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Abstract 

Photoelectrochemical (PEC) water splitting offers a sustainable and clean alternative 

method to produce hydrogen without relying on fossil fuels. P-type Cu2O semiconductor 

is a promising candidate to be used as a photocathode material with respect to cost, 

abundance, light absorption, and energy band position. A novel and inexpensive 

fabrication procedure using solely electrodeposition as presented here to produce a 

highly porous structure (55 ⎯ 80 pores/mm2) of Cu2O photocathodes with improved PEC 

performance. A Three-step procedure was implemented to produce a stable and highly 

porous Cu metal framework as a substrate to then be coated with the Cu2O film. In the 

first step, a dynamic hydrogen-bubble-assisted Cu electrodeposition process was 

employed to prepare porous Cu structures with delicate pore networks. The porous Cu 

structures were mechanically reinforced by electrodepositing homogenous and compact 

Cu layers on the delicate ramified pore walls. As the porous Cu structure was not entirely 

reinforced, in a third step the reinforced porous layer was detached from the planar Cu 

substrate using ultrasonication to obtain a stable free-standing porous Cu framework 

with tubular through-pores networks. The pore size can be easily tuned by changing the 

deposition time during the first electrodeposition step for the Cu deposition. 

Cu2O films with various thicknesses between ~0.5 and ~3 µm were electrodeposited on 

the free-standing porous Cu frameworks by varying the deposition time. The PEC water 

splitting evaluation of the Cu2O photocathodes was performed under chopped simulated 

AM 1.5 illumination in an aqueous electrolyte of 0.5 M Na2SO4 (pH 6). It was found that 

the samples with smaller pores exhibited the highest photocurrent of -2.75 mA cm-2 at 

0 V vs. RHE, followed by -2.25 mA cm -2 for large pores samples while maintaining a low 

dark current. These photocurrents are 120% and 80% higher than the PEC performance 

of the Cu2O film on planar Cu substrate that was deposited using the same 

electrodeposition parameters. The high performance is attributed to the increased 

surface area from the porous structure, thin and homogenous coverage of the Cu2O film 

with small grain size, and higher hole concentrations as was shown by Mott-Schottky 

analysis.  

Further evaluation of the free-standing porous Cu2O samples reveals that they possess 

direct optical transmittance between 14% and 23% (λ=400-800 nm) for the small-pores 

samples and the large-pores samples, respectively. The fabrication of the translucent 

metal framework using the electrodeposition process has not been reported elsewhere, 

which can unfold new innovations for different applications, especially in the field of 

energy materials. 
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Kurzfassung 

Die Photoelektrochemische (PEC) Wasserspaltung stellter eine nachhaltige und saubere 

Methode dar, um Wasserstoff zu erzeugen, ohne auf fossile Brennstoffe angewiesen zu 

sein. Der P-Typ Cu2O-Halbleiter ist ein vielversprechender Kandidat für die Verwendung 

als Photokathodenmaterial in Bezug auf Kosten, Verfügbarkeit, Lichtabsorption und 

Energiebandposition. Ein neuartiges und kostengünstiges Herstellungsverfahren für 

hochporöse Strukturen (55-80 Poren/mm2) von Cu2O-Photokathoden mit verbesserter 

PEC-Leistung unter ausschließlicher Verwendung der elektrochemischen Abscheidung 

wird vorgestellt. Dieses Verfahren beinhaltet drei Schritte, um ein stabiles und 

hochporöses Cu-Metallgerüst als Substrat für die Cu2O-Schichten herzustellen. Im ersten 

Schritt wurde ein Abscheideprozess unterstützt durch die dynamische Entwicklung von 

Wasserstoff-Blasen entwickelt, um poröse Cu-Strukturen mit feinen Porennetzwerken 

herzustellen. Die porösen Cu-Strukturen wurden durch Abscheidung homogener und 

kompakter Cu-Schichten auf den fein verästelten Porenwänden mechanisch verstärkt. Da 

die poröse Cu-Struktur nicht vollständig verstärkt war, wurde in einem dritten Schritt die 

teilweise verstärkte Struktur mit Hilfe von Ultraschall vom planaren Cu-Substrat abgelöst, 

um ein stabiles freistehendes poröses Netzwerk mit röhrenförmigen Durchgangsporen 

zu erhalten. Die Porengröße kann durch Veränderung der Abscheidezeit während des 

ersten Herstellungsschrittes leicht eingestellt werden. 

Cu2O-Schichten mit Dicken zwischen ~0,5 und ~3 µm wurden auf den freistehenden 

porösen Cu-Schichten durch Variation der Abscheidezeit elektrochemisch hergestellt. Die 

PEC-Wasserspaltung der Cu2O-Photokathoden wurde unter gepulser simulierter AM 1,5-

Beleuchtung in einem wässrigen Elektrolyten aus 0,5 M Na2SO4 (pH 6) untersucht. Es 

wurde festgestellt, dass die Proben mit kleineren Poren den höchsten Photostrom von -

2,75 mA cm-2 bei 0 V vs. RHE aufwiesen, gefolgt von -2,25 mA cm-2 für die Proben mit 

großen Poren, während ein niedriger Dunkelstrom beibehalten wurde. Diese 

Photoströme sind 120 % bzw. 80 % höher als die PEC-Leistung einer Cu2O-Schicht auf 

planarem Cu-Substrat, die mit den gleichen Abscheideparametern hergestellt wurde. Die 

hohe Leistung wird auf die vergrößerte Oberfläche durch die poröse Struktur, die dünne 

und homogene Bedeckung der Cu2O-Schicht mit kleiner Korngröße und die höheren 

Lochkonzentrationen zurückgeführt, wie die Mott-Schottky-Analyse zeigte. 

Die weitere Auswertung der freistehenden porösen Cu2O-Proben zeigte, dass sie eine 

direkte optische Durchlässigkeit von 14 % für die feinporigen Proben bzw. 23 % für die 

grobporigen Proben besitzen (λ = 400-800 nm). Die Herstellung des transluzenten 

Metallgerüsts mit Hilfe des elektrochemischen Abscheidungsprozesses wurde bisher 

nicht berichtet, sodass neue Innovationen für verschiedene Anwendungen, insbesondere 

im Bereich der Energiematerialien, ermöglicht werden.   
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1 Introduction 

In today's society, electricity is an essential requirement to meet a variety of daily needs. 

Most of the global energy supplies come from the burning of fossil fuels such as coal, 

crude oil, and natural gas to produce electricity. Furthermore, the burning of fossil fuels 

produces greenhouse gases which are harmful to the environment. This situation has 

triggered a global challenge to find an alternative energy production that is clean and 

sustainable.  

In recent years, renewable energies have been extensively studied and utilized to reduce 

the usage of fossil fuels. Among the renewable energies, direct solar energy has the most 

considerable potential to supply global primary energy demand, which is estimated to be 

about 1000 EJ per year (2.8 x 1014 kWh) [1]. Solar energy is estimated to have a global 

energy potential of 1500 ⎯ 50000 EJ per year (4.2 x 1014 ⎯ 1.4 x 1016 kWh) depending on 

the insolation (incident solar radiation per unit area over a certain period of time), cloud 

cover, and land-use constraints including topographic limitations [2]. In general, most 

solar radiation that reaches the earth's surface is converted into other forms of energy 

such as thermal energy, electrical energy, and chemical energy. For instance, photovoltaic 

(PV) cells allow the direct conversion of solar energy into electricity. However, the low 

conversion efficiency of the commercially available PV cells (14-19% for multi-crystalline 

silicon solar cells) [3, 4] and the non-continuous supply of sunlight make it difficult to be 

used as a primary energy source. The converted energy needs to be stored as chemical 

fuel or electrical charge in a battery to address this issue. 

One attractive approach is the use of a photoelectrochemical (PEC) cell for water splitting. 

In this case, the solar energy is converted directly into a chemical fuel as hydrogen by 

utilizing semiconductor materials as photo-absorbers and photocatalysts [5]. The light 

energy is absorbed by the semiconductor and is used to convert water molecules into 

hydrogen and oxygen. Hydrogen is an energy carrier that can store and deliver a 

tremendous amount of energy (specific energy density of 33.6 kWh/kg or 120 MJ/kg) 

which plays a vital role in a clean and sustainable energy system[6]. It is used in a fuel cell 

to produce electricity, heat, and water. Currently, hydrogen is produced mainly by steam 

reforming of fossil fuels, specifically natural gas [7]. This process generates an enormous 

amount of CO2 (7 kg per 1 kg of H2)[8] which contributes to greenhouse emissions and 
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causes global warming. Combining an electrochemical process and solar energy to split 

the water molecules, the PEC cell offers promising potential to produce green hydrogen 

with zero emission.  

The PEC cell for water splitting was first introduced by Fujishima and Honda in 1972 [9]. 

They used a TiO2 n-type semiconductor as a photoanode and Pt as a counter electrode. 

Upon irradiation with UV light, electrons and hole pairs are generated. The 

photogenerated electrons are driven to the Pt counter electrode to reduce water and form 

hydrogen. At the same time, the holes are used to oxidize water and produce oxygen at 

the TiO2 surface. An additional external bias is applied to compensate for the potential 

deficiency of the cell which needs to reach more than 1.23 V to generate water splitting. 

Due to the large bandgap of the TiO2 semiconductor, the solar-to-hydrogen (STH) 

efficiency is relatively low and could not go beyond 1%. Since then, extensive studies have 

been similarly conducted on other semiconductor materials to achieve higher efficiency 

[10–12]. However, the development of stable and highly efficient materials for PEC water 

splitting is still very challenging. Several factors such as the cost of the materials, and ease 

of fabrication to produce at a large industrial scale limit the material selection. However, 

copper-based semiconductors such as copper oxide fit these criteria for the PEC water 

splitting. It is abundant and can be synthesized by industrially scalable low-cost 

production methods such as electrodeposition. 

Among the different copper oxides, cuprous oxide (Cu2O) shows promising potential to 

be used as a photocathode to generate hydrogen. It is a p-type semiconductor with a 

direct band gap of ~2 eV, which provides good light absorption in the visible range, and 

possesses a favorable band position that straddles the hydrogen and oxygen redox 

potential. Based on its band gap, the theoretical value for the STH conversion efficiency 

can reach a maximum of ~18 % with a photocurrent of about -14.7 mA cm-2 [13, 14]. 

However, in practical application, this value is far from being realized. There are two main 

challenges such as inadequate diffusion length of the minority charge carriers toward its 

absorption coefficient [15, 16] and poor chemical stability in the aqueous solutions due 

to the reduction potential of the Cu2O to Cu that lies at 0.46 V vs. RHE [17, 18]. The issue 

on the chemical stability was effectively resolved by adding a homogenous and thin 

(<100 nm) protective layer (e.g., TiO2, ZnO, Al2O3, graphite, graphitic carbon nitride, etc.) 

using atomic layer deposition (ALD) [19–24]. 
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However, the other challenge, which involves an inefficient collection of the 

photogenerated carriers, still has much room for improvement. One approach to address 

this issue is by modifying the morphology of the Cu2O photocathodes. The surface of the 

Cu2O can be structured so that the thin Cu2O layer is positioned at a more beneficial angle 

towards the incoming light or the photon pathway to significantly increase the light 

absorption while still maintaining a short electron diffusion length to the electrolyte. This 

can be practically achieved by synthesizing vertically aligned nanowire structures or by 

the approach pursued in this thesis, Cu2O coated pore walls (Figure 1–1). Furthermore, 

the modified structure increases the surface area tremendously, leading to a higher 

exposure of the photoactive sites, accelerating the chemical reactions [25, 26].  

Though the Cu2O nanowire structure shows a promising concept to enhance the 

efficiency, several attempts using the nanowire structure [22, 27, 28] have failed to 

deliver higher PEC performance than the compact planar film, as was reported by 

Paracchino et al. [17]. The low PEC performance of the nanowire structure is caused by 

some challenges such as maintaining material quality and inhomogeneous Cu2O coating 

which exposes the metallic substrate to the electrolyte. A report by Luo et al. [29] shows 

that the Cu2O made by using wet chemistry and thermal annealing process on Cu 

substrate has low PEC performance due to the inhomogeneous Cu2O layer and the 

exposed underlying Cu metal. This problem was resolved by coating a thin Cu2O film on 

the exposed Cu metal using the electrodeposition method, which significantly improved 

the PEC performance. The electrochemical deposition method, an inexpensive and easily 

 

Figure 1–1 Schematic representation of the enhanced light absorption with the short electron 
diffusion length to the surface of the Cu2O coated pore wall structure.  
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scalable fabrication process, can produce a more homogenous Cu2O film with reliably 

high PEC performance. Moreover, it can also be implemented on rough or 3D porous 

substrates with easily controllable film thickness by adjusting the deposition parameters. 

The main objective of this thesis is to achieve high PEC performance of the Cu2O 

photocathodes by enhancing the active surface area using a highly porous Cu framework. 

Several reports suggest that various materials can be deposited on the Cu2O film as a 

buffer layer, a protective layer, and metal electrocatalysts such as Pt [17] or Ru[29] to 

enhance the PEC performance as well as the chemical stability. However, the plethora of 

these different materials and processes makes a fair comparison of the underlying Cu2O 

performance very difficult. The bare Cu2O itself plays a significant role as the light 

absorber and must be adequately optimized to improve the PEC performance which will 

be discussed in section 4.6. 
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2 Fundamentals and State of the Art 

2.1 Electrochemical cell 

An electrochemical cell consists of two metallic electrodes immersed in an electrolyte 

where an electric current is being generated or used to drive a chemical reaction. 

Electrochemical cells are classified into two types, a galvanic cell1 , and an electrolytic 

cell2 . Two main reactions are occurring in an electrochemical cell, the oxidation and 

reduction reactions. The oxidation reaction refers to the process where a species loses 

electrons, whereas the reduction reaction corresponds to the opposite: the gaining of 

electrons. Redox reactions occur when there is a transfer of an electron between chemical 

species where one species go through an oxidation reaction while another species 

undergoes a reduction reaction. In an electrolytic cell, the oxidation reaction occurs at the 

anode, while the reduction reaction occurs at the cathode.  

The standard cell potential ( 𝐸𝑐𝑒𝑙𝑙
𝑜 ) can be derived from the difference between the 

reduction potential of the cathode (𝐸𝑟𝑒𝑑
𝑜 ) and the oxidation potential of the anode (𝐸𝑜𝑥𝑖𝑑

𝑜 ) 

performed at standard conditions (all species in their standard states), shown in Eq. 1. 

𝐸𝑐𝑒𝑙𝑙
𝑜 = 𝐸𝑟𝑒𝑑

𝑜 − 𝐸𝑜𝑥𝑖𝑑
𝑜  (1) 

The cell potential at non-standard conditions can be determined by using the Nernst 

equation (Eq. 4). The Nernst equation is derived from the change of the Gibbs free energy 

(∆𝐺) as a function of the electrochemical cell potential (Eq.2). 

∆𝐺 = −𝑛𝐹𝐸 (2) 

In this case, n is the number of electrons transferred in the reaction, F is the Faraday 

constant (96500 C mol-1), and E is the cell potential. The Gibbs free energy is a measure 

of the maximum reversible work that may be performed by a thermodynamic system 

during a chemical process at constant temperature and pressure. It can be used to 

determine the nature of chemical reactions occurring in the electrochemical cell. When 

the ∆𝐺  < 0, the cell trigger a spontaneous reaction (exergonic) which means that the 

chemical energy is converted into electrical energy. In contrast, when the ∆𝐺 > 0, the cell 

reactions are classified as non-spontaneous (endergonic). In this case, the reaction 

 
1 A device which generates an electric current due to the difference in the electrochemical potentials of the electrode  
2 A device which uses externally supplied electric current to drive a chemical reaction that otherwise would not occur 
spontaneously. 
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consumes work which means that the cell requires an external energy source to trigger 

the chemical reactions. Under the standard conditions, the cell potential (E) is replaced 

by the standard potential ( 𝐸𝑐𝑒𝑙𝑙
𝑜 ) and ∆𝐺  becomes ∆𝐺𝑜 . From thermodynamics, the 

relation between ∆𝐺𝑜and ∆𝐺 is written as in Eq. 3.  

∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇 ln 𝑄 3 

Then by substituting Eq. 2 to Eq. 3, the Nernst equation can be written as follows: 

𝐸 = 𝐸𝑜 −
𝑅𝑇

𝑛𝐹
ln 𝑄 

4 

Where R is the gas constant, T is the absolute temperature in Kelvin and Q is the reaction 

quotient which is defined as the ratio of the activities or the molar concentration of the 

product species (reduced species) over the reactant's species (oxidized species) with 

relation to the power of its stoichiometric constant. The Nernst equation can be used to 

determine the reaction equilibrium constants and the concentration potentials.  

In the electrochemical cell, the energy losses due to the energy conversion process need 

to be considered. The energy losses are described as follows: 

• Ohmic losses; this is caused by the internal resistance of the cell (Rohm), which includes 

the ionic resistance of the electrolyte, the electronic resistance of the active material, 

the internal resistance of the current collector, and lastly, the contact resistance 

between the active material and the current collector. 

• Polarization losses; The polarization losses are classified into two types which are 

activation and concentration polarizations. The activation polarization is a voltage 

overpotential that is required to overcome the activation energy of the 

electrochemical reaction on the electrode surface. The concentration polarization 

involves depletion of the charge carriers or concentration differences between the 

reactants and products at the electrode surface. The losses due to the concentration 

polarization can also be influenced by the gas bubble formations.  

These losses can then be accumulated, which contribute to the overall overpotential of 

the system. 
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2.1.1 Water electrolysis 

Water electrolysis is the process where two metal electrodes are immersed in an aqueous 

electrolyte to split water molecules into hydrogen and oxygen by using electricity as an 

external energy source. The chemical reaction is depicted in Eq. 5: 

𝐻2𝑂 → 𝐻2 +
1

2
𝑂2 

(5) 

When the electricity is applied across the cell, the water is oxidized at the anode, 

producing oxygen, electrons, and protons. The protons then migrate to the cathode, 

where they will be reduced to hydrogen. At standard conditions, 237.22 kJ mol-1 of the 

Gibbs free energy is required for the water electrolysis[30]. Using Eq. 2 with n = 2 (the 

number of electrons exchanged during the process), the thermodynamic cell potential for 

water electrolysis is calculated to be 1.23 V. This cell potential is independent of the pH. 

