C.; Saykally, R.; Yang, P. Nanowire Dye-Sensitized 
Solar Cells. Nat. Mater. 2005, 4 (6), 455–459. https://doi.org/10.1038/nmat1387. 

(15)  Dong, Y. J.; Tian, B. Z.; Kempa, T. J.; Lieber, C. M. Coaxial Group III- Nitride Nanowire 
Photovoltaics. Nano Lett. 2009, 9, 2183–2187. https://doi.org/10.1021/nl900858v. 

(16)  Dasgupta, N. P.; Sun, J.; Liu, C.; Brittman, S.; Andrews, S. C.; Lim, J.; Gao, H.; Yan, R.; 
Yang, P. 25th Anniversary Article: Semiconductor Nanowires - Synthesis, Characterization, 
and Applications. Adv. Mater. 2014, 26 (14), 2137–2183. 
https://doi.org/10.1002/adma.201305929. 

(17)  Liu, Y.; Cai, Y.; Zhang, G.; Zhang, Y. W.; Ang, K. W. Al-Doped Black Phosphorus P–n 
Homojunction Diode for High Performance Photovoltaic. Adv. Funct. Mater. 2017, 27 (7), 
1604638. https://doi.org/10.1002/adfm.201604638. 

(18)  Yu, X. X.; Yin, H.; Li, H. X.; Zhang, W.; Zhao, H.; Li, C.; Zhu, M. Q. Piezo-Phototronic 
Effect Modulated Self-Powered UV/Visible/near-Infrared Photodetectors Based on CdS:P3HT 
Microwires. Nano Energy 2017, 34 (February), 155–163. 
https://doi.org/10.1016/j.nanoen.2017.02.033. 

(19)  Zheng, L.; Teng, F.; Zhang, Z.; Zhao, B.; Fang, X. Large Scale, Highly Efficient and Self-
Powered UV Photodetectors Enabled by All-Solid-State n-TiO2 Nanowell/p-NiO Mesoporous 
Nanosheet Heterojunctions. J. Mater. Chem. C 2016, 4 (42), 10032–10039. 
https://doi.org/10.1039/C6TC03830A. 

(20)  Fang, X.; Zhai, T.; Gautam, U. K.; Li, L.; Wu, L.; Bando, Y.; Golberg, D. ZnS 
Nanostructures: From Synthesis to Applications. Prog. Mater. Sci. 2011, 56 (2), 175–287. 
https://doi.org/10.1016/j.pmatsci.2010.10.001. 

(21)  Zhai, T.; Fang, X.; Liao, M.; Xu, X.; Zeng, H.; Yoshio, B.; Golberg, D. A Comprehensive 
Review of One-Dimensional Metal-Oxide Nanostructure Photodetectors. Sensors 2009, 9 (8), 
6504–6529. https://doi.org/10.3390/s90806504. 

(22)  Otuonye, U.; Kim, H. W.; Lu, W. D. Ge Nanowire Photodetector with High 
Photoconductive Gain Epitaxially Integrated on Si Substrate. Appl. Phys. Lett. 2017, 110 (17), 
173104. https://doi.org/10.1063/1.4982648. 

(23)  Azizur-Rahman, K. M.; Lapierre, R. R. Optical Design of a Mid-Wavelength Infrared InSb 
Nanowire Photodetector. Nanotechnology 2016, 27 (31), 315202. https://doi.org/10.1088/0957-
4484/27/31/315202. 

(24)  Li, L.; Gu, L.; Lou, Z.; Fan, Z.; Shen, G. ZnO Quantum Dot Decorated Zn2SnO4 Nanowire 
Heterojunction Photodetectors with Drastic Performance Enhancement and Flexible Ultraviolet 
Image Sensors. ACS Nano 2017, 11 (4), 4067–4076. https://doi.org/10.1021/acsnano.7b00749. 

(25)  Qisheng Wang; Li, J.; Lei, Y.; Wen, Y.; Wang, Z.; Zhan, X.; Wang, F.; Wang, F.; Huang, 
Y.; Xu, K.; He, J. Oriented Growth of Pb 1− x Sn x Te Nanowire Arrays for Integration of 
Flexible Infrared Detectors. Adv. Mater. 2016, 28 (18), 3596–3601. 
https://doi.org/10.1002/adma.201506338. 



(26)  Liu, Q.; Gong, M.; Cook, B.; Ewing, D.; Casper, M.; Stramel, A.; Wu, J. Fused 
Nanojunctions of Electron-Depleted ZnO Nanoparticles for Extraordinary Performance in 
Ultraviolet Detection. Adv. Mater. Interfaces 2017, 4 (6), 1601064. 
https://doi.org/10.1002/admi.201601064. 

(27)  Yan, X.; Li, J.; Sun, F.; Wu, Y.; Li, B.; Zhang, X.; Ren, X. A Single InP Nanowire Room-
Temperature Photodetector. Appl. Phys. Lett. 2016, 109 (5), 053109. 

(28)  Yu, J.; Tian, N. High Spectrum Selectivity and Enhanced Responsivity of a ZnO 
Ultraviolet Photodetector Realized by the Addition of ZnO Nanoparticles Layer. Phys. Chem. 
Chem. Phys. 2016, 18 (34), 24129–24133. https://doi.org/10.1039/C6CP03504C. 

(29)  Wang, Z. L. Towards Self-Powered Nanosystems : From Nanogenerators to 
Nanopiezotronics. Adv. Funct. Mater. 2008, 18, 3553–3567. 
https://doi.org/10.1002/adfm.200800541. 

(30)  Zhang, Z.; Ning, Y.; Fang, X. From Nanofibers to Ordered ZnO / NiO Heterojunction 
Arrays for Self-Powered and Transparent UV Photodetectors. J. Mater. Chem. C 2019, 7, 223–
229. https://doi.org/10.1039/c8tc05877f. 

(31)  Saraf, R.; Maheshwari, V. Self-Powered Photodetector Based on Electric-Field-Induced 
Effects in MAPbI3 Perovskite with Improved Stability. ACS Appl. Mater. Interfaces 2018, 10, 
21066–21072. https://doi.org/10.1021/acsami.8b05860. 

(32)  Ning, Y.; Zhang, Z.; Teng, F.; Fang, X. Novel Transparent and Self-Powered UV 
Photodetector Based on Crossed ZnO Nanofiber Array Homojunction. Small 2018, 14, 
1703754. https://doi.org/10.1002/smll.201703754. 

(33)  Su, L.; Yang, W.; Cai, J.; Chen, H.; Fang, X. Self-Powered Ultraviolet Photodetectors 
Driven by Built-In Electric Field. Small 2017, 13 (45), 1701687. 
https://doi.org/10.1002/smll.201701687. 

(34)  Chen, M.; Zhao, B.; Hu, G.; Fang, X.; Wang, H.; Wang, L.; Luo, J.; Han, X.; Wang, X.; 
Pan, C.; Wang, Z. L.. Piezo-Phototronic Effect Modulated Deep UV Photodetector Based on 
ZnO-Ga2O3 Heterojuction Microwire. Adv. Funct. Mater. 2018, 28, 1706379. 
https://doi.org/10.1002/adfm.201706379. 

(35)  Mi, L.; Wang, H.; Zhang, Y.; Yao, X.; Chang, Y. High Performance Visible – Near-
Infrared PbS- Quantum-Dots / Indium Schottky Diodes for Photodetectors. Nanotechnology 
2017, 28, 055202. 

(36)  Chen, S.; Liu, X.; Qiao, X.; Wan, X.; Shehzad, K.; Zhang, X.; Xu, Y.; Fan, X. Facile 
Synthesis of γ-In2Se3 Nanoflowers toward High Performance Self-Powered Broadband γ-In2Se3 
/Si Heterojunction Photodiode. Small 2017, 13, 1604033. 
https://doi.org/10.1002/smll.201604033. 

(37)  Li, X.; Zhu, M.; Du, M.; Lv, Z.; Zhang, L.; Li, Y.; Yang, Y.; Yang, T.; Li, X.; Wang, K.; 
Zhu, H.; Fang, Y. High Detectivity Graphene-Silicon Heterojunction Photodetector. Small 
2016, 12 (5), 595–601. https://doi.org/10.1002/smll.201502336. 

(38)  Chen, C. C.; Aykol, M.; Chang, C. C.; Levi, A. F. J.; Cronin, S. B. Graphene-Silicon 
Schottky Diodes. Nano Lett. 2011, 11 (5), 1863–1867. https://doi.org/10.1021/nl104364c. 



(39)  Chen, X.; Liu, K.; Zhang, Z.; Wang, C.; Li, B.; Zhao, H.; Zhao, D.; Shen, D. Self-Powered 
Solar-Blind Photodetector with Fast Response Based on Au/β-Ga2O3 Nanowires Array Film 
Schottky Junction. ACS Appl. Mater. Interfaces 2016, 8 (6), 4185–4191. 
https://doi.org/10.1021/acsami.5b11956. 

(40)  Juan, Y. M.; Chang, S. J.; Hsueh, H. T.; Chen, T. C.; Huang, S. W.; Lee, Y. H.; Hsueh, T. 
J.; Wu, C. L. Self-Powered Hybrid Humidity Sensor and Dual-Band UV Photodetector 
Fabricated on Back-Contact Photovoltaic Cell. Sensors Actuators B 2015, 219, 43–49. 
https://doi.org/10.1016/j.snb.2015.05.020. 

(41)  Omnes, F. Introduction to Semiconductor Photodetectors. In Optoelectronic Sensors; 
Decoster, D., Joseph, H., Eds.; ISTE: London, 2010; pp 1–14. 
https://doi.org/10.1002/9780470611630. 

(42)  Wu, Z.; Neaton, J. B.; Grossman, J. C. Quantum Confinement and Electronic Properties of 
Tapered Silicon Nanowires. Phys. Rev. Lett. 2008, 100 (24), 246804. 
https://doi.org/10.1103/PhysRevLett.100.246804. 

(43)  Kayes, B. M.; Atwater, H. A.; Lewis, N. S. Comparison of the Device Physics Principles 
of Planar and Radial P-n Junction Nanorod Solar Cells. J. Appl. Phys. 2005, 97 (11), 114302. 
https://doi.org/10.1063/1.1901835. 

(44)  Rühle, S.; Anderson, A. Y.; Barad, H.-N.; Kupfer, B.; Bouhadana, Y.; Rosh-Hodesh, E.; 
Zaban, A. All-Oxide Photovoltaics. J. Phys. Chem. Lett. 2012, 3 (24), 3755–3764. 
https://doi.org/10.1021/jz3017039. 

(45)  Wiersma, D. S.; Bartolini, P.; Lagendijk, A.; Righini, R. Localization of Light in a 
Disordered Medium. Nature 1997, 390 (6661), 671–673. https://doi.org/10.1038/37757. 

(46)  Lagendijk,  a; Tiggelen, V. B.; Wiersma, D. S. Fifty Years of Anderson Localization. Phys. 
Today 2009, 62 (8), 24–29. 

(47)  Concina, I.; Ibupoto, Z. H.; Vomiero, A. Semiconducting Metal Oxide Nanostructures for 
Water Splitting and Photovoltaics. Adv. Energy Mater. 2017, 7, 1700706. 
https://doi.org/10.1002/aenm.201700706. 

(48)  Makhlouf, H.; Weber, M.; Messaoudi, O.; Tingry, S.; Moret, M.; Briot, O.; Chtoutou, R.; 
Bechelany, M. Study of Cu2O \ ZnO Nanowires Heterojunction Designed by Combining 
Electrodeposition and Atomic Layer Deposition. Appl. Surf. Sci. 2017, 426, 301–306. 
https://doi.org/10.1016/j.apsusc.2017.07.130. 

(49)  Majhi, K.; Bertoluzzi, L.; Keller, D. A.; Barad, H. N.; Ginsburg, A.; Anderson, A. Y.; 
Vidal, R.; Lopez-Varo, P.; Mora-Sero, I.; Bisquert, J.; Zaban, A. Co3O4 Based All-Oxide PV: 
A Numerical Simulation Analyzed Combinatorial Material Science Study. J. Phys. Chem. C 
2016, 120 (17), 9053–9060. https://doi.org/10.1021/acs.jpcc.6b01164. 

(50)  Majhi, K.; Bertoluzzi, L.; Rietwyk, K. J.; Ginsburg, A.; Keller, D. A.; Varo, P. L.-; 
Anderson, A. Y.; Bisquert, J.; Zaban, A. Combinatorial Investigation and Modelling of MoO3 
Hole-Selective Contact in TiO2 | Co3O4 | MoO3 All-Oxide Solar Cells. Adv. Mater. Interfaces 
2016, 3, 1500405. https://doi.org/10.1002/admi.201500405. 

(51)  Chen, L. Review of Preparation and Optoelectronic Characteristics of Cu2O-Based Solar 



Cells with Nanostructure. Mater. Sci. Semicond. Process. 2013, 16 (5), 1172–1185. 
https://doi.org/10.1016/j.mssp.2012.12.028. 

(52)  Izaki, M.; Ohta, T.; Kondo, M.; Takahashi, T.; Mohamad, F. B.; Zamzuri, M.; Sasano, J.; 
Shinagawa, T.; Pauporte, T. Electrodeposited ZnO - Nanowire / Cu2O Photovoltaic Device with 
Highly Resistive ZnO Intermediate Layer. ACS Appl. Mater. Interfaces 2014, 6, 13461−13469. 
https://doi.org/10.1021/am502246j. 

(53)  Ok, Y. H.; Lee, K. R.; Jung, B. O.; Kwon, Y. H.; Cho, H. K. All Oxide Ultraviolet 
Photodetectors Based on a P-Cu2O Film / n-ZnO Heterostructure Nanowires. Thin Solid Films 
2014, 570, 282–287. https://doi.org/10.1016/j.tsf.2014.05.026. 

(54)  Ghamgosar, P.; Rigoni, F.; You, S.; Dobryden, I.; Kohan, M. G.; Lucia, A.; Concina, I.; 
Almqvist, N.; Malandrino, G.; Vomiero, A. ZnO-Cu2O Core-Shell Nanowires as Stable and 
Fast Response Photodetectors. Nano Energy 2018, 51 (June), 308–316. 
https://doi.org/10.1016/j.nanoen.2018.06.058. 

(55)  Olsen, L. C.; Addis, F. W.; Miller, W. Experimental and Theoritical Studies of Cu2O Solar 
Cells. Sol. Cells 1982, 7, 247–279. https://doi.org/10.1016/0379-6787(82)90050-3. 

