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In this study, a molecular precursor aqueous solution was prepared by typical chemical 

synthesis and electrochemical methods, and sprayed on a quartz glass substrate at 180°C in air 

using a simple airbrush. Then, photocatalytic cuprous oxide (Cu2O) under visible light 

irradiation and conductive metallic copper (Cu) thin films were fabricated. The purpose of the 

study was to contribute to the industrialization of Namibian raw material through effective 

utilization of copper metal which is one of the Namibia’s main mineral resource. 

 

First, aqueous ammonia solution containing copper formate was sprayed onto a quartz glass 

substrate kept at 180°C in air to fabricate Cu2O thin films with oxygen deficiency, which is an 

important factor for high photocatalytic activity. It was demonstrated that the oxygen deficient 

Cu2O thin film efficiently achieved the discoloration of methyl orange (MO) aqueous solution 

under visible light irradiation from a fluorescent lamp (0.45 mW cm–2). The O-defect site was 

found in the Raman spectra of these photocatalytic active thin films. Next, a direct preparation 

method of Cu2O precursor aqueous solution from metallic copper was developed using an 

electrochemical method. A p-type Cu2O semiconductor thin film obtained by spraying coating 

an electrochemically prepared aqueous solution at 180°C in air was identical to that fabricated 

using solution from starting material of copper formate. Furthermore, it was found that by 

adding ethylenediamine-N, N, N’, N’-tetraacetic acid (EDTA) into the electrochemically 

prepared aqueous solution result in a thin film of Cu single phase with the conductivity of the 

order 10–3 Ω cm via spray coating under same condition. 

Heat treatment temperature of ca. 400°C and inert Ar gas were necessary for the formation 

of Cu2O and Cu thin film by a conventional MPM. However, this study achieved their 



 

formation only by spraying corresponding molecular precursor aqueous solutions onto 

substrate at 180°C in air. 

 

This study consists of 6 chapters. Chapter 1 outline and summarized research background. 

Chapter 2 described the principles of characterization techniques for precursor aqueous 

solution and thin films, reagents used in the experiments and the equipment used for the 

measurement. Chapter 3 summarizes the low temperature fabrication and photocatalytic 

activity of spay coated p-type Cu2O thin films using chemically synthesized molecular 

precursor aqueous solutions. Chapter 4 describes the preparation of Cu2O precursor aqueous 

solution by electrochemical method, and Chapter 5 describes the selective formation of Cu2O 

and Cu thin film by spray coating electrochemically prepared molecular precursor aqueous 

solution. In chapter 6, the research was summarized, its future development was proposed and 

described. A summary of each chapter is given below. 

 

CHAPTER 1: GENERAL INTRODUCTION 
Thin films can impart various functions such as electrical, magnetic, and optical to the 

material surface. From the viewpoint of resource and energy saving, such functional thin film 

is very important for the sustainable development which satisfies the needs of both present and 

next generation. Methods for the formation of a functional thin film can be roughly divided 

into a gas or liquid phase in which a raw material of a gas or liquid phase reacts with a substrate. 

In a gas phase method, the film is formed in the high vacuum which is necessary to transform 

the raw material into the gas phase state. On the other hand, the liquid phase method enables 

the formation of functional thin films without vacuum. The liquid phase formation process of 

functional thin films is also important for sustainable development. The molecular precursor 

method (MPM) is a wet chemical process for the formation of thin films of various metal 

oxides, metal and phosphate compounds by coating a precursor solution in which a metal 

complex is dissolved onto substrate followed by heat-treatment. It is based on the design of 

metal complexes in precursor solutions with excellent stability, homogeneity, miscibility and 

high coatability, amongst its many practical advantages. The formation of various metal oxide, 

phosphate compounds, and metal thin films has been reported by coating a precursor solution 

onto substrate using a spin coating method. The formation of Cu2O and metallic Cu thin film 

which are the main objective of this study has been previously reported. When fabricating these 

thin films by spin coating, volatile organic compounds (VOCs) are generally used as solvents. 



 

However, industrially, VOCs free solvents are desired because of the risk of ignition and 

adverse effects on human health and ecosystem associated with VOCs. From such viewpoint, 

the formation of Cu2O and Cu thin films was attempted by preparing the molecular precursor 

aqueous solution and spraying it onto the substrate. Namibia is rich in resources such as 

diamond, uranium, gold, zinc, and copper. Copper in particular accounts for 50% of Namibia's 

annual export earnings. However, it is exported to foreign countries in its raw form for further 

processing into final products without being used in research and industrial fields inside the 

country. Therefore, it was considered that if functional thin films could be formed simply by 

using copper which is one of Namibia’s rich natural resources, it will not only contribute to the 

sustainable development but also became an important asset to its value addition and 

industrialization in Namibia. In this study, Cu2O precursor aqueous solution was prepared 

using metal salt as a starting material, and the formation of Cu2O thin film at low temperature 

in air was achieved. In addition, a molecular precursor aqueous solution prepared from metallic 

copper plate using an electrochemical method was sprayed onto a substrate at 180°C in air to 

achieve the formation of a highly functional Cu2O thin film and a conductive Cu thin film. The 

background and outline of these studies are summarized in Chapter 1. 

 

CHAPTER 2: MATERIALS AND METHODOLOGY 
Chapter 2, fully describes the preparation methods of precursor aqueous solution, the spray 

coating method for the preparation of thin films, the characterization and evaluation methods 

of formed thin films, and the measurement principles of measuring devices used under this 

study. The list of all chemical reagents, materials and equipment used is provided. 

 

CHAPTER 3: Low Temperature Fabrication and Photocatalytic Activity of 

p-type Cu2O Thin Films by Molecular Precursor Method 
Single crystal of a p-type Cu2O semiconductor has a band gap of about 1.9-2.3 eV. Cu2O is 

one of the few p-type semiconductors among other oxides that absorbs visible light, therefore 

it is expected to be used as material for visible light-responsive photocatalysts and oxide solar 

cells. It is preference in those applications is due to its low toxicity, cost and minimum 

environmental loading. The fabrication of Cu2O thin films by the conventional molecular 

precursor method has been achieved using alcohol-based system precursor solution such as 

ethanol. This is the first report on the formation of Cu2O single phase thin film by liquid phase 

method via spray coating at 180°C in air. While even formation of p-type semiconductors by 



 

gas phase method shows some general difficulties. Previously, Cu2O thin film was formed by 

heat treatment of precursor film coated and dried on substrate by spin coating method, at 350°C 

in argon gas atmosphere. In Chapter 3, we prepared a novel Cu2O aqueous precursor solution, 

and examined whether it could form a thin film by spray coating it onto a substrate at 180°C 

in air. The photocatalytic activity of the formed thin film was examined under visible light 

irradiation. Specifically, the precursor aqueous solution were prepared in a diluted ammonia 

solution by dissolving Cu(II) formate and ammonium formate whose molar ratios to Cu(II) ion 

were 0, 2, 6 and 14. The aqueous precursor solution were sprayed onto a quartz glass substrate 

at 180°C in air using an airbrush to form thin films which adhered well to the substrate. The 

films formed were Cu2O single phase, and their Hall effect measurements showed that both 

films were p-type semiconductors. It was found that the films became thicker and porous with 

increasing ammonium formate content in the aqueous precursor solution. The photocatalytic 

activity of the thin films was investigated by a discoloration test with visible light irradiation 

on the films immersed in methyl orange aqueous solution. In the cases of the molar ratios at 6 

and 14, the Cu2O thin films of 140 and 350 nm thickness respectively indicated a highly 

photocatalytic activity under visible-light irradiation of 0.45 mW cm–2, and the pseudo-first-

order rate constants of 0.056 and 0.087 min–1 were respectively obtained by tracing the 

discoloration of a methyl orange solution. The O-defect site was found in the Raman spectra 

of these photocatalytic thin films whose adhesion strength onto the quartz substrate were larger 

than 5.6 N. 

 

CHAPTER 4: Preparation of aqueous Cu2O precursor solution using 

electrochemical method 

In Chapter 4, the direct preparation of Cu2O precursor aqueous solution from metal copper 

plate was tried as a model of refined copper blister using electrochemical method. Concretely, 

ammonium formate aqueous solution was put into a glass vessel cell as an electrolytic solution, 

copper plates electrodes were immersed in electrolytic solution as both an anode and cathode, 

and a potential difference of 18 V was applied for 2 hours. The electrolytic solution changed 

from colorless to blue. However, precipitates thought to be copper hydroxide were formed in 

the solution. Additionally, two glass containers were connected through the partition of 

cellulose semipermeable membrane, ammonium formate aqueous solution and copper plate 

electrodes were placed in each glass container, and a potential difference of 18 V was applied. 

The aqueous solution in the anode glass vessel cell changed with time from colorless to blue, 



 

and no precipitation occurred. On the other hand, gas was generated from the copper plate 

without coloring the aqueous solution in the cathode glass vessel cell. The gas generated from 

the surface of cathode electrodes was identified as hydrogen. The absorption spectrum of the 

precursor aqueous solution obtained from the anode glass cell was in agreement with the 

absorption wavelength of the molecular precursor aqueous solution used in Chapter 3. Higher 

concentration of the Cu(II) complex was obtained in the precursor solution. Thus, an aqueous 

solution containing Cu(II) complex was obtained. The Cu2O precursor aqueous solution, was 

prepared in one step by an electrochemical method using metallic copper. 

 

CHAPTER 5: Selective Low Temperature Fabrication of Cu and Cu2O Thin 

Films by Spray Application of Aqueous Solution Prepared by 

Electrochemical Method 
The aqueous complex solution prepared in Chapter 4 was applied under the spray conditions 

of Chapter 3 to form a thin film. The formed thin films were Cu2O single-phase p-type 

semiconductors identical to those formed in Chapter 3. On the other hand, ethylenediamine-N, 

N, N ', N' -tetraacetic acid (EDTA) was added to the same aqueous solution containing Cu(II) 

complex, and the resultant spray solution was sprayed under the same conditions to form a thin 

film. The resulting thin film was of a single-phase metallic Cu with a thickness of 170 nm, and 

its electrical resistivity was 8.9(2) × 10–3 Ω cm. Its adhesion strength to the quartz glass 

substrate showed 12(7) MPa. It was clarified that the fabricated conductive metallic Cu thin 

film could be selectively formed by the addition of EDTA to the aqueous solution containing 

Cu(II). Thus, we have developed a method to directly prepare precursor aqueous solution from 

metallic copper by electrochemical method. In addition, either by using electrochemically 

prepared precursor solution itself or that obtained by the simple method of adding EDTA to it, 

the selective thin film formation of Cu2O semiconductor and metallic Cu could be achieved 

via spray coating at 180°C in the air. 

 

CHAPTER 6: Summary and Future Developments 
In this study, molecular precursor aqueous solution prepared using synthetic chemical 

method and electrochemical method will be sprayed on the quartz glass substrate at 180°C in 

air, to achieve the formation of high-performance Cu2O thin film and conductive Cu thin film, 

respectively. In the future, the preparation of similar molecular precursor aqueous solution will 

be attempted using electrodes of crude copper mined and refined from Tsumeb mine in 



 

Namibia. The resultant solution will be used in the fabrication of catalytically active Cu2O thin 

film by visible light and conductive Cu thin film. The fabricated films will not only be 

considered to be applicable material in energy devices such as thin film solar cells and flexible 

electronic devices, but also for application such as their formation of antibacterial materials for 

environmental purification and immobilized photocatalysts. 
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博⼠論⽂概要書 
スプレー塗布による銅酸化物および⾦属銅機能性薄膜の低温形成 
－ナミビア産銅の有効利⽤に関する研究－ 
 
⼤学院⼯学研究科化学応⽤学専攻 
ALINA UUSIKU 
 

本研究は，典型的な化学合成法と電気化学的⽅法を⽤いて分⼦プレカーサー⽔溶液を調製し、空気中
で簡便なエアブラシを⽤いて 180°C の基板上にスプレー塗布し，可視光照射下で触媒活性な酸化銅
（Cu2O）半導体薄膜と導電性銅（Cu）⾦属薄膜の形成を達成した。ナミビア国の主要鉱物資源である
銅の有効利⽤に資することを⽬的に実施した。 

先ず，ギ酸銅を含むアンモニア⽔溶液を 180°C に保った⽯英ガラス基板上に空気中でスプレー塗布し，
⾼い光触媒能に重要な因⼦である酸素⽋損をもつ Cu2O 薄膜を形成した。その酸素⽋損 Cu2O 薄膜は，
蛍光灯の光照射によってメチルオレンジ⽔溶液を効率良く退⾊させることを実証し，さらにラマンスペクトルを⽤
いてその要因を解明した。次に，電気化学的⽅法を⽤いて⾦属銅からの Cu2O プレカーサー⽔溶液の直接調
製法を開発した。この⽔溶液を⽤いて同条件下でスプレー塗布して得た Cu2O 膜は，ギ酸銅を出発原料とす
る先のプレカーサー⽔溶液と同様に p 型半導体だった。さらに，電気化学的に得た溶液にエチレンジアミン四
酢酸を添加した⽔溶液を同条件で塗布した膜が，10­3 Ω cm レベルの導電性をもつ Cu 単⼀相であるこ
とを⾒出した。これまで分⼦プレカーサー法によっても，Cu2O や Cu 薄膜形成には 400°C 程度の熱処理温
度と不活性ガスを必要とした。本研究は，180°C の空気中でのスプレー塗布のみでの形成を達成した。 

本論⽂は，全 6 章からなる。第 1 章は，研究背景と概要をまとめた。第 2 章は，実験で⽤いた試薬や
測定に⽤いた装置の原理に関して述べた。第 3章は，化学合成した分⼦プレカーサー溶液による p型 Cu2O
薄膜の低温形成と光触媒活性についてまとめた。第 4 章は，電気化学的⽅法による Cu2O プレカーサー⽔溶
液の調製を， 第 5章では，その⽔溶液を⽤いたスプレー塗布による Cu2O と Cu 薄膜の選択的形成につい
て述べた。第 6 章では研究を総括し，今後の展開に関して述べた。各章の概要を以下に記載する。 
 
第 1 章 研究背景と概要 

薄膜は，電気的，磁気的，光学的などの多様な機能を材料表⾯に付与できる。このような機能性薄膜
は，現在のみならず次世代のニーズも満⾜させられる開発（持続可能な開発）にとって，省資源，省エネル
ギーの観点からも⾮常に重要である。このような機能性薄膜の形成法は，⼀般に気相の原料と基板を反応さ
せる気相法と，液相の原料と基板を反応させる液相法に⼤別できる。気相法は，原料を気相状態にする必
要性から⾼真空中で成膜される。⼀⽅で液相法は，真空無しでの機能性薄膜の形成が可能である。このよう
な機能性薄膜の形成プロセスも持続可能な開発には，重要である。 

分⼦プレカーサー法（MPM）は，⾦属錯体が溶解したプレカーサー溶液を塗布，熱処理して⾦属や⾦属
酸化物，リン酸化合物の薄膜を形成する⽅法である。MPMは，プレカーサー溶液中の⾦属錯体の設計を基
盤としており，安定性，均⼀性，混和性，塗布性の⾼さなどにおいて実⽤的な利点をもつ。これまでにスピン
コート法でプレカーサー溶液を塗布し，様々な⾦属酸化物，リン酸化合物，⾦属薄膜の形成を報告してき
た。これまでに本研究で対象としている Cu2O 薄膜や Cu 薄膜の形成も報告している。スピンコート法で塗布す
る場合は，⼀般的に揮発性有機化合物（VOCs）を溶媒として⽤いる。しかし，⼯業的には，引⽕の危険
性や⼈間の健康と⽣態系に悪影響を与えることから，VOCs フリーの溶媒が望まれる。このような観点から，



 

分⼦プレカーサー⽔溶液を調製し，その溶液をスプレー塗布して⾦属や⾦属酸化物，リン酸化合物薄膜の
形成を試みた。 

さて，出⾝国のナミビアには，ダイヤモンド，ウラン，⾦，亜鉛，銅などの資源が豊富である。特に銅は，
ナミビアの年間輸出収益の 50%を占めている。しかし，現地での利⽤や最終製品にならないまま諸外国に輸
出している。したがって，ナミビアの豊富な資源である銅を⽤いて簡便に機能性薄膜を形成できれば，持続可
能な開発に貢献できるだけでなく，ナミビアの⼯業化にも重要と考えた。 