The pH influences only the half-reaction potentials at each electrode (𝐸𝑜𝑥 or 𝐸𝑟𝑒𝑑) which 

according to the Nernst equation at 298 K, are shifted by 0.059 mV for one pH change. In 

acidic media (pH 0), the chemical reactions at the anode and cathode are described in Eqs 

6 and 7. 

Anode: 
𝐻2𝑂 →

1

2
𝑂2 + 2𝐻+ + 2𝑒− 

𝐸𝑜𝑥
𝑜 = 1.23 V vs. NHE (6) 

Cathode: 2𝐻+ + 2𝑒− → 𝐻2 𝐸𝑟𝑒𝑑
𝑜 = 0 V vs. NHE (7) 

While in the alkaline media (pH 14), the reaction is written in Eqs 8 and 9. 

Anode: 
2𝑂𝐻− → 𝐻2𝑂 +

1

2
𝑂2 + 2𝑒− 

𝐸𝑜𝑥
𝑜 = 0.39 V vs. NHE (8) 

Cathode: 2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2 𝐸𝑟𝑒𝑑
𝑜 = −0.84 V vs. NHE (9) 

The HER process can be further elaborated in three main steps (Volmer, Heyrovsky, and 

Tafel). In acidic media, based on the Volmer electrochemical reaction, HER activity is 

triggered by the formation of hydrogen adsorption (Had) from the reduction of protons 

(Eq 10).  

Volmer step (acidic): 𝐻+ + 𝑒− → 𝐻𝑎𝑑 (10) 

Heyrovsky step (acidic): 𝐻+ + 𝑒− + 𝐻𝑎𝑑 →  𝐻2(𝑔) (11) 

Tafel step (acidic or alkaline): 2𝐻𝑎𝑑 →  𝐻2(𝑔) (12) 
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In alkaline solution, due to the lack of the protons the electrochemical reaction is mainly 

based on the reduction of the water molecules (Eq. 13).  

Volmer step (alkaline): 𝐻2𝑂 + 𝑒− →  𝑂𝐻− + 𝐻𝑎𝑑 (13) 

Heyrovsky step (alkaline): 𝐻2𝑂 + 𝑒− + 𝐻𝑎𝑑 →  𝑂𝐻− +  𝐻2(𝑔) (14) 

It has been reported that the reaction rate for the HER in acidic solution is two or three 

orders of magnitude times higher than that in alkaline solutions [31]. Some factors such 

as large mass variation between protons and water molecules as well as their different 

molecular charge can influence the mass transport to the electrode surface and thus 

contribute to the different reaction rates for the HER.  

Although it is preferable to use an acidic solution to generate more hydrogen bubbles due 

to higher kinetics, the chemical stability of the electrode needs to be also considered. For 

instance, metal oxides based electrode like copper oxide will be dissolved in a low pH 

solution range from 0 to 3 [32]. This shows that selecting a suitable pH is important to 

sustain the chemical stability of the electrode in the electrolyte. In this work, the 

electrolyte for the PEC water splitting experiment is set at pH 6 to ensure decent 

electrochemical kinetics and at the same time to maintain good chemical stability of the 

Cu2O photoelectrode. 

2.2 Photoelectrochemical cell for water splitting. 

A photoelectrochemical (PEC) cell is a special case of an electrochemical cell that utilizes 

a photoactive material for at least one of its working electrodes[30]. It is a device to 

convert solar energy into chemical fuel such as hydrogen through an electrochemical 

process. P-type and n-type semiconductors can be used as photocathodes and 

photoanodes, respectively[33]. One essential requirement for a semiconductor material 

to be used efficiently for the solar water splitting application is its band energy position. 

The bandgap of a single junction semiconductor must overlap the potential for water 

oxidation and water reduction. In other words, the conduction band (CB) edge of the 

semiconductor must be more negative than the water reduction potential of 0V vs. NHE 

at pH 0, and the valence band (VB) edge must be more positive than the water oxidation 

potential of 1.23 V vs. NHE at pH 0.  
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The semiconductor/electrolyte junction interface significantly influences the PEC water 

splitting reaction activity[34]. The Fermi level energy in semiconductors corresponds to 

the electrochemical potential of electrons. On the other hand, the Fermi level of the 

electrolytes is represented by the redox potential of the redox couples. For an n-type 

semiconductor, the Fermi level is normally located near the conduction band due to the 

excess of electrons. In contrast, for the p-type semiconductor, the Fermi level is located 

near the valence band because of the fewer electrons and higher number of holes. When 

a semiconductor is immersed in the electrolyte, charge transfer will occur at the 

semiconductor/electrolyte interface until the Fermi level of the semiconductor has 

reached an equilibrium with the redox potential of the electrolyte [5]. During this process, 

the majority charge carrier at the space charge region of the semiconductor will be 

depleted and thus causes band bending at the semiconductor/electrolyte junction 

interface (Figure 2–1). Depending on the majority charge carrier (electrons or holes), the 

semiconductor band energy can have either an upward or downward bending at the 

semiconductor/electrolyte junction [35].  

 

Figure 2–1 Upward band bending of a) n-type semiconductor and downward band bending of b) 
p-type semiconductor in equilibrium with electrolyte without illumination[36]. 

For the n-type semiconductor, the depletion of the electrons as the majority charge 

carrier leaves behind holes at the space charge region and thus creates an upward band 

bending at the semiconductor/electrolyte interface (Figure 2–1a). In contrast, the p-type 

semiconductor with positively charged holes as the majority charge carrier will have a 

downward band bending at the interface (Figure 2–1b). The different charges at the space 

charge region influence the attraction of the ions in the electrolyte to the surface and the 

attraction of the ionic layers (Figure 2–1). These ionic layers or so-called electrical double 

layers are usually formed by the absorbed ions on the surface via chemical interaction, or 
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surface charge called the Helmholtz layer and followed by the ions attracted via coulomb 

force to make a diffuse layer known as the Gouy-Chapman layer. The positively charged 

surface of the n-type semiconductor will attract mostly the negatively charged hydroxide 

ions, which are used to facilitate the water oxidation reaction. In contrast, the negatively 

charged surface of the p-type semiconductor attracts more positively charged protons 

that will drive the water reduction at the surface [36–38].  

When the semiconductor is illuminated, separation of the charge carriers occurs and 

causes a change in the Fermi level of the semiconductor. Photon energy that exceeds the 

semiconductor's band gap excites the electron (e-) from the VB to a higher energy state 

or CB, leaving behind an electron vacancy that is positively charged, called hole (h+). In 

the case of the n-type semiconductor or photoanode, the increasing number of 

photogenerated holes due to the incident light oxidizes the water and produces oxygen 

and electrons. The electrons can be transferred to the counter electrode with a small 

external bias and trigger the hydrogen evolution reaction (HER). This reaction is reversed 

for the p-type semiconductor or photocathode. The photogenerated electrons are used to 

trigger the HER, and at the same time, the holes are transferred to the counter electrode 

to drive the oxygen evolution reaction (OER).  

The PEC cell typically belongs to one of the three configuration categories (Figure 2–2). 

The cell can be arranged with a single photoanode, a single photocathode, or a tandem 

system that utilizes both the photoanode and photocathode in the so-called Z-scheme, 

which is inspired by the mechanism of the natural photosynthesis in green plants [39]. In 

a single photoelectrode system, a photoanode or photocathode is typically coupled with 

a noble metal counter electrode. An additional external bias must be applied to reach the 

thermodynamic potential and, at the same time, create the charge separation between 

the working and counter electrode. 
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In general, the photovoltage in a semiconductor is generated due to the separation of the 

electron and holes during illumination, which causes the initial Fermi level of the 

semiconductor to split into two separate quasi-Fermi levels with different charges 

(Figure 2–3). The achievable maximum photovoltage is determined by the size of the 

bandgap and the efficiency of the charge separation [41]. In theory, the maximum 

photovoltage that a single semiconductor can produce is approximately 400 mV less than 

its optical bandgap [42]. It means that to perform water electrolysis efficiently, a 

 

Figure 2–2 Illustration of PEC cell configuration using a) a single photoanode, c) a single 
photocathode, and e) tandem configuration (Z-scheme). The energy band diagram with the 
detailed mechanism of each configuration is presented in b), d), and f). [40] 



Fundamentals and State of the Art | 12 
 

semiconductor must theoretically possess a bandgap of more than ~1.6 eV to overcome 

the energy losses in the semiconductor and split water. 

 

Figure 2–3 Illustration of the PEC cell based on a p-type semiconductor as a photocathode and a 
metal Pt anode under light illumination. Ef,p, and Ef,n represent the quasi-Fermi level of holes and 
electrons, respectively. This image is taken from reference[43]. 

The theoretical maximum photocurrent density and the solar-to-hydrogen (STH) 

efficiency is constrained by the size of the optical bandgap of the semiconductor, as 

presented in Figure 2–4. Based on the data from the National renewable energy 

laboratory, natural sunlight consists of ~52% of infrared radiation (0.5-1.77 eV), ~43% 

of the visible spectrum (1.77-3.1 eV), and 5% of UV (3.1-4.13 eV). The semiconductors 

with a narrower bandgap (<1.5 eV) absorb more photons from the solar spectrum but 

the photovoltage may not be sufficient to split water efficiently. On the other hand, the 

wider bandgap semiconductors can generate large photovoltage to split water efficiently 

but have a lower maximal theoretical STH[44] due to the low absorption of the photons. 

For instance, well-studied semiconductors, such as TiO2 and WO3, have relatively wide 

bandgap energies of ~3 and ~2.7 eV (Figure 2–5), respectively, which can only absorb a 

small amount of UV light from the solar spectrum, thus limiting the maximum achievable 

STH efficiency to 1% and 6% (Figure 2–4). 

Some reports suggest that the STH efficiency must reach at least 10% by the PEC cell to 

meet the technical and economic feasibility for the practical industrial application, which 

corresponds to a photocurrent density of 8.1 mA cm-2 and a bandgap of 2.36 eV[45]. This 
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condition makes selecting an appropriate semiconductor material with a suitable 

bandgap and band position even more crucial to achieve the 10% STH efficiency for the 

PEC water splitting application. Another key factor that needs to be considered is the cost 

for the synthesis and material of the semiconductor. Complex fabrication processes via 

high-end technology methods and expensive materials can significantly drive up the PEC 

cell production cost.  

 

Figure 2–4 Theoretical value of the maximum achievable solar-to-hydrogen (STH) efficiency and 
the photocurrent as a function of the semiconductor bandgap[46]. The photocurrent was 
calculated under the assumption that the solar conversion has no additional efficiency loss.  

Several metal-oxide semiconductors (Figure 2–5) show promising potential because they 

satisfy most of the requirements mentioned above, such as low cost, and have an 

appropriate bandgap energy to produce a theoretical photocurrent density of 

>10 mA cm-2. One of the potential candidates is hematite Fe2O3 (n-type, bandgap: 

~2.2 eV). It is extensively used as a photoanode because it is cheap, chemically stable, and 

has a suitable bandgap for visible light absorption. However, the Fermi level of Fe2O3 is 

located near the water redox potential, which influences the degree of the band bending 

and the absorbed ions on the surface at different pH. Moreover, the conduction band edge 

is positioned more positive than the water reduction potential of 0 V vs. NHE, making it 

difficult to trigger complete water splitting reaction without applying a large cathodic 

potential at the counter electrode to assist the HER[47]. This limitation inhibits the 
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further development of the hematite Fe2O3 material to improve the PEC water splitting 

performance.  

 

Figure 2–5 Band edge positions of various semiconductors for PEC water splitting application at 
pH 0. The blue and red bar represents the VB and the CB of the semiconductor, respectively. The 
data was adapted from reference[48]. 

Another promising candidate is Cu2O (p-type, ~2 eV)[49] which has a proper bandgap 

for visible light absorption and a suitable band edge position for the PEC water splitting 

application. The theoretical photocurrent for Cu2O was estimated to reach 14.7 mA cm-2 

with an STH efficiency of 18 % for an AM1.5 G solar spectrum. One of the drawbacks of 

Cu2O as a photocathode is its limited chemical stability under cathodic potential in an 

aqueous electrolyte. The reduction potential of Cu2O to Cu metal lies within the bandgap 

at 0.46 V vs. NHE at pH 0, which causes the Cu2O to be reduced to Cu metal in the presence 

of hydrogen evolution. To overcome this drawback, the Cu2O is usually coated with a thin 

layer of a highly stable n-type semiconductor (typically TiO2) to prevent direct contact of 

the Cu2O surface to the electrolyte and at the same time facilitate the transport of the 

minority charge carriers to the semiconductor/ electrolyte interface.  

In general, even with an appropriate bandgap and band position, the semiconductors 

mentioned above could not achieve the maximal theoretical STH efficiency and 

photocurrent density in a practical application. The metal-oxide-based semiconductors 

typically are prone to crystallographic disorder, which can influence the electronic 

properties and causes limitations such as low-charge carrier mobility, short diffusion 
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length with low charge carrier lifetime, and high recombination states. An attempt to 

solve this issue is by producing nanostructured or highly oriented layers with high 

crystalline quality.  

The use of vertically oriented nanowire structures, for instance, can overcome the short 

charge diffusion length by utilizing the thin diameter of the nanowire to bring the electron 

quickly to the electrode surface and thus avoid the non-radiative recombination in the 

bulk. Moreover, the geometry of the vertically aligned nanowire structure can also 

increase the light absorption by aligning the angle of the incident light in parallel to the 

nanowire. A nanowire structure with consistent crystalline quality has been reported to 

have improved the PEC performance [50, 51]. Another approach to enhance the PEC 

performance involves tuning the crystalline facet to make it more favorable for the 

absorption of the ionic species. Hence, the highly oriented crystalline film layer can lower 

the overpotential and improve the overall kinetics of the system [52]. The impact of the 

structural modification and the crystal facets of the semiconductor on the PEC 

performance will be further discussed in chapter 4.6.  

Besides the semiconductors mentioned above, recently mixed metal oxides 

semiconductors such as BiVO4 (n-type, bandgap:~2.4 eV)[53], CuWO4 (n-type, 

bandgap:~2.2 eV)[54], CaFe2O4(p-type, bandgap:~1.9 eV)[55], ZnFe2O4 (n-type, 

bandgap:~2 eV)[56], CuFeO2 (p-type, bandgap:~1.5 eV)[57] also have gained much 

attention and interest due to the size of their bandgap, which is mostly around ~2 eV, 

high chemical stability and their low material costs. The bandgaps of these mixed metal 

oxide semiconductors are located in a favorable position to be used as either a 

photocathode or a photoanode. However, these materials have high processing costs, and 

maintaining high crystalline quality with desired surface morphology is rather 

challenging [44]. 

2.3 Cuprous oxide as photocathode for photoelectrochemical 

water splitting 

Cu2O semiconductor has attracted much attention in recent years due to their low cost, 

abundance, and advantageous bandgap energy for optoelectronic applications. Cu2O has 

a cubic crystalline structure with a lattice constant of ~4.27 Å. In a unit cell, the oxygen 

atoms are positioned at the center and the corners of the cubic lattice, whereas the four 
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copper atoms lie in a tetrahedron position at the center of the cubic, ( Figure 2–6a). The 

Cu2O lattice belongs to the space group of Pn3m, incorporating a full octahedral 

symmetry[58]. 

Cu2O is a p-type semiconductor with a direct theoretical bandgap of 2.17 eV. The p-type 

conduction comes from the presence of excess holes in the valence band due to cation 

deficiencies which are accommodated mostly by Cu vacancies[59–61]. Cu2O possesses 

hole mobility of ~100 cm2 V-1 s-1 in a high-quality single crystal[62], which is higher than 

the other metal oxide semiconductors. The mobility and the hole concentration vary 

depending on the fabrication process and the crystalline quality. Depending on the 

crystalline quality, the conduction band edge of Cu2O is located between -0.7 and -1.1 V 

vs. NHE at pH 0 [13, 63, 64]. Moreover, the bandgap of Cu2O varies between 1.9 eV and 

2.2 eV, which allows for visible light absorption ranging between ~600 nm and above [65, 

66].  

Cu2O can be synthesized using sputtering[67], atomic layer deposition (ALD)[68], sol-

gel[69], chemical vapor deposition[70], thermal oxidation of copper[71], wet chemical 

synthesis[72], and electrodeposition[73, 74]. Electrodeposition stood up as one of the 

most attractive techniques among these methods due to its cost-effectiveness and 

scalability for industrial purposes. Furthermore, the electrodeposition techniques can be 

implemented to homogenously coat a thin layer of active material on complex or 3D 

substrates and easily tune the surface morphology, such as the crystallite size and shape, 

by varying the deposition parameters like pH, temperature, and the applied current or 

voltage. So far, the best result for Cu2O films on planar substrates for PEC water splitting 

was fabricated using electrodeposition methods. Paracchino et al. show that 

electrodeposited Cu2O on an Au coated FTO substrate in an alkaline bath can generate a 

photocurrent of -2.4 mA cm-2 at 0 V vs. NHE under solar AM 1.5 illumination 

(100 mW cm-2)[17]. One of the reasons for this high achievement is the crystalline 

orientation of the Cu2O, which is dominated by the [111] crystal orientation exposing 

highly catalytic polar {100} facets[17, 75].  
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Figure 2–6 a) Crystal structure of Cu2O in a single unit cell. Various crystalline shapes of the 
electrodeposited Cu2O with different crystal orientations: b) [100]-oriented, c) [110]-oriented, and 
d) [111]-oriented. The figures were reconstructed according to the reference [76]. 