(56)  Rakhshani, A. E. Preparation, Characteristics and Photovoltaic Properties of Cuprous 
Oxide-a Review. Solid State Electron. 1986, 29 (1), 7–17. https://doi.org/10.1016/0038-
1101(86)90191-7. 

(57)  Rai, B. P. Cu2O Solar Cells: A Review. Sol. Cells 1988, 25 (3), 265–272. 
https://doi.org/10.1016/0379-6787(88)90065-8. 

(58)  Kupfer, B.; Majhi, K.; Keller, D. A.; Bouhadana, Y.; Rühle, S.; Barad, H. N.; Anderson, 
A. Y.; Zaban, A. Thin Film Co3O4 / TiO2 Heterojunction Solar Cells. Adv. Electron. Mater. 
2015, 5, 1401007. https://doi.org/10.1002/aenm.201401007. 

(59)  Patel, M.; Kumar, M.; Kim, H.; Park, W.; Ha, E. Reactive Sputtering Growth of Co3O4 
Thin Films for All Metal Oxide Device : A Semitransparent and Self-Powered Ultraviolet 
Photodetector. Mater. Sci. Semicond. Process. 2018, 74 (August 2017), 74–79. 

(60)  Pauporté, T.; Magne, C. Impedance Spectroscopy Study of N719-Sensitized ZnO-Based 
Solar Cells. Thin Solid Films 2014, 560, 20–26. https://doi.org/10.1016/j.tsf.2013.11.121. 

(61)  Kang, Z.; Yan, X.; Wang, Y.; Bai, Z.; Liu, Y.; Zhang, Z.; Lin, P.; Zhang, X.; Yuan, H.; 
Zhang, X.; Zhang, Y. Electronic Structure Engineering of Cu2O Film/ZnO Nanorods Array All-
Oxide p-n Heterostructure for Enhanced Photoelectrochemical Property and Self-Powered 
Biosensing Application. Sci. Rep. 2015, 5, 7882. https://doi.org/10.1038/srep07882. 

(62)  Concina, I.; Vomiero, A. Metal Oxide Semiconductors for Dye- and Quantum-Dot-
Sensitized Solar Cells. Small 2015, 11 (15), 1744–1774. 
https://doi.org/10.1002/smll.201402334. 

(63)  Janotti, A.; Walle, C. G. Van De. Fundamentals of Zinc Oxide as a Semiconductor. Reports 
Prog. Phys. 2009, 72, 126501. https://doi.org/10.1088/0034-4885/72/12/126501. 

(64)  Jayah, N. A.; Yahaya, H.; Mahmood, M. R.; Terasako, T.; Yasui, K.; Hashim, A. M. High 
Electron Mobility and Low Carrier Concentration of Hydrothermally Grown ZnO Thin Films 



on Seeded a -Plane Sapphire at Low Temperature. Nanoscale Res. Lett. 2015, 10, 7. 
https://doi.org/10.1186/s11671-014-0715-0. 

(65)  Shockley, W.; Queisser, H. J. Detailed Balance Limit of Efficiency of P-n Junction Solar 
Cells. J. Appl. Phys. 1961, 32, 510. https://doi.org/10.1063/1.1736034. 

(66)  Liu, N.; Li, Z. Bimetal-Organic Frameworks Derived Carbon Doped ZnO / Co3O4 
Heterojunction as Visible-Light Stabilized Photocatalysts. Mater. Sci. Semicond. Process. 
2018, 79 (February), 24–31. 

(67)  Dong, C.; Xiao, X.; Chen, G.; Guan, H.; Wang, Y. Synthesis and Photocatalytic 
Degradation of Methylene Blue over P-n Junction Co3O4 / ZnO Core / Shell Nanorods. Mater. 
Chem. Phys. 2015, 155, 1–8. https://doi.org/10.1016/j.matchemphys.2015.01.033. 

(68)  Doolittle L.R. Algorithms for the Rapid Simulation of Rutherford Backscattering Spectra. 
Nucl. Instruments Methods Phys. Res. Sect. B 1985, 9 (3), 344–351. 

(69)  Wei, D.; Shi, S.; Zhou, C.; Zhang, X.; Chen, P. Formation of GaAs / GaSb Core-Shell 
Heterostructured Nanowires Grown by Molecular-Beam Epitaxy. Crystals 2017, 7 (4), 94. 
https://doi.org/10.3390/cryst7040094. 

(70)  Kuo, C. L.; Kuo, T. J.; Huang, M. H. Hydrothermal Synthesis of ZnO Microspheres and 
Hexagonal Microrods with Sheetlike and Platelike Nanostructures. J. Phys. Chem. B 2005, 109 
(43), 20115–20121. https://doi.org/10.1021/jp0528919. 

(71)  Özgür, Ü.; Alivov, Y. I.; Liu, C.; Teke, A.; Reshchikov, M. A.; Doğan, S.; Avrutin, V.; 
Cho, S.; Morkoç, H. A Comprehensive Review of ZnO Materials and Devices. Appl. Phys. Rev. 
2005, 98, 041301. https://doi.org/10.1063/1.1992666. 

(72)  Xu, J. M.; Cheng, J. P. The Advances of Co3O4 as Gas Sensing Materials: A Review. 
Journal of Alloys and Compounds. 2016, pp 753–768. 
https://doi.org/10.1016/j.jallcom.2016.06.086. 

(73)  Srikant, V.; Clarke, D. R. On the Optical Band Gap of Zinc Oxide. J. Appl. Phys. 1998, 83 
(10), 5447. https://doi.org/10.1063/1.367375. 

(74)  Abdul-Rehman, M.; Akhtar, I.; Choi, W.; Akbar, K.; Farooq, A.; Hussain, S.; Arslan, M.; 
Chun, S.; Jung, J.; Seo, Y. Influence of an Al2O3 Interlayer in a Directly Grown Graphene-
Silicon Schottky Junction Solar Cell. Carbon N. Y. 2018, 132, 157–164. 
https://doi.org/10.1016/j.carbon.2018.02.042. 

(75)  Lu, H.; Gu, Y.; Zhang, Y.; Liu, X.; Wang, P.; Sun, Q.; Ding, S.; Zhang, D. W. Improved 
Photoelectrical Properties of N-ZnO/p-Si Heterojunction by Inserting an Optimized Thin Al2O3 
Buffer Layer. Opt. Express 2014, 22 (18), 22184–22189. 
https://doi.org/10.1364/OE.22.022184. 

(76)  Soci, C.; Zhang, A.; Xiang, B.; Dayeh, S. A.; Aplin, D. P. R.; Park, J.; Bao, X. Y.; Lo, Y. 
H.; Wang, D. ZnO Nanowire UV Photodetectors with High Internal Gain. Nano Lett. 2007, 7 
(4), 1003–1009. https://doi.org/10.1021/nl070111x. 

(77)  Hasan Farooqi, M. M.; Srivastava, R. K. Structural, Optical and Photoconductivity Study 
of ZnO Nanoparticles Synthesized by Annealing of ZnS Nanoparticles. J. Alloys Compd. 2017, 



691, 275–286. https://doi.org/10.1016/j.jallcom.2016.08.245. 

(78)  Heiland, G. Photoconductivity of Zinc Oxide as a Surface Phenomenon. J. Phys. Chem. 
Solids 1961, 22 (June), 227–234. 

(79)  Ghoshal, S.; Anil Kumar, P. S. Suppression of the Magnetic Moment upon Co Doping in 
ZnO Thin Film with an Intrinsic Magnetic Moment. J. Phys. Condens. Matter 2008, 20 (19), 
192201. https://doi.org/10.1088/0953-8984/20/19/192201. 

(80)  Bao, J.; Shalish, I.; Su, Z.; Gurwitz, R.; Capasso, F.; Wang, X.; Ren, Z. Photoinduced 
Oxygen Release and Persistent Photoconductivity in ZnO Nanowires. Nanoscale Res. Lett. 
2011, 6 (1), 404. https://doi.org/10.1186/1556-276X-6-404. 

(81)  Zhao, X. R.; Cao, Y. Q.; Chen, J.; Zhu, L.; Qian, X.; Li, A. D.; Wu, D. Photocatalytic 
Properties of Co3O4-Coated TiO2 Powders Prepared by Plasma-Enhanced Atomic Layer 
Deposition. Nanoscale Res. Lett. 2017, 12, 497. https://doi.org/10.1186/s11671-017-2269-4. 

(82)  Li, W.; Wang, D.; Zhang, Z.; Chu, X.; Fang, X.; Wang, X.; Fang, D.; Lin, F.; Wang, X.; 
Wei, Z. Enhancement of a Cu2O/ZnO Photodetector via Surface Plasmon Resonance Induced 
by Ag Nanoparticles. Opt. Mater. Express 2018, 8 (11), 3561–3567. 
https://doi.org/10.1364/ome.8.003561. 

(83)  Zhao, B.; Wang, F.; Chen, H.; Zheng, L.; Su, L.; Zhao, D. An Ultrahigh Responsivity (9.7 
MA W−1 ) Self-Powered Solar-Blind Photodetector Based on Individual ZnO–Ga2O3 
Heterostructures. Adv. Funct. Mater. 2017, 27, 1700264. 
https://doi.org/10.1002/adfm.201700264. 

(84)  Boruah, B. D.; Misra, A. Energy-Efficient Hydrogenated Zinc Oxide Nanoflakes for High- 
Performance Self-Powered Ultraviolet Photodetector. ACS Appl. Mater. Interfaces 2016, 8, 
18182–18188. https://doi.org/10.1021/acsami.6b04954. 

 



Supporting Information 

for 

Self-powered photodetectors based on core-shell ZnO-Co3O4 nanowire 
heterojunctions 

Pedram Ghamgosar,1,* Federica Rigoni,1 Mojtaba Gilzad Kohan,1 Shujie You,1 Edgar Abarca 
Morales,1 Raffaello Mazzaro,1 Vittorio Morandi,2 Nils Almqvist,1 Isabella Concina,1 Alberto 
Vomiero1,3,* 

 
1 Department of Engineering Sciences and Mathematics, Division of Materials Science, Luleå 
University of Technology, 97187 Luleå, Sweden 
2 Institute for Microelectronics and Microsystems Section of Bologna, National Research Council, 
Via P. Gobetti, 101, I-40129 Bologna, Italy 
3 Department of Molecular Sciences and Nanosystems, Ca’ Foscari University of Venice, Via Torino 
155, 30170 Venezia Mestre, Italy 

 

Keywords: All-oxide p-n heterojunction, ZnO-Co3O4 core-shell, Nanowire geometry, Self-
powered photodetector, photovoltaic photodetector 

 

Corresponding Authors 

*E-mail: alberto.vomiero@ltu.se, alberto.vomiero@unive.it  

*E-mail: pedram.ghamgosar@ltu.se 

  



 

Figure S1. Absorbance of bare ZnO NWs, ZnO NWs covered by 1, 8, 10, 15 nm of Co3O4 and thin film 
of Co3O4 (10 nm) on FTO. 

The absorbance is not fully motivated, since part of the radiation is not absorbed, but 
scattered from the NWs, as clearly indicated by the transmission spectra. 

 
Figure S2. Comparison of absorbance of the ZnO NWs-Co3O4 (15nm) with (5nm) and without Al2O3. 



 

Figure S3. a) Current-time graph of ZnO-Al2O3 (5nm)-Co3O4 (15nm) core-shell structure after 32 cycle 
at 0.1 V bias voltage. b) The ratio between photocurrent (ilight) and dark current (idark). 

 
Figure S4. Current-time graph of ZnO-Al2O3 (5nm)-Co3O4 (1nm) at 0.1 V bias voltage. 

 

 
Figure S5. The actual picture of devices. From left to right the ZnO-Co3O4 with cobalt thickness of 
1,8,10, and 15 nm respectively (round metal pads were deposited for electrical contacts).  





Paper III





Dynamics and Photochemical H2 Evolution of
Dye−NiO Photocathodes with a Biomimetic
FeFe-Catalyst
Liisa J. Antila,† Pedram Ghamgosar,†,‡ Somnath Maji,§ Haining Tian, Sascha Ott, and Leif Hammarström*

Department of ChemistryÅngström Laboratory, Uppsala University, Box 523, SE75120 Uppsala, Sweden

*S Supporting Information

ABSTRACT: Mesoporous NiO films were cosensitized with a
coumarin 343 dye and a proton reduction catalyst of the
[Fe2(CO)6(bdt)] (bdt = benzene-1,2-dithiolate) family. Femto-
second ultraviolet−visible transient absorption experiments
directly demonstrated subpicosecond hole injection into NiO
from excited dyes followed by rapid (t50% ∼ 6 ps) reduction of the
catalyst on the surface with a ∼70% yield. The reduced catalyst
was long-lived (2 μs to 20 ms), which may allow protonation and
a second reduction step of the catalyst to occur. A photo-
electrochemical device based on this photocathode produced H2
with a Faradaic efficiency of ∼50%. Fourier transform infrared
spectroscopy and gas chromatography experiments demonstrated that the observed device deterioration with time was
mainly due to catalyst degradation and desorption from the NiO surface. The insights gained from these mechanistic
studies, regarding development of dye−catalyst cosensitized photocathodes, are discussed.

Molecular catalysts are attractive for solar fuels
production because they can be both rapid and
selective and require little material per active site.