これらのことから本研究では，先に⾦属塩を原料とする Cu2O プレカーサー⽔溶液を調製し，低温かつ空気
中での Cu2O 薄膜形成を試みた。さらに，電気化学的⽅法を⽤いて⾦属銅から調製した分⼦プレカーサー⽔
溶液を 180°C の基板に空気中でスプレー塗布し，⾼機能な Cu2O 薄膜と導電性をもつ Cu 薄膜の形成を
達成した。これらの研究背景と概要を第 1 章にまとめた。 
 
第２章 使⽤試薬と測定装置 

第 2 章では，本研究で使⽤した試薬リスト，プレカーサー⽔溶液の調製⽅法や形成した薄膜の特性評
価⽅法とその測定装置の測定原理について述べた。 
 
第３章 分⼦プレカーサー法による p型 Cu2O 薄膜の低温形成と光触媒活性 

Cu2O 単結晶は，バンドギャップが 1.9－2.3 eV 程度の p 型半導体である。可視光を吸収することや酸
化物半導体として数少ないp型半導体であることから，可視光応答型光触媒や酸化物太陽電池などへの利
⽤が期待されている。また，毒性が低く，安価で環境負荷が⼩さい。 
従来分⼦プレカーサー法による Cu2O 薄膜形成は，エタノール溶媒系のプレカーサー溶液で達成されてきた。

気相法でも⼀般に困難を伴うp型半導体を⽰すCu2O単⼀相薄膜を液相法で形成した最初の報告である。
この Cu2O 薄膜は，スピンコート法で塗布・乾燥したプレカーサー膜をアルゴンガス雰囲気中 450°C の熱処理
で形成した。第 3章では，新たに Cu2O プレカーサー⽔溶液を調製し，180°C の空気中でのスプレー塗布で
形成可能か調べた。また，形成した薄膜の可視光照射下における光触媒活性について調べた。具体的には，
Cu(II)イオン（ギ酸銅）に対して物質量⽐が 0，2，6，14 となるようにギ酸アンモニウムを溶解したプレカー
サー⽔溶液を調製した。その溶液を 180°C の⽯英ガラス基板にエアブラシを⽤いて空気中でスプレー塗布し，
基板に良く密着した薄膜を形成した。形成した薄膜は，Cu2O 単⼀相で，これらの膜の Hall 効果測定は，
いずれの膜も p型半導体であることを⽰した。また，⽔溶液中に含まれるギ酸アンモニウム量の増加で膜は厚く
なり，多孔質になった。これらの膜の光触媒活性は，メチルオレンジ（MO）⽔溶液に浸漬した膜への可視光
照射による退⾊試験で調べた。Cu(II)イオンに対して物質量が 6，14 倍のギ酸アンモニウムを含む⽔溶液か
ら形成した 140 と 350 nm の膜厚をもつ Cu2O 薄膜は，0.45 mW cm–2の可視光照射下で⾼い光触媒
活性を⽰した。メチルオレンジ⽔溶液の擬⼀次退⾊速度定数は，それぞれ 0.056，0.087 min–1だった。ま
た，⾼い光触媒活性を⽰したこれらの膜は，酸素⽋損 Cu2O を含むことをラマンスペクトルによって明らかにし
た。 
 
第４章 電気化学的⽅法を⽤いた Cu2O プレカーサー⽔溶液の調製 

第 4 章では，電気化学的⽅法を⽤いて，精錬銅ブリスターのモデルとして⾦属銅板から Cu2O プレカーサ
ー⽔溶液の直接調製を試みた結果をまとめた。具体的には，ガラス容器にギ酸アンモニウム⽔溶液を電解液と
して⼊れ，液中に陽極と陰極として銅板を浸漬し，18 Vの電圧を 2時間印加した。溶液は，無⾊から⻘⾊
に変化した。しかし，溶液中には⽔酸化銅と考えられる沈殿物を⽣じた。そこで，⼆つのガラス容器をセルロー



 

ス半透膜の隔壁を通して連結し，各ガラス容器にギ酸アンモニウム⽔溶液と銅板を⼊れて 18 V の電圧を印
加した。陽極側のガラス容器内の⽔溶液は，時間変化に伴って無⾊から⻘⾊に変化し，沈殿は⽣じなかった。
⼀⽅で，陰極側のガラス容器内の⽔溶液は着⾊することなく，銅板から気体が発⽣した。検知管で調べたと
ころ，陰極から発⽣した気体は，⽔素だった。陽極側の⽔溶液の吸収スペクトルは，第３章で⽤いた分⼦プ
レカーサー⽔溶液の吸収波⻑と⼀致し，より⾼濃度の錯体溶液が得られた。このように，⾦属銅を⽤いた電
気化学的な⽅法で Cu2O プレカーサー⽔溶液となり得る錯体⽔溶液を 1段階で調製できた。 

 
第 5章 電気化学的⽅法で調製した⽔溶液のスプレー塗布による Cu と Cu2O 薄膜の選択的低温形成 

第 4 章で調製した錯体⽔溶液を第 3章のスプレー条件で塗布して薄膜を形成した。形成した薄膜は，第
3 章で形成した膜と同様に p 型半導体の Cu2O 単⼀相膜だった。⼀⽅，同⼀の錯体⽔溶液にエチレンジア
ミン-N, N, Nʼ, Nʼ-四酢酸（EDTA）を加えて，同条件でスプレー塗布し，薄膜を形成した。結果として得
られた薄膜は，厚さ 170 nm の Cu 単⼀相で，その電気抵抗率は，8.9 (2) × 10­3 Ω cm だった。ま
た，⽯英ガラス基板への密着強度は，12(7) MPa を⽰し，錯体⽔溶液への EDTA 添加で導電性を⽰す
Cu 薄膜を選択的に形成できることを明らかにした。 
以上のように，電気化学的⽅法によって，⾦属銅からプレカーサー⽔溶液を直接調製する⽅法を開発した。

さらに当該溶液そのもの，および EDTA を加える簡便な⽅法で得た溶液を⽤いることによって，半導体の
Cu2O と⾦属 Cu の選択的薄膜形成を 180°C の空気中で達成した。 

 
第 6 章 総括および今後の展開 

本研究は，合成化学的⽅法と電気化学的⽅法を⽤いて調製した分⼦プレカーサー⽔溶液を，180°C の
基板に空気中でスプレー塗布し，⾼機能な Cu2O 薄膜や導電性 Cu 薄膜の形成を達成した。今後は，ナミ
ビアのツメブ鉱⼭で採掘され精錬した粗銅を⽤いて同様の分⼦プレカーサー⽔溶液の調製を試みる。また，そ
の溶液を⽤いて可視光で触媒活性な Cu2O 薄膜と導電性 Cu 薄膜の形成を試みる。これらは，薄膜太陽
電池などのエネルギーデバイスやフレキシブルな電⼦デバイスなどへの応⽤のみならず，環境浄化⽤の抗菌材
料や固定化光触媒の形成に利⽤可能と考えられる。 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1. General introduction 

This study presents the methods for the (1) Preparation of precursor aqueous coating 

solution using copper salts and the fabrication of p-type Cu2O thin films by molecular precursor 

method (MPM) at 180°C in air, (2) Electrochemical preparation of spray precursor solutions 

using one and two compartments electrolysis system at ambient temperature, (3) Fabrication 

of functional Cu2O thin films via spray coating of an electrochemically prepared aqueous spray 

solution, (4) Fabrication of conductive metallic Cu thin films via spray coating of an 

electrochemically prepared aqueous spray solution. The two main methods used in preparation 

of coating solution are fully studied. The first method is the well-known chemically 

conventional route of preparing coating solution within the MPM, whereby an isolated Cu(II) 

complex containing EDTA ligand and/or metal salts such as copper acetate and formate are 

reacted in a solvent such as water and ethanol. The second and newly incorporated method for 

the preparation of coating solution within MPM is use of electrochemical process to dissolve 

metal copper plate in aqueous solutions containing EDTA and NH3 ligands via a simple two 

compartment electrolysis system. Copper plates and/or lumps of copper blister are used as 

starting materials and sources of dissolved Cu2+ ion in the precursor solution instead of copper 

salts.  

Copper is one of Namibia's main mining products in addition to diamonds, uranium, gold, 

and zinc. Copper specifically contribute ca. 50% of Namibia's annual export earnings. 

However, they are usually exported in the semi-finished state which highlights a great need to 

add value and process crude copper mined in Namibia into finished products before local 

utilization or exportation. From this point of view, the fabrication of functional thin films using 

Namibian crude copper as a starting material will contribute to its value addition and local 

industrialization. Figure 1 shows the geographical location of Namibia and its mining and 

smelting site for crude copper. 
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Figure 1. Geographical location of Namibia and its mining and smelting site for blister Cu. 

 

The MPM utilizing electrochemically prepared aqueous precursor solution from copper 

blister can easily form a copper thin film on a glass substrate. The procedure will not only 

contribute to the industrialization of Namibia’s mined raw products, but also has a potential to 

solve the cost problems associated with fabricating copper thin films at high temperature by 

using a simple system. Some of the important practical advantages of fabricating copper thin 

film using the MPM is its ability to do so on substrates of various shapes and easily optimizing 

of thin film’s thickness by controlling the concentration of copper complexes in the precursor 

solution [1]. For such reasons it makes the goals of fabricating the conductive metallic copper 

thin films for applications in heating and transportation water tubes and in ozone generator 

necessary for water purification in Namibia.  
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Fabrication of a desired single crystal phase of copper based thin films is the key target in 

preparation of a copper oxide thin films. While the fabrication of a single phased copper oxide 

thin films can be challenging, few various fabrication methods had achieved it. The Cu2O thin 

films can be achieved by many deposition techniques, which includes; physical processes such 

as magnetic sputtering deposition [2, 3], pulse laser deposition [4]. As well as wet chemical 

processes such as; nebulizer spray technique [5], spray pyrolysis [6] and electrochemical 

deposition [7].  

 

1.2. Properties and application of Cu2O nano-structural materials  

Cuprous oxide (Cu2O) is a well-known p-type semiconductor with a direct band gap of 2.2 

eV which allows its [8] applications in solar energy conversion [9–12], as an electrode for 

lithium ion battery [13–14], gas sensors [15] and photocatalytic degradation of organic 

pollutants and decomposition of water under visible light [16–20]. Over the last few decades, 

Cu2O nanoparticle powders have alarmingly emerged as one of the effective p-type 

semiconductors for photocatalytic degradation of Methyl Orange (MO) under visible light 

irradiation. The Cu2O nanoparticles with different nano-structural sizes and morphologies have 

been mostly prepared by a typical facile chemical synthesis. It has been used as a photocatalyst 

because of its several advantages. Firstly; it has low toxicity, inexpensive, environmentally 

friendly, it is plentiful and readily available [21]. Secondly; the band gap of Cu2O can be 

modified by factors such as particle size [22–23]. Thirdly; it directly utilizes visible light as 

photocatalyst [20]. Fourthly; it has a powerful adsorption capacity for molecular O2 which can 

harvest photoelectron to prevent the recombination of electrons and holes [20]. 

Many researchers have already investigated photocatalytic properties and the optimized 

experimental parameters (i.e. type of Cu2+ reductants, synthetic temperature, copper salts, pH 

and reaction rate) dependent on particle sizes and morphologies of Cu2O nanoparticles. 

Nanoparticle powders can be prepared by various methods such as liquid phase chemical 

synthesis [21, 25–28], electrodeposition method [29–32], chemical dealloying [33, 34] and 

irradiation process [35]. On the other hand, it was found that Cu2O nanocomposite powders 

with TiO2 have a better photocatalytic property toward MO degradation than single phased 

Cu2O, as coupling the Cu2O and TiO2 extend the absorption range to visible light region and 

promotes electron-hole pair separation [36–38].  

The pH of test solution, and surface area and particle size of Cu2O nanoparticle powder play 

a very sensitive role to determine the degradation rate of MO as a model of pollutant dye by 

the powders under visible light. While much attention on Cu2O photocatalytic material had 
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been focused on the structural shape of nanoparticle powder, there is no report on Cu2O thin 

films fabricated via coating of its crystallized phase onto substrate by various methods. This 

study focuses on the photocatalytic and visible light-responsive properties of Cu2O thin films 

at neutral pH of MO solution.  

 

1.3. Molecular precursor method (MPM) for fabrication of Cu2O and metallic Cu thin 

film  

1.3.1. Spin coating 

The procedures for thin film fabrication using MPM have been vigorously reported by our 

research team. The MPM is a wet process for the thin film fabrication of various metal oxides, 

metals, and phosphate compounds which is based on the design of metal complexes in coating 

solutions with excellent stability, homogeneity, miscibility, coatability, amongst other many 

practical advantages [39]. Volatile organic-solvent based precursor solutions are favorable for 

spin-coating method, because aqueous solutions are generally inadequate to spread onto 

various substrates due to high surface tension [40, 41]. Previously, an alcohol based coating 

solution containing a dibutylammonium salt of Cu(II) complex with EDTA ligand and a Cu(II) 

formate dissolved with propylamine was used to successfully fabricate a conductive metallic 

Cu thin film with thickness of 40 nm via MPM [42]. In addition a precursor solution involving 

copper(II) complex of EDTA, dibutylamine in ethanol was spin coated on a quartz glass 

substrate to fabricate a p-type Cu2O film with thickness of 50 nm [43]. Furthermore, a precursor 

solution involving Cu(II) formate, propylamine, ethylenediame in ethanol was used to fabricate 

a p-type Cu2O film by ultraviolet (UV) irradiation [44]. Figure 2 shows the schematic route for 

fabrication of copper oxides by MPM via spin coating. 
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Figure 2. Schematic route for fabrication of copper oxides by MPM via spin coating [42]. 

 

1.3.2. Spray coating 

Alcohol-based precursor solutions are generally favorable for spin coating [41]. Spray 

coating is a coating procedure within MPM which is applicable to coating of aqueous based 

solution due to controllable temperature of substrate, thus depositing the precursor compounds 

onto the substrate without spontaneous evaporation of solvent at room temperature [45]. The 

advantages of the spray coating method to deposit precursor films on quartz glass substrate 

includes; it’s simple and inexpensive instrumental set-up, reduced material loss and its 

adjustability for a large area deposition [45–46]. The spray deposition has been previously used 

by our research team to fabricate thin films of different metal precursors by MPM. It has first 

been utilized by MPM to deposit carbonate containing apatite film on a Ti plate by spraying an 

aqueous based solution of Ca(OH)2 and phosphoric acid  [47, 48]. It has resulted in the 

fabrication of a highly conductive and well adhered Cu thin film on a quartz glass substrate 

coated with ammonium aqueous solution containing Cu(HCOO)2·4H2O and Cu(II) complex 

of EDTA [45]. Figure 3 shows a simple experimental design of spray coating method and its 

application to fabricate metallic Cu thin film by depositing aqueous precursor solution onto 

substrate.  
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Figure 3. Simple experimental design of spray coating method and its application to deposit 

aqueous precursor solution in fabrication of metallic Cu thin film [45]. 

 

Under this study, the fabrication of p-type Cu2O thin-films on a quartz glass substrate heated 

at 180°C in air directly by spraying aqueous precursor solutions, which were prepared by 

dissolving Cu(II) formate and ammonium formate is fully studied. It also covers the fabrication 

of p-type Cu2O thin film by MPM using an electrochemically prepared aqueous based 

precursor solution containing Cu(II) complexes of NH3 ligand and HCOO– ions. Cu2O thin 

film could be fabricated at low temperature in air by spray coating a quartz glass substrate with 

precursor solution prepared by chemical synthesis and that derived directly from conversion of 

Cu metal sheet into Cu(II) complexes with no isolation of solid Cu(II) complexes or salts. The 

resultant Cu2O thin films were characterized by the electrical and optical properties, chemical 

composition, morphologies, and bonding vibration analyses and compared to those of Cu2O  

films fabricated at high temperature using coating solutions prepared by the chemical synthesis. 

The photocatalytic degradation of methyl orange (MO) by the fabricated Cu2O thin film were 

fully evaluated. 

 

1.4. Properties and applications of copper nanosized materials and Cu thin film  

Metallic copper-based nanosized materials exhibit superior magnetic and thermal properties 

[49]. They have also attracted much attention for over a decade because of their photocatalytic 

and optical properties, high electrical and thermal conductivity [50], which contribute attractive 

prospects in the design of many new devices requiring such functionalities. Particularly, 
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conductive copper thin film is a suitable material for its applications in electrodes or conductive 

patterns in multilayered electronic parts, printed circuit boards and hybrid integrated circuit in 

electronic industries [50, 51]. In addition, copper nanosized material’s various application 

makes a good substitute for conductive and expensive noble metals like gold and silver in the 

chemical and metallurgical process [52, 53].  