The growth direction and crystalline shape of the Cu2O can be controlled by changing the 

pH. It has been reported that at pH 9, crystal growth is strongly dominated by the [100] 

orientations. As the pH increases, starting from pH 10, the crystal orientation started to 

change toward [110] and [111] directions [75, 76]. The [100] oriented crystal consists of 

a four-sided pyramidal shape with four-fold symmetry, (Figure 2–6b). This crystal 

exposes mainly (111) surfaces, which is considered a non-polar surface. The non-polar 

surface is equally terminated with oxygen and copper atoms, resulting in neutral surface 

charges, thus lowering the proton absorption on the surface. On the other hand, the 

crystal oriented with [110] and [111] which have a triangular prism shape (Figure 2–6c) 

and a three-sided pyramidal shape (Figure 2–6d), respectively, possess polar surfaces. 

The crystal is primarily dominated by {100} facets, which can have either oxygen 

terminated or copper terminated surfaces. The oxygen-rich surfaces provide higher 

proton absorption than the copper-rich surface[77].  

Besides the alteration of the crystal facets and orientation due to the pH change, the 

crystalline quality is also greatly affected. The Cu2O film deposited at pH 9 has oxygen 

vacancies due to the lack of hydroxide ions in the electrolyte that act as electron donors, 
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lowering the hole concentrations. In contrast, the Cu2O electrodeposited at higher pH has 

primarily copper vacancies that act as acceptors, increasing the hole concentrations 

significantly[75, 78]. Further investigation reveals that the semiconductor's Fermi level 

shifts towards more negative values or higher vacuum energy when the Cu2O film is 

deposited at high pH and thus placed the conduction band edge in a more favorable 

position for HER[76]. 

𝐶𝑢2𝑂 + 2𝑒− + 2𝐻+ → 2𝐶𝑢 + 𝐻2𝑂 𝐸𝑜 = 0.47 V vs. NHE (15) 

One limiting factor of Cu2O is its chemical stability in an aqueous solution under certain 

cathodic potential (<0.46 V vs NHE). The Cu2O is reduced to Cu metal (Eq 15). This 

decomposition reaction is further enhanced during illumination due to the 

photogenerated charge carriers, contributing to a significant portion of the photocurrent 

density. In this case, the crystal facets play an important role in the reduction process of 

the Cu2O. The oxygen-rich {100} facet attracts more protons and facilitates the reduction 

of Cu2O to copper metal more favorably than the {111} facet. As an outcome, the Cu2O 

with (111) crystal plane surfaces are more chemically stable than the oxygen-terminated 

(100) surfaces. 

A thin protective layer with certain criteria is often used to improve the chemical stability 

of the Cu2O photocathodes. Firstly, it must allow the photogenerated electrons to flow 

effortlessly from the Cu2O to the electrolyte. Secondly, the protective coating should not 

have reductive decomposition reactions in the presence of HER. Thirdly, it should also 

have beneficial surface charges that can promote the attraction of the protons, which 

improves the reaction kinetics for water reduction. Lastly, homogenous coverage should 

be achieved to prevent localized corrosion, which degrades the long-term stability. TiO2 

fits some of these criteria and is frequently investigated as a protective coating to stabilize 

Cu2O. However, the deposition of a homogenous TiO2 layer directly on Cu2O is still 

challenging. A report by Paracchino et al. reveals that a thin TiO2 layer deposited by ALD 

from titanium isopropoxide, and H2O is inhomogeneous, which is demonstrated by the 

decay of the photocurrent after 20 min. This issue is then resolved by adding a buffer 

layer of Al-doped ZnO (AZO) which not only improves the TiO2 layer coverage but also 

forms a rectifying p-n junction with the Cu2O and enhances the photovoltage of the 

photocathode. The photocurrent can reach up to -5.7 mA cm-2 at 0 V vs. RHE and retain 
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good stability of 78% after 20 min. Pt catalysts were also added to enhance the kinetics 

of the HER, which increases the photocurrent even higher to -7.6 mA cm-2 [17]. 

Further improvement on the stability and PEC performance was presented by Luo et 

al.[29]and Pan et al. [79], who utilized the high surface area nanowire structure to 

increase the photocurrent. The nanowire Cu2O with AZO as a buffer layer, TiO2 as a 

protective coating, and RuOx as decorated catalyst improves the photocurrent up 

to -8 mA cm-2 at 0 V vs. RHE and retains its stability for 55 hours with 100 % faradaic 

efficiency of hydrogen [29]. By replacing the AZO buffer layer with Ga2O3, the 

photocurrent increases up to -10 mA cm-2 at 0 V vs. RHE with a stable operation for more 

than 100 hours [79]. This enhancement is due to the bandgap of the Ga2O3, which is wider 

than the AZO and thus creates better band alignment with the Cu2O, resulting in a higher 

photovoltage. So far, these coatings on the Cu2O are deposited with ALD, which is known 

to have excellent thickness control at the atomic level. However, this method is costly, 

and hence alternatives should be further explored.  

The bare Cu2O film plays an important role as an absorber to collect photons from 

sunlight and convert it into electrical energy to split water. The influence of the film 

thickness of the bare Cu2O to obtained optimal photocurrent for water splitting has not 

been thoroughly reported. In this work, the deposition procedure to produce Cu2O films 

with various thicknesses and their impact on the PEC performance will be discussed and 

presented in sections 4.3.1 and 4.6. 

2.4 Electrodeposition of metal oxides  

The electrodeposition process of metal oxides in aqueous solutions is usually performed 

in an alkaline environment containing metal ion complexes. The positively charged metal 

ions form stable complexes with some organic molecules in which oxygen or nitrogen 

atoms act as electron donors[80]. Stable complexes enable the deposition of a smooth 

and reproducible oxide layer. A solution based on metal ion complexes is often used to 

deposit metal alloys by bringing the Nernst potentials of two metal ions closer 

together[81]. In the case of the Cu ions, the complex agent is used to prevent direct 

precipitation of copper hydroxide in a high alkaline solution.  

In general, metal oxides can be deposited in either oxidizing or reducing conditions from 

the alkaline solutions. In both cases, the metal ions dissociate from the complex form and 
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precipitate as the metal oxides. The quality and stability of the oxides depend on the 

deposition parameters such as the applied potential, bath temperature, and pH. In this 

case, the metal complexes are oxidized into metal ions at the electrode surface, which 

then reacts with the available hydroxide ions in the electrolyte and produces the oxide 

film. This oxide film is relatively stable because it was not stripped even though an anodic 

polarization was applied. Some of the metal oxides that can be synthesized using anodic 

polarization are CuO [82], AgO [83], Bi2O3 [84], and CeO2 [85].  

Deposition of metal oxides can also be performed using cathodic polarization. In this case, 

the metal ions and hydroxide are reduced at the electrode surface to produce a stable 

metal oxide film. The ligand of the metal ions complexes based on lactic, tartaric, and citric 

acid is liberated when applied with cathodic potential due to the protonation process and 

thus generates hydroxide ions [86, 87]. The Cu2O is one of the metal oxides that can be 

deposited using cathodic polarization. Citrate and lactate are commonly used as 

complexing agents to electrodeposit Cu2O [74, 88].  

2.5 Hydrogen-bubbles templated metal foam 

In recent years, a convenient method was developed to produce a highly porous metal 

structure using a one-step electrodeposition process[89]. The use of hydrogen bubbles 

as a dynamic template allows the formation of a microporous structure. For most 

electroplating processes in an aqueous solution, hydrogen evolution is often suppressed 

and avoided to obtain smooth and compact metal deposits. The reduction of metal ions 

into a metal film can be accompanied by the hydrogen evolution at a certain cathodic 

potential range. For example, Cu ions reduce into Cu metal (Eq. 16) at an electrochemical 

potential of 0.34 V vs. NHE whereas the hydrogen evolution reaction (Eq. 17) only 

appears at an electrochemical potential of 0 V vs. NHE. This implies that when the 

electrode is applied at high cathodic potential, both of the electrochemical reactions (Eq. 

16 and 17) can occur at the same time but at a different reaction rate. The rate of HER can 

be controlled by adjusting the cathodic overpotential and monitor the faradaic current 

efficiency with respect to the metal electrodeposition which quantifies the amount of the 

metal deposits. At a higher current density, the cathodic overpotential increases greatly 

(Figure A. 5 in appendix), and the faradaic current efficiency of the metal deposition (Eq. 

29 and Figure 4–3) is significantly reduced due to increasing HER, which disrupts the 

growth mechanism of the metal deposits (see section 4.1).  
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Hydrogen bubbles have insulating properties and can prevent the electrolyte from 

directly contacting the cathode surface. This condition causes the metal to be 

electrodeposited only on the conductive surface between the hydrogen bubbles, leading 

to the formation of the porous structure. Constant generation and detachment of the 

hydrogen bubbles create a hydrodynamic effect near the electrode surface and thus 

influence the surface morphology of the metal deposits. Dendrites and foam structure are 

the consequence of both the copious hydrogen evolution and the accelerated 

electrodeposition process due to the high current densities. This method is 

straightforward, clean, and efficient, which allows the production of a highly porous 

structure without any additional organic or inorganic template.  

The rate of the hydrogen evolution varies with the substrates due to the different 

activation and adsorption energy of the bubble at the surface. A traditional volcano plot 

based on the current densities as a function of the hydrogen absorption energy can 

describe the metal's catalytic behavior toward the hydrogen evolution[90]. Pt and Pd, for 

instance, have an excellent catalytic property toward hydrogen and can generate a high 

volume with a fast detachment rate of the hydrogen bubbles[91]. Therefore, the 

morphology of the porous structure, such as porosity, pore size, and thickness can vary 

significantly depending on the substrate.  

Various metals with porous structure via the hydrogen bubbles template, such as Cu[92], 

CuSn[93], Au[94], Ni[95], and NiAg[96], have been successfully synthesized. Furthermore, 

these 3D porous metal structures have also shown promising potentials as electrode 

material in various applications such as fuel cells[97], batteries[98], sensors[99], and 

electrocatalysis[100] due to their large surface area and high electrical conductivities. 

However, the pore walls of these porous structures often grow in ramified dendritic 

structure, which is fragile and thus limits their application in compact devices.  

The investigation and the progress regarding the mechanical stability of these porous 

structures have not been found in the literature. Some approaches were performed to 

control the size of the dendritic branch in the pore walls by adding chemical additives to 

the electrodeposition bath to make the structure more compact. For instance, in the case 

of porous Cu, a small amount of chloride ions was added to the bath to accelerate the 

deposition of Cu, thus making the pore walls denser [89]. However, even with this 
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approach, the pore walls are still comprised of the dendritic structure, which suggests 

that there was no improvement in the mechanical stability of the porous structure.  

In this work, the mechanical stability of the porous structure, especially toward hydrogen 

evolution, will be discussed and presented in sections 4.1 and 4.2. Furthermore, a novel 

approach is proposed to enhance the porous structure's mechanical stability, which 

provides promising prospects to be implemented for different applications, especially as 

energy materials such as batteries, fuel cells, electrolyzers, etc. 
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3 Experimental procedure 

3.1 Electrochemical deposition of copper 

The Cu electrodeposition was carried out galvanostatically using a potentiostat (Bio-

Logic science instruments SP-240) equipped with a ±4 A booster kit in an acidic Cu bath 

(pH ~0). The bath contains 0.2 M CuSO4 and 1 M H2SO4 in double-distilled water. The high 

acidity of the bath can prevent the formation of an oxide layer and produced a stable Cu 

deposit. The bath provides high faradaic efficiency (>90%) for a copper deposition at a 

low current density (<-20 mA cm-2). However, as the current density increases, the 

efficiency of the copper deposition decreases due to the increased hydrogen evolution. 

The electrodeposition process was carried out in a three-electrode configuration where 

a 27 mm flat Cu coin (99.9%) is used as a working electrode, a Pt foil as a counter 

electrode, and an Ag/AgCl (sat. KCl) as a reference electrode. The change of the voltage 

during the electrodeposition process. The two main chemical reactions during the 

electrodeposition process are in Eqs. 16 and 17.  

Cu2+  +  2e–  →  Cu (16) 

2H+  +  2e– →  H2 (17) 

3.1.1 Fabrication of porous Cu framework 

 

Figure 3–1 Schematic representation of the electrochemical procedure to synthesize porous Cu2O 
photocathode 

A stable and compact porous Cu framework was synthesized in two electrodeposition 

steps (Figure 3–1). In the first step, a dendritic porous Cu framework was synthesized by 

utilizing hydrogen bubbles as a dynamic soft template to create the microporous 

structure. In this case, the acidic bath plays a vital role in ensuring a steady production of 

a copious amount of hydrogen bubbles. A custom cell was constructed to place the 

working electrode (flat Cu coin) at the bottom of the cell so that the hydrogen bubbles 

can detach quickly. The cell consists of a PVDF sample adapter and a PMMA cell container 

which can hold a maximum of 45 mL of electrolyte (Figure 3–3).  
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The sample adapter has a circular hole with a diameter of 1.13 cm that exposes the Cu 

coin with a specific geometric surface area of 1 cm2 to the electrolyte (Figure 3–2). The 

cell container was then attached on top of the sample holder, and 25 ml of the electrolyte 

was applied. Prior to the electrodeposition process, the Cu coin was mechanically 

polished using 4000 grit sandpaper and then electropolished in 30 vol. % H3PO4 for 1 min 

at 2 V vs. Cu to smoothen the surface (root mean squared surface roughness 

(Sq) of ~3 nm). The Cu coin was then dipped in 0.1 M H2SO4 for about 30 s to activate the 

surface. The Pt foil counter electrode and Ag/AgCl (sat. KCl) reference electrode were 

placed from the top in an upright position (Figure 3–4). To ensure a homogenous porous 

structure, the Pt foil was placed away from the direct path of the hydrogen bubbles. For 

safety purposes, the experiment was performed under a fume exhaust hood. 

 

Figure 3–2 Photographs of the custom-made PVDF sample holder and adapter. 
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Figure 3–3 Photograph of a) a PMMA cell container and b) an assembled cell with the sample 
adapter 

Two sets of experiments were conducted to study the porous structure: 

• Different high current densities were applied between -0.075 A cm-2 and -2.25 A cm-2 

at various duration times to investigate the porosity and morphology of the porous 

structure. 

• The current density was fixed at a high current density (-1.5 A cm-2, -2 A cm-2, etc.), 

and the electrodeposition time was varied between 2 s to 60 s to investigate the 

influence of the hydrogen formation role on the porous structure. 

 

Figure 3–4 Electrochemical deposition process of dendritic porous Cu in an acidic bath containing 
0.2 M CuSO4 and 1 M H2SO4 at pH ~0 
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3.1.2 Reinforcement and separation procedure of the porous Cu  

A second electrodeposition step was implemented to improve the mechanical stability of 

the dendritic porous Cu. This procedure was performed in the same bath after the first 

electrodeposition step. Prior to the electrodeposition process, the trapped hydrogen 

bubbles inside the pores must first be released to ensure homogenous deposition of Cu. 

The removal of the bubbles can be achieved by slightly tapping and shaking the cell a few 

times. Intense mechanical agitation or using an ultrasonic bath can destroy the delicate 

and fragile structure of the dendritic porous Cu easily. Next, a small current density 

of -20 mA cm-2 (calculated with a geometric surface area of 1 cm2) was applied to the 

working electrode to limit the hydrogen evolution and ensure a compact deposition of 

the Cu layer. The electrodeposition duration (reinforcement time) was varied from 5 to 

120 min to study the change in the morphological structure.  

The reinforced porous Cu samples can easily be separated entirely from the Cu coin to 

obtain a free-standing porous Cu framework. The separation was done by placing the 

sample in an ultrasonic bath (35 kHz/160 W, Bandelin Sonorex Super RK 510 H) for at 

least 5 min, and it was repeated at least three times. The Cu coin can then be reused for 

the next batch of the porous Cu samples. 

3.2 Electrodeposition of cuprous oxide in an alkaline bath 

The Cu2O was electrodeposited on various substrates, including an Au coated Si substrate, 

a flat Cu coin, and porous Cu frameworks (dendritic porous Cu, reinforced porous Cu, and 

free-standing porous Cu). Different from the electrodeposition of Cu metal, the Cu2O was 

electrodeposited using a potentiostatic electrodeposition method. The current was 

recorded over the electrodeposition time with a fixed voltage applied to the working 

electrode.  

The electrodeposition of Cu2O was carried out at -0.4 V vs. Ag/AgCl (sat. KCl) in a three-

electrode configuration where a flat Cu coin or the porous Cu frameworks is used as the 

working electrode, Pt foil as a counter electrode, and Ag/AgCl (sat. KCl) as the reference 

electrode. In this case, an alkaline copper bath containing 0.2 M CuSO4 (>99.8% copper 

sulfate, Honeywell Fluka) and 1 M Na3C6H5O7 2H2O (>99% trisodium citrate dihydrate, 

Sigma-Aldrich) as a complexing agent in double-distilled water was used. The pH was 

adjusted to ~12 by slowly adding a decent amount of 6 M NaOH (>97% sodium hydroxide, 
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Sigma-Aldrich) solution. The Cu ions react with the trisodium citrate and form 

copper(II)-citrate complexes [88, 101]. During the formation of these complexes, a 

chemical reaction occurs, and protons are produced which thus decreases the pH of the 

bath as was reported by Daniele et al. [102]. Adding a high concentration of the NaOH 

solution is necessary to increase the pH and obtained a stable predominant dimer [Cu2H-

2Cit2]4- which is only available at pH higher than 7 [88]. The high alkalinity of the 

electrolyte also plays an important role to ensure the good quality of p-type Cu2O crystal 

and stabilize the Cu2O layer.  The reduction process to Cu2O in alkaline solution is shown 

in Eq. 18. The equation is simplified to better define the role of hydroxide ions in the 

formation of the Cu2O film. The citrate ligand is expected to be liberated due to 

protonation from the cathodic potential. It is expected that the decrease of the hydroxide 

ions due to the chemical reaction lowered the pH of the bath. This behavior was observed 

after the electrodeposition of the Cu2O film at -0.4 V vs. Ag/AgCl for 2 hours.  