Their properties and interaction with the substrate can be
tuned to a great extent via changes in their first and second
coordination sphere, which offers great potential for rational
design. To incorporate molecular catalysts into a device, one
approach is to combine it with a dye-sensitized, mesoporous
semiconductor film.1−6 Such dye-sensitized solar fuel devices
(DSSFDs) have attracted rapidly increasing interest, and several
photoanodes based on TiO2 or nano-ITO films and molecular
water oxidation catalysts have been reported.1,3−5,7−9 For the
corresponding photocathodes for H2 production or CO2
reduction, there are fewer examples, and the most common
material is mesoporous NiO.10−23 In most cases the catalyst
was not anchored to the NiO surface or was likely to detach
upon reduction during the catalytic cycle. The photocathodes
show poorer performance than the photoanodes, but so far very
little detail on these systems has been given. From studies of
solar cell materials, it is known that dye−NiO charge
recombination is typically very rapid, often on a subnanosecond
time scale,24−26 which is likely to hamper also the performance
of DSSFDs. Our group has previously shown that potential
molecular catalysts, inspired by the active site of [FeFe]-
hydrogenases, can be photoreduced by a dye on NiO.27,28 In
the present work, we were able to make the first DSSFD based
on a biomimetic FeFe catalyst, on coumarin C343-sensitized
NiO photoanodes, and demonstrate photochemical H2

production. We give direct spectroscopic evidence that the
catalyst is attached to the NiO surface and could monitor both
its photoreduction and charge recombination.
DSSFDs based on [2] showed poor NiO binding and

negligible photocurrents in aqueous media (not shown).
Therefore, [1] was prepared with a phosphonate group that
was expected to allow for more stable binding to NiO and a
longer linker that may slow charge recombination between the
reduced catalyst and the NiO holes (Figure 1). The electronic
properties should nevertheless be similar, with E1/2 = −1.18 V
vs Fc+/0 for [2] in acetonitrile.28 C343 absorbs mainly in the
blue part of the spectrum but was chosen as dye for these
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Figure 1. Structures of coumarin 343 (C343) and catalysts [1] and
[2].
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studies because it gives rapid hole injection into NiO; it has a
suitable redox potential (E0(C3430/−) ∼ −1.6 V vs Fc+/0) in
DMF29 (see comment in ref 28); and its transient absorption
spectra do not cover the band of the reduced catalyst (see
below).
Figure 2A shows the ultraviolet−visible (UV−vis) absorption

spectra of the NiO films sensitized with C343 dye and catalyst
[1]. The C343-sensitized NiO (denoted C343/NiO) shows a
dye absorption maximum around 400 nm, which is blue-shifted
compared to the 422 nm absorption maximum reported earlier
for C343 on NiO.30 This is probably due to the different
background absorption from the double-layered NiO film
(Figure 2A), used in this study to increase loading of C343 and
[1], compared to the single-layered film in ref 30. [1] on NiO
([1]/NiO) shows weak absorption bands centered at 450 and
600 nm, similar to those reported for the [Fe2(bdt) (CO)6]
complex in solution.31 The spectrum of the C343:[1]-
cosensitized NiO film (C343:[1]/NiO) shows mixed features
from the spectra of both C343/NiO and [1]/NiO references,
namely, a broad band centered at ∼450 nm and a weak band
around 600 nm. Fourier transform infrared (FTIR) spectra
measured for the samples are shown in Figure 2B. The
vibrational peaks of the carbonyl groups31 of [1] at 2005, 2042,
and 2079 cm−1 in the spectra of the C343:[1]/NiO sample and
the [1]/NiO reference verify the presence of [1] on the surface
of the NiO film. By comparing the intensities of the vibrational
peaks (at 2000−2100 cm−1 for [1] and ca. 1300 cm−1 for
C343) in the cosensitized sample and in the two references

with a 1:1 C343:[1] solution (cf. ref 28), assuming that
extinction coefficients for these bands are similar in solution
and on NiO, we estimate that the relative concentrations of the
dye and catalyst are between 1:2 and 2:1 in the C343:[1]/NiO
sample.
Femtosecond transient absorption (TA) spectra obtained

from the control samples, C343/NiO and [1]/NiO films, after
exciting at 440 nm are presented in the Supporting
Information. The 440 nm pump wavelength mainly excites
the surface-bound C343 dye, although [1] also exhibits some
absorption at this wavelength (ε(C343)= 15 100 M−1 cm−1 vs
ε([2]) = 1500 M−1 cm−1 at 440 nm).29,31 For the C343/NiO
reference (Figures S2 and S3), the obtained results agree well
with those reported by Morandeira et al.,30 and a global fit with
four exponentials gives time constants of <150 fs, 1 ps, 9 ps,
and 1.2 ns. The amplitude spectrum of each lifetime
component of the global fit constitutes a decay associated
spectrum (DAS) that shows the transient absorption changes
related to that component. On the basis of the DAS (Figure
S3), the time constants are assigned to the hole injection from
excited C343 dye to the valence band of NiO (<150 fs,
formation of the C343•−/NiO(+) charge separated state) and to
the recombination of the injected hole with the reduced
C343•− radical (9 ps). The DAS corresponding to the 1 ps time
constant is assigned to the hole injection and recombination
taking place in overlapping time scales, reflecting the
heterogeneity of the sensitized nanoparticle film and the
resulting complexity of the charge-transfer dynamics.30 The

Figure 2. (A) UV−vis spectra and (B) FTIR spectra of the C343:[1] cosensitized NiO film (black line), [1]/NiO reference (red line), C343/
NiO reference (blue line), and NiO film before sensitization (gray line, not shown in panel B).

Figure 3. TA spectra of C343:[1]-cosensitized NiO after excitation at 440 nm (110 nJ, absorbed photon density 1.7 × 1015 photons/(cm2 ×
pulse) (A) 500 fs to 1.8 ns after excitation. (B) Magnified view of 1 ps to 1.8 ns after excitation. Inset in panel A shows time evolution of TA
signal at 415 nm.
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spectrum at 1.2 ns shows a weak positive signal over the whole
spectral range, with weak peaks around 350 and 475 nm, and
represents a fraction of triplet excited C343.30

The femtosecond TA spectra for the C343:[1]/NiO film in
air are presented in Figure 3 (for more details, see Figures S4
and S5). The initial hole injection dynamics is rather similar to
that of the C343/NiO reference, but the subsequent reaction is
quite different. At 600 nm, where mainly the C343•− radical
absorbs (excited C343 has an isosbestic point here30), the TA
signal decays faster in the cosensitized sample than in the
reference without the [1] catalyst (see Figure 4A). The decay is
multiexponential with important contributions already at ∼1 ps
and continuing up to 1000 ps. In parallel, a new positive band
between 410 and 500 nm and a negative band between 350 and
420 nm are observed to form ∼1 ps after the excitation and
persist beyond the time window of the measurement (Figure
3B). The positive band is very similar in shape and position to
the flash−quench generated spectrum of singly reduced
[Fe2(bdt) (CO)6]

31 and is therefore assigned to the reduced
[1] that persists beyond the time scale of this experiment (τ > 2
ns).
The DAS (Figures S5 and S6) and time evolution trace at

470 nm (Figure 4B) gives further insight into the formation
dynamics of reduced [1]. In the C343/NiO reference, the TA
signal at this wavelength corresponds to the quenching of the
stimulated emission within 1 ps, which is followed by the decay
of relatively weak positive absorption that is assigned to the
reduced C343•− radical (blue data). In the C343:[1]/NiO
sample, the stimulated emission is quenched faster and the
signal turns positive at 800 fs after excitation (black data). This
positive TA signal does not decay significantly in the 2 ns time
window of the measurement. A control experiment with the
[1]/NiO reference shows only a weak positive signal at this
wavelength (red data) that decays quite rapidly and is unrelated
to the reduction of the catalyst (see Figure S7). Therefore, we
can conclude that the reduction of the [1] catalyst requires the
presence of the C343 dye on the surface of the NiO and cannot
be carried out by direct excitation of [1] itself. As is clear from
the TA spectra in Figure 3 and the traces in Figure 4, reduction
of [1] by C343•− is not single exponential. A half-time of t50% ∼
6 ps was estimated for this process from a plot of the 410−500
nm band maximum as a function of the delay time (see Figure
S8). This is in agreement with the time evolution of the TA
signal at 470 nm, which suggests that the catalyst reduction
takes place mainly on the time scale of 1−10 ps. The yield of
[1]− generation is therefore high: from the relative TA signals

of [1]− and C343•−, we estimate a yield of ∼70% for electron
transfer from C343•− to [1] (see the Supporting Information
for details). This means that surface electron transfer from
C343•− to [1] competes favorably with recombination between
C343•− and NiO holes, which has ultrafast components (τ ∼ 2
ps;30 see also above). The surface electron-transfer half-time is
somewhat shorter and the yield somewhat higher than for the
previously reported system C343:[2]/NiO for which t50% ∼ 10
ps and a yield of 40−80% was reported.28 However, by direct
comparison of the TA signals in ref 28 with those in Figure 3, a
yield of ca. 40% in that paper seems most consistent with the
data. For both C343:[1]/NiO and C343:[2]/NiO, surface
electron transfer is very rapid and there is no indication of dye−
catalyst segregation or of isolated C343 molecules. It is
interesting to note that the related process of hole hopping
between dyes on mesoporous TiO2 is typically several orders of
magnitude slower.32−34 We propose that essentially each C343
dye on NiO is in close contact with a catalyst molecule in the
cosensitized samples, so that surface electron transfer is a
downhill, single-step process with a short electron-transfer
distance. The flexible linking group of [1] may further facilitate
close intramolecular contact. In contrast, many of the hole
hopping studies on TiO2 have involved multiple, self-exchange
steps and may have been limited by steps on the heterogeneous
surface where the transfer distance is longer.
To assess whether the reduced [1] catalyst is sufficiently

long-lived for the first step of the water reduction process,
namely, the protonation of the reduced catalyst, the lifetime of
[1]•− was recorded on a nano- to millisecond time scale. At 200
ns delay after laser flash excitation at 440 nm (10 ns, 2.6 mJ/
cm2), the C343:[1]/NiO sample shows a strong transient
absorption band between 400 and 510 nm (Figure S9), similar
to what was observed at >10 ps in Figure 3. The decay of this
signal at 470 nm clearly extends over several orders of
magnitude (Figure 4c). Fitting of the TA signal required four
exponentials, with roughly equal contributions, with time
constants ranging from ∼2 μs to >10 ms (see Figure 4C
caption). We suggest that the slower charge recombination
compared to the case of [2] on NiO28 is due to the longer
linker group in [1]. According to Mirmohades et al.,31

protonation of the [Fe2(bdt) (CO)6]
− complex in acidic

solutions may take place on the microsecond time scale;
therefore, with a lifetime extending to the millisecond time
scale, the reduced [1] should be able to undergo protonation
with high yield. Scheme 1 illustrates the sequence of reactions

Figure 4. Time evolution of transient absorption after fs excitation (A) at 600 nm and (B) at 470 nm for C343:[1]/NiO (black squares and
lines), C343/NiO (blue circles and lines), and [1]/NiO (red triangles and lines). (C) Time evolution of transient absorption after a 10 ns
excitation pulse for C343:[1]/NiO at 470 nm. The red line is the fit with four exponentials to the experimental data: 1.9 μs (38%), 52 μs
(24%), 230 μs (20%), and >10 ms (17%).
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induced by single-photon absorption and suggests a mechanism
for the catalytic cycle of [1].

To evaluate the light response and proton reduction capacity
of the sensitized NiO photocathodes, photoelectrochemical
(PEC) experiments (Figure 5) were performed with a three-
electrode system as described in the Supporting Information.
The C343:[1]/NiO electrode in acetate buffer (pH 4.5) shows

a photocurrent response that is significantly higher than that of
the C343/NiO reference, indicating that the photocurrent is
due to proton reduction by the hydrogen evolution catalyst.
Upon photoelectrolysis of the photocathode under −0.3 V vs
Ag/AgCl and light illumination for 1100 s, produced hydrogen
(H2) could be detected in situ with a gas sensor and by gas
chromatography−mass spectrometry (GC-MS). The corre-
sponding data is shown in Figures 5B and S11. The
photocathode based on C343:[1] produced 12.4 nmol of
hydrogen, and the charge that passed through the circuit was
4.8 mC (Figure S10), which renders a Faradaic efficiency of ca.
50%. Thus, although the catalyst undergoes at most a few (≤3)
turnovers during 1100 s, the initial photoelectrochemical H2
evolution occurs with a decent Faradaic efficiency. The
photocurrent density is, however, only ca. 10 μA cm−2, which
is 3 orders of magnitude smaller than for an optimal system
under full sun (ca. 10 mA cm−2). Poor light-harvesting of C343
(Figure 2A) can be expected to account for at least 1 order of
magnitude losses. Another large loss factor is probably that
charge recombination of the catalyst and NiO competes with
protonation and second reduction of the catalyst. Each dye is
excited at best only once per second under full sun, and for
catalytic turnover to be more rapid than that, each catalyst must
be reduced by several dyes in cooperation. Increasing the rate
ratio of catalyst turnover and charge recombination is a major
feature to consider in further design of dye-sensitized solar fuel
devices. Obviously, a dye with a broader absorption spectrum in
the visible would also be advantageous.
Notably, the photocurrent from the C343:[1]/NiO sample

gradually decreased, which could be caused by catalyst
decomposition. Rapid performance deterioration is still typical
for dye-sensitized solar fuel devices.1−5 GC-MS experiments
(Figure S11) confirm that CO ligands are released from C343:
[1]/NiO during photoelectrolysis, which could be responsible
for the gradual deactivation of the photocathode. Attenuated
total reflection infrared (ATR-IR) spectra of C343:[1]/NiO
before and after photoelectrolysis (Figure 6) further prove the
degradation of catalyst by releasing CO ligands. The intensity
of the three carbonyl bands of [1] around 1980−2100 cm−1

decreased to ca. one-third of their initial values during
photoelectrolysis, while for example the carbonyl band of
C343 (∼1740 cm−1) was relatively unaffected. The decrease of
the catalyst bands corresponds to the decrease of photocurrent
by the end of the experiment (Figures 5A and S10). This

Scheme 1. (a) Sequence of Photoinduced Electron-Transfer
Reactions Observed and the Subsequent Protonation
Suggested; (b) Suggested Mechanism of Proton Reduction
by [1] under Photochemical Conditions, Supported by Data
in Ref 31a

aDisproportionation of [FeFeH] (dashed line) is a conceivable
alternative to the more intuitive, sequential ECEC mechanism (solid
lines).