However, the attractive properties of copper nanomaterial and thin films owes it to those of 

bulk copper such as its abundant availability, less toxicity, versatility, malleability and 

resistance to corrosion and good electrical and thermal conductivity [54, 55]. The physical and 

chemical properties of copper nanomaterial are also different from those of bulk copper 

material due the high surface area to volume ratio [56]. It is interesting to note that the 

fabrication methods for metallic copper thin films are basically identical to those of Cu2O thin 

films with the exception of starting materials, in this study. 

 

1.5. Motivation of study  

Recently, spray coating technique has evolved in utilization of aqueous-based coating 

solution of copper precursor and used in fabrication of metallic Cu [45] and of highly photo-

reactive p-type Cu2O thin film [57] via spray deposition at low temperature.  

 

Although, the aqueous spray solutions containing Cu(II) complexes of EDTA and amine 

used in the previous studies were synthesized from various Cu(II) salts as starting material. 

Cu2+ ions in aqueous solution can also be generated by electrochemical dissolution of metallic 

Cu anode. For example, the preparation of a Cu(II) salt from electrochemical oxidation of 

metallic Cu anode in CH2COONH4 with palm-based stearic acid [58] and oleic acid [59]  

electrolytes has been reported, although the yields are terribly low. 

In this study, we attempted a novel method for the preparation of copper aqueous precursor 

solution from metallic copper. The aqueous precursor solution involving Cu(II) complex 

species was electro-synthesized by oxidation of anodic copper electrode in an electrolytic 

solution containing ammonium formate and ammonia at room temperature. The 

ethylenediamine-N, N, N’, N’-tetraacetic acid (EDTA) was added to the electrochemically 

prepared solution and then spray-coated onto a quartz glass substrate at 180°C in air to result 

in a conductive metallic Cu thin film. A two-compartment-electrolysis apparatus was newly 

contrived to efficiently achieve an electrochemical production of the precursor solution. 
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1.6. Aims and objectives 

Over the years MPM has been developed as a convenient wet chemical procedure for the 

fabrication of nanocrstalline thin films of various metals, metal oxides and phosphate 

compounds. The procedure mainly involves two important steps. Firstly; the preparation and 

design of metal complexes in coating precursor solutions with practical advantages such as; 

excellent stability, homogeneity, miscibility and coatability. Secondly; coating of resultant 

precursor solution onto substrate to form an amorphous precursor film using different coating 

procedures. Here, the precursor film involving a metal complex should be amorphous in order 

to obtain a resulting metal oxide thin film spread homogeneously on substrate by subsequent 

heat-treatment, as per such procedure’s advantage. However, it was revealed through coating 

procedures with MPM that a crystallite metal oxide can be formed directly without first 

formation of the homogeneous amorphous precursor film via spray coating. Spraying an 

aqueous precursor solution onto pre-heated substrate at 180°C can form a metal polycrystalline 

thin film with no further heat-treatment of sprayed film under inert gases. The well-developed 

spray coating method within MPM have advantages such as fewer material losses, simple 

experimental set-up, suitability to coating of VOC-free solutions and less cost. 

Highly conductive metallic copper thin films had been previously formed at high 

temperature under inert gases from alcohol- and aqueous-based solutions, using spin and spray 

coating procedures, respectively. Previously, after spray coating of precursor aqueous solution 

onto pre-heated substrate, further heat treatment of sprayed film is necessary to obtain a 

conductive metallic Cu thin film. Fabrication of Cu and Cu2O thin films by spray application 

of aqueous solution at low temperature of 180°C in air with no further subjection of sprayed 

film to high temperature treatment under inert gas is still not investigated. The world continues 

to uphold sustainable development programs while striving for the realization of low-cost 

energy techniques and its requiring devices. It is important to consider the input energy towards 

production of such devices.  

Bulk copper is regarded as an important metal due to its strength, fatigue resistance, and 

ability to take a good finish, its alloys and born nanocrystalline materials such as thin films 

possesses properties of electrical and thermal conductivity, corrosion resistance, color and ease 

of fabrication. The metal ore is available in many parts of the world including Namibia. The 

Namibian copper raw material is exported to foreign countries for fully processing into finished 

products without being used inside the country. It’s important to add value to Namibian raw 

material such as copper inside the country. Therefore, the main objective of this study is to 

attempt to add value to Namibian crude copper through low temperature formation of 
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nanocrystalline thin films of metallic Cu and copper oxides. The summary of the objectives of 

the study is:  

 

1.1 Preparation of stable Cu2O precursor solution by dissolving copper formate and 

ammonium formate in ammonia aqueous solution. 

1.2  Fabrication of p-type Cu2O thin film by spray coating the chemical synthesized precursor 

aqueous solution onto pre-heated quartz glass substrate at 180°C in air. 

1.3 Application of p-type Cu2O thin film semiconductor in visible-light-driven photocatalytic 

discoloration of MO as a model organic pollutant.  

1.4 Preparation of molecular precursor solution from direct conversion of Cu metal into 

Cu(II) complexes with no isolation of solid Cu(II) complexes or salts, via an 

electrochemical process in an electrolytic solution involving H4edta and NH3 ligands. 

1.5 Selective fabrication of functional p-type Cu2O and conductive Cu thin films by spaying 

electrochemically prepared precursor solution onto pre-heated quartz glass substrate at 

180°C in air.    

1.6 Consideration for the application of fabricated thin films as a candidate material in energy 

devices such as thin film solar cells and flexible electronic devices, formation of 

antibacterial materials for environmental purification and immobilized photocatalysts 

(Future work).  

1.7 Electrochemical production, harvesting and application of H2 gas as a driving energy in 

fuel cells (Future work). 
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CHAPTER 2: Materials and methodology  

The materials, apparatus, chemical reagents and measuring instruments and their 

operational fuctions used in provision of the results under this study are fully described in this 

chapter. Two different routes used for the preparation of coating solutions and specific detailed 

concentrations of mixed reagents in resultant precursor solutions, are described in their 

corresponding chapters in which they were utilized by spray coating method to fabricated 

respective functional thin films. The sections also cover the measurements for the 

characterization of precursor solution derived from copper salts. As well as, of these derived 

from solid metal plate or blister. The method for determining the concentration of Cu(II) 

complexes in the coating solution prepared by a newly established and incorporated route of 

electrochemical process within MPM is described. An overview of the adapted spray coating 

method used to spray the resultant aqueous spray precursor solutions prepared by the two 

routes, is also presented in respective chapters. The chapter summarizes all the measurements 

and characterizations of the fabricated functional thin films of metallic Cu and copper oxides 

at low temperature in air.  

 

2.1 Materials and instruments 

The summary of all the essential materials, chemical reagents and measuring instruments 

are described in Table 1. 

 

Table 1. Summary of the chemical reagents, materials, and measuring instruments used in this 

study. 

Chemical reagents, 

and measuring 

instruments 

Formula/ 

Abbreviation*1 

Formula 

weight 

or model 

Company 

supplier 

Modification 

prior to 

use*2 

2-propanol 
(CH3)2CHOH 

(IPA) 
60.10 

Kanto 

Chemical 

Co., Inc 

- 

28 % Ammonium 

hydroxide 
28 % NH4OH 17.03 

Taisei 

Chemical 

Co. Ltd 

- 
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Ammonium formate HCOONH4 63.06 

Wako Pure 

Chemical 

Industry 

- 

Acetone CH3COCH3 58.08 

Kanto 

Chemical 

Co., Inc 

- 

Ethanol (CH2)2OH 46.07 

Kanto 

Chemical 

Co., Inc 

- 

Deionized water H2O  
Kyoei Co., 

Ltd 
- 

Copper plate Cu 63.55 
Hikari Co., 

Ltd 
cleaned*4 

Copper formate Cu(HCOO)2·4H2O 225.64 

Kanto 

Chemical 

Co., Inc 

- 

Ethylenediamine–N, 

N, N’, N’-tetraacetic 

acid 

[–CH2N(CH2COOH)2]2 

EDTA 
292.25 

Kanto 

Chemical 

Co., Inc 

- 

Ethylenediamine 
(CH2)2(NH2)2 

(En) 
60.10 

Wako Pure 

Chemical 

Corporation 

- 

Methyl orange MO 327.34 

Kanto 

Chemical 

Co., Inc 

- 

External Electric 

DC supplier 
DC supplier   - 

Cellulose membrane - - 
Nihon 

Medical, Inc 
- 

Quartz glass 

Electrolytic cell 
- - 

EIKOH Co., 

Ltd 
- 

Spray air brush - 
Revolution 

HP-SAR 

ANEST 

IWATA Co., 
- 
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Kanagawa, 

Japan 

Chrome-alum 

thermocouple 
- 

A3-K-Q, 

TGK 

Tokyo, 

Japan) 
- 

Quartz glass 

substrate 
Qz - 

Akishima 

glass Co., 

Ltd 

cleaned*5 

UV-Vis 

spectrophotometer 
UV-Vis U–2800 

Hitachi, 

Tokyo, 

Japan 

- 

pH meter pH 
GST–

2729C 

DKK–TOA 

Corporation, 

Tokyo, 

Japan 

- 

Tubular furnace - 
EPKRO-

12K 

Isuzu, 

Toyota, 

Japan 

- 

Fluorescent Lamp - 
FS2015E-

H 

Hitachi, 

Tokyo, 

Japan 

- 

Digital 

illuminometer 
- M-101 

MonotaRO 

Co., Ltd., 

Amagasaki, 

Japan 

- 

UV-Vis 

spectrophotometer 
UV-Vis U–2800 

Hitachi, 

Tokyo, 

Japan 

- 

XRD-diffractometer XRD - Rigaku - 

Auger electron 

spectrophotometer 
AES 

JAMP-

9500 

Tokyo, 

Japan JEOL 
 

Fourier-Scanning 

electron microscope 
FE-SEM 

JSM-

6701F 

JEOL, 

Tokyo, 

Japan 

- 
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Four probes’ 

DC power supply, 

 

PAB32-1.2, 

 
DC 

Kikusui 

Electronic 

Corp., 

Kanagawa, 

Japan; 

 

- 

Four probes’ 

Multimeters 

 

VOAC7512 MM 

Iwatsu 

Electric 

Corp., and 

Keithley 

Electric Co., 

Ltd., Tokyo, 

Japan 

- 

Scratch tester - 
HEIDON-

22 

Shinto 

Scientific, 

Tokyo, 

Japan 

 

Razor Scanning 

microscope 
RSM - - - 

Raman 

spectrometer 
- 

LaBRAM 

HR800 

Horiba, 

Kyoto, Japan 
- 

HL5500 Hall system - Accent London, UK - 

*1 Acceptable abbreviations in chemical production industries. 

*2 Modifications and procedures for cleaning substrates and copper plates electrodes are 

described in their respective chapters. 

 

2.2. Characterization of precursor solution and thin films 

2.2.1. Absorbance and optical transmittance by UV-Vis spectrophotometry 

UV-Vis spectroscopy is the study of interaction of radiation from the visible region (λ = 

380–720) of the electromagnetic spectrum with a chemical species. The technique quantifies the 

interaction of visible light with a chemical sample which allows for the determination of unknown 

solution concentration, the monitoring of reaction progress as a function of time and other 

quantitative uses.  
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UV-Vis spectrophotometry has been previously used in various studies to characterize the 

metal complexes of copper in solution; via (1) measuring the temperature dependence of 

electronic absorption of cupric acetate in EPA solution [1]. Determination of trace amount and 

concentration of Cu(II) in synthetic mixture and water samples [2, 3], environmental samples [4], 

biological, food and soil samples [5]. The simple interpretations of how the UV-Vis 

spectrophotometry work is based on the principle of light energy. Light travels in packets of 

energy called photons and each photons has specific energy related to a certain frequency of 

wavenumber (E = h c/λ ), the visible light consist of wavelengths ranging from 380–720 nm and 

when they are all present the light appears as white color, and if any wavelength is removed or 

absorbed, the remaining combination of wavelength is perceived as the complimentary color. For 

example, if white light passes through a test tube containing a solution of copper (II) sulfate 

(CuSO4), the solution will be blue because the Cu2+ ion strongly absorb orange photons of light 

with λ = ca. 600 nm. 

The absorption of photon of colored light by the sample compound causes an electron transition 

from lower (ground state) to a higher (excited state) energy orbital, and the released energy of 

absorbed radiation is equal to the difference between the highest energy electronic occupied 

molecular orbital (HOMO) and the lowest/closest unoccupied molecular orbital (LUMO) as 

expressed by equation (1). The wavelength and the energy difference of the absorbed photon 

required to promote an electron from the ground to the excited state is specifically unique to the 

chemical species within the test sample of material or solution. That is why the measured 

absorption or transmittance of the material can be able to identify its unique chemical species or 

concentration within it. 

Elight = h vlight = hc/λlight = ΔE = ELUMO – EHOMO  (1) 

 

Where; E, h, v, c, λ, and ΔE are defined as energy of light, plank’s constant, velocity of light, 

speed of light, wavelength, and difference of energy of light, respectively.  

This measuring absorbance method requires the compound to be dissolved in a solution and 

the amount of a particular energy of light passing through that solution is quantified as 

transmittance (T), which is calculated from the ratio of light intensity leaving the chemical sample 

(I) to that entering the it (I0); equation (2). While the amount of light absorbed (A) by the chemical 

sample can be calculated from the transmittance equation (3). 

A = log (1/T) = –log T (2) 

A = 2.00 – log %T  (3) 
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Absorbances are measured by the UV-Vis spectrophotometer, which contains a light source, 

focusing lenses, diffraction grating or prism to split light into different wavelength a sample 

holder “cell” a photosensitive detector measuring the light passing through the sample and an 

output device meter or recorder. The diagram for the presentation of UV-Vis spectrophotometer 

features and the principle of absorption of light involved in electron excitation are shown in 

Figure 1. Many transition metals complexes and large conjugated organic molecules are brightly 

colored because their absorbed energy difference is equal to an energy within the visible region. 

 

 
 

Figure 1. The schematic representation of the (a) outside and (b) inside arrangement and 

operational principle of double beam UV-Vis spectrophotometer.  

 

2.2.2. Determination of concentration of Cu(II) in spray solution by Beer Law plot 

The Beer’s Law described by equation (4) below, states that the amount of light absorbed 

at a specific wavelength is directly proportional to the concentration of the solution.  

A = 𝜀 × C × l  (4) 

Where; A, 𝜀, C, and l are defined as absorbance, molar absorptivity coefficient, 

concentration of absorbing species, and path length, respectively.  

Its plot is a calibration curve of absorption plotted as a function of concentration and its 

phenomenon is used in determination of unknown concentrations of metal ions in material or 

dissolved in solution. An absorption spectrum of solution containing unknown concentration 

of Cu(II) must be acquired first to determine the wavelength of their maximum absorbance 

λmax. All the absorbance is acquired at λmax.  

UV-Vis spectrophotometry was used under this study to determine and confirm the 

concentration of Cu(II) complexes in electrochemically prepared coating spray solutions 
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derived from both copper salt and metal. It was also used to identify and confirm the presence 

of Cu(II) complexes present in resultant spray coating solutions, based on their absorbance 

spectra within the visible region. The absorbance of Cu(II) complexes in spray solutions were 

measured with a UV-Vis spectrophotometer (U–2800, Hitachi, Tokyo, Japan) in the double 

beam mode and wavelength range of 1100–300 nm. A quartz glass cell of a 10 mm path was 

used as sample holder, and deionized water was used as a reference. 

The Beer Lampard plot was constructed using absorbance values of the least five solutions 

with known concentration of Cu(II) as 0.01, 0.02, 0.03, and 0.05 mmol g–1. A graph of 

absorbance versus concentration is first constructed and a best fit straight line was drawn 

through the data point. The absorbance of spray solution containing the unknown 

concentration of Cu(II) is also measured and its concentration is determined by comparison 

to the Beer Lampard Law plot. The unknown concentration of Cu(II) in spray solution was 

therefore extrapolated from the best fit straight line of the Beer Lampard Law plot by drawing 

a horizontal line from the value of the experimentally found absorbance on the y-axis to the 

calibration curve, and a vertical line to the x-axis to determine the value of the independent 

variable which is the unknown concentration of Cu(II) in this case. The unknown 

concentration of Cu(II) in spray solution can also be determined as the value of the slope 

calculated from the equation of best fitted straight line of the Beer Lampard Law plot. 