2Cu(in a complex form)
2+  + 2OH– + 2e–  →  Cu2O +  H2O (18) 

A double-wall glass cell containing 150 mL of the electrolyte is used for the experiment 

(Figure 3–5). A thermostat was attached to the glass cell to control the cell's bath 

temperature uniformly. The electrolyte was kept at 60°C and magnetically stirred at 

400 rpm. The electrodes, including the working electrode, were inserted from the top and 

were held by a custom-made electrode holder, which covers the entire lid of the cell and 

 

Figure 3–5 Electrodeposition process of Cu2O in an alkaline copper bath at 60°C.  
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prevents water evaporation. The evaporation can influence the pH and alter the 

electrodeposited layer. For this section, the duration of the electrodeposition time was 

varied between 5 min to 60 min, and the grain size, thickness, and PEC performance were 

analyzed. Fresh electrolyte was used for each deposition. 

3.2.1 Surface facets modification using hexamethylenetetramine as a 

capping agent. 

The crystal orientation and the surface facets of the Cu2O have a significant impact on the 

PEC performance. To tailor the crystal orientation of the Cu2O grains, a capping agent, 

hexamethylenetetramine (>99% HMT, Merck KGaA), was added to the alkaline 

electrolyte. At pH 12, the positively charged HMT molecules are absorbed on the 

negatively charged surfaces of the Cu2O and affect the growth mechanism resulting in 

different crystal shapes and orientations. The crystal orientation of the substrates affects 

the growth mechanism of the Cu2O. For instance, the Cu2O electrodeposited on a 

sputtered gold surface with [111] orientation tend to grow epitaxially [103]. The HMT 

capping agent is used to change the crystal orientation of the Cu2O grains without altering 

the crystalline properties of the substrate.  

A polycrystalline flat copper coin and free-standing porous Cu framework were used to 

investigate the relation between the concentration of the HMT and the crystal orientation 

of the Cu2O to the PEC performance. The HMT concentration was gradually increased 

from 0 to 1126 mM, and a fresh alkaline electrolyte is used for each electrodeposition 

process. XRD analysis using Bragg-Brentano geometry was carried out to extract the 

crystalline properties of the deposited Cu2O layer. Part of this work was performed in the 

Master thesis of Mayra Marimon[104]. 

3.3 Material characterization 

3.3.1 Morphological analysis  

The surface morphology of the samples was investigated by using field-emission 

scanning electron microscopy (FESEM, Hitachi S-4800). In this case, secondary electron 

imaging was used to reveal the sample's features, and a low acceleration voltage of 5 kV 

was applied to minimize charging. The samples were taped using conductive carbon tape 

onto an aluminum sample holder and were transported into an ultra-vacuum chamber (1 
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×10-9 —1×10-12 Torr). The measurement was done with the same sets of magnification. 

For the cross-section analysis, the samples were cut using a sharp hand lever scissor. 

They were taped vertically on an L-shaped sample holder to reveal the cross-sectional 

part of the deposited film or porous layer. The layer thickness was evaluated from the 

cross-sectional SEM image. The porous Cu SEM micrograph was converted into a binary 

image using ImageJ free software (search for color threshold under the images tab menu, 

adjust the pop-up slider to get the right contrast of the processed image), which enhanced 

the contrast between the dark pore holes and the bright wall of the porous structure. 

Using the analysis tools from the same software, the porosity of the porous Cu samples 

can be estimated. 

The surface roughness was evaluated using an atomic force microscopy (AFM) device 

from Bruker (Dimension ICON), placed in an Ar-filled glove box. The AFM was mainly 

used to investigate the surface roughness of the deposited Cu2O film. Unfortunately, due 

to the limitation of the depth measurement, the AFM device could not provide 

information regarding the height profile of the porous Cu structure. The AFM 

measurement was performed using PeakForce tapping mode with a ScanAsyst air probe 

to obtained high-resolution images and accurate height measurement. The scan rate was 

fixed at 1Hz for all measurements, and the scan size was set at 5 x 5 and 2 x 2 µm2. All the 

AFM images underwent third order polynomial flattening procedure to remove the tilt 

and bow errors.  

3.3.2 Composition and structural analysis 

X-ray diffraction (XRD, Siemens D5000) is used to determine the crystalline structure, 

and crystal orientation of the Cu2O film and Cu substrates. The measurement was 

performed using Bragg-Brentano θ-2θ geometry with Cu Kα radiation at 40 kV in a 

parallel beam optic. This geometry is used to identify the crystal plane that is parallel to 

the substrate. The 2θ scan range was set from 20° to 90° with a scan rate of 0.02° s-1. The 

texture analysis developed by Berube et al.[105] was implemented by calculating the 

relative texture coefficient from the XRD data to determine the preferred crystal 

orientation of the Cu2O film. This method involves several steps: 
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• From the X-ray diffractogram of the sample, the intensity ratio R1(hkl) is calculated 

from the relation between the peak intensity at individual detected (hkl) reflection 

and the sum of the peak intensities of all (hkl) reflections that were observed (Eq. 19). 

𝑅1(ℎ𝑘𝑙) =  
𝐼(ℎ𝑘𝑙)𝑠

∑ 𝐼(ℎ𝑖𝑘𝑖𝑙𝑖)
𝑛
𝑖 𝑠

× 100% 
(19) 

• The intensity ratio R2(hkl) is obtained from the reference powder X-ray diffractogram, 

which is available in the crystallography XRD database and was calculated according 

to Eq (20). 

𝑅2(ℎ𝑘𝑙) =  
𝐼(ℎ𝑘𝑙)𝑝

∑ 𝐼(ℎ𝑖𝑘𝑖𝑙𝑖)
𝑛
𝑖 𝑝

× 100% 
(20) 

The subscripts s and p represent the analyzed Cu2O sample and the reference powder 

sample, respectively, and n is the total number of the detected peaks. 

• The texture coefficient (TC) at individual (hkl) reflection is defined by calculating the 

ratio between R1(hkl) and R2(hkl), (Eq. 21). If the TC is greater than one, it indicates 

a preferred orientation of the (hkl) reflection. However, the acquired preferred 

orientation is an absolute value and independent from the other (hkl) reflections of 

the sample.  

𝑇𝐶(ℎ𝑘𝑙) =  
𝑅1(ℎ𝑘𝑙)

𝑅2(ℎ𝑘𝑙)
 

(21) 

• The relative texture coefficient (RTC) establishes the relationship of the texture 

coefficient for individual (hkl) reflection with the other observed reflections (Eq.22). 

As a result, the preferred crystal orientation investigated by this method is relative to 

all crystal orientations of the analyzed sample.  

𝑅𝑇𝐶(ℎ𝑘𝑙) =  
𝑇𝐶(ℎ𝑘𝑙)𝑠

∑ 𝑇𝐶(ℎ𝑖𝑘𝑖𝑙𝑖)
𝑛
𝑖 𝑠

× 100% 
(22) 

The crystal orientation at specific (hkl) reflection is defined to have a preferred 

crystal orientation if the value of the RTC is above the threshold value (100 % divided 

by the total number of (hkl) reflections obtained from the sample). The RTC analysis 

was performed on planar samples (Cu2O on flat Cu coin) to understand the influence 

of HMT on the crystal orientation (see section 3.2.1 for detail experimental) of the 

Cu2O film. 
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For further characterization techniques, the sample composition and the crystal quality 

of the deposited Cu2O film are analyzed by using Raman spectroscopy. The measurement 

was carried out using a Renishaw In-Via Raman spectrometer with a 514 nm incident 

laser with a 100x objective lens. Photoluminescence spectroscopy was also performed 

using the same device but with a 488 nm incident laser to determine the type of defects 

such as oxygen vacancies and copper vacancies of the Cu2O film.  

3.3.3 Optical Characterization 

The optical measurement of the free-standing porous Cu2O was carried out using an 

Ultraviolet-visible (UV-Vis) spectrometer (Varian Inc., Cary 5000). Two configurations 

were used to obtain the transmittance and diffuse reflectance spectra of the samples 

separately. For the transmittance spectroscopy, a sample holder that exposes a square of 

1 cm2 was used. The holder was placed in between the direct pathway of the incident light 

to the detector. A Zero/baseline correction was performed. The 100%T baseline was 

obtained by first allowing the incident light to pass through the hole of the sample holder 

towards the detector. The intensity of the transmitted light at different wavelengths was 

recorded. Next, the 0%T baseline was acquired by placing a metal plate on the sample 

holder to block all the incident lights. A transmittance reference can be obtained by 

subtracting the intensity of the 100%T baseline with the 0%T baseline. The sample can 

then be placed onto the sample holder, and the measurement was performed with a 

spectral range between 400 – 800 nm. The transmittance measurement was done to 

estimate the porosity of the free-standing porous Cu2O.  

The diffuse reflectance measurement requires an integrating sphere to collect all the light 

to the detector. The wall of the integrating sphere is made of a highly reflective 

fluoropolymer (spectralon). The measurement calibration was done by placing a 

spectralon sample to obtain 100%Reflectance (100%R) and then removing it to get the 

0%Reflectance. Like the transmittance measurement, the zero/baseline correction was 

required. The measurement was also performed in the same spectral range between 

400 – 800 nm.  

The Tauc method is used to determine the bandgap energy of semiconductor material. 

This method is based on the energy-dependent absorption coefficient (α) (Eq. 23). 
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(𝛼ℎ𝑣)1 𝛾⁄ = 𝐵(ℎ𝑣 − 𝐸𝑔) (23) 

In (Eq. 23) h is the Planck constant, v is the photon's frequency, B is a constant, Eg is the 

bandgap energy of the semiconductor, and the ϒ factor depends on the nature of electron 

transition and is set to either 0.5 or 2 for direct or indirect transition band gaps, 

respectively. The absorption coefficient can be transformed from the diffuse reflectance 

spectra using the Kubelka-Munk function (𝐹(𝑅∞))(Eq. 24). 

𝐹(𝑅∞) =
𝐾

𝑆
=

(1 − 𝑅∞)2

2𝑅∞
 

(24) 

In (Eq. 24), K and S are the absorption and scattering coefficients, respectively and 𝑅∞ is 

the diffuse reflectance of an infinitely thick specimen. By substituting the α in Eq. 23 with 

the 𝐹(𝑅∞), the (𝐹(𝑅∞)ℎ𝑣)1 2⁄  (Cu2O has direct bandgaps, so the ϒ is set to 2) can be 

plotted against the photon energy ( ℎ𝑣 ), which reveals the properties of the 

semiconductor material. The linear region of the curve can then be fitted with (Eq. 23), 

and the x-axis intersection of the linear fit provides an estimate of the band gap. 

3.3.4 Mott-Schottky analysis 

 

Figure 3–6 Schematic diagram of a) electrical double layer at the interface between the n-type 
semiconductor and the electrolyte and b) an equivalent circuit consisting of a space charge 
capacitance of the semiconductor and double layer capacitance connected in series. IHP and OHP 
are the inner and outer Helmholtz planes, respectively. This diagram is adapted from the reference 
[106]. 
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When a semiconductor is immersed in an electrolyte, two regions of charge separation 

are found at the interface, the space charge region of the semiconductor and the electrical 

double layer (Figure 3–6). The space-charge capacitance determines the properties of the 

semiconductor and can be extracted using Mott-Schottky analysis. The space charge 

capacitance is much smaller than the double layer capacitance in the electrolyte. Since 

both capacitances are connected in series at the interface, the reciprocal value of the small 

space charge capacitance has a more significant impact on the overall measured 

capacitance. Experimentally, this capacitance (C) can be obtained by extracting the 

imaginary part of impedance (Z") (Eq.25), using electrochemical impedance 

spectroscopy (EIS). A small sinusoidal voltage of 15 mV with varying range frequency (f, 

30 kHz - 63 kHz) is applied to the working electrode (Cu2O photocathodes) during the EIS 

process. The measurement was performed in 0.5 M Na2SO4 (>99% sodium sulfate, Sigma-

Aldrich) electrolyte with the same three-electrode configurations and potentiostat as 

discussed in sections 3.1 and 3.2.  

𝐶 =
1

𝜔𝑍′′
 

(25) 

The space charge capacitance of the semiconductor changes at different potential biases, 

depending on whether the charge carrier at the interface is accumulated or depleted. 

Therefore, to determine this behavior for the Cu2O samples, the potential was scanned 

from -0.1 to 0.15 V vs. Ag/AgCl (sat. KCL) with a 6-mV potential step using the staircase 

potentio electrochemical impedance spectroscopy (SPEIS) mode. The Mott-Schottky plot 

can be obtained by selecting a specific impedance frequency and plotting the reciprocal 

of the square of capacitance (C-2) against the applied voltage. The plot can then be used 

to determine the semiconductor's flat band potential and charge carrier density. The type 

of the semiconductor can also be identified by examining the sign of the slope between 

the charge accumulation plateau and charge depletion plateau, which is influenced by the 

minority charge carrier of the semiconductor.  

A negative slope indicates a p-type semiconductor, while a positive slope indicates an n-

type semiconductor. When the charge carriers are accumulated in the space charge 

region, the capacitance increases, and thus C-2 becomes small. Opposite behavior occurs 

for the depletion of the charge carrier. For a p-type semiconductor, when the applied 
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voltage is more positive than the flat band potential3, charge accumulation occurs while 

more negative potentials lead to charge depletion. The linear part of the curves between 

the accumulation and depletion region was fitted with Eq. 26 and extrapolated to the x-

axis. The potential at the x-axis intersection represents the flat-band potential (where C-2 

= 0), and the slope is used to estimate the charge carrier density based on the Mott-

Schottky equation in Eq. 26.  

1

𝐶2
=

−2

𝜀𝑟𝜀0𝐴2𝑒𝑁𝑎
(𝐸 − 𝐸𝑓𝑏 −

𝑘𝐵𝑇

𝑒
) 

(26) 

In Eq 26, C is the space charge capacitance, ɛr is the relative dielectric constant of Cu2O 

(7.6)[107], ɛo is vacuum permittivity, A is the surface area of the electrode, e is the 

elementary charge, Na is the acceptor charge carrier density, E is the applied potential, Efb 

is the flat band potential, kB is Boltzmann constant, and T is the absolute temperature. 

3.4 Photoelectrochemical characterization 

3.4.1 Photoelectrochemical cell and solar simulator configuration 

The PEC cell used in this work consists of three main components, a 5 mm thick PMMA 

transparent window, a PMMA container that can hold ~40 ml of the electrolyte, and a 

sample holder (Figure 3–7). The sample holder is similar to the one that was described 

 
3 The potential at which there is no depletion or accumulation of the charge carrier at the junction between 
the semiconductor and electrolyte resulting in no band bending at interface. 

 

Figure 3–7 Photograph of a) PMMA PEC cell with a transparent front window and b) fully 
assembled PEC cell with sample adapter and electrodes holder. The reference electrode (RE) and 
counter electrode (CE) is placed on the left and right sides, respectively, of the copper working 
electrode (WE).  
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in section 3.1.1(Figure 3–2). It was constructed to be implemented for the preparation 

and characterization procedure. The same three-electrode configuration and a 

potentiostat described in sections 3.1 and 3.2 were used for the PEC experiments. An 

electrode holder made of PMMA was used to position the counter and the reference 

electrodes from the top of the cell. These electrodes need to be carefully positioned not 

to block the light beam (Figure 3–7b). The PEC cell was placed on an adjustable laboratory 

lifting platform to align it with the light beam from the solar simulator.  

A solar simulator equipped with a 150 W xenon lamp (LOT-Quantum Design 

LS0108/15G) an AM 1.5 filter and a mechanical shutter (Figure 3–8) is utilized as a light 

source. The mechanical shutter can be modulated to provide information on the 

semiconductor with the light off and on. The shutter controller is connected to the 

potentiostat, allowing a synchronized control of the light source during the 

electrochemical experiments. Prior to the measurement, the solar simulator was 

operated continuously for about 15 min to reduce the xenon lamp's flickering and reach 

optimum power. The light intensity was calibrated using a reference solar cell (ReRa 

solution), and the custom-made PEC cell (without the sample adapter). The reference 

solar cell was placed at the back of the PEC cell, and the position of the cell was adjusted 

to provide the light intensity of 100 mW cm-2 or 1 sun at the sample surface. The PMMA 

window has ~85 % transparency, and thus it is crucial to tune the light intensity with the 

PEC cell presence to give an accurate measurement. 

 

Figure 3–8 Solar simulator configuration for the PEC experiment (top view). 
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3.4.2 Photoelectrochemical analysis 

The photoactivity of the Cu2O photocathode for the PEC water splitting performance was 

investigated using linear sweep voltammetry (LSV). The voltage was scanned from -0.1 

to -0.7 V vs. Ag/AgCl (sat. KCl), and the current density was recorded using a Biologic 

potentiostat SP-240 under chopped light illumination with an on-off duration of 5 s 

consecutively. The current density is divided into two categories, the measured current 

under light illumination (photocurrent) and the measured current when the light is 

turned off (dark current). The photocurrent provides the analysis regarding the 

photoactivity and the PEC performance of the sample. The dark current provides 

information regarding the electrochemical stability of the photoelectrode. The 

measurement was performed in 0.5 M Na2SO4 (Carl Roth) at a scan rate of 5 mV/s. The 

cell was purged with argon for at least 15 min before starting the LSV measurement. The 

potential was converted from vs. Ag/AgCl (sat. KCl) to the reversible hydrogen electrode 

(RHE) using Eq. 27.  

𝐸𝑅𝐻𝐸 = E + 0.059 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑠𝑎𝑡.𝐾𝐶𝑙) (27) 

In Eq. 27, E is the measured working potential and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑠𝑎𝑡.𝐾𝐶𝑙)  is the potential of 

Ag/AgCl (sat. KCl) reference electrode which is 0.197 V at 25 °C. This conversion was 

performed to simplify the comparison with other literature data. 