Figure 5. (A) Amperometric photocurrent density vs time recorded from the photocathodes at a bias of −0.3 V vs Ag/AgCl under chopped
white light at an intensity of 100 mW/cm2 in pH 4.5 acetate buffer and (B) H2 evolution under continuous photolysis. Black curves, C343/
NiO; red curves, C343:[1]/NiO. Inset: magnified view of the data for C343/NiO.
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suggests that catalyst degradation is the main reason for the
decrease in PEC activity of the photocathode.
To get more insight into the degradation of the catalyst

during the PEC measurements, a similar C343:[1]/NiO sample
on nonconducting CaF2 was soaked in the pH 4.5 buffer first 1
h in the dark and then another hour under illumination. An
FTIR spectrum of the sample was recorded before and after the
soaking (Figure S12). From Figure S12 it is obvious that the
buffer has little effect on the catalyst integrity as only small
changes can be seen in the intensities of the IR peaks before
and after soaking in the dark. In contrast, after soaking under
illumination, the intensities of the three CO peaks at ∼2000
cm−1 decreased significantly. Also, the feature around 1400
cm−1 (associated only with [1], cf. Figure 2B) loses intensity
upon soaking under illumination. This suggests that the catalyst
is also desorbing from the NiO surface. In contrast, the C343
dye binding to the surface is not affected upon soaking and
illumination as can been seen by the constant intensity of the
C343 IR peaks at ∼1300 cm−1. These experiments strongly
suggest that the catalyst [1] on C343-sensitized NiO is unstable
under irradiation.
To conclude, we could directly demonstrate for the first time

the critical electron-transfer processes between dye, catalyst,
and NiO in a molecularly sensitized photocathode that is active
for photoelectrochemical proton reduction to H2. Hole
injection into NiO followed by ultrafast surface electron
transfer led to rapid and efficient reduction of the catalyst
[1]. Charge recombination of [1]− was slow, on the time scale
of 2 μs−20 ms, which may allow protonation and a second
reduction step of the catalyst to occur. Thus, a device with
C343:[1]/NiO as photocathode produced H2 with a Faradaic
efficiency of ∼50%. FTIR and GC experiments demonstrated
that electrode degradation was mainly due to catalyst
degradation. The mechanistic studies of sensitized photo-
cathodes provide understanding for the processes and bottle-
necks involved in this kind of system and should guide further
work to improve their performance.
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Experimental details 

Materials. All solvents and commercially supplied chemicals were reagent grade and used 
as received without further purification. Triethylamine (TEA), (benzotriazol-1-yloxy) 
tripyrrolidinophosphonium hexafluorophosphate (PyBOP), 2-Aminoethylphosphonic acid and 
triirondodecacarbonyl were purchased from Aldrich. [FeFe](mcbdt)(CO)6 was synthesized 
according to our previously reported procedures.S1 Proton nuclear magnetic resonance spectra 
(1H NMR) were recorded on a Varian FT-NMR spectrometer (400 MHz for 1HNMR); IR 
spectra recorded on a Perkin Elmer Spectrum One (Figure S1). 

Synthesis of [1] 100 mg [FeFe](mcbdt)(CO)6 (0.215 mmol) and 2-aminoethylphosphonic 
acid 27 mg (0.216 mmol) and 115 mg (0.220 mmol) (benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) were stirred in acetonitrile 
(CH3CN) in a Schlenk flask in the presence of triethylamine (1 eqv.) for 5 hours. After that, 
the mixture was evaporated under reduced pressure and then extracted with dichloromethane 
(CH2Cl2). The solvent was removed under reduced pressure and the crude product was 
purified by column chromatography on silica using a mixture CH2Cl2: CH3OH (3:2) to afford 
orange red powder. Yield 57 mg (46%). νmax/cm-1 (KBr) 2081, 2045, 2004, 1632; δH (400 
MHz; CD3CN) 7.23-8.29 (3H, CHarom), 6.75 (1H, NH), 3.37 (4H, CH2). 

Photocathode preparation and steady-state spectroscopy The double layers NiO films 
(ca. 1 µm thickness) were prepared on substrates according to the procedure reported in 
literature.S2 For the photoelectrochemical (PEC) measurements, FTO glass was used as 
substrate (NiO active area 1 cm2) while CaF2 windows were used in samples for transient 
absorption spectroscopy.  

Two of the films were immersed in saturated coumarin 343 (C343) ethanolic solutions 
overnight. The films were rinsed and their UV–vis absorption spectra recorded (Figure 1A). 
Subsequently, one of the C343-sensitized films and one non-sensitized film were immersed in 
a solution of [1] (1.7 mg of [1] in 2 ml of methanol) for two days followed by rinsing with 
methanol and recording of the UV–vis (Agilent 8453 UV-vis spectrophotometer) and FTIR 
(for CaF2 samples, Bruker 66v/S FTIR spectrometer) or ATR-IR (for FTO samples, Nicolet 
Avatar 370 DTGS, Thermo Electron Corporation) absorption spectra.  

Before sensitization the NiO film shows a gray color which is related to the partial 
oxidation of the film surface but upon soaking in the dye bath, the surface is reduced 
decreasing the background absorption in the sensitized films. After correcting for the NiO 
background absorption, the optical densities of the C343:[1]/NiO sample and of the C343/NiO 
reference were ~0.7 at 440 nm pump wavelength for laser experiments and that of the [1]/NiO 
reference was ~0.2.   

Femtosecond transient absorption experiments For a detailed description of the 
femtosecond transient absorption setup, see Petersson et al.S3 and for a more thorough 
description of the fs TA experiment for cosensitized NiO films, see Brown et al.S4 Here, a 440 
nm pump beam was used to excite the dry sensitized NiO films with excitation energy set to 
110 nJ (2·1015 photons/cm2/pulse) with a neutral density filter. White-light continuum was 
used for probing. Polarization of the pump was set at the magic angle, 54.7°, relative to the 
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probe. The transient absorption spectra at different times were recorded for the sample and the 
references by scanning the delay of the probe beam relative to the pump from -5 ps to 1.8 ns 
with the help of an optical delay line. The time scan was repeated 5 times for each film and 
the films were translated between the individual scans. Global analysis of the time-resolved 
data was performed using multiple exponential decay schemes in a least-squares fitting 
program (PyGSpec, http://butler.cc.tut.fi/~tkatchen/prog/pygspec.html). 

Nanosecond transient absorption spectroscopy Frequency tripled Nd:YAG laser 
(Continuum Surelight II, repetition rate: 10 Hz, pulse length: 10 ns) was used to pump an 
Optical Parametrical Oscillator (Continuum Surelite OPO Plus) to obtain the pulsed 440 nm 
pump light. The pump laser was coupled to a LP920 detection system (Edinburgh 
Instruments) equipped with a pulsed Xe arc lamp to provide the white light for probing, and a 
CCD camera (Andor Technology) and a photomultiplier tube for detection. For more details, 
see ref.S5. Excitation energy density was 2.6 mJ/cm2. 

Photoelectrochemical (PEC) experiments PEC experiments were carried out in a three-
electrode system using acetate buffer (pH 4.5) as electrolyte. Pt foil (1 cm2) was used as 
counter electrode (CE), Ag/AgCl (3 M KCl) was employed as reference electrode (RE) and 
C343 or C343:[1] sensitized NiO photocathodes (1.5 cm2, 3.5 µm) was adopted as working 
electrode (WE). LED lamp (cool white, 5000K) was used as light source. The whole system 
was degased with high pure Ar (99.999%) for 30 min under dark before applying a bias 
potential -0.3 V vs. Ag/AgCl. With the bias potential, the whole system was also allowed to 
stabilize for 200 s under dark. Then the chopped light was given to evaluate the photo-
response. Subsequently, fresh samples were also photoelectrolyzed under the same condition 
for a certain time. The hydrogen production was monitored by Unisense microsensor. The CO 
analysis was carried out with HPR-20 benchtop gas analysis system (HIDEN Analytical) 
using Ar as carrier. 

 

Calculation of the yield of electron transfer from C343•–  to [1]. 

At 600 nm, the excited dye gives little transient changes while the reduced dye can be 
monitored as it is formed and then decays. At 470 nm instead, the signal after 100 ps is 
exclusively from the reduced catalyst [1]-. The following extinction coefficients were used to 
estimate the electron transfer yield, where we assume that the values for [1] and [2] are very 
similar: ε600(C343•–) = 4200 M-1cm-1 S6; ε600([2]) = 1000 M-1cm-1 and ε470([2]- - [2]) = 4000 
M-1cm-1.S4 

In C343:[1]/NiO the maximum signal at 600 nm is 0.8 mOD (around 200 fs) while the 470 
nm signal at 100 ps is 1.0 mOD (data in Figure 4). This would suggest an (unphysical) 
electron transfer yield of Φ 130%:  

 Φ 	 , 	

	 ,

	 ,

	 ,

.

. 	
1.30  (S1) 
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However, this result is probably affected by the overlapping and heterogeneous kinetics of 
formation and subsequent reaction of C343•–, where rapid electron transfer to [1] reduces the 
concentration of C343•– at the maximum and leads to an underestimate of the total amount of 
C343•– formed. Indeed, in the C343/NiO reference sample, the maximum 600 nm signal is 
almost twice that of C343:[1]/NiO (a factor 13/7), when normalized to the same initial ground 
state bleach at 445 nm. Thus, we assume that the formation of C343•– is equally efficient in 
the two samples, and multiply the yield in equation S1 by the factor 7/13, to obtain an electron 
transfer yield of Φ 70%: 

 Φ 1.30 0.70     (S2) 

While this estimate based in TA amplitudes includes significant errors, it is in good agreement 
with what is expected from the relative kinetics of C343•– decay in the two samples C343/NiO 
and C343:[1]/NiO. 
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Additional data 

Characterization of [1]: 

IR Spectra 

 

 

 

 

 

1HNMR Spectrum 

 

Figure S1. (top): IR spectra of [2] and [1] in KBr, and (bottom) H1NMR spectrum of [1] in CD3CN. 
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Femtosecond transient absorption experiments 

 

Figure S2. Experimental TA spectra of C343/NiO after excitation at 440 nm (110 nJ, 
absorbed photon density is 1.7 ·1015 photons/cm2/pulse) A) and B) 100 fs – 1 ps after 
excitation C) 1 ps – 1.8 ns after excitation.  
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Figure S3. A) Decay associated spectra (DAS) of C343/NiO in the range of 360-660 nm 
obtained by global analysis of the decay kinetics. B) Zoom in of the DAS.
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Figure S4. TA spectra of C343:[1]/NiO after excitation at 440 nm (110 nJ, absorbed photon 
density 1.7 ·1015 photons/cm2/pulse) A) and B) 100 fs – 1 ps after excitation,  C) and D) 1 ps 
– 1.8 ns after excitation. The spectra have been corrected for background absorption. 
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Figure S5. Decay associated spectra (DAS) of C343:[1]/ NiO after excitation at 440 nm 
obtained by a global fit of 4 exponential decays of the experimental data in Figure 3 of the 
main paper. Inset: Zoom in to the DAS associated with the long time constants.  

 

The decay associated spectra (DAS) obtained by global analysis of the experimental TA data 
of C343:[1]/NiO (Figure S4) are shown in Figure S5 and aid analysis of the processes. The 
DAS corresponding to the shorter time constants of <150 fs and 700 fs are rather similar in 
shape compared to corresponding <150 fs and 1 ps DAS in the C343/NiO reference, meaning 
that hole injection and early C343•–recombination dominate on these time scales (see Figure 
S3 for C343/NiO DAS and Figure S6 for comparison of the two sets of DAS). For the 9 ps 
DAS, there is some difference, however: in the 410-480 nm region the amplitude in the DAS 
of C343:[1]/NiO is more negative (rising signal) than in the corresponding region in the 
C343/NiO DAS. This reflects the formation of a new species in this spectral region in the 
sample with both the dye and the catalyst. This is confirmed by the  DAS corresponding to the 
> 2 ns time constant (blue line in Figure S6) which shows a new band at 410-500 nm while 
the corresponding 1.3 ns C343/NiO DAS is flat in this region (blue dashed line in Figure S6). 
This band is very similar in shape to the flash-quench generated spectrum of singly reduced 
[Fe2(bdt)(CO)6]

S5 and therefore we assign the band to the reduced species [1]- that persists 
beyond the time scale of this experiment ( > 2 ns). 
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Figure S6. DAS of the C343:[1]/NiO sample (solid lines), and C343/NiO (dashed lines) and 
[1]/NiO (dotted line) references. The C343/SM109/NiO spectra at 800 fs and 9 ps and 
C343/NiO spectra at 1 ps and 9 ps have been normalized at their minima (maximum bleach) 
to facilitate comparison. The 150 fs spectra have been omitted for clarity.   



S11 
 

Figure S7. A) TA spectra of [1]/NiO after excitation at 440 nm (110 nJ, 2·1015 photons/(cm2 
× pulse). The absorbed photon density at 440 nm is 9 ·1014 photons/cm2/pulse. B) Decay 
associated spectra. 

The [1]/NiO reference shows a very weak, broad absorption band that extends over the 
spectral window of the measurement (Figure S7A). Considering that the excited state 
reduction potential of [1] (estimated as +1.2 V vs. NHE from the ground state reduction 
potential of -1.2 V vs. NHE and absorption onset of 2.3 eV) is more positive than the VB edge 
of NiO (+0.5 V vs. NHES7), it is possible that the excited [1] undergoes hole injection to NiO 
VB. However, the reduced state has a clear spectroscopic fingerprint (cf. Figure S6) that 
cannot be observed in the experimental spectrum nor in the DAS of the [1]/NiO reference 
(Figure S7B). Therefore, we tentatively assign the observed feature to the excited state of [1]. 
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Figure S8. Transient absorption band maximum position in the region 470-510 nm during 1-
50 ps after the excitation for C343:[1]/NiO. 

 

 

Figure S9. Transient absorption at 200 ns after excitation at 440 nm in C343:[1]/NiO sample 
(black line), [1]/NiO reference (red line) and C343/ NiO reference (blue line). The kinetic 
trace showing decay of the signal at 470 nm is shown in Figure 4c of the main paper. 
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Figure S10. Photocurrent and accumulated charge during light irradiation of the DSSFDs.  

 

 

Figure S11.  GC-MS curve of C343:[1]/NiO during photoelectrolysis. 
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Figure S12. FTIR spectrum of a C343:[1]/NiO sample on CaF2 before (black line) and after 

soaking in buffer pH 4.5 for 1 hour in the dark (orange line) and 1 hour under illumination 

(green line).   
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ABSTRACT: Photoelectrochemical (PEC) water splitting
reactions are promising for sustainable hydrogen production
from renewable sources. We report here, the preparation of α-
Fe2O3/Fe3O4 composite films via a single-step chemical vapor
deposition of [Fe(OtBu)3]2 and their use as efficient photo-
anode materials in PEC setups. Film thickness and phase
segregation was controlled by varying the deposition time and
corroborated through cross-section Raman spectroscopy and
scanning electron microscopy. The highest water oxidation
activity (0.48 mA/cm2 at 1.23 V vs RHE) using intermittent
AM 1.5 G (100 mW/cm2) standard illumination was found for
hybrid films with a thickness of 11 μm. This phenomenon is
attributed to an improved electron transport resulting from a
higher magnetite content toward the substrate interface and an
increased light absorption due to the hematite layer mainly located at the top surface of the film. The observed high efficiency of
α-Fe2O3/Fe3O4 nanocomposite photoanodes is attributed to the close proximity and establishment of 3D interfaces between
the weakly ferro- (Fe2O3) and ferrimagnetic (Fe3O4) oxides, which in view of their differential chemical constitution and
valence states of Fe ions (Fe2+/Fe3+) can enhance the charge separation and thus the overall electrical conductivity of the layer.