 

2.2.3. Optical Characterization of thin films 

UV-Vis spectrophotometry was also used to measure and analyze the absorbance and 

optical transmittances of Cu2O thin films fabricated using precursor spray solution derived 

from copper salts. The optical transmittances data was used to calculate the band gap of the 

thin films. The optical band gap of each Cu2O thin film was calculated from the corresponding 

transmittance data at a given wavelength, based on the Tauc expression, indicated by equation 

(5) below:  

α = !(#$#!	)"

#
          (5) 

Where; Eg, E, A and α are defined as the optical band gap, photon energy (hv), constant 

related to material and absorption coefficient at a given wavelength, respectively [6, 7].   

The band gap energy is related to the electron excitation of the Cu2O thin films under UV 

or visible light irradiation. The optical transmittance of thin films was measured using the 

same UV-Vis spectrophotometer, in the wavelength range of 1100–300 nm and in double 

beam mode.  
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2.2.4. pH  

The chemical stability of the metal complexes in dissolved solution determine its life time 

for storage of the coating solutions. The metal ions can exist as unstable metal salt or complex, 

respectively based on the pH of their dissolved solutions. The pH of the prepared coating spray 

solutions under this study was measured in order to determine the stability of their constituted 

Cu(II) complexes. The pH of spray solutions was measured using a pH meter (GST–2729C, 

DKK–TOA Corporation, Tokyo, Japan). 

 

2.3. Structural Characterization  

2.3.1. X-ray diffraction for thin film characterization 

X-ray measurement technique is well developed and widely used for the characterization of 

various thin film materials and devices. The instrument that is used to measure the unknown 

diffraction angle of material is known as the XRD diffractometer. Based on Inaba et al., who 

studied the X-ray thin-film measurement techniques; X-ray diffraction method as a tool for 

characterizing materials including thin film surfaces has been remarkable when compared to 

other methods such as electron beam diffraction method due to its merit such as; (1) non-

destructive measurement and no requirement of special sample preparation, (2) performance 

applicable to both atmospheric, high temperature and/or high pressure condition, (3) allowance 

of the information extraction on the average structure in a relatively large surface area, (4) no 

irradiation damages in organic materials, (5) controllability of the analysis depth by the incident 

angle onto the surface and characterization of buried interface structure specifically in thin 

films [8].  

The measurement of thin films by the XRD diffractometer is based on their two-dimensional 

formation on the substrate surface, basing its characterization discussion along two stacking 

and in-plane direction. The technique also provides analysis of thin film information such as; 

lattice constant and distortion, crystal orientation, and crystallite size [8]. Figure 2 (a) shows 

main components of the X-ray diffractometer includes; measurement axial, sample position 

adjustment axes, X-ray source, incident optical system, goniometer, receiving optical system 

and detection section among others. 
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Figure 2. (a) The schematic diagram of X-ray diffractometer equipped with 2θ and containing 

inset for the pattern of copper thin films fabricated by MPM via spray coating [9]. 

 

During thin film measurement the selection of X-ray geometry is important. Para focusing 

X-ray geometry is used for analyzing a powder sample while in quantitative analysis of thin 

films, it is not focused incident X-ray but rather parallel incident X-rays that are more suitable 

[10]. To characterize the crystallinity of thin film an extremely small width profile from high 

resolution measurement is required.  

The XRD patterns of a substance is a characteristic of that substance and form a sort of 

fingerprint by which the substance may be identified. However, it is a collection of diffraction 

patterns that allows the identification of unknown by recording its diffraction pattern and 

locating in the file of unknown patterns the one that it matches. Two main important parameters 

in X-ray measurements of thin films are the phase identification by X-ray diffraction and 

determination of crystal structures. X-ray diffraction is due essentially to the existence of 

certain phase relation between two or more light waves. It’s the difference in the length of the 

path traveled that leads to the difference in phase of which introduction produce a change in 

amplitude. The greater the path difference leads to its greater difference in phase. Therefore, 
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two rays are completely in phase whenever their path lengths differ either by zero or by a whole 

number of wavelengths. While the difference in the path length of various rays arose naturally 

when considering how a crystal diffracts X-rays. Figure 2 (b) is a representation of a crystal 

whereby its atom is arranged on a set of parallel beam A, B, C, D normal to the plane of drawing 

and spaced a distance d’ apart. Assuming that abeam of perfectly parallel and monochromatic 

X-ray of wavelength is incident on this crystal at an angle θ, called Bragg angle and where is 

measured between the incident beam and the particular crystal planes under consideration, 

there is a possibility that this beam of X-ray will be diffracted under certain conditions. A 

diffracted beam is defined to be composed of a large number of scattered rays mutually 

reinforcing one another.  

Diffraction is therefore essentially a scattering phenomenon and does not involve any new 

kind of interaction between X-ray and atoms. It’s the atom that scatter incident X-rays in all 

directions and in some of these directions the scattered beam will be completely in phase, 

leading them to reinforce each other to form diffracted beams. Therefore, as illustrated in 

Figure 2(b), the only diffracted beam formed is that making an exit angle θ with respect to 

diffraction plane 1’ equal to the angle of incidence. Demonstrated by one plane of atom and 

second for all the atoms making up the crystals (i.e. atoms scattering rays in plane 1, 2, and 3). 

For example considering rays 1 and 1a in the incident beams, they strike atoms K and P in the 

first plane of atoms and are scattered in all directions but only in 1’ and 1a’ these scattered 

beams are completely in phase and so capable of reinforcing one another because the difference 

in their length of path between the wave fronts XX’ and YY’ is equals to equation (6a) below; 

QK – PR = PK cos θ – PK cos θ = 0  (6a) 

Similarly, the rays scattered by all the atoms in the. First plane in a direction parallel to 1’are 

in phase and add their contributions to the diffracted beam which is also true of all the plane 

separately. Additional example is for ray 1 and 2 which are scattered by atom K and L, and the 

path difference for rays 1K1’ and 2L2 are given in equation (6b) below. That is the same path 

difference for the overlapping rays scattered by S and P in the shown direction since there is 

no path difference between rays scattered by S and L or P and K 

ML + LN = d’ sin θ + d’ sin θ (6b) 

Scattered rays 1’ and 2’ will be completely in phase if this path difference is equal to a whole 

number n of wavelengths, as summed up by the Bragg’s law (2c) below, which was first 

formulated by W. L. Bragg. 

n𝝀 = 2d’ sin θ    (6c) 
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The law states the conditions that need to be met if diffraction is to occur; n is the order of 

diffraction and it may take on any integral value consistent with sinθ not exceeding unity and 

is equals to the number of wavelengths in the path difference between rays scattered by adjacent 

planes. Therefore, for fixed values of 𝝀 and d’ there may be several angles of incident θ1, θ2, 

and θ3 at which diffraction may occurs corresponding to n = 1, 2, and 3 [10]. 

 

 
 

Figure 2. (b) Representation of the principle for diffraction of X-rays by a crystal [10]. 

 

Under this study XRD was used to characterize the crystallinity of the fabricated all thin 

films fabricated by MPM via spray coating of different spray solutions containing copper 

precursor at 180°C in air. The crystal phases of thin films were examined using a SmartLab X-

Ray Diffractometer (XRD, Rigaku, Tokyo, Japan) with Cu-Kα X-ray generated at 35 kV and 

200 mA. The parallel beam optics was used at an incident angle of 0.3° in the 2θ range of 10–

80° with a scanning step width of 0.05° and speed of 5° min–1. The Debye-Sheerer and Hall 

method was used to calculate the averaged crystallite size of all thin films, using only the 

highest intensity peak at 2θ of 36.0° assignable to (111) phase of Cu2O, based on the equation 

(6d). 

𝐷'() 	 = 	 *+
,-./0

  (6d) 
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Where; 𝐷'(), K,	𝜆, 𝛽, and 𝜃 are defined as; the average crystallite size, Sherrer constant, X-

ray wavelength, full width at half maxima (FWHM) of the diffraction peak and Bragg angle, 

respectively. A 0.9 value was used as the Sherrer constant, K [11]. 

 

2.4. Chemical characterization 

2.4.1. Auger Electron Spectroscopy (AES) 

AES is the most popular analysis technique for elemental analysis of surfaces. With a 

particular small depth resolution, it is well suited for study of solid surfaces or material exposed 

by sputter ion bombardment [12]. As a tool it was first demonstrated as a useful tool for surface 

analysis in 1967 and is receiving widespread application in the fields of surface physics, 

chemistry, metallurgy, thin films and electronic materials technology. In thin film technology 

it is well suited for the study of metals and semiconductors and plays an important role in 

research, development and production [12].  

 

The instrumentation for Auger electron spectrometer is basic. Its components shown in 

Figure 3 consists of the (1) electron source and electron optical column, to form an electron 

probe onto the specimen surface (2) an ion optical column for cleaning the sample surface 

and/or sputtering for depth profiling (3) an electron energy analyzer (4) a secondary electron 

detector and a pulse counter (6) computer control and data display systems and acquisition 

[13]. The electronic optics and basic electronic for AES system also consist of an electron gun 

for excitation, analyzer, electron multiplier for amplification of the Auger electron signal, and 

a system for standard modulation and phase sensitive detection electronic [12]. The 

spectroscopy involves measurements of Auger electron’s kinetic energies that are characteristic 

of the elements present in the sample, it is the energy analysis of the electron ejected from the 

solid material. This electron excited technique is initiated by bombarding the material with a 

beam of electrons. This analytical technique have two main attributes; thus, it is capable of 

quantitatively determining what elements are present and giving an indication of the quality of 

material present in a sample. The present elements in the sample material is identified from the 

individual Auger electron peaks by a comparison with tabulated values from standard 

handbook spectra while the elemental concentration of the identified present elements is 

determined from a respective characteristic Auger peak. Mostly, the sensitivity factors which 

refer to a certain Auger transition are conveniently replaced by relative sensitivity factors 

referring all standard values to that for a one reference Auger peak, thus the variation during 

the analysis need not be taken into account separately [14]. 
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Figure 3. The schematic representation of (a) instrumentation of Auger electron spectroscopy 

and (b) its basic operational principle [14]. 

 

The first step in qualitative Auger analysis involves obtaining a survey spectrum with 

relatively modest resolution in a fairly short time, which are recorded at energies between 0 

and 1000 eV as most element have significant Auger transitions in such range [13]. The process 

is initiated by bombarding the material with a beam of electrons which can ionize one of the 

electron levels such as K level. The system then will return to equilibrium with an electron 

from M level dropping to fill the vacant K shell. It drives the system to give rise to emission of 

an X-ray photon. In addition, there is an alternative route which involves the transfer of energy 

through Auger radiation process to an electron such as one occupying the N level which can 

then have enough energy to be ejected from the solid sample material. This electron will have 

an energy relatable to the M and K level of the solid material, and the electrons ejected from 

the solid sample material are sorted according to their energy hence, providing the method of 

identifying the elements present in the solid sample material [12]. The process is described by 

its energy level diagram shown in Figure 3(c).   
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Figure 3. (c) The schematic representation of energy level diagrams describing the basic 

principle of process involved in Auger electron spectroscopy [12]. 

 

Under this study the chemical characterization of the fabricated thin films was done using 

AES. The analysis was done using a field emission Auger microprobe (JAMP-9500, JEOL, 

Tokyo, Japan), with 10 kV probe voltage and 10 nA current. Prior to each measurement, a 100 

µm area of the film was etched with an Ar+ beam of 2 kV and 10 nA for 10 s. The AES was 

able to provide information of the present elements in and their relative atomic ratio in the 

fabricated thin films.  

 

2.4.2. Raman Spectroscopy 

The Raman effect was observed in 1928 and was used to investigate the vibrational states 

of many molecules in the 1930s. Raman discovered that a small fraction of the scattered light 

was present at wavelength different from the incident one which is known as Raman shift and 

got the Nobel prize for his work in 1931 [15]. The non-destructive chemical analysis technique 

provides detailed information about chemical structure, phase and polymorphism, crystallinity, 

molecular interactions, contamination and impurity in solid chemical material. It is used for 

the identification of elemental bonding within the material and which is based upon interaction 
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of light with the chemical bonds within a material. Raman effect is a light scattering technique, 

whereby a molecule scatters incident light from a high intensity laser light source. Its electron 

excitation concept is similar to those of UV-Vis spectrophotometry described above. Most of 

the scattered light is at the same wavelength as the laser source (Rayleigh scatter) and does not 

provide useful information until a small amount of light is scattered at different wavelength 

which depends on the chemical structure of the analyte. The Raman spectrum features a number 

of peaks, showing the intensity of wavelength position of the Raman scattered light. Each peak 

corresponds to a specific molecular bond vibration, including individual bonds such as C–C, 

C=C, N–O, C–H and groups of bonds of benzene ring breathing mode, polymer chain vibration 

and lattice mode [15]. Because IR and Raman offer complementary technique in some cases 

Raman studies can be coupled with Infra-red for a more detailed vibrational energy mode 

evaluation of a material. The representation of a basic instrumentation consisting of 

monochromatic light source providing the laser irradiation onto the sample material, Raman 

scattering and Rayleigh scattering, that scatter the lights with a different and same wavelength, 

respectively and, spectra recording that saves the Raman shift are shown in Figure 4 [15]. 

 

Under this study the Raman spectra of quartz glass substrate and Cu2O thin films was 

measured at room temperature under dark condition using a Raman spectrometer (LaBRAM 

HR800, Horiba, Kyoto, Japan) with a charge-coupled device detector. The Nd:YAG laser 

(532.028 nm) was used as the excitation source, with an intensity of 10 mW and exposure time 

of 180 s. The resolution used for all samples was approximately 1 cm–1 with a laser spot-size 

of 100 µm2. The observed Raman peaks were analyzed using calibration curves obtained from 

the peak area of Raman spectrum for Si wafer attached on a quartz glass substrate. Raman shift 

was observed in the analyzed thin films and provided the information about the type of 

vibrational energy mode within the bonding of elements in Cu2O thin film. There was no 

necessity of coupling Raman with IR in this study as its use was only required for the 

identification of vibration mode of Cu2O bonding which it could singularly provide. 
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Figure 4. The representation of (a) Raman spectroscopy instrumentation and (b) its operational 

principle [15].  

 

2.5. Morphology and thickness 

The first electron microscope that accelerated electrons as a source instead of light was built 

by Max Knoll and Ernst Ruska in 1931 at the University of Berlin, Germany. Noteworthy, that 

the first scanning electron microscope (SEM) was built in 1938 to improve and challenge the 

difficulties of scanning the electrons through the sample. Field emission scanning electron 

microscope (FE-SEM) is a type of electron microscope that images the sample surface by 

scanning it with high energy beam of electrons in a raster scan pattern. The principle of electron 

microscope is identical to these of a light microscope but instead of using visible light as source 

of energy, it uses very energetic electrons. However, the resolution of the optical microscope 

is limited by its wavelength compared to accelerated electrons containing very short 

wavelength making it possible and convenient to see very small features under its analysis. The 

small wavelengths can be changed according to the applied high voltage [16]. 
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When the electron beam interacts with the specimen, useful information about the sample 

is revealed, which includes; surface features, sizes and shape of the features, composition and 

crystalline structure of the sample material. The interaction of electron beam with the specimen 

can be achieved through series of steps; (i) If the incident electrons come close enough to the 

sample’s atom, then these electrons will give some of their energy to specimen electron mainly 

in their K shell resulting in secondary electrons that changes their path and ionize the electron 

in the specimen atom instead. The ionized electrons escape the atoms as secondary electrons 

moving to the surface of specimen via elastic and inelastic collusion. Due to their low energy 

which is sometimes caused by the level of conductivity of material, only the electrons close to 

the surface will escape and be detected by the detector that use it for imaging the topography 

of the specimen. (ii) Some electrons are backscattered or reflected electron when the incident 

electron directly hits the atoms. While different atoms will result in different rate of 

backscattered electrons, the contrast of the final image varies with the change in the atomic 

number of the specimen and these with high atomic number will appears brighter than these 

with lower atomic number. (iii) If the incident electrons pass through the specimen without any 

interaction with their atoms, these electrons are transmitted and used to get the image of the 

thin specimen. Also, through another scattering mechanism known as elastic scattered the 

electrons do not lose their energy and those are used to get information about orientation and 

arrangement of the atom in the sample material [16]. 

The components of SEM are shown by its basic instrumentation in Figure 5. The instrument 

contains an electron optical system that is located inside the microscope column and space 

surrounding the specimen and is kept at vacuum. The system consists of a specimen stage to 

place and support the specimen. The electron optical system also consists of an electron gun to 

produce electron beam, a condenser lens and an objective lens to focus the electron beam into 

electron probe, a scanning coil to scan the electron probe and other components. It also consists 

of a secondary-electron detector that detects secondary electrons emitted from specimen, 

whose output signals are amplified and transferred to image display. The scanning on the 

display unit is synchronized with the electron-probe scan, and brightness variation which 

depends on the number of the secondary electrons appears on the monitor screen of the display 

unit, thus forming a SEM image. 
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Figure 5. The basic instrumentation of the (a) outside, (b) inside and operational components 

of FE–SEM [16]. 