For the PEC measurement of the free-standing porous Cu2O, the sample was taped onto a 

gold-plated brass coin and was placed inside the sample adapter. The gold-plated brass 

coin provides good ohmic contact and exposes only one side of the free-standing porous 

Cu2O sample to the electrolyte. This configuration allows for better comparison with the 

other sample that was deposited on a flat Cu substrate. The sample adapter ensured a 

reproducible exposure of the surface with a geometric surface area of 1 ± 0.01 cm2 to the 

electrolyte. The PEC performance for different samples deposited on various substrates 

is evaluated, and the photocurrent densities at a potential of 0 V vs. RHE were compared.  
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4 Results and discussion 

4.1 Dendritic porous Cu framework 

Increasing the active area and optimization of the morphology creates more active sites 

for the photoelectrochemical reactions. By varying the electrodeposition duration (40 – 

400 s) and current density (-0.075 – -2.25 A cm-2), different surface morphologies of Cu 

layers (Figure 4–2Figure 4–1a-f) could be obtained. The durations and current densities 

were adjusted accordingly to reach the average thickness of ~200-250 µm for better 

comparison.  

 

Figure 4–1 Height profiles of various dendritic porous Cu structures electrodeposited in an acidic 
copper electrolyte (0.2 M CuSO4 and 1 M H2SO4) with different current densities and durations (see 
information at the top left corner of each graph). 
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The thickness of the deposited Cu layer was measured using a contact profilometer 

(Veeco Dektak 150) equipped with a stylus with a tip diameter of 10 µm. The 

measurement was carried out with an applied mass of 3 mg, scan size of 3.5 mm, and a 

scan rate of 0.2 µm s-1. The scan was initiated from the surface of the porous layer and 

stopped at the flat Cu surface. A leveling procedure was performed on the flat Cu surface 

using the Dektak software to remove the tilt error. Figure 4–1 shows that as the current 

density increases, the height difference between the hills and valleys of the curve 

becomes relatively smaller, and the number of the peak variations increases. Additionally, 

the widths of the valleys also decrease significantly, especially for the samples deposited 

at higher current densities, starting from -0.75 A cm-2.  

 

Figure 4–2 Scanning electron micrographs of the electrodeposited dendritic porous Cu structures 
on a flat Cu substrate in an acidic copper bath using different current densities and deposition 
durations: a) -0.075 A cm-2, 400 s; b) -0.15 A cm-2, 240 s; c) -0.37 A cm-2, 160 s; d) -0.75 A cm-2, 100 
s; e) -1.5 A cm-2, 60 s and f) -2.25 A cm-2, 40 s. The insets show magnified images of the pores. 

SEM shows that only a small amount of widely scattered porous structures were obtained 

for the sample that was deposited with low current densities and long deposition time 

(Figure 4–2a and b). At higher current densities, starting from -0.37 A cm-2 with an 

electrodeposition time of 160 s, the surface gets fully covered with porous structures. The 

formation of these porous structures is strongly influenced by the amount and size of the 

hydrogen bubbles generated during the electrodeposition process[91]. The high current 

densities increase both the hydrogen productions and the detachment rate of the bubbles 

from the flat Cu surface, which influences the modification of the pore size diameter. To 

obtain the current efficiency, the weight of the deposited Cu obtained at different current 
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densities is measured using an analytical balance (Sartorius AG, Bp301S) and then was 

divided by the theoretical mass calculated using the Faraday equation (Eq. 28).  

𝑚 =  
𝑀 ∙ 𝑄

𝑛 ∙ 𝐹
 

(28) 

In Eq. 28, m is the theoretical mass, Q is the total charge measured, M is the molar mass 

of the substance, and n is the number of electrons per ion.  

 

Figure 4–3 Influence of applied current density on the change of a) mass and b) current efficiency 
for electrodeposited Cu on flat Cu substrate.  

The value of the measured mass deviates from the theoretical mass as the current density 

increases, leading to the decreasing current efficiency (Figure 4–3). The reason for this is 

likely caused by the hydrogen evolution, which occurs in parallel during the 

electrodeposition process. At low current density (-0.075 A cm-2), the Cu deposition has 

high current efficiency of ~78% and a low hydrogen evolution rate, limiting the formation 

of the bubbles on the surface of the substrate and reducing the porosity of the sample 

(Figure 4–2a and b). In addition, the large pore size also suggests that the bubbles 

accumulate and stay longer before detaching from the surface. As the current density 

increases to -0.75 A cm-2, the average pore size on the top layer decreases significantly 

from ~300 µm (Figure 4–2a-c) to ~100 µm (Figure 4–2d-f). Beyond -0.75 A cm-2, there is 

no significant difference in the average pore size, but the number of interconnecting pore 

tunnels shown in the insets in Figure 4–2d-f increases. To better understand these 

interconnecting pore tunnels and the formation of the porous structure, different 

samples were deposited at a fixed current density of -1.5 A cm-2, and the 

electrodeposition time was varied from 2 s to 60 s.  
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The pore size becomes larger as the electrodeposition time gets longer (Figure 4–4). The 

deposited samples with shorter durations (2-5 s) have relatively small pores (10-25 µm), 

and no interconnecting pore tunnels are present. As the electrodeposition time extended, 

the amount of the deposited Cu increases, making the porous layer thicker, and also the 

interconnecting pore tunnels become apparent. This phenomenon is likely due to the 

characteristic of the hydrogen bubbles that act as the dynamic template to form the 

porous structure. The tiny bubbles generated on the surface of the flat Cu substrate 

coalesce and thus create larger bubbles at the upper layer. 

 

Figure 4–4 Morphological comparison of the electrodeposited porous Cu structure on flat Cu 
substrate deposited at a fixed current density of -1.5 A cm-2 for a) 2 s, b) 5 s, c) 10 s, d) 20 s, e) 30 s, 
f) 40 s and g) 60 s. These samples undergo a reinforcement procedure for 60 min (see section 
3.1.2). 
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The structure comprises small Cu grains (Figure 4–5) with a size between ~300 nm to 

~1 µm. Although these dendritic structures provide a large surface area, they are very 

delicate and could be damaged in a PEC water splitting application.  

To investigate the mechanical stability of this ramified dendritic porous Cu sample, a 

water-splitting experiment was performed on the dendritic porous Cu sample. The 

sample that was electrodeposited at -1.5 A cm-2 for 60 s was immersed in 0.5 M Na2SO4 

electrolyte, and a strong hydrogen evolution was conducted at -100 mA for 2 min. The 

mass of the sample was measured before and after the water reduction using an 

analytical balance (Sartorius AG, Bp301S) to examine the weight loss during the test. The 

dendritic porous Cu sample mass was reduced by ~22% from the initial mass of 

21.1 ± 0.1 mg to 16.3 ± 0.1 mg. A Cu residue could be observed at the bottom of the cell, 

indicating that the dendritic structure disintegrated during the experiment due to the 

hydrogen evolution reaction. This result shows the weak mechanical stability of the 

sample. Therefore, the porous Cu must be reinforced to be used as a substrate material 

for PEC water splitting application. 

 

Figure 4–5 Magnified wall of the porous Cu layer electrodeposited at -1.5 A cm-2 for 60 sec with a) 
5x and b) 25x magnifications. 
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4.2 Reinforced porous Cu and free-standing porous Cu framework. 

A second electrodeposition process was carried out to improve the mechanical stability 

of the dendritic porous Cu structure. The dendritic porous Cu sample deposited 

at -1.5 A cm-2 for 60 s was used as the template to study the reinforcement process. The 

small current density (-20 mA cm-2) plays a vital role in significantly reducing hydrogen 

evolution, increasing the current efficiency for the Cu deposition, and enabling a 

homogenous deposition of a compact Cu layer. Thereby, the dendritic structure is slowly 

covered with Cu and becomes more compact with increasing deposition time (Figure 4–

6 a-e).  

This surface transformation also influences the color of the sample( Figure 4–6). Starting 

from 60 min of the reinforcement process, the top region of the pore wall becomes more 

compact as the gaps between the dendrites have decreased significantly. However, the 

bottom region within the pore reveals that it is still in the granular dendritic structure. 

For further investigation of the structural analysis, especially at the bottom part, the 

samples were cut, and a cross-sectional evaluation was carried out.  

 

Figure 4–6 Reinforcement procedure of the dendritic porous Cu (deposited at 1.5 A cm-2 for 60 s) 
with a) no reinforcement b) 5 min, c) 30 min, d) 60 min, and e) 120 min Cu deposition time at 
current densities of -20 mA cm-2. The photographs show the samples before and after the 
reinforcement procedure. 
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Figure 4–7a shows two different morphologies between the bottom region and top region 

of the porous layer. Despite the long duration of the reinforcement procedure, the bottom 

part of the sample still consists of dendrites. This might be caused by the low diffusion of 

the Cu ions to the small inner pores at the bottom region near the flat Cu substrate. The 

top part of the porous layer is more exposed to the electrolyte and therefore, is accessible 

to a higher concentration of Cu ions. Because most of the Cu ions are being reduced to Cu 

metal on the top region, the diffusion of the Cu ions to the inner pores becomes relatively 

low and could not replenish the depleted Cu ions resulting in no reinforcement of the 

dendrites even after a long electrodeposition time.  

On the other hand, the weak structural integrity at the bottom region allows the sample 

to be further developed to obtain a free-standing porous Cu framework. The reinforced 

porous layer was separated easily from the flat Cu substrate by using the ultrasonication 

method (see section 3.1.2). The weak and delicate dendritic structures disintegrated 

during the ultrasonic process, and the compact pore walls at the top region, which are 

more mechanically stable, can withstand the intense agitation in the ultrasonic bath. The 

interconnected pore tunnels that were observed previously at the interface between the 

porous Cu layer and the flat Cu substrate are also absent on the free-standing porous Cu 

(Figure 4–7a, and b).  

 

Figure 4–7 Morphological comparison of a) a substrate-bound and b) free-standing porous Cu 
frameworks electrodeposited at -1.5 A cm-2 for 60 s and reinforced at -20 mA cm-2 for 120 min (for 
detail see section 3.1.2). c) Sample photographs of the free-standing porous Cu. The top image 
shows the cross-section of the samples (side view), and the bottom part shows the surface 
morphology (top view) 
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The ultrasonic process successfully removed the dendritic Cu layer consisting of those 

interconnecting pore tunnels and created single through pores. The cross-section SEM 

images also reveal that the thickness of the porous Cu layer was reduced by ~32% (from 

∼250 µm for the substrate-bound sample to ∼170 µm for the free-standing sample) after 

the lift-off procedure from the flat Cu substrate. The average diameter of the pore size 

was then estimated from the top-view SEM image of the free-standing porous Cu, which 

is between 60 µm and 110 µm. 

By extending the reinforcement time up to 300 min (Figure 4–8a-d), there was no 

significant decrease in the size of the pores, which indicates that the deposition of Cu is 

predominantly occurring at the top surface. Moreover, the effortless separation of the 

porous Cu framework from the substrate by ultrasonication implies that the long 

reinforcement duration does not change the diffusion of the Cu ions into the 

interconnecting pore tunnels. The surface morphology varies significantly from 180 min 

reinforcement time, and a cauliflower-like structure can be observed from those samples. 

The reinforcement procedure (section 3.1.2) was also implemented on various dendritic 

porous Cu samples that were deposited at -1.5 A cm-2 with shorter electrodeposition 

times between 2 and 30 s (Figure 4–4). In this case, the reinforcement time was set for 

120 min. The samples deposited below 20 s could not be separated from the substrate by 

ultrasonication. This might be influenced by the relatively thin layer of the porous 

structure that allows the Cu ions to diffuse better into the inner pores and making a 

stronger adhesion with the flat Cu substrate. Starting from 30 s deposition time, the 

samples are relatively thicker and consist of the interconnecting pore tunnels which are 

still in the dendrites from after the reinforcement. Therefore, these samples can be easily 

separated from the flat Cu substrate by ultrasonication and form a free-standing porous 

Cu framework.  

To determine the mechanical stability of the free-standing porous Cu during water 

splitting, the same hydrogen evolution experiment as explained in section 4.1 was 

conducted on the sample reinforced with 120 min. After 2 min, there were no traces of 

Cu residues, and the sample does not lose any mass. This improvement of the mechanical 

stability provides a stable surface to deposit photoactive material for the PEC water 

splitting application (see section 4.3).  
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Figure 4–8 Reinforcement procedure of the dendritic porous Cu layer with a)120 min, b) 180 min, 
c) 240 min, and d) 300 min. Ultrasonication was performed on all samples to separate the porous 
layer from the flat Cu substrate. 

4.3 Electrodeposition of Cu2O film 

Cyclic voltammetry (CV) measurement was carried out to analyze the electrochemical 

reactions occurring in the alkaline bath (pH ~12) and determine the reduction potential 

of Cu2O. Figure 4–9 shows the cyclic voltammogram of the reinforced porous Cu substrate 

in the alkaline bath. The voltammogram shows two distinct reduction peaks located at 

potentials of -0.39 V vs. Ag/AgCl (sat. KCl) and -0.65 V vs. Ag/AgCl (sat. KCl), which 

belong to the reduction of the Cu ions to Cu2O and Cu metal, respectively. It can be 

observed that the current density near the scanned potential of~-0.4 V vs. Ag/AgCl 

(sat. KCl) decreases significantly with the increasing cycle numbers, especially from the 

first cycle to the seventh cycle. The reaction seems to be saturated after the eighth cycle, 
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which indicates a slower deposition rate. This behavior can be related to the 

semiconductor properties of the Cu2O. The increasing thickness of the Cu2O film lowers 

the sample conductivity and therefore slows down the electrodeposition rate.  

 

Figure 4–9 Cyclic voltammogram of the reinforced porous Cu substrate (at -1.5 A cm-2, 60 s – 
reinforced for 120 min) in alkaline Cu bath (pH ~12) with constant bath temperature of 60°C 
recorded with a scan rate of 20 mV s-1 and 20 cycles. The arrow which points upward indicates 
the movement of the cathodic peak with increasing cycle number. 

Two oxidation peaks were also visible in the voltammogram. The oxidation peak 

at -0.4 V vs. Ag/AgCl (sat.  KCl) belong to the oxidation reaction of the Cu metal (Cu0) to 

Cu1+, whereas the oxidation peak after -0.1 V vs. Ag/AgCl (sat.  KCl) refers to the further 

oxidation reaction of the Cu1+ to Cu2+ ions. The oxidation peak at -0.4 V vs. Ag/AgCl 

(sat.  KCl) only appear when the reduction peak at -0.65 V vs. Ag/AgCl (sat.  KCl) occurs. 

This was verified by stopping the scanned potential at -0.5 V vs. Ag/AgCl (sat. KCl) which 

shows no oxidation peaks. Based on the Nernst equation (Eq. 4), every change of the pH 

will shift the electrochemical potential by 59 mV. Therefore, it is essential to keep the pH 

of the alkaline bath constant. Evaporation of the electrolyte can change the Cu 

concentration and thus must be avoided. The electrodeposition potential of 

~-0.4 V vs. Ag/AgCl (sat.  KCl) at pH 12 provides a consistent and homogenous Cu2O layer. 

Therefore, it will be used for all electrodeposition on various substrates.  
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4.3.1 Deposition of Cu2O film on planar substrates 

4.3.1.1 Growth mechanism of Cu2O film  

The electrodeposition of Cu2O film on different planar surfaces was performed to study 

the effect of the substrate on the growth mechanism of the Cu2O. The geometry of the 

planar substrates allows an accurate analysis of the crystal planes and orientations by 

XRD. The Cu2O film was deposited on Au and Cu substrates with different crystalline 

properties. The planar Au substrate was prepared using thermal evaporation that 

deposits 200 nm of Au film on a Si wafer. The Si wafer was coated with 5 nm of Cr to 

improve the adhesion of the Au layer. This method is known to produce a preferred [111] 

oriented crystallite with a highly smooth surface[108]. On the other hand, the planar Cu 

substrate with a polycrystalline structure was obtained by cutting a high purity copper 

rod (99.9%) into a Cu coin with a diameter of 27 mm and a thickness of 2 mm. The crystal 

orientation and the facet of the Cu2O crystal play an essential factor in improving the PEC 

water splitting performance[109]. 

 

Figure 4–10 AFM images of electrodeposited Cu2O film on a) flat Cu coin and b) 200 nm of Au 
plated Si wafer. The 200 nm Au layer was deposited on a Si wafer by a thermal evaporation 
method. The Cu2O film on both substrates is electrodeposited at -0.4 V vs. Ag/AgCl (sat. KCl) in the 
alkaline Cu bath for 30 min with a constant bath temperature of 60°C.  

The Cu2O films were electrodeposited on the Au and Cu substrates for 30 min, using the 

same procedure described in section 3.2. Figure 4–10 shows the morphology of the 

deposited Cu2O film on the two planar substrates. The Cu2O grains on Cu offer different 

crystalline shapes and sizes than the deposited Cu2O on the Au. A large Cu2O crystal that 

consists of a triangular prism shape (see section 2.3 and Figure 2–6) with a grain size of 

~2 µm can be clearly observed from the sample on the Cu substrate (Figure 4–10a). In 

contrast, the Cu2O crystals on the Au substrate are made of a three-sided pyramidal 
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structure typical for the Cu2O crystal grown in [111] direction. The size of the grains 

varied widely between ~300 nm and ~1 µm for the sample on the Au substrate. This 

variation might be influenced by the grain size of Au, which affects the nucleation and 

generates an epitaxial growth of the Cu2O crystals. From the AFM analysis, the root mean 

square roughness, was 98 and 144 nm for the Cu and Au substrates, respectively. 