KEYWORDS: solar water splitting, valence dynamics, magnetite, Raman, single-source CVD, heterostructures

1. INTRODUCTION

Hematite (α-Fe2O3) has been intensively studied as anode
material for photoelectrochemical (PEC) water splitting
applications due to its high stability, nontoxicity, abundance,
suitable band gap (∼2.1 eV), and high theoretical maximum
solar-to hydrogen (STH) conversion efficiency (15%) which
makes it a promising candidate for cost-effective PEC hydrogen
production.1,2 However, due to critical limitations (low carrier
mobility, short carrier lifetime, high density of surface states,
slow kinetics for oxygen evolution), the values of experimentally
observed maximum STH efficiency are still far away from
reaching the theoretical value.3,4 Therefore, several attempts
were undertaken, among those nanostructuring, doping,
formation of composite materials, and usage of cocatalysts, to
circumvent these limitations. Nanostructured hematite electro-
des in the form of nanoparticles,5 nanowires,6 nanotubes,7

nanoflowers,8 or nanocones9 have been generated to overcome
the drawback of a small hole diffusion length (2−4 nm) as well as
a short excited-state lifetime (3−10 ps).4,10 Doping represents a
well-established method for the enhancement of PEC perform-
ance as it can be used to increase the carrier concentration and to
fine-tune the band gap energies and band positions.11 Thus, the

incorporation of various dopants (e.g., Ti,12 Zr,13 Si,14 Sn,15

Ni,16 Ta,17 or Cr18) into the hematite lattice was investigated
and correlated with the water splitting efficiency. The effect of
Sn doping of hematite films deposited on F:SnO2 substrates
(FTO) was examined by Wang et al. who found that Sn ions
alter the nucleation and growth of the hematite film and hence
influence the morphology, physical properties, and PEC
performance of the material. The resulting enhancement in
PEC performance was explained by an increase in charge carrier
diffusion and transfer due to the creation of oxygen vacancies
(reduction of Fe3+ to Fe2+).19 Investigations on the formation of
oxygen vacancies and their influence on the PEC performance of
hematite were performed by several groups.20−25 Thereby,
oxygen vacancies were either introduced via high-temperature
treatment of hematite films in a reducing atmosphere26 or under
low oxygen partial pressure.22 In general, oxygen vacancies were
reported to act as shallow donor dopants in hematite increasing
the overall majority carrier electron concentration and
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consequently the conductivity.21 More detailed mechanistic
studies were performed using transient absorption spectroscopy
by Forster et al., who found that oxygen vacancies block slow
surface hole-bulk electron recombination pathways.27 However,
the introduction of a too high amount of oxygen vacancies was
reported to result in a reduction of PEC performance due to a
partial transition into magnetite (Fe3O4).

21 In our recent work,
we have examined the effect of directed postdeposition plasma-
chemical reduction of hematite.28 Through variation of the
process temperature during hydrogen plasma treatment,
different fractions of Fe3O4 (mixed-valent Fe2+/Fe3+) in the
resulting Fe3O4/α-Fe2O3 nanocomposites could be achieved.
For temperatures lower than 300 °C and higher than 500 °C,
either pristine α-Fe2O3 or Fe3O4 could be selectively generated.
Notably for this work, even though Fe3O4 had been reported to
be photoinactive,29 the mixed Fe3O4/α-Fe2O3 photoanodes
showed a better PEC performance (photocurrent density of 3.5
mA/cm2 at 1.8 V vs RHE (reversible hydrogen electrode) and
onset potential of 1.28 V vs RHE) than the respective pristine
hematite samples. This enhancement in PEC response was
ascribed to a reduced band gap energy and higher carrier density
resulting from the generation of additional charge carriers upon
reduction of Fe3+.29−31

Recently, it has been shown for iron oxide nanoparticles that
the phase formation is dependent on the synthesis and/or
processing temperature.32 Herein, we report on a simplemethod
to significantly improve the water oxidation performance of α-
Fe2O3 photoanodes by the directed growth of α-Fe2O3/Fe3O4
hybrid film structures via thermal CVD of [Fe(OtBu)3]2. The
film thickness as well as the local distribution of magnetite in the
composite material increase the charge carrier generation and
collection without decreasing the carrier transport and can
simply be controlled by varying the deposition time. The
interplay of phase composition, allocation, and film thickness
was investigated in detail using (cross-section) Raman spec-
troscopy and correlated with the water oxidation efficiency.

2. EXPERIMENTAL PART
2.1. Material Synthesis. The gas phase deposition of Fe2O3 layers

was performed using [Fe(OtBu)3]2 as precursor in a horizontal cold-
wall CVD reactor.33,34 The precursor temperature was kept constant at
100 °C to ensure a homogeneous gas flow. The precursor flux was
guided to an inductively heated (500 °C) substrate using low pressure
(∼3 × 10−6 mbar). The deposition time was varied between 5 and 45
min in order to scan for morphological and crystallographic changes.
Iron oxide layers were deposited onto conductive F/SnO2 (FTO)
substrates (Sigma-Aldrich, ∼8 Ω/sq) for photoelectrochemical
measurements and silicon substrates for XRD analysis. The substrates
were cleaned before CVD experiments by ultrasonication in water and

isopropanol. A post deposition heat treatment was conducted at 500 °C
for 5 h in air (Scheme 1).

2.2. Materials Characterization. To investigate the micro-
structural properties of the film, a Nikon Eclipse MA200 was used.
This light optical microscope is equipped with Nikon’s DS-U2 Camera
Control Unit and NIS-Elements tracer. The film morphology was
analyzed by field emission-scanning electron microscopy (FE-SEM)
using a SUPRA 40VP instrument (Zeiss) operated at 10.0 kV, while
cross sections of the film were investigated using a Magellan 400 (the
FEI company) at 3 kV. Atomic force microscopy (AFM) topography
measurements were performed using a Park Systems XE-100 in true
noncontact mode with a cantilever (PPP-NCHR-20, Nanosensors).
Energy dispersive X-ray spectroscopy (EDS) was carried out in parallel
to SEM observations. The powder X-ray diffraction (XRD, STOE-
STADIMP) patterns weremeasured in reflectionmode using CuKα (λ
= 0.15406 nm) radiation. Decomposition analysis was conducted using
a quadrupole-mass spectrometer QMG 220 M3 Prisma Plus (Pfeiffer).
As ion source, electron impact (EI) with 70 eV was used. Signal
intensity was increased with a secondary electron multiplier with 940 V
(detection limit 10−15 A). Scan stair mode from m/z = 0−100 with a
filter time of 200 ms/amu was used. X-ray photoelectron spectroscopy
(XPS) measurements were carried out at a pressure of 10−9 mbar under
Al Kα excitation (1486.6 eV) with an ESCA M-Probe spectrometer
(Surface Science Instruments SSI). Correction to the binding energies
was done in reference to the C 1s-signal (284.8 eV). Spectral
corrections and composition calculations were done with CasaXPS.
Raman spectra were recorded using a Senterra Raman spectrometer
with 1200 groove/mm grating under 532 nm and/or 785 nm laser
excitation. Electrochemical measurements were performed in a flat
three-electrode electrochemical cell using a saturated calomel electrode
(SCE) as the reference, a Pt wire as the counter electrode, and 1 M
NaOH as the electrolyte (pH = 13.6). Linear sweep voltammetry (10
mV/s) was carried out in a potential range from−1 to 1 V vs SCE using
a potentiostat (PAR, Versa state IV) in the dark and under simulated
solar illumination (Xe lamp, 150 W, Oriel with a Schott KG-3 filter).
Potentials with respect to the reversible hydrogen electrode (RHE)
scale were calculated using the Nernst eq 1

= + +E E E 0.059 pHRHE SCE SCE
0 (1)

2.3. Density Functional Theory Computations. To analyze the
enhanced photocatalytic activity of heterojunctioned iron oxides,
density functional theory (DFT) calculations were performed using the
Vienna ab initio package (VASP).35,36 Interactions between valence
and core electrons were described through the projector augmented
wave (PAW) method.37 A generalized gradient approximation (GGA)
with the Perdew−Burke−Ernzerhof (PBE) functional was employed
for the planewave basis expansion.38,39 A kinetic energy cutoff of 400 eV
was used. Brillouin zones were sampled with a γ-centered 2 × 2 x 1 k-
point grid in the supercell of Fe3O4(001)/Fe2O3(110) junction which
consists of 96 atoms (40 Fe and 56 O atoms).40 The Methfessel−
Paxton smearing scheme was applied with a smearing width of 0.1 eV.41

The energy convergence criteria in the self-consistent field was set to
10−5 eV. All geometry structures were fully relaxed until Hellman−
Feynman forces achieved a range of 0.02 eV Å−1. To avoid neighboring

Scheme 1. Illustration of the Fabrication and Chemical Composition of as Deposited and Annealed IronOxide Samples Prepared
via CVD (Time-Dependent)
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periodic images, the vacuum region in the z-direction was set to a value
larger than 20 Å.

3. RESULTS AND DISCUSSION

Using a precursor charge of 300 mg, a nonlinear film growth
from 1.5 μm (5 min) to 11 μm (45 min) was observed
(Supporting Information, Figure S1a). The 5−20 min
depositions exhibit dark red to black colors with a band gap
value of∼2.15 eV (Supporting Information, Figure S2), whereas
the 30 and 45 min samples appear opaque and gray. Supporting
Information, Figure S1b,c display top view SEM images of 5 and
45 min depositions on FTO. The surfaces of both samples are
rough as determined by AFM analysis (Ra(5 min) = 20 nm;
Ra(45 min) = 168 nm). The 45 min growth time resulted in the
formation of micrometer-sized large grains, whereas for shorter
deposition times the grain sizes came out significantly smaller
and the surfaces were much smoother.

To evaluate the surface and bulk structure of the films, SEM
was carried out on freshly cleaved cross sections of both the 5
and 45 min depositions (Figure 1). The bulk layers were
composed of densely intergrown grains and exhibited a
microstructure typical for competitive growth. The size of the
largest grains on the top of the film was <500 nm and <8 μm in
the 5 min (Figure 1a) and 45min (Figure 1d) films, respectively.
The top surfaces of both samples (Figure 1b,e) were mostly
covered by an irregular layer consisting of spindle-like grains
which are characteristic for CVD prepared hematite layers.33

However, smaller areas were uncovered and exhibited fine
equiaxed grains in the range of∼50 nm, as indicated by the white
arrows in Figure 1b,e. These features are characteristic for
hematite obtained from the oxidation of magnetite films and
were more pronounced with increasing deposition time.33 The
thickness of the top hematite layer was found to increase with
deposition time, that is, from 100 nm for the 5 min (Figure 1c)
to 350 nm for the 45 min (Figure 1f) deposition cycles.

To understand the decomposition process of the molecular
precursor online mass spectrometry was performed using a
quadrupole mass spectrometer coupled to the CVD reactor.42

In the mass spectrum (Figure 2) several precursor fragments
were detected. The weak signal at m/z = 91 (C7H12FeO2

2+)

shows a large double-charged iron-containing fragment. This
fragment points out the error margin of the QMS, which is atm/
z =±1, since the actual signal should be atm/z = 92. Atm/z = 71
(C4H7O

+) and m/z = 56 (C4H8
+), tert-butoxide and iso-butene

were detected, which both result from the direct precursor
decomposition by EI. A fragment that shows decomposition
temperature dependency is hydrogen at m/z = 2 (H2

+).

Figure 1.Cross section and top view SEMmicrographs of CVDprepared iron oxide films deposited on FTO for (a−c) 5min and (d−f) 45min. Images
c and f display the morphology of the top layer, corresponding to a thickness of 100 nm for the 5 min and 350 nm for the 45 min depositions.

Figure 2. Color-surface mass spectrum recorded from 0 to 100 amu.
The precursor [Fe(OtBu)3]2 was sublimed at a temperature of 88 °C
and a pressure of 5 × 10−4 mbar and was fragmented at room
temperature (0−300 s, white line) and at 500 °C (>370 s). The red line
marks the point where the precursor flow was increased.
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Hydrogen is generated frommultiple sources of which one is the
thermal decomposition of alkoxides. This increased presence of
hydrogen explains the occurrence of iron +II as reduction
processes take place. These processes lead to the formation of
water, which is also observed in the spectrum at m/z = 18
(H2O

+). Other secondary EI fragments were observed at m/z =
59 (C3H7O

+), m/z = 31 (CH2OH+) and m/z = 41 (C3H5
+)

resulting from EI of tert-butoxide. The spectrum also shows the
standard background signals atm/z = 32 (O2

+),m/z = 28 (N2
+)

and m/z = 14 (N+, N2
2+) corresponding to residual molecular

oxygen and nitrogen. Nitrogen was the inert gas under which the
precursor was handled and therefore appears as a very strong
signal, once the precursor valve is opened.

[ ] → − + ‐ + +xiso y zFe(O Bu) Fe O C H BuOH H Ot
3 2 4 8

t
2
(2)

To investigate the surface composition of the mixed iron
oxides, XPS measurements were performed (Supporting
Information, Figure S3). Both, the 5 min and the 45 min
samples showed a remaining carbon content of ∼6−8% in the
generated iron oxide films. This is either due to the
incorporation of precursor-based side products (eq 2) into the
iron oxide film or to an incomplete decomposition. Similar
concentrations for C contaminations were detected via EDS
analysis (Supporting Information, Figure S4, Tables S1 and S2).