 

Under this study the surface morphology of all fabricated thin films was observed using a 

field emission scanning electron microscope (FE-SEM) (JSM-6701F, JEOL, Tokyo, Japan) at 

an accelerating voltage of 5 kV and 10 mA resultant current.  

The thickness of each Cu2O thin film was determined from a cross-sectional image 

measured using the identical instrument. The measured values at seven different positions 

across the cross-sectional image were arbitrarily collected to obtain the averaged film thickness. 

Measurement of cross-sectional images of some Cu2O thin films provided additional 

information such as their porous structures due to their fabrication technique of spray coating. 

The porous structure of these films was related and linked to their photocatalytic activities. 

Thickness of some of the fabricated copper thin film was also calculated from their measured 

cross-sectional images.  

 

2.6. Electrical Characterization 

2.6.1. Hall effect measurement 

The electrical properties in cuprous oxide is widely investigated due to their technical 

importance. Hall effect is a basic to solid state physics and an important diagnostic tool for the 

characterization of materials mainly semiconductors, which provides direct determination of 

both the sign of the charge carriers as electron or hole and their density. The basic 

representation of a laboratory set up Hall effect geometry [17] is shown in Figure 6. The set-
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up display that the thin strip (thickness symbol) of the material under analysis is placed in a 

magnetic field B area oriented at right angle to the thin strip. The current I flow in response to 

applied electric field. At a microscopic scale, the generated current I is as a result of positive 

and negative charges moving in the direction or backwards of I, respectively. Regardless of the 

directional flow of current, the magnetic Lorentz force describe by equation (7a) causes the 

carries to curve upward. 

qv × B (7a) 

Since the charge cannot leave the top or bottom of the strip sample material a vertical charge 

builds up in the sample material. The charge imbalance produces a vertical electric field which 

counteracts the magnetic force, leading it to reach their steady state. The created vertical 

electric field can be measured as the transverse potential difference on the voltmeter. 

Supposedly, the charge carriers are electrons; i.e. q = – e, the negative charge accumulates on 

top position of the strip sample material causing the voltmeter to read a negative potential 

difference. Alternatively, if the charge carriers are holes; i.e. q = – e a positive voltage is 

measured on the voltmeter [17]. 

The above described principle of Hall effect was used to evaluate the electrical properties 

of the fabricated Cu2O thin films, under this study. The electrical resistivity, carrier mobility 

and concentration of Cu2O thin films were evaluated from a Hall effect measurement using an 

HL5500 Hall system (Accent, London, UK). Each thin film sample was cut into four pieces of 

10 × 10 × 1.6 mm3 size and three pieces were used for measurement. The observed values from 

three different pieces were averaged to determine the electrical parameters of all thin films. 

The relationship between the electrical parameters of electrical resistivity (𝜎), carrier 

concentration (n), carrier mobility (µ), and elementary electric charge (e), is shown by the 

equation (7b) [11]. 

𝜎nµ = 1/e  (7b) 
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Figure 6. The representation of the (a) instrumentation of a laboratory set up Hall effect 

geometry and its (b) operational basic principle [17].  

 

The measured electrical properties of the thin films provide an important information about 

their carrier charges and concentration which was related to their photocatalytic properties, 

optical properties, and morphologies under this study. 

 

2.6.2 Four probe measurement 

The four-probe method is one of the standards and most commonly used method for the 

measurement of resistivity, due to its practical advantages such as; overcoming problems of 

contact resistance, and permits accurate resistivity measurements in sample having wide 

variety of shapes. In single crystal material such as metallic copper and copper oxide thin films, 

the resistivity may vary smoothly from point to point. Hence, it is the evaluation of the amount 

of variation at some points were the resistivity is not constant. 

Resistance of some metallic copper thin films fabricated under this study were evaluated 

using the four-probe method at room temperature. The instrument set up consisted of a 

regulated DC power supply (Model PAB32-1.2, Kikusui Electronic Corp., Kanagawa, Japan), 

two multimeters; (VOAC7512, Iwatsu Electric Co., Ltd., Tokyo, Japan) and (Model 2010, 

Keithley Electric Corp., Tokyo, Japan) used as a current source and voltmeter, respectively. 

The set-up also consisted of four Au-plated tungsten probes (FELL type, K&S, Tokyo Japan), 

placed at an interval of 1 mm with an added load of 0.1 kg. The simple schematic representation 

of four probe measurement for a copper thin film is shown in Figure 7. During measurement 

the sharp four probes are placed on a flat surface of the sample material, the current is passed 

through the two outer electrode probe 1 and 4 and the floating potential is measured across the 

inner pair electrode probe 2 and 3. To prevent minor carrier injection and make a sample 

surface-probe contacts must be mechanically lapped, which was assisted by a 0.1 kg load 

placed on top of the probes. Figure 7 shows the simple circuit used in the resistance 

measurement of thin films under this study. 
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Figure 7. The representation of (a) instrumentation set up and (b) basic operational principle 

of four probe measurement for a copper thin film. 

 

The electrical resistance (R) and resistivity (ρ) of the copper thin films was calculated 

according to the formula 1 and 2 below:  

R = V/I               (1)  

ρ = R × t × Fp       (2)  

Where; R, V, I, ρ, t, and Fp are defined as electrical resistance, measured potential difference 

across inner pairs of probes, applied electric current through the outer pair of probes, electrical 

resistivity, measured film thickness by stylus profilometer, and resistivity correctional factor, 

respectively [18]. 

 

2.7. Physical Properties 

2.7.1. Thickness of Cu thin films 

The thickness of some fabricated metallic copper thin films was measured using stylus 

profilometer (DEKTAK-3, Sloan, California, USA). Before the films were fabricated, a portion 

of ca. 3 mm on the quartz glass substrate was masked with a heat resistant tape to keep uncoated 

substrate during the spray coating process. The thickness values were calculated as average of 

measured surface differences between the uncoated quartz glass substrate and the sprayed thin 

film.  
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2.7.2. Adhesion strength by scratch test 

The adhesion strength of all thin film fabricated under this study onto the quartz glass 

substrate was evaluated using a scratch tester (HEIDON-22, Shinto Scientific, Tokyo, Japan) 

by applying a load of 1 kg and at the scratch speed of 53 mm min–1. 

 

2.8. Photocatalytic Properties 

The photocatalytic activity of Cu2O thin film was evaluated by the discoloration rate of MO 

solution, according to our previous method in which a different dye, methylene blue, was used 

as a model pollutant in water [19].The MO concentration in test solution, whose pH value was 

adjusted to 7.0 by adding 1 or 2 drops of 1 mol L–1 NaOH solution, was adjusted to 10 mg L–1 

by dissolving MO in deionized water. The pH value of MO solution was measured using the 

abovementioned pH meter. Each six samples of each thin film with an identical area of 20 × 

20 mm2 and/or 60 × 60 mm2 were prepared for the discoloration test. The visible light from a 

fluorescent light, FS2015E-H (Hitachi, Tokyo, Japan) was illuminated on the thin film samples 

immersed in the MO solution at a vertical distance of 15 cm from the sample surface. The light 

intensity measured by a digital illuminometer M-101 (MonotaRO Co., Ltd., Amagasaki, Japan) 

was 0.45 mW cm–2.  

A portion of approximately 3 mL of the MO solution was transferred into a quartz cell (10 

× 10 × 45 mm3) at an interval of 30 min. The absorption spectrum of each MO solution was 

recorded in the range of 200–700 nm by using a Hitachi U-2800 spectrophotometer in a double 

beam mode, and deionized water was used as a reference. Every measured portion was 

immediately returned back into the petri dish containing remained solution and thin film 

sample under visible-light irradiation and in dark condition, to continue the discoloration test 

up to 3 h and/or 4.5 h. The discoloration test was carried out three times for each thin film 

sample under visible-light irradiation and in dark condition. The schematic representation for 

the measurement of photocatalytic degradation test of MO by a Cu2O thin film is shown in 

Figure 8. 
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Figure 8. The schematic representation for the measurement of photocatalytic degradation test 

via discoloration of MO by (a) Cu2O thin films (b) inside components and (c) outside the visible 

light irradiation measurement area. 

 

An additional examination for some thin films in pure water was performed under 

abovementioned light irradiation to clarify the effect of MO onto the thin film at the neutral 

pH condition. 

The discoloration efficiency ratio and rate constants of MO solution under visible light 

irradiation and in dark condition were calculated according to the pseudo-first order kinetic 

law described by the following equation (8) and (9) below. 

C = (C0 – Ct)/C0 × 100      (8) 

ln(𝐶t/𝐶0) = 𝑘𝑡                    (9) 

Where C, 𝐶0, C, and k are photocatalytic efficiency ratio, initial concentration of MO 

solution, concentration of MO solution at elapsed time 𝑡, and pseudo-first-order rate constant, 

respectively [19–22]. 
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2.9 Summary 

All the measuring instruments and equipment used in the characterization of the prepared 

precursor solutions and fabricated thin films were at full disposal at the Kogakuin University. 

The unknown concentration of Cu(II) in electrochemically prepared spray solution was 

determined by Beer Law plot from their measured absorption by UV-vis spectrophotometer, 

which was also used to measure the optical transmittance whose data was used to calculated 

the band gap of fabricated Cu2O thin films. The structural and chemical information of the thin 

films was provided by X-ray diffractometer and Auger electron spectroscopy, respectively. 

The morphology of the thin films was measured by FE-SEM. The thickness of all the Cu2O 

and some metallic copper thin films was calculated from their measured cross images of FE-

SEM. Additionally, some of metallic copper thin films thickness was measured by stylus 

profilometer. The electrical properties of Cu2O thin films was evaluated by means of Hall effect 

measurement, while these of metallic copper thin film by four probe measurement. The 

adhesion strength of thin films on quartz glass substrate was evaluated by means of scratch 

test. The tensile strength of metallic Cu thin films was measured and determined by Pull-stud 

method. The visible light photo-reactivity of the Cu2O thin films was evaluated by 

photocatalytic test via the discoloration of MO which was used as a model pollutant dye.  
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CHAPTER 3: Low Temperature Fabrication and Photocatalytic Activity of p-type Cu2O 

Thin Films by Molecular Precursor Method 

 

3.1. Introduction on p-type semiconductors  

Cuprite also known as cuprous oxide has been a major ore of copper and is still mined in 

many places around the world. Among other copper ores, it provides the greatest yield of 

copper per molecule since there is only one oxygen atom to every two atoms of copper. The 

general crystal habits of Cu2O includes the cube, octahedron, dodecahedron, and combinations 

of these forms [1]. Cuprous oxide poses a crystalline cubic structure with a lattice parameter 

of 4.2696 Å and a space group of Pn3m, forming an octahedral system. If oxygen atom is 

considered as the origin of the body centered cubic; bcc primitive cell, the four copper atoms 

are considered to be located in the diagonal position. The oxygen atoms are tetrahedrally 

coordinated by copper and the copper ones are linearly coordinated by the oxygen atoms. The 

bond distance between, Cu-O (a), O-O (b), and Cu-Cu (c) is 1.85, 3.68 and 3.02 Å, respectively 

creating a structure with a density of 6.10 g cm–3 and molar mass of 143.09 g mol–1. While the 

concentration of copper and oxygen in the structure is 5.05 × 10 and 2.52 × 10 cm–3, 

respectively. The dichotomy characteristic of Cu2O is explained by two (strong and light grey 

colors) identical interpenetration networks of Cu and O atoms inside the crystal lattice 

containing indirect chemical bond between them. The two types of atomic network are 

therefore only stable due to Van-der-Waal force [1, 2]. Figure 1 shows the crystal (a) and 

atomic (b) structures of the body centered cubic cell of Cu2O material. 

 

Figure 1. Crystallographic unit cell (a) and atomic (b) structures of the body centered cubic 

cell of Cu2O [1, 2]. 
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3.2. Properties and application of Cu2O semiconductors 

The applications of Cuprous oxide (Cu2O) semiconductor are attributed to one of its 

important properties of narrow band gap. It is a promising semiconductor with a direct bandgap 

in the range of 1.91–2.3 eV [3–5]. It is used in in solar energy conversion [6–9], as an electrode 

for lithium ion battery [10, 11], gas sensors [12] and photocatalytic degradation of organic 

pollutants and decomposition of water under visible light [13–15].  

 

Over the last few decades, cuprous oxide (Cu2O) nanoparticle powders have alarmingly 

emerged as one of the effective p-type semiconductors for photocatalytic degradation of 

Methyl Orange (MO) under visible light irradiation. The cuprous oxide nanoparticles with 

different nanosized structures and morphologies have been mostly prepared by a typical facile 

chemical synthesis. It has been used as a photocatalyst because of its several advantages that 

includes; firstly; it has low toxicity, inexpensive, good environmentally friendly, it is plentiful 

and readily available [3]. Secondly; the band gap of Cu2O can be modified by factors such as 

particle size [16, 17]. Thirdly; it directly utilizes visible light as photocatalyst [18]. Fourthly; it 

has a powerful adsorption capacity for molecular O2 which can harvest photoelectron to 

prevent the recombination of electrons and holes [15]. 

The visible light photocatalytic degradation of MO dye as model pollutant is one of the 

described applications of Cu2O material that was tested under this study. Many researchers 

have already investigated photocatalytic properties and the optimization of experimental 

parameters including; type of Cu2+ reductants, synthetic temperature, type of copper salts as 

starting material, pH and reaction rate dependent of particle sizes and morphologies of Cu2O 

nanoparticles. While Cu2O nanoparticle prepared under good optimized conditions were found 

to exhibit high photocatalytic properties, these nanoparticles can be prepared by various 

methods such as liquid phase chemical synthesis [3, 19–22], electrodeposition method [23–

26], chemical dealloying [27, 28], and irradiation process [29]. Even though single cubic Cu2O 

nanoparticles can work as a photocatalyst on its own, the material can exude improved 

photocatalytic properties when doped with other materials. For example, Cu2O nanocomposite 

of TiO2 has found to have a better photocatalytic property toward methyl orange degradation 

than single phased Cu2O, as coupling the Cu2O and TiO2 extend the absorption range to visible 

light region and promotes electron-hole pair separation [30–32]. 
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3.3. Cu2O thin films 

Fabrication of a desired single phased CuO or Cu2O is the key target in preparation of a 

copper oxide thin films. While the fabrication of a single phased copper oxide thin films can 

be challenging, few various fabrication methods had achieved it. However, Cu2O thin films 

can be achieved by many deposition techniques, which includes; physical processes such as 

magnetic sputtering deposition [33, 34], pulse laser deposition [35]. As well as wet chemical 

processes such as; nebulizer spray technique [36], spray pyrolysis [37] and electrochemical 

deposition [38]. 

The molecular precursor method (MPM) is a wet process for thin film fabrication of various 

metal oxides and phosphate compounds, it is based on the design of metal complexes in coating 

solutions with many practical advantages such as excellent stability, homogeneity, miscibility, 

and coatability [39, 40]. Previously, an ethanol-based coating solution involving an isolated 

Cu(II) complex of ethylenediamine-N, N, N’, N’-tetraacetic acid (EDTA) and dibutylamine was 

used to fabricate a p-type Cu2O thin film with thickness of 50 nm via spin coating [41]. In our 

recent study, a precursor solution involving Cu(II) formate, propylamine and ethylenediamine 

dissolved in ethanol was used to also fabricate a p-type Cu2O thin film with thickness of 90 

nm, by ultraviolet (UV) irradiation and also via spin coating [42].  

Volatile organic-solvent based precursor solutions are favorable for spin-coating method, 

because aqueous solutions are generally inadequate to spread onto various substrates due to 

high surface tension [40]. We have therefore developed the aqueous solutions useful to spray 

deposition in order to fabricate carbonate containing apatite films on Ti plate [43, 44]. The 

advantages of the spray coating method to deposit aqueous based precursor solutions on quartz 

glass substrate includes; it is simple and inexpensive instrumental set-up, reduced material loss 

and its adjustability for a large area deposition [45]. Figure 2 shows a schematic route of thin 

film fabrication by MPM [40].  
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Scheme 1. Schematic route for the fabrication of Cu2O thin films by MPM [48]. 