Figure 4–11 shows the XRD patterns of the deposited Cu2O on Au and Cu substrates. The 

composition and the crystalline phase of the materials were obtained by identifying the 

peak positions on the XRD patterns and indexing them using the international center for 

diffraction data (ICDD) database. The sample deposited on the Au substrates shows four 

reflections that belong to the crystal planes of Cu2O and Au. Three crystal planes of (111), 

(311), and (222) were identified for the Au, whereas the Cu2O showed only one (111) 

peak. Two dominant peaks can be observed, which belong to the (111) planes for both 

the Cu2O and Au. The absence of other crystal planes with different (hkl) reflections for 

both the Au and Cu2O suggests that the film is grown in a single preferred orientation 

[111]. This result agrees with the morphology of the Cu2O crystal on Au (Figure 4.10b), 

revealing three-sided pyramidal features typical for a cubic lattice with [111] growth 

direction.  

 

Figure 4–11 X-ray diffractogram of the electrodeposited Cu2O film on planar Au and Cu substrates. 
The Cu2O film was electrodeposited at -0.4 V vs. Ag/AgCl (sat. KCl) in an alkaline Cu bath for 30 
min on both substrates. All XRD patterns undergo the Kα2 removal process using the Diffrac 
evaluation software from Bruker.  
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The Cu2O on Cu, on the other hand, shows a polycrystalline structure. The Cu substrate 

shows four reflections which belong to the (111), (200), (220), and (311) planes, whereas 

the Cu2O has only three peaks which index to the (110), (111), and (220) planes. Although 

the peak for the (200) plane of the Cu was more dominant, no traces of the (200) plane of 

the Cu2O are visible. This behavior is likely due to the influence of the pH of the alkaline 

copper bath. Some reports show that the Cu2O film deposited at higher pH (>10) produces 

Cu2O with preferred crystal orientation of [111] and [110], whereas, at lower pH <~9, the 

crystal was dominated with [100] crystal orientation [76]. The formation of [100] 

oriented crystals was likely suppressed at higher pH due to the different surface charges 

due to the low absorption of the hydroxide ions and kinetics [110–114]. Nevertheless, the 

crystalline structure of the substrate shows a substantial impact on the growth direction 

between the [111] and [110] when deposited at the same high alkalinity bath. Therefore, 

it is also essential to modify the substrates’ crystalline structure to tune the growth 

orientation of the Cu2O film.  

To tune the crystal orientation of the deposited Cu2O, a capping agent such as HMT is 

added to the alkaline copper electrolyte. The influence of this capping agent was 

investigated by changing the concentrations of HMT in the electrolyte to produce 

different Cu2O samples on a planar Cu substrate. The report by Marimon et al [104] shows 

that based on the RTC values, the texture changed significantly from previously more 

dominant [110] to the [100] orientation at higher HMT concentration. The RTC value of 

[110] decreases about ~24 % while the [100] increases up to~38 % with 860 mM HMT. 

The [111] orientation was affected by the high concentration of HMT, which reduces the 

RTC value from 14 to 4 %. However, due to the inconsistent preferred orientation of the 

polycrystalline structure of the planar Cu substrate, it was challenging to clearly 

determine the influence of HMT, especially at the lower concentration on the phase 

transition between the [110] and [111] orientation. The significant transition of the 

crystal orientation with a high concentration of HMT shows that the capping agent can 

assist the electrodeposition process and control the crystal orientation of the Cu2O film 

without changing the crystalline properties of the substrate or altering the pH of the bath.  

4.3.1.2 Thickness evaluation of the Cu2O film 

The electrodeposition method allows control of the Cu2O film thickness by adjusting the 

deposition time. The thickness of the electrodeposited Cu2O can be evaluated from the 
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total charge obtained during the deposition process. Samples with different thicknesses 

were deposited on planar Cu substrates, with a geometric area of 1 cm2. The total charge 

was extracted by applying an integral to the current transient curve using the EC lab 

software. At least three samples were evaluated for each deposition time to obtain an 

accurate analysis of the thickness (error bar shown in Figure 4–12). The mass was 

calculated from the total charge using the Faraday equation (Eq. 28), where n is 2 

(number of electrons needed for the reaction). The current efficiency for the 

electrodeposition of Cu2O in the alkaline electrolyte is 100 %, according to Eskhult et al. 

[36]. The calculated mass was then divided by the Cu2O density (6 g cm-3) and the 

geometric surface area to obtain the thickness of the Cu2O films.  

 

Figure 4–12 Estimated Cu2O film thickness using Faraday law with 100 % current efficiency from 
the total charge obtained at different deposition times. The mass of the deposited Cu2O is 
calculated using the Faraday equation (Eq. 28).  

Figure 4–12 shows that the thickness of the deposited Cu2O films increases with the 

deposition time. Significant thickness variation can be observed, especially for shorter 

deposition (5- 20 min). After 30 min, the film thickness increases at a slower rate and 

reaches a plateau at a deposition time of 50 min. To further evaluate the thickness of the 

Cu2O film, a cross-sectional SEM analysis was performed on the samples deposited at 5, 

30, and 60 min (Figure 4–13).  
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The cross-sectional analysis shows that the Cu2O film increases from ~0.5 to ~3 µm for 

the samples deposited between 5 min and 60 min, which is similar to the calculated 

thickness from the total charge (Figure 4–12). The thickness of the Cu2O samples 

deposited between 5 and 30 min increases about four times, whereas after 30 min 

deposition time, the thickness change becomes less significant. The slight increase of the 

thickness with a longer deposition time is correlated to the potentiostatic 

electrodeposition method and properties of Cu2O as a semiconductor. The conductivity 

of the Cu2O film decreases as the thickness of the film increases, limiting the electron 

transport to the surface and slowing down the electrodeposition process. 

4.3.2 Cu2O on porous Cu frameworks 

The photoactive Cu2O layer was electrodeposited on various porous Cu frameworks 

(dendritic porous Cu (-1.5 mA cm-2, 60 s), reinforced substrate-bound porous Cu, and 

free-standing porous Cu) using the deposition parameters discussed in sections 3.2 and 

4.3. The chronoamperometric curves (Figure 4–14) were normalized by the geometric 

surface area of 1 cm2. The current densities represent the growth rates of the Cu2O film, 

and the thickness determination discussed in section 4.3.1. The electrodeposition process 

begins with the nucleation of the Cu2O crystals on the conductive Cu surface and is 

followed by the crystal growth to form a film layer that covers the whole substrate. The 

current transient for the deposition on a pristine Cu surface usually starts with a high 

value of the current density that slowly decreases over time as the surface becomes 

gradually covered with the less conductive Cu2O layer. However, the current transient 

curves of the dendritic porous Cu and the reinforced substrate-bound porous Cu in Figure 

4–14a reveal a similar behavior, which reaches a plateau after 15 s.  

 

Figure 4–13 Thickness comparison of the electrodeposited Cu2O film on flat Cu substrates with 
deposition time of a) 5 min, b) 30 min, and c) 60 min. These samples were deposited at -0.4 V vs. 
Ag/AgCl (sat. KCl) in the alkaline copper bath with a constant bath temperature of 60°C. The 
samples were cut using a sharp hand lever scissor.   
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The dendritic porous Cu in its non-reinforced form consists of a ramified structure with 

a large surface area, leading to current densities in the range of -18 to -14 mA cm-2 after 

15 s. On the other hand, the reinforced substrate-bound porous Cu is more compact, 

particularly at the top region, and has a considerably smaller surface area (Figure 4–6e), 

resulting in current densities in the range of -6 to – 4 mA cm-2. For both the dendritic 

porous Cu and the substrate-bound porous Cu, the low diffusion of the Cu ions through 

the ramified structure and the interconnecting pore networks (section 4.2), might be the 

limiting factor in the deposition process.  

 

Figure 4–14 Current transients of a) Cu2O film electrodeposited on different substrates and b) 
Cu2O film on free-standing porous Cu substrates at different deposition times. The blue and black 
curves represent the Cu2O on the dendritic porous Cu and reinforced substrate-bound porous Cu 
substrates, respectively. The red, yellow, and grey curves correspond to the Cu2O on free-standing 
porous Cu substrates. All samples were electrodeposited at -0.4 V vs. Ag/AgCl (sat. KCl) in the 
alkaline copper bath.  

Aside from the other two substrates, the free-standing porous Cu, which is reinforced and 

completely separated from the flat Cu substrate, was exposed to the electrolyte from the 

front and backside. This configuration makes the whole surface, including the inner part 

of the pores, more accessible, resulting in even higher deposition currents than from the 

dendritic porous Cu substrate (Figure 4–14b). The current densities of all the deposited 

samples have a similar trend indicating good reproducibility for the preparation of the 

porous substrates. The current densities increase rapidly at the initial stage and then 

decrease at a slower rate over a long deposition time scale. 
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It can be observed in Figure 4–15a-f that the grains of the Cu2O on the free-standing 

porous Cu surface grow larger with increasing deposition time. The SEM micrograph of 

the 5 min deposited samples (Figure 4–15a) shows a thin layer of small Cu2O grains with 

sizes between 500 and 800 nm. The crystals grow to about 1-1.5 µm after 10 min and 

increase further to 2-4 µm at a longer deposition time. However, after 20 min, no 

significant change in the grain size could be observed. This behavior could be linked to 

the current transient curve of the Cu2O in Figure 4–14b, which shows that the current 

density decreases at a much slower rate after 20 min deposition time due to the 

increasing resistance of Cu2O film. This behavior indicates that the layer morphology and 

the electro crystallization process were strongly influenced by the deposition time.  

 

 

Figure 4–15 Surface morphology comparison of Cu2O films electrodeposited potentiostatically 
at -0.4 V vs. Ag/AgCl (sat. KCl) on the free-standing porous Cu framework for of a) 5, b) 10, c) 20, 
d) 30, e) 40, and f) 60 min deposition time in a Cu citrate bath (pH 12). 
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The thickness of these layers could not be determined directly due to the complex 

morphology of the porous structure. As an alternative, indirect estimation of the layer 

thickness is taken here. Since a potentiostatic electrodeposition method is used to deposit 

the Cu2O on the free-standing porous Cu framework, the upper limit of the achievable 

layer thickness can be expected from the planar Cu2O samples (see section 4.3.1), which 

was deposited using the same deposition configuration and parameters. The thickness 

estimation using the total charge could not be realized due to the undetermined total 

surface area of the porous structure.  

From the cross-sectional SEM analysis, the thickness of the sample with 5-, 30-, and 60-

min deposition time will not exceed ~0.5, ~2, and ~3 µm, respectively. Figure 4–16 

shows high magnification AFM images of the Cu2O film deposited at 5, 20, and 60 min. 

The root mean squared roughness of the free-standing porous Cu2O frameworks is 53.2, 

149, and 165 nm 5-,20-and 60- min deposition time, respectively. From these roughness 

values, the surface area is estimated to have an increase of 17 % (5 min), 35.7 % (20 min), 

and 41.3 % (60 min). The longer deposition time generates more significant surface 

roughness which is influenced by the grain size of the Cu2O crystal. After 20 min of 

deposition time, the change of the surface roughness becomes less significant. 

Figure 4–17 shows the XRD patterns of the Cu2O samples deposited at different 

deposition times. The diffraction peaks can be assigned to bulk Cu2O (JCPSDS 01-077-

0199), with the most intense peaks indexed for the (111) plane, followed by the (220) 

and (200) planes. The crystal planes of (111), (200), (220), and (311) from the porous Cu 

substrate (JCPDS 01-085-1326) were also present in the XRD patterns.  

 

Figure 4–16 High magnification AFM images of Cu2O film deposited on free-standing porous Cu 
for a) 5 min, b) 20 min, and c) 60 min with surface roughness Sq of 53.2 nm, 149 nm, and 165 nm, 
respectively. 
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The 5-min deposited sample exhibits five noticeable (hkl) reflections. The small peak at 

36.4°is identified as the Cu2O (111) plane, and the four remaining peaks belong to Cu 

substrate with the two most dominant peaks indexed as (111) and (200). As the 

deposition time increases (20-min and 60-min samples), new peaks that were identified 

for the Cu2O (200) and (220) planes have emerged. Moreover, the peak intensity of the 

Cu2O (111) planes has increased significantly while the intensity of the Cu (111) 

gradually decreases. This change of the intensity is likely due to the increasing Cu2O layer 

thickness. The full-width at half maximum (FWHM) of the (111) peak, which belongs to 

the 5-,20-, and 60 min samples, decreases progressively from 0.44 to 0.41° and finally 

0.35°, respectively. The crystallite size was estimated to be 22, 24, and 28 nm using the 

Scherrer equation [115].  

 

Figure 4–17 XRD patterns of Cu2O films deposited on free-standing porous frameworks at different 
deposition times. All patterns underwent the Kα2 removal process using the Diffrac evaluation 
software from Bruker. The identified crystal plane for both Cu2O and Cu is placed in the graph 
with the text color of black and yellow, respectively.   

The investigated samples do not show any reflections for cupric oxide (CuO), thus 

confirming the suitability of the electrodeposition method for producing pure Cu2O layers. 

Unfortunately, due to the complex structure of the porous structure, the preferred 

orientation of the Cu2O crystals could not be determined. The XRD was performed with 
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the Bragg-Brentano configuration, which extracts the crystal plane's information parallel 

to a planar surface. The free-standing porous Cu2O samples, however, consist of not only 

the planar surface on top but also tilted and vertical surfaces at the inner pore walls. As a 

result, the samples exhibit a powder-like behavior not because of the intrinsic different 

crystal plane orientations but due to the morphology of the porous Cu framework, which 

makes the quantitative determination of the crystal growth orientation of the Cu2O rather 

challenging. An indirect correlation of the crystal orientations on the PEC performance 

for this porous Cu substrate was reported by Marimon et.al [104].  

 

Figure 4–18 Raman spectra of Cu2O film on free-standing porous Cu frameworks deposited at 
different durations. the peak positions are placed at the top part of the graph.  

The material composition of the samples was further confirmed by Raman spectroscopy. 

A Cu2O crystal has a cubic lattice that consists of six atoms in a primitive unit cell and 

belongs to the Pn-3m space group. Based on this structure, it possesses fifteen optical 

phonon vibrations that are grouped into six different modes at the Brillouin zone center, 

which are classified in Eq. 29. 

Γ = 𝑇2𝑔 + 2𝑇1𝑢 + 𝑇2𝑢 + 𝐸𝑢 + 𝐴2𝑢 (29) 

Or alternatively described in other literature as Eq. 30. 
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Γ = Γ25
′3 + 2 Γ15

3 + Γ25
3 + Γ12

2 + Γ2
1  (30) 

The phonon mode of 𝑇2𝑔  is Raman active, and the two 𝑇1𝑢  phonon modes are infrared 

(IR) active. In a perfect Cu2O crystal, these modes should be present while the other 

phonon modes (𝑇2𝑢 , 𝐸𝑢 , and 𝐴2𝑢  ) are silent. However, the non-stoichiometric Cu2O 

crystal defects such as vacancies may activate the silent modes together with the 

forbidden phonon modes, which have been reported in the literature [103, 116–118]. 

Additionally, multi-phonon processes can also be present in the Raman spectra of a Cu2O 

crystal [119].  

Figure 4–18 shows the Raman spectra of the Cu2O films on the free-standing porous Cu 

frameworks for different deposition times. Several prominent Raman peaks which belong 

to the Cu2O crystal at 148, 218, 412, and 645 cm-1 are present for all the samples. The 

peaks at 148 and 645 cm-1 are assigned to the two 𝑇1𝑢 phonon modes which are IR active 

[120]. The intense peak at 217 cm-1 and the broad peak at 412 cm-1 belong to the second-

order Raman active overtones of 2𝐸𝑢 [121, 122] and the multi-phonon process (3𝐸𝑢+𝑇2𝑢) 

[123], respectively. For the 5- and 60-min samples, a small bump at 520 cm-1 is also 

visible which belongs to the Raman active mode of 𝑇2𝑔.  

The intensity at 148 cm-1 is gradually decreasing with increasing deposition time, and the 

peak at 109 cm-1 has also slowly become more visible. A report made by Powell et al. 

shows that the peak at 148 cm-1 increases significantly after inducing the Cu2O crystal 

with ion implantation [124]. The external ion caused damage in the crystal lattice and 

triggered the relaxation of symmetry selection rules or lattice symmetry breakdown, 

increasing the intensity of the Raman spectra at 148 cm-1. In our case, the increasing peak 

intensity at 148 cm-1 is likely influenced by the defects such as copper vacancies or 

oxygen vacancies [117, 123, 125, 126] in the crystal lattice during the electrodeposition 

process.  

The peak at 148 cm-1 of the 20-and 60-min samples has similar and relatively low 

intensity while the 5-min sample has the highest intensity. This variation in the 

intensities shows that a shorter deposition time (5 min-sample) is expected to create a 

higher number of defects in the crystal lattice. The existence of these defects is related to 

the increase of the hole concentration of the Cu2O samples will be shown in the flat band 

potential 
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-Schottky analysis (section 4.5). Figure 4–19 shows the photoluminescence spectra of the 

free-standing Cu2O framework deposited at different durations. All spectra of the samples 

show very similar characteristics, with the peaks of the emission band centered at a 

photon energy of 1.45 eV. A tiny peak can also be detected at the emission band of 2 eV, 

which belongs to the direct bandgap luminescence of the Cu2O.  

The broad peaks located between the photon energy of 1.2 eV and 1.8 eV are probably 

comprised of several emission bands due to the combination of different types of defects 

in the crystal lattice. Several publications have reported that the region of the relax 

excitons for oxygen and copper vacancies is located between ~1.05 eV and ~1.96 eV [127, 

128]. The emission bands triggered by the copper vacancies usually appear at photon 

energy below 1.52 eV. In comparison, the bands caused by the oxygen vacancies occur at 

higher photon energies between 1.72 eV and 1.96 eV [128].  

 

Figure 4–19 Photoluminescence spectra of the Cu2O on free-standing porous Cu frameworks. The 
blue, yellow, and grey curves belong to the free-standing porous Cu2O samples electrodeposited 
at -0.4 V vs. Ag/AgCl (sat. KCl) in an alkaline copper bath for 5, 20, and 60 min, respectively.  