The binding energies of Fe 2p3/2 (710.6 eV) and Fe 2p1/2
(724.0 eV) signals in the samples for 5 and 45 min depositions
were consistent with values reported for hematite (Fe 2p3/2
∼710.6−711.6 eV).43 Moreover, the Fe 2p3/2 peak of hematite
exhibits a satellite signal at ∼717 eV, which was also detected in
the 5 min sample (Supporting Information, Figure S3a). In the
45 min layer, this satellite signal was less pronounced (around
717 eV) due to Fe2+ satellites, which are characteristic for
magnetite (Supporting Information, Figure S3b).44 Although
the presence of overlapping multiplets made it difficult to
separate the two phases, the intensities and less pronounced
shoulders, which appear around 730 and 717 eV proved the
formation of Fe3O4 in the 45 min deposition.33 These results
indicate the presence of hematite and a mixture of hematite and
magnetite on the surfaces of the 5 and 45 min depositions,
respectively.

The XRD patterns (Figure 3) of all samples showed peaks (2θ
= 33.1°, 35.7°, 54.1°, and 57.6°) consistent with a rhombohedral
hematite phase with the space group R3̅c. The patterns of the 20,
30, and 45 min depositions displayed an additional reflection at
30.0° and 43.1°, assignable to Fe3O4 (magnetite). As described
in our previous work, the as-obtained CVD films deposited at
500 °C were composed of magnetite.33 Postannealing in air
resulted in oxidation of the magnetite phase to α-Fe2O3 with a
favored growth of crystallites along the (110) direction, which
was reported to be the most active hematite surface for
photoelectrochemical water oxidation due to an efficient
electron transport.45 For magnetite films with a higher thickness
(>5.6 μm), oxidation of the magnetite grains via postannealing
in air (500 °C, 5 h) did not proceed to completion resulting in α-
Fe2O3/Fe3O4 nanocomposite films showing a compositional
gradient with a higher magnetite content toward the bottom of
the layer. This gradient supports carrier separation and transport
as it allows for faster electron diffusion toward the backside of
the electrode through iron redox cycling. Intriguingly, even after
annealing for 48 h in air the magnetite phase did not oxidize
pointing toward the stability of the nanocomposite structure.

The local distribution of magnetite throughout the film was
studied by Raman spectroscopy performed using different laser
excitations (532 and 785 nm) and thus different penetration
depths (Figure 4). Whereas the 532 nm laser is more sensitive to
surface features (Figure 4b), the 785 nm laser penetrated deeper
and revealed the bulk composition (Figure 4a). Only hematite
signals (220, 241, 287, 405, 496, 606 cm−1) were detected in the
planar surface of all samples using 532 nm excitation.46 Apart
from hematite, only the signal from the FTO substrate (broad
band at ∼1380 cm−1) was detected in the bulk of the sample
obtained after 5 min deposition time with 785 nm excitation. In
contrast, the 30 and 45 min depositions exhibited hematite at
the surface and both hematite and magnetite (660 cm−1) in the
bulk.

To investigate the phase distribution from the substrate to the
film surface, Raman spectra were recorded on cross-sectional
films (Figure 5). The line scans showed that magnetite was the
dominant phase toward the film−substrate interface, whereas a
higher amount of hematite was detected at the surface. In the
bulk, a dispersed 3D heterojunction is formed with a
homogeneous spatial distribution of magnetite and hematite
phases.

The PEC performance of α-Fe2O3/Fe3O4 composite films
was evaluated by recording current−voltage curves in 1 M
NaOH solution using intermittent AM 1.5 G (100 mW/cm2)
standard illumination (Figure 6a). The onset potential of the
samples and their photocurrent density at 1.23 V vs RHE for
different deposition times (Figure 6b) showed no significant
change in the onset potential of the samples. In contrast, Shinde
et al. observed either an anodic or a cathodic shift depending on
the annealing conditions, when they replaced Fe3+ with Sn4+ at
the surface of Fe2O3 photoanodes.47 The 5 min deposition
exhibited a photocurrent density of∼0.28 mA/cm2 (at 1.23 V vs
RHE), which is comparably very high for a pristine hematite
layer with a thickness of ∼1.5 μm so far (Supporting
Information, Table S3). An increase in thickness without
changing the chemical composition (10min,∼4 μm) resulted in
a lower PEC activity due to the poor hole diffusion length in
pristine hematite (2−4 nm).4 The opposite trend was observed

Figure 3. XRD patterns of composite films deposited at different
deposition times (5, 10, 20, 30, and 45 min). Because of the overlap of
FTO substrate reflexes with the iron oxide reflexes, XRD results are
shown for samples deposited onto silicon substrates only to investigate
their crystallinity. XRD patterns for depositions onto FTO show similar
results (see Supporting Information, Figure S5) as confirmed by Raman
analysis (Figure 4).

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.8b01936
ACS Appl. Nano Mater. 2019, 2, 334−342

337



when the as depositedmagnetite layers were only partly oxidized
to give α-Fe2O3/Fe3O4 hybrid film structures. Although
magnetite is considered as photoinactive,29 an increase in
deposition time and thus thickness and magnetite content
resulted in an enhanced photocurrent density of 0.48 mA/cm2

(at 1.23 V vs RHE) for the 45 min sample.
This improvement can be attributed to two effects, an increase

in electrical conductivity and a reduction of bulk defects.48 The
increased conductivity can be attributed to the higher amount of
charge carriers in magnetite, effectively the delocalized electrons
of the Fe2+/Fe3+ couple, which contribute mainly to the charge
transport in magnetite.49,50 The hybrid structure facilitates the
charge collection upon light absorption and the charge
separation due to the distribution of the phases throughout
the film. Lower concentrations of magnetite are present at the
surface, which is beneficial for the light absorption of the

photoactive hematite layer. Additionally, the concentration
gradient of magnetite supports the electron transfer due to band
bending at the heterojunctions. The higher magnetite content
toward the bottom of the layer facilitates the electron transport
to the counter electrode by collecting from the top α-Fe2O3. In
addition, the very dense layer of intergrown grains reduces the
amount of bulk defects resulting in a decreased recombination
rate.31

In order to corroborate this hypothesis, we have performed
postdeposition oxygen and hydrogen plasma treatments to test
the PEC performances of phase pure α-Fe2O3 and Fe3O4 layers
with film thicknesses of 1.5 and 11 μm.Using oxygen plasma, the
surface of the 45 min sample was mostly oxidized to α-Fe2O3 as
confirmed by the absence of the Raman peaks for the magnetite
phase (Figure 7c,d) and the decreased magnetite peaks in the
XRD pattern (Supporting Information, Figure S5).

Figure 4. Raman spectra of iron oxide films using (a) 785 nm and (b) 532 nm laser excitations.

Figure 5. Raman spectra of CVD prepared iron oxide films using (a) 785 nm and (b) 532 nm laser excitations for the 45 min deposition. The spectra
were recorded on the cross section (inset in a)) of a freshly fractured sample on a silicon substrate; the red arrow in the inset of panel a and in the main
panels a and b from the bottom to the top refers to the line scan direction from the substrate to the surface of the sample.
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As expected, the photocurrent density of the 11 μm α-Fe2O3

layer decreased to a value of 0.06 mA/cm2 (at 1.23 V vs RHE)

resulting from the higher charge carrier recombination rate

(Figure 8a).4 Even though the phase composition of the 5 min

sample was not influenced by the oxygen plasma (Supporting

Information, Figure S6a,b), the PEC performance also

decreased which was ascribed to the reduced crystallinity of

the layer and thus higher amount of bulk defects (Figure 8b). A

Figure 6. (a) Photocurrent density−voltage curves of FeOx layers and (b) photocurrent density and onset potential of the FeOx layers at 1.23 V vs
RHE depending on the deposition time.

Figure 7. Raman spectra using 785 and 532 nm laser excitations of iron oxide films deposited on FTO with subsequent H2 (a,b) or O2 (c,d) plasma
treatments for deposition times of 5 and 45 min, respectively.

Figure 8. Current density−voltage curves of hydrogen and oxygen plasma treated and reference FeOx layers deposited for (a) 45 min and (b) 5 min.
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decrease in photocurrent density and an anodic onset potential
shift upon oxygen plasma treatment was likewise observed by
Hu et al. and was ascribed to the filling of prevalent oxygen
vacancies resulting in a decrease of surface states and hence
impeded water adsorption.20

Hydrogen plasma treatment of both the 5 and 45 min samples
resulted in the formation of magnetite at the film surfaces
(Figure 7 and Supporting Information, Figure S6). However,
dark measurements in alkaline solution (Supporting Informa-
tion, Figure S7) showed that these photoanodes were not stable
when a potential of higher than 0.3 V was applied.

From these experiments, it can be concluded that the
formation of hybrid α-Fe2O3/Fe3O4 film structures as well as
the phase distribution throughout the layer are of importance to
give reasonable PEC performances for iron oxide photoanodes
with a film thickness of higher than 1.5 μm.

The enhanced photocatalytic activity of iron oxide by the
formation of a Fe2O3/Fe3O4junction was further analyzed by
DFT calculations (Figure 9). The electron potential was higher
(by 1.4 V) on the Fe2O3 side, allowing the photoexcited hole
(electron) carrier to spontaneously drift to the Fe2O3 (Fe3O4)
phase (Figure 9a). The calculated differential charge densities
are expressed with yellow and green isosurfaces in Figure 9a for

electron accumulation and depletion, respectively. Interestingly,
a substantial amount of charge transfer across the interface was
not observed. However, instead, an interface polarization was
induced at the Fe2O3(001)/Fe3O4(001) interface with an
electron depletion and accumulation on the Fe3O4 and Fe2O3
sides, respectively. Because of the internal built-in potential by
the interface polarization, the conduction band minimum
(CBM) and valence band maximum (VBM) of the Fe3O4
phase are positioned lower than those of Fe2O3 after forming
a junction (Figure 9b). The band gap of Fe3O4 was reported to
amount to ∼0.1 eV. As demonstrated in Supporting
Information, Figure S9, the spin-minority states exhibit a narrow
band gap, which is consistent with the experimental report.51

However, the spin-majority states have a band gap of ∼2.3 eV.
Hence, the band offset driven electron hole separation between
Fe2O3 and Fe3O4 is expected to occur via spin-majority states of
Fe3O4. The switched relative band positions between the two
semiconductor phases observed in this calculation are
comparable to those in the Fe2O3/ZnO system.52 The Fe2O3/
Fe3O4 interface can enhance photocatalytic activity of the whole
system as the interface built-in potential separates photoexcited
electron−hole pairs (electrons to Fe3O4 and holes to Fe2O3) and
elongate the lifetime of the photoexcited carriers. Meanwhile,
the Fe3O4 phase also becomes capable of splitting water as both
the CBM and VBM are lowered due to the interface polarization
induced by the Fe2O3 phase. Hence, even partial phase transition
to Fe3O4 does not degrade the water splitting performance as
long as the redox-interface with Fe2O3 is well kept and the
thickness of Fe3O4 is properly controlled, since the internal
built-in interface potential effect decays with distance.

4. CONCLUSIONS
To summarize, mixed α-Fe2O3/Fe3O4 heterostructures gen-
erated via CVD of [Fe(OtBu)3]2 and subsequent thermal
oxidation showed improved photoactivity for water oxidation.
The α-Fe2O3/Fe3O4 anode yielded a photocurrent density of
0.48 mA/cm2 at 1.23 V (vs RHE) despite a film thickness of 11
μm. The enhancement in photoactivity is attributed to the
improved electron transport resulting from the higher magnetite
content toward the bottom of the layer and the increased light
absorption of the hematite layer mainly located at the top of the
film. To the best of knowledge, this is the first report on efficient
hematite-based water oxidation catalysts with a layer thickness
of higher than 10 μm.
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Figure S1: a) Film thickness as a function of CVD process time and SEM images of the surface of films grown 
for b) 5 min and c) 45 min, unveiling the different grain size distribution in the two samples.



S2

Figure S2: UV-vis spectrum and Tauc plot (inlet) of Fe2O3 layers deposited for 5 min with subsequent annealing 
step. 

Figure S3: XPS spectra of iron oxide films after a) 5 and b) 45 min depositions.

Table S1: Weight and atomic composition of sample 5 min as obtained from EDS analysis using a 10 kV 
electron beam.

Element Line Type Wt% Atomic %
C K series 3 6
O K series 28 55
Fe K series 69 39
Total: 100 100
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Table S2: Weight and atomic composition of sample 45 min as obtained from EDS analysis using a 10 kV 
electron beam.

Element Line Type Wt% Atomic %
C K series 3 6
O K series 26 53
Fe K series 71 41
Total: 100 100

Figure S4: EDS spectra for sample 5 min (left) and 45 min (right) using a 10 kV electron beam.

Table S3: Thickness evaluation of iron oxide photoanodes for photoelectrochemical water splitting.

Type of structure Thickness (μm) Synthesis methods J at 1.23 V vs RHE (mA/cm2) Ref

Nanoparticles 0.2 Anodization 0.05 38

Dendrites 30 Electrodeposition 0.018 39

Mesoporous 0.9 Colloidal Synthesis 0.12 40

Bulk 0.4-0.5 Electrodeposition No photoactivity 41

Mesoporous single crystal 3 Hydrothermal 0.61 42

Solid 3 Hydrothermal 0.01 42

Thick film 13 CVD 0.48 Present work
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Figure S5: XRD patterns of iron oxide films deposited on FTO with subsequent oxygen or hydrogen plasma 
treatment for deposition times of 5 and 45 min and their reference patterns deposited on silicon substrates.   
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Figure S6: Raman spectra of iron oxide films deposited on FTO with subsequent O2 (a and b) or H2 (c and d) 
plasma treatments for deposition times of 5 and 45 min, respectively.

Figure S7: Current density-voltage curves of hydrogen and oxygen plasma treated FeOx layers deposited for 5 
and 45 min.
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Figure S8: Postulated iron oxide phase distribution in plasma treated 5 min and 45 min samples.

Figure S9: Calculated electron DOS of ferrimagnetic Fe3O4.