 

Under this study, the current chapter here report the p-type Cu2O thin-film fabrication on a 

quartz glass substrate heated at 180°C in air directly by spraying aqueous precursor solutions, 

which were prepared by dissolving Cu(II) formate and ammonium formate, whose molar ratios 

to Cu(II) ion were 0, 2, 6 and 14, into aqueous ammonia solution. The photocatalytic 

discoloration of an aqueous solution involving MO as a model pollutant was evaluated at a 

neutral pH region by irradiating weak visible-light onto the p-type Cu2O films immobilized on 

the quartz glass substrate. The electrical and optical properties of the resultant thin films were 

also evaluated and compared to those of Cu2O films formed by other methods. 

 

3.4. Preparations of Cu(II) in spray solution solutions with various ratio of HCOONH4 

Four spray solutions, S0, S2, S6 and S14 were prepared by adding different amounts of 28% 

NH3 aqueous solution and HCOONH4 into each aqueous solution involving 0.187 g (0.811 

mmol) of Cu(HCOO)2·4H2O in 25g of deionized water. The added amounts of 28% NH3 

aqueous solution and HCOONH4 were as follows: S0; 28% NH3 aqueous solution (1.775 g, 

29.18 mmol), S2; 28% NH3 aqueous solution (1.677 g, 27.57 mmol), and HCOONH4 (0.108 

g, 1.621 mmol), S6; 28% NH3 aqueous solution (1.479 g, 24.23 mmol), and HCOONH4 (0.323 

g, 4.864 mmol), S14; 28% NH3 aqueous solution (1.085 g, 17.84 mmol), and HCOONH4 

(0.753 g, 11.35 mmol). Each mixed solution was mechanically stirred for 1 h at room 

temperature. The obtained solutions, whose total concentration of Cu2+ was identical to 0.033 

mmol g–1, were used for spray-coating. The molar ratio of NH3 to Cu(II) was adjusted to 36 in 

all solutions. The chemical reaction equation for the preparation of aqueous ammoniac spray 



 45 

solutions; S0, S2, S6 and S14 containing Cu(II) formate and ammonium formate whose molar 

ratios to Cu(II) ion were 0, 2, 6 and 14, respectively is shown below:  

 

S0 – S14: Cu(HCOO)2・4H2O + 4NH3 → [Cu(NH3)4]2+ + 2HCOO– + 4H2O    (1) 

 

3.5. Fabrication of Cu2O thin films at 180°C in air by via spray coating 

The experimental set up for spray coating in this present study was identical to those 

described in our previous study for Cu thin film deposition [45]. The spray coating procedures 

are as follows; an airbrush (Revolution HP-SAR; ANEST IWATA Co., Kanagawa, Japan) used 

as an atomizer of spray solution was vertically suspended adjacent to a hot plate. The pressure 

and solution inlets of the airbrush were connected to an air compressor set at 0.2 MPa and to a 

needle injected into the spray solution, respectively. A quartz glass substrate (20 × 20 × 1.6 

mm3) was placed on the hot plate heated at 180°C. The distance between the tip of the atomizer 

and the substrate surface was adjusted to 30 cm. The substrate temperature was monitored by 

a chrome-alum type surface probe (A3-K-Q, TGK, Tokyo, Japan) fixed on top of the hot plate. 

Each 12 g of S1, S2, S6, and S14 was independently sprayed onto the quartz glass substrate. 

Each solution was periodically sprayed for 5 s with a rate of 2.1 mL min–1 at 20 s intervals. 

The obtained thin films are denoted as F1, F2, F6, and F14, respectively. Another thin film F’2 

was also obtained by spraying 16 g of S’2 onto the quartz glass substrate under the identical 

conditions. Each eleven samples for each thin film were prepared by the identical procedures 

and used in the characterization. 

 

3.6. UV-Vis absorption of spray solution 

The absorption spectra of S1, S2, S6, and S14 are shown in Figure 2. The maximum 

absorption position of a characteristic band in the visible region was observed at 610 and 605 

nm for S0 and S2, and at 604 nm for S6, and S14, respectively. The maximum absorption 

position of Cu(II) complex in spray solutions was observed to have a shifting pattern to a 

shorter wavelength with an increase ratio of ammonium formate to Cu2+ in aqueous spray 

solutions. This is due to the change in concentration of Cu(II) complex species in the respective 

aqueous spray solutions. The pH values of S1, S2, S6, and S14 were 11.2, 10.6, 10.1, and 9.7, 

respectively, were also becoming more acidic with the increased ratio of ammonium formate. 

Table 1 shows the dependent of presence of Cu(II) complex species and pH on the added ratio 

of ammonium formate to Cu2+ in spray solutions. 
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Figure 2. Absorption spectra of S1, S2, S6, and S14 spay precursor solutions. The lines are 

labelled as; broken line: S0, long dotted line: S2, solid line: S6, and short dotted line: S14   

 

3.7. Characterization of the fabricated thin films 

The measurements techniques for the characterization of Cu2O thin films are all explained 

in detail under the preceding chapter 2. 

 

3.7.1. Crystal structure of the low temperature fabricated thin films 

The XRD patterns of F1, F2, F’2, F6, and F14, are shown in figure 3 (a). Seven peaks found 

for all thin films at 2θ = 29.7, 36.6, 42.5, 52.6, 61.6, 73.7 and 77.4° are assignable to (110), 

(111), (200), (211), (220), (311) and (222) phases of cubic Cu2O, respectively (ICDD card no. 

01-071-3645). Only in the case of F0, six weak peaks were observed additionally at 2θ = 32.5, 

35.9, 38.8, 49.1, 66.3, and 68.0 which can be assigned to (110), (-111), (200), (-202), (310), 

and (220) phases of monoclinic CuO, respectively (ICDD card no. 01-080-1916). The average 

crystallite sizes of Cu2O in the thin films are summarized in table 1.  
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Figure 3. (a) XRD patterns of F1, F2, F’2, F6, and F14 via spray deposition of corresponding 

spray solutions onto quartz glass substrate at 180°C in air. The assignable peaks are denoted as 

follows; | : Cu2O, ▼: CuO. 

 

Table 1. Crystallite sizes of F1, F2, F’2, F6, and F14 fabricated by spray deposition of 

corresponding spray solutions onto a quartz glass substrate at 180°C in air, respectively. The 

standard deviation is shown in parentheses. 

 
 

The XRD patterns of all thin films after discoloration test using MO solution under visible-

light irradiation and in dark condition are presented in figure 3 (b) and 3 (c), respectively. In 
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the cases of F0, F2, and F’2, the patterns are all identical to those observed before the 

discoloration test. On the other hand, several small peaks appeared newly in the cases of F6 

and F14 as follows: Four peaks at 2θ = 32.2, 34.7, 38.2 and 49.8°, which are assignable to 

(110), (-111), (200) and (-202) phases of monoclinic CuO respectively, appeared in the patterns 

after visible-light irradiation to F6 and F14, and in those after keeping F6 and F14 in dark 

condition. In the pattern after keeping F6 in dark condition, additional two peak at 2θ = 66.5 

and 68.8° assignable to (310) and (-221) phases respectively of monoclinic CuO, were also 

observed. Further three small peaks at 2θ = 13.2, 21.9 and 26.6°, which can be assigned to 

(001), (110), and (002) phases respectively of triclinic Cu(OH)2∙H2O (ICDD card no. 00-042-

0638), appeared in the patterns after visible-light irradiation to F6 and F14 and in those after 

keeping F14 in dark condition. While that at 2θ = 17.2°, assignable to (020) phase of 

orthorhombic Cu(OH)2 (ICDD card no. 01-080-0656), appeared in the patterns after visible-

light irradiation to F6 and F14 and in those after keeping F14 in dark condition. 

In figure 3 (d), the XRD patterns for F6x and F14x obtained after irradiating the identical 

visible-light in pure water. All the small peaks appeared in these patterns are good agreement 

with the abovementioned peaks assignable to the triclinic Cu(OH)2∙H2O observed in the 

patterns after irradiating the visible-light onto F6 and F14 in the MO solution for discoloration 

test. 

 
Figure 3. XRD patterns of F1, F2, F’2, F6, and F14 after discoloration test of MO solution 

under (b) visible-light irradiation and (c) kept in dark condition. The assignable peaks are 

denoted as follows; | : Cu2O, ▼: CuO, ●: Cu(OH)2·H2O, ♦: unknown.  

 



 49 

  

 
Figure 3. (d) XRD patterns after photodegradation test of F6x, and F14x using water solution 

under visible-light irradiation. The assignable peaks are denoted as follows; | : Cu2O, ▼: CuO, 

●: Cu(OH)2·H2O, ♦: unknown. 

 

3.7.2 Morphologies and adhesion strength of the low temperature fabricated thin films 

The surface morphology and cross-sectional images of F1, F2, F’2, F6, and F14 are shown 

in figures 4. The spherical-shaped Cu2O grains with different sizes agglomerate and distribute 

unevenly on the surface of each thin film as summarized in table 2. The thicknesses and critical 

load forces of the thin films on the quartz glass substrate are also shown in table 2. The adhesion 

strength of the resultant thin film decreased according to the increased amount of added 

ammonium formate into the spray solutions. 
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Figure 4. Surface morphologies and cross-sectional images of (a) F1, (b) F2, (c) F6, (d) F14, 

and (e) F’2 fabricated by deposition of corresponding spray solutions onto quartz glass 

substrate at 180°C in air. 
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Table 2. Film tthickness, particle and crystallite sizes, and adhesion strength of F0, F2, F’2, 

F6, and F14 fabricated by spray deposition of corresponding spray solutions onto a quartz glass 

substrate at 180°C in air, respectively. The standard deviations are shown in parentheses. 

 
 

3.7.3. Electrical properties of the low temperature fabricated thin films 

In table 3, the electrical properties and several fabrication conditions of F0, F2, F’2, F6, 

and F14 are summarized, along with those of the Cu2O films formed previously by other wet 

chemical processes. The carrier density of each thin film is all positive as indicated in table 3. 

Because the major charge carrier is positive, it was clarified that the resultant thin films are all 

p-type semiconductor. The carrier concentration of all thin films is in good agreement with 

those of previously fabricated films by the MPM [41, 42]. 

 

  



 52 

Table 3. Electrical properties of F0, F2, F’2, F6, and F14 fabricated by spray deposition of 

corresponding spray solutions onto a quartz glass substrate pre-heated at 180°C in air, 

respectively. The standard deviation is shown in parentheses. 

 
 

3.7.4. Chemical composition of the low temperature fabricated thin films 

Figure 5 shows the Auger spectra of F0, F2, F’2, F6, and F14. Broad peaks observed at 264 

eV for carbon, 509 eV for oxygen, and 764, 835 and 914 eV for copper atoms in the wide scan 

spectra are in agreement with those of Cu2O film previously fabricated at 350°C by MPM via 

spin coating [41]. The atomic ratio of Cu to O was determined to be 1.5 in all thin films, 

indicating the Cu atom deficiency. 
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Figure 5. Auger spectra of F0, F2, F’2, F6, and F14. The peaks are denoted as follows; ∇: C, 

▼: O, ♦: Cu. 

 

3.7.5. Raman spectra of the low temperature fabricated thin films 

Figure 6 shows the Raman spectra of F0, F2, F’2, F6, and F14. Only in the spectra of FC 

and FD, the shoulder peak corresponding to 2Г12 photon vibration mode of O-deficient Cu2O 

was observed at 148 cm–1 [46]. A strong peak corresponding to Г15 photon vibrational mode of 

Cu2O was observed at 217 cm–1 in the spectra of F’2, and F6, and at 219 cm–1 in those of F2 

and F14, respectively, which agree with the position at 218 cm–1 in several reports [46-49]. No 

peak assignable to this Г15 mode was however observed in the spectrum of F0. The peaks 

assignable to 2Г12 + Г25 photon vibration mode of Cu2O were observed at 293 cm–1 for F0 and 

F2 and at 291 cm–1 for F6 and F14, respectively. These values are observed in low energy 

region from that at 295 cm–1 reported in a literature [50]. The corresponding peak to Г15 photon 

vibration mode of Cu2O were observed at 610 cm–1 for F0 and F2, and at 615, 622 and 624 

cm–1 for F‘2, F6, and F14, respectively. These positions are comparable to the reported values, 

around 615 cm–1 [29] and 620–624 cm–1 [49, 51, 52], respectively. The peaks observed at 145, 

204, 325–327 and 499 cm–1 in the spectra of all thin films corresponds to SiO2 [49, 53, 54]. 

The presence of O-deficient Cu2O which his observed 148 cm–1 in fabricated films is clearly 

shown in Figs. 7(a)–7(e) when the peaks around 145–148 cm–1 were separated and theoretically 

fitted assuming Gaussian distribution. 
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Figure 6. Raman spectra of F0, F2, F’2, F6, and F14 fabricated via spray deposition of 

corresponding spray solutions onto quartz glass substrate at 180°C in air, before 

photodegradation test. The peak is denoted as follow; ▼: Cu2O with oxygen deficiency, ∇: 

other Cu2O, and ♦: Si  

 

 
Figure 7. Separated O-defect site of Raman spectra of (a) F1, (b) F2, (c) F’2, (d) F6, and (e) 

F14. The peaks are labelled as; solid black line: original data of Raman peak (145 - 148 cm–1), 

broken solid coloured lines: theoretically fitted curve by assuming Gaussian distribution 
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3.7.6. Optical and photocatalytic of the low temperature fabricated thin films 

Figure 8(a) shows the transmittance spectra of F0, F2, F’2, F6, and F14, showing the 

characteristics of Cu2O thin films in the visible and far infra-red regions [36]. The optical band 

gaps of F0, F2, F’2, F6, and F14 shown in Figure 8(b) were determined as 2.41, 2.51, 2.50, 

2.41 and 2.15 eV, respectively, assuming direct transition semiconductor. 

The relationship between ln(C/C0) and elapsed time t under visible-light irradiation and in 

dark condition are shown in Figs. 9(a) and 9(b), respectively. In the cases of F0, F2, and F’2, 

it was revealed that the time-dependence of MO concentration is quite small both under visible-

light irradiation and in dark condition. It was contrarily clear that the MO concentration 

decrease efficiently in the cases of F6 and F14. 

In every case, the time-dependence of MO concentration can be approximated by the 

straight line, indicating that the discoloration reaction by the present Cu2O thin films can be 

assumed to obey the pseudo-first-order kinetics. Based on the assumption, the discoloration 

rate constants of MO solution by F0, F2, F’2, F6, and F14under the visible-light irradiation are 

determined to be in the following order of 0.004, 0.004, 0.003, 0.042 and 0.087 min–1, 

respectively. From the time-dependence of MO concentration in dark condition, the rate 

constant of MO adsorption onto the thin films and substrates could be also determined as 0.002, 

0.002, 0.001, 0.002 and 0.056 min–1, respectively for F0, F2, F’2, F6, and F14. It was thus 

revealed that only F14 has the effective ability of MO adsorption. 

 

 
Figure 8. (a) Transmittance spectra of F0, F2, F’2, F6, and F14 fabricated via spray deposition 

of S0, S2, S6, and S14 onto quartz glass substrate at 180 °C in air. The lines are labelled as; 
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···: F0, - - -: F2, ―·―: F’2, ―: F6, and – – –: F14. (b) The tauc plots of F0, F2, F’2, F6, and 

F14 fabricated via spray deposition of S0, S2, S6, and S14 onto quartz glass substrate at 180°C 

in air and determined as 2.41, 2.51, 2.50, 2.41 and 2.15 eV, respectively assuming direct 

transition semiconductor. The lines are labelled as; ···: F0, - - -: F2, ―·―: F’2, ―: F6, and – 

– –: F14.  

 
Figure 9. The relationship between ln(C/C0) of methyl orange solution and elapsed time for 

discoloration test, under (a) visible light and (b) dark condition, where C0 and C indicate the 

initial concentration of methyl orange and concentration after elapsed time (min). The 

approximated lines are labelled as follows; ○: F0, □: F2, ×: F’2, ●: F6 and ▲: F14.  

 

The proposed reaction mechanism for discoloration of MO by Cu2O is shown in Figure 10. 

 
Figure 10. Schematic diagram of adsorption and photodegradation of Cu2O thin film by MO. 
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3.8. Results and discussions 

3.8.1. Spray precursor solutions 

The spray solutions S0, S2, S6 and S14 of stable and blue color could be facilely prepared 

by dissolving Cu(II) formate and ammonium formate into aqueous ammonia solution. The 

amount ratios of added ammonium formate to Cu(II) ion were adjusted to 0 and 2n –2 (n = 1–

4), in order to examine the effect of ammonium formate. In addition, the total amount of 

ammonia and ammonium ion in four spray solutions were regulated to be almost identical by 

controlling both the added ammonia solution and ammonium formate. Thus, the molar ratio of 

ammonia to Cu(II) was adjusted to a constant value of approximately 36, which is expected to 

be enough to form [Cu(NH3)4]2+ ion in these solutions. As a result, the pH values of the 

solutions are in the range from 11.2 to 9.7. 