The highest peak located at 1.45 eV for all samples is most likely due to the recombination 

of bound excitons at the copper vacancies(𝑉𝐶𝑢) [113]. The stable position of the peak 

indicates that all Cu2O on the free-standing porous Cu samples have a similar type of 

defects in their crystal lattice. It can also be observed that the luminescence intensity of 

the samples increases with increasing deposition time. This characteristic is probably 
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triggered by the different Cu2O film thicknesses obtained at different durations (see 

above and section 4.3.1). 

The electrodeposited Cu2O films have been reported to have many defects [122, 129, 130]. 

The ratio between copper and oxygen vacancies varies significantly depending on the 

electrodeposition parameters such as the pH and the bath temperature. In this work, the 

electrolyte and all the electrodeposition parameters, besides the deposition time, were 

kept constant, and therefore, the same crystal quality could be preserved.  

4.4 Optical characterization of the Cu2O on the porous Cu 

frameworks.  

The diffuse reflectance of the 5-min sample shows a different characteristic compared to 

the other two samples that were electrodeposited with 20 and 60 min (Figure 4–20a). 

This behavior is likely triggered by the different thicknesses of the Cu2O films that affect 

the light absorption. The 5-min Cu2O sample has a thickness of ~500 nm (see section 4.3). 

This relatively thin layer allows the light to pass through the whole film and be absorbed 

by the Cu substrate. Cu metal is known to absorb the light in the green and blue region 

(2.19 eV-2.75 eV), giving its red-orange color[131]. The influence of the Cu substrate can 

be seen in the reflectance spectrum of the 5-min sample, which shows two different 

slopes located between the photon energy of ~2 eV and ~2.6 eV. On the other hand, the 

20- and 60- min Cu2O samples with film thicknesses of ~2 µm and ~3 µm, respectively, 

possess only one slope between ~2 eV and ~2.2 eV. Furthermore, the % reflectance of 

the 20- and 60-min samples is much lower than the 5-min sample, implying that more 

light is absorbed in the thicker Cu2O film.  

The optical bandgap energies of the different Cu2O samples were determined using the 

Kubelka-Munk function (Eq. 24) with the diffuse reflectance data to obtain the Kubelka-

Munk absorption coefficient. The Tauc plot was then constructed based on the correlation 

between the Kubelka-Munk absorption coefficient and the photon energy (Figure 4–20b), 

which enabled the extrapolation of the linear region to the abscissa to estimate the 

bandgap energies (see section 3.3.3).  



Results and discussion | 60 
 

Both the 20- and 60-min Cu2O samples have one noticeable slope, which lies almost at 

the same position, while the 5-min sample has two slopes. Similar to the reflectance result, 

the steep slope at the higher photon energy of the 5-min sample is likely due to the 

influence of both the translucent thin Cu2O film and the absorption of the light by the Cu 

substrate. The extrapolation of the linear fit to the abscissa reveals that all the free-

 

Figure 4–20 Optical characterization using a) UV-Vis diffuse reflectance spectra and b) Tauc plot 
with the Kubelka-Munk function of the free-standing porous Cu2O samples with different 
deposition times. The black, yellow, and grey symbols represent the free-standing porous Cu2O 
samples electrodeposited at -0.4 V vs. Ag/AgCl (sat. KCl) in the alkaline copper bath for 5, 20, and 
60 min, respectively.  
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standing porous Cu2O samples have nearly identical bandgap energies of ~2 eV, which 

agrees with the literature [132]. This result is to be expected as the Cu2O samples were 

prepared using the same electrolyte and deposition parameters such as the pH, bath 

temperature, and the applied voltage. 

 

 

Figure 4–21 Transmittance spectra of a) electrodeposited Cu2O films on a free-standing porous 
Cu framework (-1.5 A cm-2 for 60 s and reinforced at 20 mA cm-2 for 120 min) with different 
durations and b) 5-min Cu2O film on various free-standing porous Cu samples with different pore 
sizes. The black, yellow, and grey symbols belong to the Cu2O samples deposited 
at -0.4 V vs. Ag/AgCl (sat. KCl) for 5, 20, and 60 min, respectively, on a free-standing porous Cu 
framework. The green, red and blue symbols belong to the Cu2O samples deposited for 5 min on 
various free-standing porous Cu deposited at -1.5 A cm-2 for 30, 40, and 50 s, respectively.  
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The transmission spectroscopy was performed on the various free-standing porous Cu2O 

samples to investigate the porosity of the porous structure. In this case, the light can be 

fully transmitted due to the through pores Cu. Figure 4–21a shows the transmission 

spectra of the Cu2O film on the free-standing porous Cu samples deposited at different 

durations. The free-standing porous Cu frameworks were fabricated using the same 

electrodeposition parameters and deposition time (-1.5 A cm-2 for 60 s and further 

reinforced at 20 mA cm-2 for 120 min) and therefore is expected to have a similar 

structure. The 5-min deposited sample has the highest overall transmittance of ~23 %, 

and as the deposition time increases to 20- and 60-min, the transmittance slightly 

reduces to ~21 and ~20 %, respectively. The decrease in the transmittance is caused by 

the increasing Cu2O film thickness described in the previous sections. The thicker Cu2O 

film reduces the inner pores and thus decreases the transmittance. 

Various free-standing porous Cu substrates were fabricated to investigate the influence 

of the pore size on the transmittance. The pore size of the porous Cu frameworks can be 

tuned by adjusting the deposition time during the fabrication of the dendritic porous Cu 

structure (section 3.1.1). After 30 s of deposition time, the porous Cu can be separated 

from the flat Cu substrate and form a free-standing porous Cu framework. Figure 4–21b 

shows the different transmission spectra of the Cu2O film electrodeposited for 5 min on 

various free-standing porous Cu frameworks with varying pore sizes. The short 

deposition time of 30 s has low transmittance of ~14 %, and the value increases to 16, 22, 

and 23 % for the sample deposited with 40, 50, and 60 s, respectively. 

This trend indicates that as the deposition time for the dendritic porous Cu increases, the 

pore size becomes larger and increases transmittance. The transmittance data can be 

directly correlated to the porosity due to the through-pores structure. The tunable 

transmittance features allow the porous samples to be used in a tandem system. The 

porous Cu2O samples that are used as the photocathode can be placed in front of a 

photoanode that can harvest the transmitted light in a full cell configuration or dual 

photocathode configuration, as reported by Niu et al. [133]. 
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4.5 Determination of flat band potential and charge carrier density by 

Mott-Schottky analysis 

 

Figure 4–22 Mott-Schottky plots of deposited Cu2O films on free-standing porous Cu framework 
(dendritic porous Cu deposition for 60 s and reinforced with 120 min) for a) 5, b) 20, and c) 60 
min deposition time at various frequencies in 0.5 M Na2SO4 (pH ∼6). 

Mott-Schottky (MS) analysis was conducted at 30, 40, 50, and 63 kHz to determine the 

flat-band potential and the charge carrier density of the free-standing porous Cu2O 

samples that were electrodeposited for 5, 20, and 60 min. The MS plots shown in Figure 

4.22 confirmed that the deposited Cu2O film is a p-type semiconductor due to the negative 

slope between the high plateau (depletion region) and low plateau (accumulation region) 

of the plots. At the various frequency range, the Mott-Schottky plot for each Cu2O sample 

lies at almost the same position, which indicates the measurement range is stable and no 

indication of the influence of double-layer capacitance. The squared reciprocal of space 

charge capacitance (C-2) for the Cu2O samples becomes larger as the electrodeposition 
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time increases, which might be related to the charge carrier densities. It has been 

reported that a small value of C-2 provides a higher charge carrier density [134, 135]. 

The flat-band potential and the hole concentrations (Figure 4–23) were extracted using 

Eq. 26 in section 3.3.4. The average flat-band potential lies between ~0.625 ± 0.002 V 

vs. RHE for the 5-min sample and ~0.65 V ± 0.005 vs. RHE for the 60-min sample, as was 

shown in Figure 4–23a, which is in agreement with the reported values (~0.65 V vs. RHE) 

of highly catalytic Cu2O nanowires [29]. With the bandgap energies of 2 eV(Figure 4–20b), 

these potential values placed the conduction band edge of the electrodeposited Cu2O film 

at approximately ~-0.75 ± 0.15 V more negative than the HER potential.  

The overall surface area of the Cu2O samples should be measured to determine the charge 

carrier density accurately. Unfortunately, due to the limitation of the experimental 

procedure, the overall surface area of the free-standing Cu2O frameworks could not be 

determined. Therefore, an indirect approach is taken here to estimate the change of the 

surface areas of the Cu2O samples by using the roughness increase due to the different 

crystal grains and include it in the calculation. The free-standing porous Cu frameworks 

were deposited using the same electrodeposition parameters, and they are expected to 

have the same structures. This can be concluded from the chronoamperometric curve in 

Figure 4–14b, which shows overlapping reproducible current transients suggesting that 

the surface area of all underlying porous Cu substrates is similar.  

Figure 4–23 Evaluation of a) the flat-band potential (Efb) and b) the hole concentrations (Na) from 
the Mott-Schottky plots at different frequencies. The black square, red circle, and blue triangle 
represent the free-standing porous Cu2O sample deposited at -0.4 V vs. Ag/AgCl (sat. KCl) in the 
alkaline copper bath for 5, 20, and 60 min, respectively. 
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Since the surface of the free-standing porous Cu does not vary significantly, the variation 

of the surface area of the Cu2O film on the free-standing porous Cu samples mostly comes 

from the different surface roughness due to the grain size variation on the surface. AFM 

was performed to investigate the surface roughness (Figure 4–16 and section 4.3.2). The 

roughness factor of the Cu2O sample deposited for 5, 20, and 60 min is estimated to be 

1.17, 1.36, and 1.41, respectively. The charge carrier densities were calculated by 

including the roughness factor to the surface area (geometric surface area of all samples 

is 1 cm2) in Eq 26. Hole concentrations of 4.9 × 1018, 3.9 × 1017, and 2.5 × 1017 cm-3 for the 

samples with 5-, 20-, and 60-min deposition time were obtained (Figure 4–23b). As for 

the flat band potential, the influence of the various frequencies on the charge carrier 

densities is relatively small, indicating that the selected frequency range is suitable for 

the estimation of the acceptor level of the semiconductor.  

While the average flat-band potential variation is minor among the three samples over 

the investigated range of the frequencies, the charge carrier densities vary more strongly. 

Especially for the 5-min deposited samples, a significant increase of a hole concentration 

of ~4.9 × 1018 cm-3 could be observed. This large hole concentration might be influenced 

by several factors, such as a higher number of crystal defects as was shown by the Raman 

spectroscopy, smaller Cu2O crystals, and the lower layer thickness, which influences the 

bulk conductivity of the film. An increased hole concentration plays an important role to 

improve the overall performance of the PEC water splitting.  

4.6 Photoelectrochemical performances of the Cu2O samples 

4.6.1 Cu2O on flat Cu substrates 

The LSV measurement was conducted in 0.5 M Na2SO4 under chopped illumination from 

the solar simulator. The electrodeposition time was gradually increased to obtain various 

Cu2O samples on planar Cu substrate with different thicknesses, as mentioned in 

section 4.3.1. 

Figure 4–24a shows the LSV polarization curve of the Cu2O film that was deposited at 

different deposition times. The measurement was scanned from 0.45 to -0.1 vs. RHE. The 

photocurrent (current during illumination) gradually increases with decreasing applied 

voltage. In contrast, the dark current (current without illumination) stays constant 

until -0.05 V vs. RHE and increases slightly. The photocurrents of all samples remain 
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comparable between 0.45 V and 0.2 V vs. RHE. However, below 0.2 V vs. RHE, the 

photocurrents start to vary, which is likely caused by the different thicknesses of the Cu2O 

films. The highest overall photocurrents were obtained for the much thinner films of 5- 

and 10-min. In contrast, the thicker films deposited with 40, 50, and 60 min have low 

overall photocurrents throughout the entire scanned voltage.  

To provide a better comparison for the different Cu2O samples, the photocurrents and the 

dark currents at 0 V vs. RHE (HER potential) were plotted against the deposition time 

 

Figure 4–24 a) LSV polarization curve of Cu2O films on planar Cu substrates deposited at various 
deposition times and b) Comparison plot of the absolute current densities at 0 V vs. RHE versus 
the deposition time. The measurement was performed in 0.5 M Na2SO4 (pH ∼6) under chopped 
illumination with a scan rate of 5 mV s-1. The black, red, green, blue, cyan, purple, and orange 
curves represent various planar Cu2O samples deposited at -0.4 V vs. Ag/AgCl (sat. KCl) for 5, 
10,20,30, 40, 50, and 60 min, respectively. The black square and red circle symbols represent the 
photocurrent and dark current, respectively, at 0 V vs. RHE for various planar Cu2O samples. 
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(Figure 4–24b). While the dark currents are constant for all the samples, a linear decrease 

of the photocurrent between the Cu2O sample deposited for 5 min and 40 min can be 

observed. The photocurrents of the sample deposited with longer than 40 min seem to 

have reached a plateau. Although a thicker Cu2O film is required for efficient light 

absorption, the short electron diffusion length of the Cu2O combined with a longer travel 

distance of the electron to the surface causes higher recombination rates which leads to 

an inefficient charge separation [15, 16]. Therefore, low photocurrents were obtained for 

the samples with a thicker Cu2O film.  

The highest photocurrent of -1.25 mA cm-2 was measured for the sample with 5 min 

deposition time. The thinner film thickness of the 5-min sample with presumably high 

electrical conductivity allows the electrons to travel to the surface more quickly, thus 

giving a high photoelectrochemical performance. On the other hand, the 40-, 50-, and 

60-min samples with film thicknesses above 2.75 µm are likely to have low electrical 

conductivity and have a higher rate of charge carrier recombination, limiting the 

movement of the electron to the surface.  

4.6.2 Cu2O on porous Cu substrates 

Figure 4–25a shows the LSV measurement with a scan rate of 5 mV s-1 under chopped 

illumination of the Cu2O films deposited on various Cu substrates (planar Cu, dendritic 

porous Cu, reinforced substrate-bound porous Cu, and free-standing porous Cu 

framework). Figure 4–25b shows the LSV measurement of Cu2O films obtained at 

different deposition times on the free-standing porous Cu frameworks.  

The Cu2O deposited on the flat Cu, which has a photocurrent of ~-1.25 mA cm-2 at 

0 V vs. RHE under illumination. A significant increase in the overall current density can 

be observed for the sample with the dendritic porous Cu substrate. However, this 

increase is mainly generated by the undesirably high dark current. In our opinion, there 

are two possible main reasons why the dark current of the dendritic porous Cu2O sample 

is higher than the reference sample. 1) The dendritic porous Cu2O sample exposes a much 

higher surface area than that of the flat Cu2O sample, and therefore it enhances the 

electrochemical reduction process of the Cu2O to Cu. 2) The deposition of Cu2O on the 

dendritic porous Cu substrate is likely to be non-uniform, and much thinner Cu2O layers 

are expected to be deposited at the complex interconnecting pore network due to the low 
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diffusion of the Cu ions. This transport limitation of the Cu ions can also be detected 

during the reinforcement process of the dendritic porous Cu (see section 4.2) and shown 

in the chronoamperometric curve of Cu2O deposition in Figure 4–14a. The relatively 

thicker layers of the Cu2O films are less prone to the reduction due to their increased 

electrical resistivity and thus cause a lower dark current. In contrast, the exceptionally 

thin Cu2O layers on the dendritic structures are more reactive, accelerating the reduction 

process resulting in the increasing dark current. 

The two reinforced porous Cu2O samples (free-standing porous Cu2O and substrate-

bound porous Cu2O) in Figure 4–25a, also show higher overall current densities than the 

reference sample (Cu2O on planar Cu). However, the substrate-bound porous Cu2O 

sample shows an increasing dark current, while the free-standing porous Cu2O sample 

has a stable low dark current. The cause for this is probably again the inhomogeneously 

coated dendritic Cu which is still present for the substrate-bound sample at the bottom 

region (see Figure 4–7a). The free-standing porous Cu2O sample, on the other hand, 

reveals a high photocurrent density of -2.25 mA cm-2 at 0 V vs. RHE, which is 80 % higher 

than the photocurrents obtained for the Cu2O on flat Cu while still maintaining a low dark 

current (~-35 µA cm-2).  

These promising results, which the Cu2O synthesis via the thermal oxidation on the 

dendritic porous Cu could not obtain [136] (see Table 1), show that the electrodeposition 

method can stabilize the reduction of Cu2O when deposited on a suitable, high surface 

area substrate. The stabilization of the Cu2O reduction and low dark current is likely 

caused by a high-quality homogenous coating of the Cu2O layer. Furthermore, our results 

also show a significant improvement of both the photocurrent and the dark current 

compared to most of the other bare Cu2O photocathodes prepared on the Cu substrates 

shown in Table 1. However, the Cu2O film on planar Au or FTO substrates shows a slightly 

higher photocurrent due to their preferred crystal orientation in the [111] direction, 

which was reported to improve the PEC performance significantly [92].  
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Figure 4–25 Photoelectrochemical analysis of a) Cu2O film deposited for 5 min on different Cu 
substrates and b) Cu2O film deposited on a free-standing porous Cu with different durations. The 
measurements were done in 0.5 M Na2SO4 (pH ~6) under chopped illumination. The orange, 
black, green, and purple curves belong to the Cu2O sample deposited on flat Cu substrate, free-
standing porous Cu, dendritic porous Cu, and reinforced substrate-bound porous Cu frameworks, 
respectively at -0.4 V vs. Ag/AgCl (sat. KCl) for5 min. The red and blue curves represent the Cu2O 
samples deposited on free-standing porous Cu frameworks for 20 and 60 min, respectively. 

The electrodeposition time of the Cu2O film strongly influences the photocurrent 

densities (Figure 4–25b). As was explained previously regarding the PEC performance of 

the Cu2O on planar samples, the thickness of the Cu2O film has a strong influence on 

enhancing the photocurrent. The short deposition time of 5 min with thinner film 
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thickness shows the highest photocurrents of ~-2.25 mA cm-2 at 0 V vs. RHE, while the 

longer deposition times of 60 min have decreased photocurrent of ~-1.2 mA cm-2.  