The calculated electron DOS of ferrimagnetic Fe3O4 shows that the narrow band gap and 
metallicity is from the spin-minority states (figure S9) using GGA+U method (Ueff=5.0eV to 
Fe 3d-orbital). The spin-majority state has band gap ~2.3eV. Therefore, electron and hole 
separation at the interface of Fe2O3-Fe3O4 is expected to mainly occur at spin-majority states. 
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Abstract 

Room temperature atmospheric plasma treatments are widely used to activate and control 

the chemical functionalities at the surfaces. Here we investigated the effect of atmospheric 

pressure plasma jet (APPJ) treatment in reducing atmospheres (Ar / 1‰ H2 mixture) on the 

photoluminescence (PL) properties of single crystal ZnO nanorods (NRs) grown through 

hydrothermal synthesis on fluorine-doped tin oxide (FTO) glass substrate. The results were 

compared with a standard annealing process in air at 300 °C. Steady state 

photoluminescence showed strong suppression of the defect emission in ZnO NRs for both 

plasma and thermal treatments. On the other side, the APPJ process induced an increase in 

PL quantum efficiency (QE), while the annealing does not show any improvement. The QE 

in the plasma treated samples was mainly determined by the near band edge emission (NBE), 

which increased 5-6 folds compared to the as-prepared samples. This behavior suggests that 

the quenching of the defect emission is related with substitution of hydrogen probably in 

zinc vacancies (VZn), while the enhancement of UV emission is due to doping originated by 

the interstitial hydrogen (Hi), which diffuses out during the annealing. Our results 

demonstrate that atmospheric pressure plasma can induce similar hydrogen doping as 

ordinarily used vacuum processes, and highlights that the APPJ treatments are not limited 

to the surfaces but can lead to bulk modifications. APPJ processes at room temperature and 

in ambient air condition are a stable, convenient and efficient method, compared to thermal 

treatments, to improve the optical and surface properties of ZnO NRs and remarkably 

increase the efficiency of UV emission.  

 

Key words: ZnO nanorods, atmospheric plasma treatment, hydrothermal synthesis, 

photoluminescence 
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1. Introduction 
ZnO is long known as an environmentally friendly wide band gap semiconductor with an 

exciton binding energy of 60 meV.1,2 The high exciton binding energy ensures that excitonic 

emission is significant at room temperature and therefore ZnO is a promising candidate for 

stable room temperature luminescent and lasing devices.3,4 ZnO with various morphologies, 

such as bulk ZnO, nanoparticles, films, nanowires and tetrapods have been extensively 

investigated for different applications. The low cost, nontoxic ZnO powders have been used 

as pigment in paints, food additive, solar cells5 and UV-absorber etc. Aluminum doped ZnO 

(AZO) thin films are a promising alternative to the commonly used indium tin oxide. 

Thanks to ZnO piezoelectricity, an alternating current generator was produced by stretching 

and releasing ZnO nanowires. The unique structure of ZnO tetrapods provides the ability to 

assemble a good network with the desired porosity and mechanical strength by connecting 

arms. Besides, ZnO tetrapods have excellent optical properties and significantly lower 

density of native defects when compared to other morphologies. This feature makes ZnO 

tetrapods superior to one-dimensional (1D) nanorod (NR) structures or bulk materials in 

providing electron extraction for interconnections and functional components in 

photovoltaic devices. However, among all other morphologies, the one-dimensional (1D) 

ZnO NRs and nanowires (NWs) are the most common and studied structures. The high 

aspect ratio in ZnO NRs and NWs makes it possible to separate the length scales for light 

absorption and exciton diffusion; an optimized configuration for the solar harvesting 

devices: thick absorbing layer to maximize energy collection and small interwire spacing 

for short exciton diffusion and, hence, more efficient current generation.3,6 

High quality ZnO NWs have been successfully synthesized using vapor phase synthesis 

such as chemical vapor deposition (CVD), physical vapor deposition (PVD), molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD), etc. Another widely used method 

to produce 1D ZnO nanomaterials is the hydrothermal synthesis.7,8 Compared to vapor 

phase synthesis, the hydrothermal synthesis has significant advantages, including lower cost 

and no need of vacuum atmosphere, and therefore it holds a potential for large scale 

production. However, due to the low temperature and solution phase synthesis, the 

hydrothermally grown 1D ZnO products have more crystalline defects than others, 

primarily due to oxygen vacancies.9 Post-treatments are often applied to improve the quality 

of the hydrothermally synthesized ZnO nanowires. Even at low temperature, indeed, zinc 

vacancies (VZn) can be recovered since VZn becomes mobile for temperatures higher than 

540 K, while oxygen vacancies VO
2+ get over at 650 K and VO

0 at 900K10. 
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An alternative post-treatment able to reduce the green emissions due to ZnO NW defects is 

the exposure to vacuum plasma using a hydrogen-containing process gas. In this case the 

vacancies are filled by hydrogen, which is diffusing through the ZnO crystal.  

The hydrogen passivation and doping of the crystal leads to the reduction of the visible band 

emission, to an increase of the near band-edge emission (NBE) at about 380 nm and to an 

increase of the conductivity11. The doping reduces also the depletion width close to the 

surfaces due to trapping of free electrons at the surface states by increasing the electrons 

concentration.12 Noteworthy, the optical properties of different ZnO nanostructures may be 

very different in terms of defect emission intensities and decay times. No correlation was 

found between the PL lifetimes and the defect emission intensities and positions. The NBE 

UV emission has very short lifetimes (from tens of picoseconds to nanoseconds), which are 

most likely due to nonradiative defects correlated with the crystalline quality and do not 

contribute to the visible emission.13–16  

The use of process gases containing oxygen or nitrogen do not allow to achieve results 

similar to hydrogen in visible band emission reduction and NBE increase. In this case, the 

plasma effect is limited to the surface and no gas species diffusion in the ZnO crystals can 

be easily achieved 17,18. The hydrogen doping, stable at room temperature, is reversible after 

a heat treatment at 500 °C, which causes hydrogen to migrate out of the ZnO crystals.  

No data are present in literature on the effect of similar plasma post-treatments performed 

at atmospheric pressure on ZnO NW. However, on aluminum-doped ZnO (AZO) films an 

increase of conductivity can be obtained after film exposure to an atmospheric pressure 

plasma using hydrogen containing process gases19. The conductivity increase is due to the 

diffusion of hydrogen few tens of nanometers at the small grain boundaries of AZO, leading 

to passivation of the surface defects and to an increase of carriers concentration.  

In this work we report a simple room temperature atmospheric pressure plasma jet (APPJ) 

treatment, using a reducing process gas, on hydrothermally synthesized ZnO NRs, vertically 

grown on fluorine-doped tin oxide (FTO) conductive glass substrate. Increased 

photoluminescence (PL), quantum efficiency (QE), and longer PL decay lifetime of ZnO 

UV-emission were observed after atmospheric hydrogen plasma exposure. We attribute the 

enhancement of QE to the plasma process induced passivation of VZn vacancies, which 

significantly suppress the deep level emission (DLE). Moreover, an increase of the NBE 

can be observed and is related to a ZnO NW doping by the interstitial hydrogen (Hi). Finally, 

lifetime increase is due to a suppression of non-radiative recombination defects. Therefore, 
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the action of the atmospheric pressure plasma is not related only to the activation and control 

of chemical functionalities at the surfaces, but it allows a doping in the bulk of the crystal.  

 
2. Experimental 

2.1 Synthesis of ZnO NRs 

ZnO NRs were synthesized using hydrothermal method. First a seed layer of ZnO was 

prepared by spin coating of 0.01 M of zinc acetate/ethanol solution on FTO conductive 

glass. The FTO substrates were then annealed at 450 °C for 1 hour at ambient atmosphere 

to form the seed layer. The seeded substrates were put in a teflon lined autoclave and 

immersed in mixture of 100 mM of Zn (NO3)2·6H2O and 100 mM of 

hexamethylenetetramine (HMTA). The substrates were placed with the conductive side 

(with seeded ZnO layer) down to avoid the precipitation of ZnO aggregates on the surface 

which may hinder the growing of NRs. The autoclave was heated at 95 °C for 3 hours. After 

the hydrothermal synthesis, the ZnO NRs samples were washed thoroughly with distilled 

water and dried in the air to remove the rest of the reagents.  

2.2 APPJ post-treatment on ZnO NRs 

The plasma treatment under atmosphere condition was performed by an APPJ (Stylus 

Plasma Noble, Nadir srl)20 mounted on a plotter on the as-prepared ZnO NRs/FTO samples 

(AS-ZnO NRs). The jet outlet was positioned at 12 mm in order to avoid the plasma direct 

contact with the sample. The device has an outlet orifice of 3mm and during the treatment 

was moved on a raster with a step of 1 mm at a speed of 300 mm/s. A series of samples was 

produced as a function of number of raster’s passes on the sample surface: from 1 to 50. A 

sample with 100 passes with a jet to surface distance of 2 mm was performed to evaluate 

effects taking the process to the limit. The APPJ was used in the only RF mode with forward 

power of 20 W, the APPJ is characterized by its low processing temperature21 and any 

heating can be measured on the surface after the treatment (< 35 °C). The process gas is 

argon (purity 99.999%) at 5 slm with the addition of 6 sccm of H2 (purity 99.999%). A 

nitrogen gas shell around the plasma was introduced to avoid ambient air interactions during 

the treatment. The stability of the plasma treatment effects was checked as a function of 

time, annealing in air at 300 °C for 1 hour and by exposure to 325 nm UV irradiation from 

a Xe-lamp. For comparison, some of the as-prepared samples, not treated with plasma, were 

annealed at 300 °C for 1 hour in ambient atmosphere to compare with the plasma treatment 

(Ann-ZnO NRs).  
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2.3 Sample characterizations 

The morphology of the ZnO NRs was characterized using Magellan 400 Scanning electron 

microscope (SEM) from the FEI company. X-ray diffraction (XRD) patterns were recorded 

through a PANalytical Empyrean diffractometer using Cu Kα radiation. Raman spectra 

were acquired using a Senterra Raman spectrometer with 1200 groove/mm grating under 

532 nm laser excitation. To have a solid benchmark on PL measurements, PL analyses were 

carried out using two different systems. The PL spectra were recorded using a FLS980 high-

resolution spectrometer from Edinburgh Instruments. Steady state PL of the samples was 

excited at 325 nm from a broadband Xe-lamp.  

Integrated PL measurements were taken with a HORIBA FluoroMax spectrofluorimeter 

exciting the samples at 325 nm with a monochromatized broad-band Xe lamp. 

A 275 nm UV EPLED (Pulsed light emitting diodes) was used for excitation for the 

measurement of the lifetime of ZnO UV-emission at 376 nm, with pulse width equal to 734 

ps. The PL quantum efficiency (QE, η) was measured using an Edinburgh FLS980 

spectrometer equipped with an integrating sphere. 

QE of ZnO/FTO samples was calculated by the following equation: 
                                                                                        (1)                        

Here EA and EB are the background from the integrating sphere and the emission from the 

sample, respectively. SA and SB are the scattering of the excitation light from the integration 

sphere and the sample, respectively. 

In this work we assign the scattering of excitation from a bare FTO substrate and ZnO 

NRs/FTO as SA and SB, emission from FTO and ZnO NRs/FTO as EA and EB, respectively. 

EA(FTO) is strong compared to EB(ZnO/FTO) as shown in Figure SI- 1. However, the 

typical EA(FTO) spectra, for example the three sharp peaks at 539, 615 and 685 nm, did not 

show up in the EB(ZnO/FTO) spectra. Therefore, we consider that ZnO NRs are dense and 

thick enough to absorb most of the incoming excitation, so FTO was barely exposed to 

excitation and thus its contribution EA is negligible in QE calculation.  

 

3. Result and discussion 

3.1 Morphology and structural properties 

In Table 1 the list of analyzed samples is collected. We varied in this study the number of 

passes on the whole sample area of the APPJ from 1 to 50. The plasma parameters were 

maintained constant, with a jet/sample distance of 12 mm to avoid plasma contact with the 

sample surface and using argon as process gas with the addition of a small percentage ~ 1 ‰ 
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of hydrogen. A sample with 100 passes and at a jet/sample distance of 2 mm was produced 

to show the effects bringing the process to the limit. In Figure 1 (a-c) the SEM pictures 

indicate that both as-prepared and plasma treated ZnO NRs have hexagonal cross section 

with diameter 50-70 nm and length around 1 μm, as it is typical for single crystalline NRs.22 

The ZnO NRs are mostly vertically aligned and slightly tapered. The morphology of ZnO 

NRs did not change after the plasma treatment.   

 
Table 1. List of the analyzed samples. 

 Name process gas passes distance 

(mm) 

As-prepared AS-ZnO 

NRs 

 

Annealed Ann-ZnO 

NRs 

air / 300 °C / 1 h 

APPJ P-1 Ar + H2 1 12 

P-5* Ar + H2 5 12 

P-10 Ar + H2 10 12 

P-50 Ar + H2 50 12 

P-100 Ar + H2 100 2 

* The sample P-5 undergoes annealing at 300 °C for 1 h after plasma treatment, according 

to the Experimental section. The P-5 after annealing is labeled as P-5-Ann. The PL 

properties of P-5 are recorded both after plasma treatment and after annealing (see main 

text). 
 

 

 

 

XRD patterns (Figure 1 (d)) showed that all the samples had very sharp and strong 

diffraction at 2θ ~ 36.5̊, which indicates a single crystal structure of the single NRs, as 

expected from SEM, and their strong preferred orientation along the (002) plane. Neither 

the relative intensity nor the peak position changed after the APPJ treatment, except for a 

small broadening of the strongest (002) diffraction in the P-100 sample (orange curve in 

Figure 1 (e)), which might be due to the interstitial hydrogen induced lattice relaxation.1  
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Figure 1 (f) showed the typical Raman spectrum of AS-ZnO NRs, consisting of two intense 

Raman peaks at 99 and 437 cm-1, which are associated with the vibration of the heavy Zn 

sublattice (E2-low) and oxygen atoms (E2-high), respectively,23 and a third peak at around 330 

cm-1, which is related to second-order Raman processes, E2-low - E2-high vibration mode. 

Raman spectra (Figure 1 (f)) from plasma treated samples coincide with Ann-ZnO NRs and 

are identical to AS-ZnO-NRs. No peak shift or appearance of new peaks were observed also 

after plasma treatment. It indicates that the room temperature APPJ process and the 

annealing at 300 C do not appreciably modify the structure of ZnO NRs. The Raman line 

at 570-580 cm-1, which is often correlated with defects in ZnO powders and thin films24 is 

not observed in all the AS-ZnO and treated samples.  