Bjerrum et al. discussed the structure of the ammine complexes of Cu(II) on the basis of 

their visible absorption spectra using ligand field theory [54], and it is well known that the 

absorption peak position, at 590 nm, of [Cu(NH3)4]2+ complex shifts to longer wavelength 

region by replacing NH3 to H2O or coordinating with ligands through oxygen atoms. The 

maximum absorption bands of the present spray solutions were observed in the wavelength 

range of 610 – 605 nm (Figure 2), and the shift depends on the pH value of each solution. These 

results suggest that the OH– ions were incorporated into the originally formed [Cu(NH3)4]2+ 

complexes, under a chemical equilibrium depending on the corresponding pH value. 

 

3.8.2. Fabrication and purity of the low temperature fabricated thin films 

It is noteworthy that the Cu2O thin films could be fabricated by spray coating of the present 

solutions onto the quartz glass substrate pre-heated at 180°C in air, with no further heat 

treatment (Figure 3(a)). It was furthermore indicated that the addition of ammonium formate 

into the spray solution is quite useful to obtain crystalline Cu2O well-adhered on the substrate 

at low temperature, because the small amount of over-oxidized CuO was formed as a minor 

by-product only in the case of F0 which was obtained by spraying S0 with no added ammonium 

formate. 

Rivera et al. fabricated a single phased Cu2O by spray coating at 330°C using a solution 

involving Cu(II) nitrate, glucose as a reducing agent, and a deionized water/2-propanol mixture 

as the solvent. They reported that the intermediate Cu phase appears in the temperature range 

from 270 to 310°C due to insufficient thermal energy to promote the complete formation of 

crystalline Cu2O [37]. However, there is no evidence of metallic Cu formation in the present 

study using ammonium formate as a reductant. In addition, the AES results show that the 
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carbon concentration in all thin films is less than 15 atomic% (Figure 5). The organic residues 

derived from formate ion could be thus removed during the spray onto the substrate preheated 

at 180°C in air. It is therefore supposed that the reduction of Cu(II) ion in the original complex 

to Cu(I) one occurred simultaneously with removal of excess amounts of ammonia and formate 

ion and then Cu-deficient Cu2O crystallized, when the fine droplets of the precursor solution 

reach the substrate. 

The formation of Cu(OH)2∙H2O as a minor product was also observed when F6 and F14 

were immersed in water both under visible-light irradiation and in dark condition. The XRD 

patterns for F6x and F14x obtained after irradiating the identical visible-light in pure water was 

also analyzed. All the small peaks appeared in these patterns are in good agreement with the 

abovementioned peaks assignable to the triclinic Cu(OH)2∙H2O observed in the patterns after 

irradiating the visible-light onto F6 and F14 in the MO solution for discoloration test. It was 

thus revealed that a part of the obtained Cu2O react with water molecules spontaneously under 

these conditions. 

 

It is noteworthy that changing the type reductant from HCOONH4 to acetate results in the 

formation of CuO thin film. Hence ammonium formate was very important as reductant for the 

formation of Cu2O single phase. Scheme 3 shows the formation of CuO single phase using 

precursor solution prepared using copper acetate with no addition of HCOONH4.  
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Scheme 2. Formation of single CuO thin film at 180°C in air 

 

3.8.3. Crystal growth of Cu2O, morphology and adhesion strength of thin films 

The average particle sizes of Cu2O in F’2 and F6 are approximately 2 times larger than 

those in F0 and F2, and the increasing particle size is consistent to the increasing film 

thickness, as shown in Table 2. The gradual increase of crystallite sizes was also observed 

depending on the increased amount of added ammonium formate into spray solution, with the 

exception of F14. These results may be related to the heating-time difference in each spray 

procedure which requires the interval for temperature recovery to 180°C, even if the total 

amount of each solution was identical when the amounts of added ammonium formate were 

different. In fact, the needed time for temperature recovery prolonged by spraying the 

increased amount of the added ammonium formate into the solution. Thus, the primary and 

secondary crystals of produced Cu2O were grown by the increased amount of the added 

ammonium formate into the spray solution. 

In the case of F14, the film thickness is extraordinarily large and the abovementioned 

tendency on the particle and crystallite sizes cannot be observed (Table 2). It is important to 

note that the surface morphology of F14 is also different from others and indicates a porous 

structure with many voids and surface roughness (Figure 4(e)). It can be concluded that the 

thin film structure of the crystalline Cu2O in F14 was strongly affected by large amount of 

evolved gases, which were produced by decomposition of 14 times molar amount of 

HCOONH4 against Cu(II) ion, during spray onto the substrate which was pre-heated at 180°C. 

As a result, the film was fabricated so thick that the adhesion strength of the film became weak. 

From the view point of surface area, it is assumed that F14 has the largest amongst the present 

thin films 

 

3.8.4. Electrical and optical properties of Cu2O thin films 

As shown in Table 3, the electrical resistivity of F0, F2, F’2, F6 and F14 are lower than that 

formed at 300°C by Prabu et al. [36], and in the identical order of magnitude as that deposited 

at 340°C by Rivera et al. [37]. The carrier mobility and concentration of all thin films are in 

comparable range to those fabricated by the usual MPM with spin-coating procedure [42]. 

The optical bandgaps of F0, F2, F’2, F6 and F14 distribute from 2.5 to 2.2, though 

previously reported values of crystalline Cu2O are in the range of 1.9–2.3 eV [3–5]. It is 

generally known that the bandgap becomes wider when a semiconductor is amorphous. As has 

been stated in the previous section, the required time for temperature recovery during spray 



 60 

elongated depending on the increased amount of the added HCOONH4 into the solution. 

Therefore, it is supposed that the bandgap of produced Cu2O depends approximately on the 

crystallinity determined by the heating time at 180°C. 

 

3.8.5. Application of Cu2O thin films in photocatalytic degradation of MO under visible 

light 

By the discoloration test of MO solution at neutral pH region, it was clarified that F6 and 

F14 show the high pseudo-first-order rate constant, 0.042 and 0.087 min–1 respectively, under 

visible-light irradiation (Figure 9(a)). Contrarily the photocatalytic activity of F0, F2, and F’2 

are negligibly small. It can be assumed that the film thickness is independent on the 

photocatalytic activity, because F2 and F’2 were formed by using an identical solution and the 

film thickness of F’2 is identical to that of F6. Thus, the photocatalytic activity of the present 

Cu-deficient Cu2O thin films can be attributed to the O-defect site, because the Raman spectra 

of only F6 and F14 indicate the presence of O-defect site at 148 cm–1 as the shoulder peak 

(Figure 6–7) [46]. The discoloration rate constant in dark condition is 0.056 min–1 under the 

presence of F14, though those in the cases of other four thin films are smaller than 0.002 min–

1. Therefore, it was indicated that only F14 has an effective adsorption ability amongst these 

thin films. These results are consistent to the porous structure which is characteristics to only 

F14, as has been shown by the FE-SEM observation (Figure 4). In the case of F14, the 

deviations from the straight lines assuming the pseudo-first-order kinetics can be observed both 

under light irradiation and in dark condition (Figure 9). It is suggested that the deviations are 

owing to the strong adsorption ability of F14, because such deviations do not appear in the case 

of F6. From this point of view, it can be accepted that the rate constant evaluated by using F6 

demonstrates the net photo-degradation degree of MO in an aqueous solution at neutral pH 

region. 

It is noteworthy that the thin films are not stable in aqueous MO solution (Figs. 2(b)–2(d) 

and pure water 2(c)) at neutral pH, as they were oxidized to CuO and some unknown crystal 

phases appeared in both cases. 

 

3.9. Summary 

The Cu2O thin films could be facilely fabricated on a quartz glass plate at 180°C by spraying 

aqueous precursor solutions. The spray solutions were prepared by dissolving Cu(II) formate 

in co-presence of ammonium formate whose molar ratios against Cu(II) ion were 0, 2, 6, and 

14 times in aqueous ammonia solution. It is noteworthy that this present procedure with simple 
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instrumentation needs no further heat-treatment of the sprayed thin films to obtain crystalline 

Cu2O. In addition, these immobilized thin films whose adhesion strength to the quartz glass 

substrate was larger than 5.6 N, and this minimum value was observed for the thickest thin film 

of 350 nm in the case of the molar ratio at 14. 

It is interesting that the photocatalytic activity of the obtained Cu2O thin film depends on 

the amount of added ammonium formate into the spray solutions. The 6 times molar ratio of 

added ammonium formate against Cu(II) ion is a threshold to provide the photocatalytic 

activity to the resultant Cu-deficient Cu2O thin films, whose chemical components were 

determined by AES. The O-defect site in the photocatalytic Cu2O thin films was characterized 

by using Raman spectroscopy. In addition, FE-SEM of the thin films provided the important 

information on the morphology directly relevant to the adsorption ability. The optical and 

electrical properties of the thin films were also examined in detail. It was however clarified 

that these properties of the Cu2O thin films are not significantly related to their photocatalytic 

activity. 

The Cu2O nanoparticles are widely studied to exhibit special property of adsorption, of 

which a high adsorption ability of the nanoparticle has led to their high photocatalytic activity 

[3–8]. It was clearly demonstrated by this present study that both the O-defect site and porous 

structure are important factors to fabricate a highly photocatalytic Cu2O thin film having high 

adsorption ability. The immobilized Cu2O thin films facilely fabricated at low temperature on 

the glass substrate can be used to remove organic pollutants as a convenient photocatalyst under 

visible light irradiation. Images of the Cu2O thin films are shown in Figure 11. 

 
Figure 11. Images of the fabricated Cu2O thin films. 
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CHAPTER 4: Preparation of aqueous Cu2O precursor solution using electrochemical 

method 

 

4.1. INTRODUCTION 

4.1.1. Introduction on copper(II) metal complexes 

The coordination chemistry of ethylenediamine–N, N, N’, N’–tetraacetic acid (EDTA) with 

Cu(II) ion has been widely studied and characterized. The structure and formation of Cu(II) 

complex of EDTA by chemical convention has also been extensively studied in previous 

reports including; reaction between acidic aqua solution of CuCl2·2H2O, HNO3 and H4edta [1], 

CuSO4·5H2O and Na2H2EDTA [2], CuSO4, Na2H2EDTA and H2SO4 and/ NaOH [3], 

Cu(CH3COO)2, EDTA, ammonia and acetic acid [4]. The EDTA ligand is preferable to use 

because it is a powerful complexing agent with high affinity for many heavy metal ions 

including Cu2+ due to its abundant functional group (carboxyl and amino) [4], inexpensive 

compared to other chelates [5] and maintains long term stability of Cu ions in solution over 

wide range of pH [6]. There is a possibility that copper (II) ion forms four relatively strong 

complexes with NH3 through coordination geometries of square-planar, square pyramidal, 

octahedral and octahedral with Jahn-Teller distorted structures [7]. Among other advantages 

such excellent stability and ionic dispersion in aqueous solution at room temperature, NH3 

ligand is preferable to use as ligand because it can easily link to Cu2+ ions due to its high 

formation stability constant of 12.5, in second to that of Cu-EDTA complex which is 18.1 [8]. 

As a result, when both ligands existed in one aqueous solution, Cu-EDTA is preferably formed 

than copper ammine complex. Figure 1 shows the metal ligand coordination structure of Cu2+ 

with EDTA (a) and NH3 (b) ligands, respectively.  
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Scheme 1. Chemical structure of Cu(II) complexes of (a) EDTA and (b) NH3 in different 

coordination geometry (i) square planar (ii) ionic (cis/trans) octahedral, (iii) ionic (cis/trans) 

square pyramidal, and (x) neutral (cis/trans) octahedral [9]. 

 

4.1.2. Fundamental principle of electrochemical process for the coating applications and 

preparation of metal complexes 

Electrochemical process is mainly known for deposition or plating of various metals from 

their dissolved ions in solution by using applied potential energy. A thin and tightly adherent 

desired coating of metal oxide, or salt can be deposited onto the surface of conductive 

substrates by simple electrolysis of solution containing the desired metal ion or its chemical 

complex. The electroplating system consists of an electrolytic cell, electrodes, electrolyte and 

a power supply. The electrolyte contains dissolved metal ions forming electrolytic solution that 

serves as a conductive medium and complete the electrical circuit for electrochemical reactions 

known as electrolysis. In electrolysis process the metal electrodes such as copper plates are 

connected to external energy or current source and immersed into electrolytic solution.  

When current flow through the electrolyte, the cations and anions are attracted to the cathode 

and anode, respectively. A charge transfer reaction occurs in the electrodes whereby anions 

lose their electrons to the anode and cations get the deficient electrons from the cathode. 
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Therefore, deposition occurs, creating a flow of electrons through external energy source and 

exchanging the atoms and charges by utilizing the energy from the external source. As 

replenishment for the deposited ions, the metal from the anode is dissolved and transferred into 

the solution to balance the ionic potential of the electrolyte. The amount of the metal deposited 

onto cathode is equal to those dissolved at the anode. The deposition area is easily controlled 

by the electrical resistance of cathode surface that determines the number of available electrons 

for deposition [10, 11]. The typical electrolysis requires both electrodes to be in the same 

electrolytic bath cell in order to achieve their platting. Figure 1(a) shows the schematic 

representation of copper electroplating via electrolysis of copper electrodes in a one electrolytic 

bath of copper sulphate [10] and Figure 1(b) indicates the electrochemical synthesis of solid 

Cu(II) complex of stearic acid in a one compartment cell.  

 
Figure 1. Schematic representation of (a) copper electroplating unit [10] and (b) 

electrochemical synthesis of Cu(II) complexes [25] in a one electrolytic compartment . 

 

Electrolysis can deposit many materials including metals, metal alloys, conducting polymer 

and semiconductors [12], the process known as electrodeposition or plating. In thin film 

fabrication, the parameters of electrochemical deposition technique can be varied to control the 

morphologies such as; structure, size and shapes of the resultant material, thus presenting a 

simple, gentle and economical method for the preparation of large area film [13]. The method 

is widely used because it allows the precise control of film thickness in materials such as 

semiconductors whose properties and applications strongly depends on and its relatively 

inexpensive [14, 15]. Various Cu2O thin films has been prepared by electrochemical deposition 

approach [13, 16, 17]. 

Beside electroplating, electrochemical process can also be used to synthesis metal 

complexes and salts, whose solid precipitates can suspend at the bottom of the electrolytic cell 

or dissolved in the electrolyte solution. Electrochemical technique is used in industrial and 



70 
 

laboratory scales to prepare Cu(II) complexes, [18, 19]  and other metal complexes and salts, 

such as magnesium, [20], silver [21, 22], Zinc [23] and Vanadium [24], in various solvents. 

Previously, a Cu(II) salt was prepared using electrochemical technique based on the reaction 

between Cu2+ ions from the electrochemical oxidation of Cu anode with palm-based stearic 

acid [25, 26]. Electrochemical technique offers several advantages in inorganic synthesis of 

metal complexes and salts which includes: the ability to achieve oxidizing or reducing power 

that cannot be equaled by any ordinary chemical reagent, production of uncontaminated 

solution of metal complex salts, optimization of applied electrode potential to influence the 

selectivity of the reaction and allowing the preparation of many substances that cannot be 

prepared using conversional method [25, 27]. Much work has been done on processes 

involving electrochemical synthesis reactions of Cu(II) complexes of EDTA using solid Cu 

metal [28] and salts [29] as starting materials. 

 

4.1.3. Electrochemical process for preparation of coating solution containing Cu(II) 

complexes in MPM 

In our laboratory and research team, the preparation of coating solutions has been achieved 

by molecular precursor method only from metal complexes or salts prepared by chemical 

conversion method. MPM which is previously discussed in chapter 3, section 3.3 is an 

emerging chemical technique used for thin film fabrication of metal oxides and phosphate and 

it is based on the molecular design of metal complex in a solvent [30, 31]. The method produce 

exceptional quality coating solution and corresponding excellent precursor film due to its 

molecular design of Cu (II) complex in the solvent with high stability, homogeneity and 

miscibility, which can be used for various coating methods, hence becoming its boosting 

practical advantages, in contrast to conventional sol-gel method, mainly known for thin film 

processing via dip coating [31–34]. This wet chemical method has reported the fabrication of 

Cu2O and Cu thin films using coating precursor solutions prepared from reaction of (1) 

[Cu(H2edta)]·0.5H2O with dibutylamine in ethanol [30], (2) dibutylamine salt of Cu(II) 

complex with EDTA mixed with copper formate in propylamine [35] and (3) 

[Cu(H2edta)]·H2O in NH4OH with copper formate in deionized water [36].  However, its only 

from a well-designed metal complexes in a stable coating solution this chemical method can 

achieve the fabrication of thin films of various metals and oxides with good properties that 

validates their various applications. Therefore, it is very important for the method to prepare 

an excellent coating solution. For copper thin film fabrication, MPM has previously utilized as 

two steps for the preparation of coating solution involving copper precursor. The first step is 
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the isolation of copper(II) complexes of EDTA and the second one is the dissolution of the 

isolated solid Cu(II) complex of EDTA in alcohol [30] or aqueous [36] solvent solutions. The 

[Cu(H2edta)]·H2O salt used in MPM is usually prepared by reaction between EDTA, copper 

(II) acetate monohydrate and deionized water at 75°C [30]. The Cu(II) complexes of EDTA 

used in the previous studies were synthesized from Cu(II) salts as sources of Cu2+ ions. 