Table 1 Comparison of various bare Cu2O photocathodes on their PEC performance.  

Substrate Structure Fabrication 
method 

Electrolyte Photocurrent/ 
dark-current 
(at 0 V vs. RHE) 

Ref. 

Flat Cu Bare Cu2O 
nanowire 

Wet chemistry/ 
Thermal 
annealing 

1 M Na2SO4 ∼-2.08 mA cm-2

/ ∼-0.3 mA cm-2 

[137] 

Cu nanowires Bare Cu2O 
film 

Thermal oxidation 1 M Na2SO4 ∼-0.5 mA cm-2 / 
Close to zero 

[138] 

FTO /Au Bare Cu2O 
film 

Electrodeposition 1 M Na2SO4 ∼-2.4 mA cm-2 / 
Close to zero 

[17] 

FTO Bare Cu2O 
film 

Electrodeposition 1 M Na2SO4 
and 0.1 M 
formic acid 

∼-2.5 mA cm-2 / 
∼-0.25 mA cm-2 

[139] 

FTO Bare Cu2O 
film 

Electrodeposition 0.5 M 
Na2SO4 

∼-0.21 mA cm-2

 / Close to zero 

[107] 

FTO Bare Cu2O 
film 

Electrodeposition 0.1 M 
Na2SO4 

∼-0.58 mA cm-2

 / 
∼-0.2 mA cm-2 

[23] 

Dendritic 
porous Cu 

Bare Cu2O 
film 

Thermal oxidation 0.1 M 
Na2SO4 

∼-2.25 mA cm-2

 /∼-1 mA cm-2 

[136] 

Flat Cu Bare Cu2O 
film 

Electrodeposition 0.5 M 
Na2SO4 

∼-1.25 mA cm-2

 /~-35 µA cm-2  

This 
work 

Free-standing 
porous Cu 
(large pores) 

Bare Cu2O 
film 

Electrodeposition 0.5 M 
Na2SO4 

∼-2.25 mA cm-2

 /~-35 µA cm-2  

This 
work 

Free-standing 
porous Cu 
(small pores) 

Bare Cu2O 
film 

Electrodeposition 0.5 M 
Na2SO4 

∼-2.75 mA cm-2

 /~-35 µA cm-2  

This 
work 

 

After further evaluation of the electronic properties of these samples, even though they 

have comparable bandgaps (~2eV), the result from the Raman spectroscopy (Figure 4–

18) and the Mott-Schottky analysis (Figure 4.23) reveals a significant variation in the 
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number of hole concentrations. This might relate to the high photocurrent density 

obtained from the thin 5-min Cu2O sample (-2.25 mA cm-2), which possesses a high hole 

concentration of 4.9 × 1018 cm-3. Moreover, the insignificant change of the photocurrents 

between the 20 min (-1.5 mA cm-2) and 60 min (-1.25 mA cm-2) samples also correlates 

with the slight variation of the hole concentrations of 3.9 × 1017 and 2.5 × 1017 cm-3, 

respectively. 

Without a protective coating, bare Cu2O is known to have limited stability. The Cu2O 

reduces into Cu metal below 0.46 V vs. RHE which causes the photoactivity of the material 

to degrade [17, 18]. The LSV measurements were repeated three times to investigate the 

chemical stability of the free-standing porous Cu2O samples (Figure 4–26). After the 

second LSV sweep, the photocurrent density of the 5-min deposited sample decreases 

 

Figure 4–26 Repetitive LSV polarization curve of the free-standing porous Cu2O samples 
electrodeposited at a) 5, b) 20, and c) 60 min deposition time. The black, blue, and red curves 
belong to the first, second, and third consecutive LSV measurements of the same free-standing 
porous Cu2O sample.  
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from -2.25 to -1 mA cm-2 at 0 V vs. RHE. In contrast, the photocurrent densities of the 

20- and 60-min samples reduce about 0.75 and 0.5 mA cm-2, respectively.  

The thin Cu2O film of the 5-min sample is more photoactive than the thicker film due to 

the higher hole concentrations and the short diffusion length of the electron to the surface. 

Therefore, the photodegradation rate is much higher for the 5-min sample than the other 

Cu2O samples deposited at 20 and 60 min. After the third LSV sweep, the 

photodegradation rate of all samples seems to have slowed down. From the second to the 

third LSV sweep, the photocurrent density decreases about 0.2, 0.15, and 0.1 mA cm-2 for 

the 5-, 20-, and 60-min samples, respectively. This indicates that the surface of the Cu2O 

film is gradually covered by Cu metal, which prevents the light from being fully absorbed 

by the Cu2O and reduces the photocurrent significantly. The efficiency of the hydrogen 

production and the long-term stability could not be determined at this point due to the 

absence of the protective coatings on the Cu2O samples.  

Figure 4–27 linear sweep voltammogram of the Cu2O film on a planar Cu and two different types 
of free-standing porous Cu substrates. The free-standing porous Cu samples were electrodeposited 
at -1.5 A cm-2 for 30 s (small pores) and 60 s (large pores). Both samples underwent a second 
electrodeposition procedure at -20 mA cm-2 for 120 min.  

Further improvement of the photocurrent was achieved by depositing Cu2O on the free-

standing porous Cu substrate with a smaller pore size (Figure 4–27). The smaller-pores 

framework was deposited at -1.5 A cm-2 for 30 s and was further reinforced with a second 

electrodeposition process using a smaller current density of -20 mA cm-2 for 120 min. The 

pore diameter of the small-pores sample lies between 25 and 55 µm while the large-pores 
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sample has the diameter of the pores ranging from 60 to 110 µm. Using ImageJ software, 

the pore density is estimated to be ~80 pores mm-2 (small-pores) and ~55 pores mm-2 

(large-pores). Using the transmittance spectra in section 4.4, the porosity was estimated 

at 14 % and 23 % for small-pore and large-pore samples, respectively.  

These results suggest that the porosity of the sample is not strongly influenced by the 

pore density but is more related to the pore size diameter and the thickness of the pore 

wall. The low porosity of the small-pore sample provides a higher surface area, thus 

significantly improving PEC performance. This can be observed from the photocurrent 

density of the small-pores sample in Figure 4–27, which is 1.2 times higher than that of 

the Cu2O on flat Cu substrate at 0 V vs. RHE and 0.5 mA cm-2 more than the previously 

reported photocurrent for the large-pores sample.  

 

Figure 4–28 Schematic diagram of a photoelectrochemical cell consisting of the free-standing 
porous Cu2O photocathode (front) and an n-type photoanode (back) in an aqueous electrolyte 
under solar illumination.  

These unique features, such as tunable porosity and the increased photocurrent, make 

the porous Cu2O sample a promising candidate to be used in a tandem system with a 

photoanode in a full PEC cell (Figure 4–28).  
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5 Conclusion and Perspective 

A preparation route was developed to produce Cu2O photocathodes with a high 

photoelectrochemical performance using solely electrochemical deposition processes. 

Various porous Cu substrates were prepared, and the influence of those substrates on the 

electrodeposition process of the Cu2O and their impact on the PEC performance was 

investigated. A stable porous Cu framework can be achieved by employing a two-step 

electrodeposition process followed by an ultrasonication procedure (section 3.1.1 and 

3.1.2).  

In the first step, a dendritic porous Cu structure with a high surface area was 

electrodeposited on a planar Cu substrate using hydrogen bubbles as a dynamic soft 

template to produce the porous structure in an acidic CuSO4 bath. Higher current 

densities (>-1.5 A cm-2) produced more hydrogen bubbles with a high detachment rate 

and improved the pore distribution, increased the interconnecting pore networks at the 

interface, and reduced the average pore size from ~300 to ~100 µm. The walls of the 

porous structure were mainly made of dendritic Cu branches, which have a large surface 

area but are mechanically too unstable to be used in practical applications (section 4.1). 

Therefore, a novel approach was used to reinforce the porous structure and improve the 

mechanical stability.  

The dendritic porous Cu framework underwent a second electrodeposition process with 

a lower current density of -20 mA cm-2 in the same acidic copper bath. After 60 min 

reinforcement, a compact Cu layer on the top region can be observed. However, due to 

the low diffusion of the Cu ion into the complex interconnecting pore networks at the 

substrate interface, the dendritic porous Cu could not be fully reinforced. This feature 

allows the reinforced porous Cu layer to be separated from the planar Cu substrate using 

an ultrasonication process and form a stable free-standing porous Cu framework with 

tubular-shaped through pores. The pore size of the free-standing porous Cu frameworks 

can be tuned easily with an average pore diameter between 50 and 100 µm by changing 

the electrodeposition time during the synthesis of the dendritic porous Cu. A short 

duration will produce a porous sample with a smaller pore size. 

The Cu2O layers were deposited on the various substrates, including planar Cu and planar 

Au, using the potentiostatic electrodeposition method. Aside from the pH of the 



 

Conclusion and Perspective | 75 
 

electrolyte, the growth direction of the Cu2O crystal during the electrodeposition process 

is mainly influenced by the crystalline structure of the substrate, which was confirmed by 

XRD. Further investigation reveals that the grain size and thickness of the layer increase 

simultaneously as electrodeposition time extends. An electrodeposition time of 5 min 

produces a film thickness of ~500 nm and crystals between 500 and 800 nm. The planar 

Cu2O samples deposited between 5 and 30 min show a significant increase in their 

thickness and grain size. However, after 30 min deposition time, the electrodeposition 

rate seems to slow down (section 4.3.1). This behavior can be seen from the unchanging 

crystal grain size and minor increase of the film thickness, which is likely caused by the 

increased resistance of the Cu2O semiconductor due to the thick Cu2O layer.  

Although the different film thicknesses of the Cu2O samples possess similar defects as 

investigated using photoluminescence spectroscopy, the number of the defects varied 

largely between the samples (section 4.3.2). The increasing number of defects can be 

observed in the Raman spectra and the Mott-Schottky analysis (section 4.3.2 and 4.5), 

which reveal a high charge carrier density (4.9 × 1018 cm-3) for the thin film sample 

deposited with 5-min deposition time.  

The electrodeposition process of Cu2O on the different porous substrates (dendritic 

porous Cu, substrate-bound porous Cu, and the free-standing porous Cu) shows unusual 

characteristics (section 4.3.2). Like the reinforcement procedure, the low diffusion of the 

Cu ions into the complex interconnecting pore networks of the dendritic porous Cu 

structures might produce an inhomogeneous coating of the Cu2O films. This was observed 

from chronoamperometric curves of both the dendritic porous Cu and substrate-bound 

porous Cu samples, which show a fast initial drop of the current densities followed by a 

plateau after 15 s. On the other hand, the completely exposed free-standing porous Cu 

frameworks generate a higher overall current density during the potentiostatic 

electrodeposition process. 

For the PEC performance, the photoactivity of the Cu2O photocathodes decreases as the 

thickness of the Cu2O film increases (section 4.6.1). The sample deposited for 5 min on a 

flat Cu substrate possesses the highest photocurrent density of ~-1.25 mA cm-2 at 0 V vs. 

RHE under 1.5 AM illumination with a low dark current (~-35 µA cm-2). The best overall 

results on the PEC performance were obtained for the free-standing porous Cu2O samples 

that combine high photocurrent densities of -2.25 (large-pore sample) and -2.75 mA cm-2 
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(small-pore sample), which are 80 % and 120 % higher compared to the Cu2O on flat Cu 

sample (section4.6.2), with also a low dark current (~-35 µA cm-2).  

Although the dendritic porous structure has considerable potential as electrode material 

due to its large surface area, the small photocurrent and high dark current obtained from 

the PEC measurement caused by the inhomogeneous Cu2O film coating makes it 

unsuitable to be used as photoelectrode for the PEC application. The dark current is due 

to the reduction of Cu2O to Cu. Furthermore, the photocurrent is generated only when the 

photoactive Cu2O surfaces are irradiated with light. The highly rough surfaces and the 

complex geometry of the dendritic porous structure might obstruct the light from 

reaching the pores' inner region, contributing to the low PEC performance. On the other 

hand, the dendrite-free surface of the free-standing porous Cu2O samples with a 

homogenous Cu2O coating layer is evenly irradiated with the light and thus shows a high 

PEC performance. In addition, the geometry of the free-standing porous Cu framework 

allows for Cu2O coated tubular pore walls, which are preferentially oriented towards the 

irradiating light and can help to mitigate the inherent mismatch between the photon 

absorption length and electron diffusion length in the Cu2O layer.  

Diffuse reflectance UV-Vis spectroscopy reveals that the Cu2O samples with different 

thicknesses possess a nearly identical bandgap of ~2 eV (section 3.3.3). This is to be 

expected as the deposition parameters, besides the electrodeposition time, were kept 

constant for all the samples. However, even with the same bandgap, the PEC performance 

varied between the samples. The short deposition time (5 min) leads to the highest 

photocurrents. This result is in agreement with the higher hole concentrations 

(4.9 × 1018 cm-3) that were observed by the Mott-Schottky analysis. 

Compared to other work based on bare Cu2O photocathodes, especially on Cu substrates, 

our samples show an improvement of the photocurrent and the dark current. For 

instance, a Cu2O photocathode produced by thermal oxidation of the dendritic porous Cu 

was reported to reach an overall current density of -2.25 mA cm-2 at 0 V vs. RHE [136] 

under illumination, which is in some way similar to our result. However, a relatively high 

dark current of -1 mA cm-2 at 0 V vs. RHE was observed due to inhomogeneous Cu2O 

coating. This confirms that a homogenous layer of Cu2O film plays a crucial role in 

lowering the dark current and enhancing PEC performance which can be obtained by 

implementing the proposed electrodeposition processes.  
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The other important feature of the free-standing porous Cu2O samples lies in their 

tubular through pore structure, which allows light to pass through. Transmission 

spectroscopy reveals that the transmittance of the Cu2O samples varies with their 

different pore size. The small-pore sample (25-55 µm) and the large-pore sample (60-

110 µm) have 14 % and 23 % transmittance, respectively (section 3.3.3). This makes 

these structures promising candidates to be used in a tandem system together with a 

photoanode.  

In perspective, the long-term chemical stability of the Cu2O photocathodes needs to be 

thoroughly investigated and improved. A homogeneous and thin protective layer should 

be coated preferably using an inexpensive electrodeposition method on the Cu2O surfaces 

to prevent electrochemical reduction of the materials in the presence of hydrogen 

evolution. Additionally, an n-type semiconductor such as Ga2O3 can also be added as a 

buffer layer, creating a p-n junction and increasing the overall photogenerated voltage. 

Once the long-term chemical stability of the photocathode is achieved, the amount of 

hydrogen can be evaluated using gas chromatography, and solar-to-hydrogen efficiency 

can then be determined.  

The overall surface area of the free-standing porous Cu should be further characterized. 

One approach is to use EIS or CV to determine the double-layer capacitance. This 

capacitance is sensitive to the electrode surface and can be used to determine the 

electrochemically active surface area of the sample.  
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Appendix 

 

Figure A. 1 Surface morphology of dendritic porous Cu deposited at -0.075 A cm-2 for 400 s with 
different magnifications  

 

Figure A. 2 Surface morphology of dendritic porous Cu deposited at -0.15 A cm-2 for 240 s with 
different magnifications 
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Figure A. 4 Surface morphology of dendritic porous Cu deposited at -1.5 A cm-2 for 60 s with different 
magnifications 

 

 

Figure A. 3 Surface morphology of dendritic porous Cu deposited at -0.75 A cm-2 for 100 s with 
different magnifications 
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Figure A. 5 Galvanostatic chronopotentiometry curve of a) electrodeposited porous Cu at -1.5 A cm-2 
and b) reinforcement procedure with -20 mA cm-2. The three samples were used to analyze the 

reproducibility of the experiment.  

 

 

Figure A. 6 Height topography of the electropolished flat Cu substrate with a root-mean-squared 
roughness, Rq, of ~3 nm 
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Figure A. 7 Surface morphology of reinforced porous Cu electrodeposited at -1.5 A cm-2 for 60 s and 
undergo reinforcement procedure at -20 mA cm-2 for 120 min. No Cu2O crystals are presence, and the 

surface is relatively smooth. 

 

 

Figure A. 8 Morphological images of two free-standing porous Cu2O samples electrodeposited at -1.5 
A cm-2 for 60 sec and reinforced with another electrodeposition process at -20 mA cm-2 for 120 min.  
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Figure A. 9 Cross-sectional analysis of reinforced porous Cu sample coated with Cu2O film that was 
electrodeposited for 5 min deposition time. Cu2O crystals can be observed growing on the Cu 

dendrites at the middle region of the samples.  

 

 

Figure A. 10 Morphological analysis of Cu2O film on dendritic porous Cu with different 
magnifications. The Cu2O was electrodeposited at -0.4 V vs. Ag/AgCl (sat. KCl) for 20 min.  
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Figure A. 11 Pore analysis by using ImageJ software. The black contrast in the processed image 
represents the pore holes and the white contrast belongs to the pore walls. 

 

 

Figure A. 12 Linear sweep voltammogram of electrodeposited Cu2O film on three different free-
standing porous Cu substrates synthesized with the same parameters (60-sec dendritic deposition 
and 120 min reinforcement procedure) in an aqueous electrolyte of 0.5 M Na2SO4 under chopped 

illumination 
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The reproducibility of the free-standing porous Cu2O samples electrodeposited with 5 

min deposition for the PEC water splitting performance can be observed in Figure A. 12 

Linear sweep voltammogram of electrodeposited Cu2O film on three different free-

standing porous Cu substrates synthesized with the same parameters (60-sec dendritic 

deposition and 120 min reinforcement procedure) in an aqueous electrolyte of 0.5 M 

Na2SO4 under chopped illumination. At the potential of 0 V vs. RHE, the current densities 

of the three samples are -2.2, -2.22, and -2.25 mA cm-2 for sample 3, sample 2, and sample 

1, respectively. The small variation from the current densities shows that the samples can 

be easily reproduced.  
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