 
3.2 Steady state photoluminescence  

Steady state photoluminescence is usually used to examine the quality of ZnO crystals and 

to highlight the effects of the post-treatments.23 In this study, all the as-prepared ZnO-NRs 

samples showed two emission bands under 325 nm excitation (Figure SI- 2): a sharp UV-

emission centered at 376 nm (usually called near band edge emission, NBE) and broad 

Figure 1.. (a-c) SEM image of ZnO NRs: (a) before (sample AS-ZnO NRs) and (b) after plasma treatment 
(sample P-1). In (c) the cross-section SEM of the sample AS-ZnO NRs is reported. (d) XRD pattern of 
various samples and (e) expanded view of the pattern in the region of the (002) diffraction peak; (f) Raman 
spectra of AS ZnO NRs, after annealing and APPJ treatment 
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visible emission between 450 nm and 750 nm (usually considered to be defect related 

emission, DLE). NBE of ZnO at room temperature is attributed to the free-exciton 

recombination, while the visible emission is related to defects, being still debated in 

literature if the cause is the oxygen or the zinc vacancy (VO or VZn).10,25,26 

The relative intensity of NBE and DLE (INBE/IDLE) is related to the synthesis methods, 

annealing temperature, aspect ratio of NRs and measuring conditions.27 For example, it has 

been reported that the INBE/IDLE in ZnO nanoparticles with average diameter 20 nm increases 

from 0.15 to 1.72 when the aspect ratio increases from 1 to 5.28 

The ZnO NRs in this study had average diameter 50-70 nm and aspect ratio in the range of 

10-20. The PL of the as-prepared samples differed no more than 10 % in the whole measured 

wavelength range within the series, ensuring that the production process was reproducible 

and the samples comparable (Figure SI- 2). In the plasma treated samples (Figure 2(a) and 

Figure 3 (b)), the NBE of all the samples showed a five-fold increase compared to the as-

prepared ones, meantime the DLE decreased. The relative intensity ratio IDLE/INBE reduced 

from about 50% in the as-prepared, to less than 5% in the treated ones. The samples 

undergoing many passes in plasma reducing atmosphere (P-5, P-15 and P-50) showed an 

asymmetric broadening of NBE band in the visible side, while the DLE band is severely 

quenched.  
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Since no morphologies or crystal changes could be observed by SEM, XRD or Raman 

spectroscopy, the changes of the optical properties have to be linked only to point defects 

recovery and band structure changes.  

As already documented in the literature, the exposure of ZnO to H2 vacuum plasma could 

induce hydrogen atoms penetrating into the ZnO structure, since hydrogen is a fast 

interstitial diffuser in ZnO even at low temperatures.17 The penetration depth of hydrogen 

could include the full NR volume.29 The H2 incorporation may improve the quality of ZnO 

NRs in two ways:  

Path (1) Hydrogen passivates the recombination centers in ZnO NRs. The DLE caused by 

VO and VZn related defects were passivated by trapping hydrogen respectively in a Vo-H 

complex (or Ho) resulting in a shallow donor bound or in VZn-H2 complex which has no 

electronic levels in the gap30. Both cases are improving the electron-hole recombination, 

and thus lead to an increase of the UV-emission in PL spectra.31 The complexes are stable 

up to 400 – 500 °C.32 

Path (2) Hydrogen atoms can easily diffuse into the ZnO structure also in interstitial sites 

leading to an Hi n-doping in ZnO NRs and also behaving as a shallow donor.33 Hi is the 

main responsible of the improved conductivity after the plasma treatments. At the same 

time it is much less stable compared to vacancy complexes and it was reported to desorb 

even at about 300 °C.31  
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Figure 2. (a) general PL (b) the DLE of APPJ treated ZnO NRs after exposure to UV for 5 min (the data were 

recorded using HORIBA FluoMax spectrofluorimeter). 
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Our results are coherent with the literature suggesting that also at atmospheric pressure the 

plasma treatment allows to obtain hydrogen incorporation inside the ZnO crystals, with a 

process in the timescale of milliseconds. Even with only a single pass under reducing 

atmosphere, the DLE is reduced to one third with respect to the as prepared samples, and to 

lower values also with respect to the samples annealed at 300 °C. The low temperature of 

the annealing suggests that the main origin of the DLE were the VZn, which have a lower 

energy mobility barrier. Moreover, the DLE, that is probably the combination of several 

contributions, is centered to low energy values, at about 2.14 eV, usually attributed to 

VZn.34,35 The hydrogen diffusing in the NRs is forming the complexes at the point defect 

sites, reducing gradually the deep levels in the energy gap. The DLE emission is indeed 

decreasing as a function of the passes, at the same time the NBE intensity and FWHM is 

increasing. The asymmetric NBE broadening can be due to the violet emission centers 

caused by the bound exciton states created by hydrogen incorporation.36 In this case it 

coherently follows the increase of hydrogen doping as a function of the number of passes.  

However, the intensity of the NBE did not show a monotonic trend as a function of the 

number of passes. The single pass plasma treatment in Ar-H2 atmosphere resulted in a five-

fold increase of NBE intensity. The NBE intensity was further increased by increasing the 

number of passes recording a maximum after 15 passes with 12 folds enhancement in INBE. 

Samples treated with more than 15 passes showed similar NBE peak profile, with lower 

enhancement in the intensity. A contribution to the increase of the NBE is due to the 

reduction of the electron-hole recombination in the deep levels in the band gap, while a 

second contribution is due to the formation of the shallow donor level due to interstitial 

hydrogen doping. 

In order to explain the behavior of the NBE intensity we can suppose that the incorporation 

path (1) is dominant at the beginning of treatment. When the as-prepared ZnO NRs are 

exposed to hydrogen plasma, the hydrogen atoms first interact with dangling bonds at the 

surface of the sample, and by diffusion with oxygen and zinc vacancies inside the NRs, 

forming the complexes. It reduces the trapping of free electrons from deep level defects and 

results in increased NBE intensity. A rough estimate of the order of magnitude of this effect 

can be deduced by the sample annealed in air for 1 hour, which allows the reduction of the 

point defects and therefore of the DLE. A two-fold increase of the NBE can be observed 

also in this annealed sample where no doping is present. At a second stage, as the doping 

proceeds with the incorporation path (2), since the point defects start to be saturated by the 

complexes, the hydrogen atoms may penetrate into ZnO NRs as interstitial, Hi, increasing 



11 

the bound exciton emission. This two-step behavior has been already observed in ZnO films 

hydrogen-doped in different concentration produced by magnetron sputtering.37 As the 

doping concentration increases, the band bending at the surface is reduced,12 changing 

therefore the aspect ratio of the NRs, and the formation of other donor like defects, such as 

Zni, is promoted.37 Moreover, high hydrogen doping concentration, as probably in the 

sample P-100, may lead also to high microstrain in the crystal structure, as suggested by the 

broadening of the (002) diffraction in XRD (Figure 1 (e)). All these effects can lead to a 

decrease of the NBE intensity emission without affecting the DLE, which is consistent with 

our PL measurements. 

In order to support this interpretation of the doping process via APPJ, after the plasma 

treatment, the sample P-5 was further annealed in air at 300 °C for 1 h (P-5-Ann). The 

hydrogen doping process has been shown in literature to be a reversible process at about 

500 °C, due to hydrogen desorption.36 The annealing at 300 °C aims to increase the mobility 

of the interstitial hydrogen without affecting the vacancies complexes. The PL results are 

shown in Figure SI- 3 and compared to the annealed-only and as-prepared samples. The 

NBE from the annealed P-5-Ann decreased to the magnitude of the annealed sample Ann-

ZnO NRs: the heat process has therefore allowed the desorption of the Hi. On the other side, 

the passivation of the DLE is not affected by the annealing, supporting the expected higher 

resistance of vacancies complexes to the temperature. Also, this result suggests the doping 

description in two steps. 

The stability of the process was verified after UV-exposure and after 2-months ageing 

(Figure 3 (a)). After ageing, the sample P-15 still showed the maximum NBE among all the 

samples, with an INBE increase to around 30 times, compared to the as-prepared sample. 

Compared to newly APPJ ZnO NRs, DLE spectra from the samples after aging varies from 

each other. The P-100 sample has maximum visible emission around 525 nm, while the 

other samples have DLE centered around 600 nm. Figure 3 (b) and Table 2 both show that 

after ageing the P-15, P-50 and P-100 samples preserved the broadened NBE peak profile 

and that visible emission was less than 2% of the NBE intensity.  
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Table 2. Evolution of PL profile v.s. APPJ treatments. The number in brackets refer to the error of the 
maximum IDLE v.s. maximum INBE.   

Sample AS-ZnO Ann-ZnO P-1 P-15 P-50 P-100 P-5-Ann 

IDLE /INBE (%) 90 (5) 7 (1) 3 (0.5) 0.5 (0.2) 0.4 (0.2) 1.5 (0.3) 2.5 (0.5) 

FWHMNBE (nm) 12.7 11.2 12.7 13.7 15.4 15.4 11.9 

 

3.3 Quantum efficiency (QE) of ZnO NRs 

The steady state PL showed the increase of the NBE intensity after plasma treatment. 

However, whether the enhancement is due to the increase of light absorption or of emission 

efficiency from the absorbed light is still unknown. The fluorescence quantum efficiency 

(QE) was measured to clarify the matter. 

Typical recorded ZnO spectra for QE calculation are shown in Figure SI- 1. The EmFTO = 

EA is omitted in the QE calculation since the FTO emission is not visible in the ZnO 

emission spectra.  
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Figure 3. (a) PL of reducing atmosphere APPJ treated ZnO NRs after exposure to UV for 30 min and about 2 months 

of ageing; (b) Relative intensity and FWHM of PL vs. number of passes of APPJ treated samples after ageing. 
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Figure 4. The calculated QE for ZnO NRs after different treatments  

The photoluminescence QEs for different ZnO NR samples are calculated and plotted in 

Figure 4. It is clear that QENBE (blue triangles) increases after annealing and is further 

enhanced after APPJ treatments, while QEDLE is reduced in all post treated samples. All 

together the APPJ treated samples result in a slightly improved total quantum efficiency 

QEtot (QEtot = QENBE + QEDLE).  

Similar measurement was performed on ZnO NRs, e.g. Gargas et al38, and it was reported 

that the QE of ZnO is related to the morphology, defects in ZnO, temperature, excitation 

power, etc. The QE from our samples is very low, which is reasonable considering the 

aspect ratio of the samples and the limited excitation power density (excitation from a Xe 

lamp and the light spot in the range of mm2). However, the results show that even with low 

excitation power density, the plasma treated samples have much higher QENBE and that the 

increase of the treatment time, with 50- and 100-passes do not further enhance QENBE. This 

effect is consistent with the NBE intensity behavior previously described, where the 

increase of the hydrogen doping level can be detrimental to the optical properties. 

It can be also highlighted that the sample P-5-Ann showed a reduction of the QENBE but the 

QEDLE did not recover to the level of the annealed samples. This evidence testifies again 

that the defects responsible of the DLE are firmly passivated by the hydrogen atoms. 

 

3.4 Lifetime of ZnO NR UV-emission 

The time-resolved PL intensity at 376 nm under 275 nm pulsed LED excitation is reported 

in Figure 5. Annealing of ZnO NRs at 300 C and light APPJ (P-1) does not change the 
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decay of UV-emission. Increasing the number of plasma treatment passes results in both 

broadening of NBE spectra, reduction of NBE QE and longer NBE decay. Like most other 

ZnO nanostructures, deconvolution fitting of the measured lifetime data reveals that the PL 

of our samples can be fitted by using a bi-exponential decay function.13–16  

However, for comparison purposes, an average lifetime value was calculated and reported 

in Table 3, by using the following equation39: 

                                                                                   (2) 

where Ai and τi (i = 1, 2) are the amplitudes and lifetimes of the two fitting exponential 

decay components. The PL of the as prepared sample is about 100 ps, while annealing 

induces a 10% reduction of this value. Noteworthy, the effect of plasma treatment is initially 

a 30% reduction of the lifetime, followed by a significant increase, up to 500 ps for the most 

intense plasma treatment (sample P-100).   

In general,  in ZnO consists of a band recombination process (NBE) and a radiative trap-

related process (DLE). Additionally, non-radiative processes are also related to defects in 

the bulk structure. Our results show that a mild H2-APPJ treatment like in P-1 is enough to 

passivate defects related to radiative DLE emission. Stronger treatments, from P-15 samples, 

can induce a deeper effect on the passivation of defects responsible for non-radiative 

recombinations, in agreement with the significant enhancement in NBE and the suppression 

in DLE in steady state PL spectra. Compared to P-15, P-50 and P-100 have slightly longer 

lifetime, while the QENBE and intensity of NBE decreases, which is probably attributed to 

increasing interstitial hydrogen (Hi) in the ZnO NRs.  
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Figure 5. Lifetime of NBE in ZnO NRs. IRF represents the instrument reference function. The inset collects 
the average decay of ZnO NRs’ NBE v.s. the passes of H2-APPJ. The dashed horizontal line refers to the 
lifetime of sample P-5-Ann. 



15 

 
 

Table 3. The average decay of ZnO NRs’ NBE lifetime 

Sample AS-ZnO NRs Ann-ZnO NRs P-1 P-15 P-50 P-100 P-5-Ann 

PL (ps) 99 82 70 430 480 500 74 

 
Conclusion 

In summary, we demonstrate the effect of atmospheric H2- plasma treatment on the optical 

properties of hydrothermal synthesized ZnO NRs. The results show that H2- plasma 

treatment at room temperature and ambient air condition (APPJ treatment) on ZnO NRs 

leads to improved QE, attributed to the enhancement of near band UV-emission, increased 

NBE lifetime and suppression of visible defect related emission (DLE). We demonstrated 

that plasma treatment under mild condition is a very practical and efficient way to improve 

the crystal quality of ZnO NRs. The APPJ treatment induced stable enhancement in ZnO 

NRs performance, which are lasting even after exposure to UV irradiation and after keeping 

the sample in air for several months.  

The high efficiency of the APPJ process, and the possibility to apply it at room temperature 

and in ambient environment make it a competitive alternative to heat treatment and vacuum 

plasma processes for the control of the conductivity and UV/Vis emissions of ZnO 

nanostructures. Moreover, it may find interesting applications also on the hydrogen doping 

of transparent conductive oxides on polymers. 
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SI-1. Typical PL spectra recorded with integration sphere. 
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Figure SI- 1. Typical PL spectra recorded with integration sphere for QE calculation 
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Figure SI- 2. PL of as-prepared ZnO NRs (before APPJ processes) 

 
 
 
SI-3. PL of P-5-Ann in compare with non-APPJ samples. 
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Figure SI- 3. PL of P-5-Ann in compare with non-APPJ samples. 
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