However, Cu2+ ions can also be generated by electrochemical dissolution of metallic Cu 

anode. For example, as stated earlier Nordin et al., reported the preparation of a Cu(II) salt 

from electrochemical oxidation of metallic Cu anode in CH2COONH4 with palm-based stearic 

acid [25] (Figure 1(b)) and oleic acid [26]. electrolytes. The electrosynthesis of Cu(II) 

complexes with ammonia ligand by electrochemical process involving oxidation of copper 

metal for application in MPM as coating solution is still not reported. In this chapter we 

attempted the novel synthetic route that provides a single step and direct preparation of the 

Cu(II) complex with ammonia ligand and ammonium  counter ions in solution from metallic 

copper instead of Cu(II) salts. In order to prepare the aqueous precursor solution, two copper 

plates in an electrolytic solution involving HCOONH4 and ammonia were used as reactive 

electrode.  The precursor solution has a potential in application for fabrication of p-type Cu2O 

thin films. 

 

4.2. EXPERIMENTAL  

4.2.1. Preparation of electrolytic solutions; ES 

The aqueous solution of 28% NH3 (4.321 g, 71.04 mmol) and HCOONH4 (3.541 g, 56.16 

mmol) were added into 300 g of deionized water. The mixed solution was mechanically stirred 

for 1 h at room temperature and used as the electrolytic solution. The pH of ES was measured 

using a pH meter (GST-2729C) (DKK-TOA Corporation).  

 

4.2.2. Electrochemical preparation of precursor solution in a single electrolytic 

compartment 

The schematic route for the electrochemical preparation of the aqueous precursor solution 

in a single cell electrolytic at ambient temperature compartment is shown in Scheme 2. The 

abovementioned electrolytic solution (300 mL) was separately transferred into a single 

electrolytic compartment. Two pre-weighted (123.4 g) sheets of Cu plates (900 × 37 × 0.3 
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mm3) as anode and cathode were separately immersed into the electrolytic solution contained 

in an electrolytic compartment. The closest plate-to-plate distance was adjusted to 50 mm. 

Various constant potential of 1, 5, 15 and 18 V and limited current of 2 A was applied to the 

Cu electrodes, from a constant-voltage and constant-current direct current (CVCC-DC) power 

supply (PMC18-2, Kikusui Co., Ltd, Tokyo, Japan). Electrolysis was performed for a period 

of 20–30 min at ambient temperature with mechanical stirring on a magnetic stirrer to obtain 

precursor solutions; S1V, S5V, S10V, S15V, and S18V. The total concentration of Cu2+ complex in 

resulted precursor solution; S5V, S10V, S15V, and S18V were estimated as 0.0179, 0.0282, 0.0375 

and 0.0329 mmol g–1, respectively by the anode weight dissolution after electrolysis. The Cu2+ 

ion concentration in S5V, S10V, S15V, and S18V were determined by UV-Vis spectrophotometry 

as 0.0238, 0.0411. 0.0482 and 0.0398 mmol g–1, respectively. 

Each 1 mL of the electrolyzed solution was extracted from the electrolytic cell after every 

10 min, for UV-Vis spectrophotometry analysis. Each resultant electrolyzed solution was 

filtered using microfilters (0.8 µm) and its pH was measured using a pH meter.  

 

 
Scheme 2. Schematic representation for a simple single electrolytic compartment for 

preparation of, aqueous precursor solutions; S5V, S10V, S15V, and S18V. 1. Anode copper plate, 

2. Electrolytic cell, 3. Magnet, 4. Electrolytic solution; ES1 5. Cathode copper plate,  6. 

Connecting wire, 7. Electrolysis process; 5, 10, 15 and 18 V, 20–30 min, r.t., 8. Precipitates, 9. 

Electrolyzed solution; S5V, S10V, S15V, or S18V, and 10. Electroplated Cu0. 

 

4.2.3. Electrochemical preparation of Cu(II) complexes containing EDTA in a two 

electrolytic compartments 

The schematic route for the electrochemical preparation of aqueous precursor solution in 

two electrolytic compartments at ambient temperature is shown in Scheme 3. The 

abovementioned electrolytic solution (300 mL) was separately transferred into each 
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compartment, linked together through the cellulose semipermeable membrane. Two pre-

weighted (122.4 g) sheets of Cu plates (900 × 37 × 0.3 mm3) as anode and cathode were 

immersed separately into the electrolytic solution of each compartment. The closest plate-to-

plate distance was adjusted to 70 mm across the cellulose membrane in the center of two 

compartments, which were covered individually with a 20 × 20 × 1.6 mm3 quartz glass plate 

to prevent it from evaporation of electrolytic solution.  

The constant potential of 18 V and limited current of 2 A was applied to the Cu electrodes, 

from an identical power supply as that used for a one electrolytic compartment. Electrolysis 

was performed for various period of 1, 2, 3 and 4 hours at ambient temperature with mechanical 

stirring on a magnetic stirrer to obtain precursor solutions; S1, S2, S3, and S4. The total 

concentration of Cu2+ complex in resulted precursor solution; S1, S2, S3, and S4 were estimated 

as 0.0101, 0.0338, 0.0664, and 0.0800 mmol g–1, by the anode weight dissolution after 

electrolysis. The Cu2+ ion concentration in S1, S2, S3, and S4 were determined as 0.0109, 0.0350, 

0.0656, and 0.0715 mmol g–1 by UV-Vis spectrophotometry. UV-Vis spectrophotometry 

analysis was done for each resultant aqueous precursor solution after their respective 

electrolysis.  

 

 
Scheme 3. Schematic representation for a simple two electrolytic compartments for 

preparation of aqueous precursor solutions; S1h, S2h, S3h, or S4h. 1.  Connecting wire, 2. Digital 

multimeter, 3. Cu plate anode and cathode electrodes, 4. Anode electrolytic cell, 5. Cathode 

electrolytic cell, 6. Semi-permeable cellulose membrane 7. Anolyte; ES1, 8. Catholyte; ES1, 9. 

Electrolysis process; 18 V, 1, 2, 3, and 4 h, r.t., 10. Computer, 11. Direct current supplier 12. 

Anolyte after electrolysis; S1h, S2h, S3h, or S4h, and 13. Catholyte after electrolysis; ES1. 

4.2.4. Preparation of reference solutions; Sr 

The reference solution; Sr was prepared by the reaction of copper formate (0.24 g, 1.05 

mmol) and NH3 (0.26 g, 4.20 mmol) in 10 g of deionized water at ambient temperature. The 

mixed blue solution was stirred using a magnetic stirrer for 1 h at room temperature, filtered 

through microfilters (0.8 µm) and used with no further modification. The total concentration 
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of Cu2+ in the obtained Sr was 0.1 mmol g–1. The UV-Vis absorbance spectra of reference 

solution were used to determine the concentration of electrochemically prepared aqueous 

solution. 

 

4.3. Results 

4.3.1. UV-Vis spectra, pH and determination of concentration of Cu2+ in aqueous 

precursor solutions 

4.3.1.1. One compartment electrolysis system  

The concentration of Cu2+ in S5V, S10V, S15V, and S18V were determined from weight 

difference of anode and confirmed by UV-Vis spectrophotometry. The UV-Vis absorption 

spectra of reference and electrolyzed solutions containing Cu(II) complexes, was obtained at 

10 minutes interval of electrolysis. The absorbance spectra evaluated the dependency of copper 

dissolution on electrolytic time as shown in Figure 2(a) along with these of reference solution. 

The reference solution was prepared in equivalent reagent amount of corresponding electrolytic 

solution in order to confirm the identity of Cu(II) complex contained in the electrolyzed 

solution by comparing their absorption peak position in the visible region. Both electrolyzed 

and reference solution absorption peak position were identified to be in close agreement. The 

dissolution of copper in electrolyte solution strongly depends on electrolytic time as indicated 

by the increasing absorbance intensity after every 10 min (Fig. 2(b)). The amount of dissolved 

Cu2+ in aqueous solution was also found to depend on applied voltage, as shown in Fig. 2(c). 

The pH of colorless electrolyte solution was different from that of dark blue resultant aqueous 

precursor solution. The pH and concentration of Cu2+ dissolved in aqueous precursor solutions 

contained in a one electrolytic compartment are shown in Table 1.  

 

The identities and concentration of the electro-synthesized Cu(II) complexes were 

determined by the UV-Vis spectrophotometry. After electrolysis of ES in a single compartment 

system using various applied voltage of 5, 10, 15, and 18 V for 20–30min at r. t., the 10 min 

interval spectra of  S5V, S10V, S15V, and S18V solutions containing Cu(II) complex species, forms 

a broad absorption band in the visible region of 601(0) nm (Figure 3(a)). In agreement to the 

absorbance of reference solution; Sr absorbed at the same position of the visible region.  
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Figure 2. (a) UV-Vis absorption spectra and (b) rate of copper dissolution in S5V, S10V, S15V, 

and S18V electro-synthesized aqueous precursor solutions in a one electrolytic compartment 

using various applied voltage for 20–30 minutes at ambient temperature. (c) The dependency 

of dissolved Cu2+ on applied voltage for S5V, S10V, S15V, and S18V electro-synthesized aqueous 

precursor solutions in a one electrolytic compartment using various applied voltage for 20–30 

minutes at ambient temperature. 
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Table 1. pH and resultant concentration of Cu2+ in in S5V, S10V, S15V, and S18V electro-

synthesized aqueous precursor solutions in a one electrolytic compartment using various 

applied voltage for 20–30 minutes at ambient temperature. 

 
*The found [Cu2+] was determined from the Cu plates anodic electrode mass difference and 

UV-Vis spectrophotometry calculated the [Cu2+] in S5V, S10V, S15V, and S18V. 

 

4.3.1.2 Two compartments electrolysis system.  

The identities and concentration of the electro synthesized Cu(II) complexes in S1, S2, S3, 

and S4 were also determined by the UV-Vis spectrophotometry. The absorbance spectra of S1, 

S2, S3, and S4 along with these of reference solution; Sr are shown in Figure 3. The Sr used for 

resultant precursor solution by both electrolysis systems was identical and its absorbance 

spectra was in close agreement to these of S1, S2, S3, and S4 along the visible region. The 

dependency of amount of Cu2+ dissolved in aqueous solutions contained in an anode cell of a 

two electrolytic compartment is summarized in Table 2. 
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Figure 3. UV-Vis absorption spectra of S1, S2, S3, and S4 electro-synthesized aqueous 

precursor solutions in a two electrolytic compartment using 18 V for various electrolytic time 

at ambient temperature. 

Various electrolytic time of 1, 2, 3, and 4 hours were in an attempt to electro-synthesize the 

aqueous precursor solution in a two-cell electrolytic compartment using ES as that used for a 

one cell electrolysis system. Unlike for a one cell system the resultant dark blue aqueous 

precursor solutions; S1, S2, S3, and S4 with different pH from those of their initial respective 

colorless ES, were only obtained in anode cell. The cathode cell retained identical ES with 

identical initial and final pH. The pH of the ES and S1, S2, S3, and S4 precursor solutions are 

shown in Table 2.  

 

Table 2. pH and resultant concentration of Cu2+ in S1, S2, S3, and S4 electro-synthesized 

aqueous precursor solutions in a two electrolytic compartment using 18 V for various 

electrolytic time at ambient temperature. 

 
*The found [Cu2+] was determined from the Cu plates anodic electrode mass difference and 

UV-Vis spectrophotometry calculated the [Cu2+] in S1, S2, S3, and S4. 

 

4.4. Discussion 

4.4.1. Aqueous solutions of Cu2+ complex involving NH3 and HCOO– counter ions 

4.4.1.1. One compartment electrolysis system 

A one electrolytic compartment (Scheme 1) involving Cu plate electrodes in the same cell, 

was initial attempted for the electro-synthesis of Cu2+ complex in aqueous electrolyte. The 

compartment lacks separation of electrolyte by cellulose semipermeable membrane. However, 

contains identical electrolyte bath, experimental design and conditions as these of two 

electrolytic compartments. The system was associated with precipitation of copper hydroxide 

and heavy cathode plating in the electrolyte bath and cathode electrode, respectively. The 

reaction mechanism for the formation of Cu(II) complexes in aqueous solution by a one 
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electrolytic compartment system is described below: 

 

Anolyte/catholyte before electrolysis; ES 

16HCOONH4 + 20NH3 → 16HCOO– + 16NH4+ + 20NH3    (1) 

Anode: 

Cu0 → Cu2+ + 2e–         (2a) 

H2O → 0.5O2 + 2H+ + 2e–        (2b) 

Net anode: 

Cu0 + H2O → Cu2+ + 0.5O2 + 2H+ + 4e–      (2c) 

 

Cathode: 

Cu2+ + 2e– → Cu         (3a) 

2H2O + 2e– → H2 + 2OH–         (3b) 

Net cathode: 

Cu2+ + 2H2O + 4e– → Cu0 + H2 + 2OH–      (3c) 

 

Net electrodes reaction: 

Cu0 + 3H2O + Cu2+ + 4e– → Cu0 + Cu(OH)2 + 0.5O2 + 2H+ + 4e– + H2    (4) 

 

Bulk solution reaction 

Cu2+ + 16HCOO– + 16NH4+ + 20NH3 → [Cu(NH3)4]2+ + 

16HCOO– + 14NH4+ + 18NH3 + 2H+         (5) 

 

The electrolytic compartment system for the electro-synthesis of Cu(II) complex was 

previously described by Nordin et al. [25], who discusses the identical redox electrode 

reactions in an exemption of reduction reaction of Cu2+ at cathode electrode. The above 

electrode reactions are also discussed in several electrochemical studies associated with copper 

anode dissolution in aqueous electrolytes, these studies includes; (i) electro-winning of copper 

powder from copper sulphate solution in presences of glycerol and sulfuric acid using copper 

anode and gold electrode [29], (ii) electrodeposition of copper powder from copper sulphate 

solution in presence of glycerol and sulfuric acid using copper plates as both electrodes, which 

involves the dissolution of anode Cu electrode in electrolyte solution that does not include 

copper sulphate [37], (iii) dissolution of copper electrode in sulfuric acid at polarization by 

industrial alternating current [28].  
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4.4.1.2. Two-compartment electrolysis system 

 A precursor solution involving Cu2+ complex of NH3 and HCOO– counter ion was achieved 

via electrolysis process incorporating a two-compartment system (Scheme 2). Based on the 

electrolytic solution color changes from colorless to blue in anode cell of the two-cell 

electrolysis system, it indicates the ionic coordination of NH4+ to Cu2+ in presence of HCOO– 

counter ions. According to the UV-Vis spectrum of S1, S2, S3, and S4,  the maximum absorbance 

of Cu2+ complex at ca. 601–604 nm implies the formation of preferable [Cu(NH3)4]2+ complex 

with HCOO– counter ions, which is also confirmed by its presence in Sr that is absorbed in the 

near position (601 nm), within the visible region of the spectrum. The mass change of anode 

was therefore used to determine the concentration of Cu2+ in S1, S2, S3, and S4 aqueous 

precursor solution to be 0.0101, 0.0338, 0.0664, and 0.0800 mmol g–1 (Table 2). Each 

concentration could be facilely calculated by using the mass decrease of the electrolyzed anode 

because no mass change of cathode occurred before and after electrolysis with the two-

compartment apparatus. The electro-synthesized [Cu(NH3)4]2+ complex in S1, S2, S3, and S4 

and Sr aqueous precursor solutions is comparable to that of already prepared complexes with 

peak position between 600–640 nm, as described in literature [38, 39, 40]. The shift of the peak 

to a shorter wavelength in electro-synthesized [Cu(NH3)4]2+ complex under this study could be 

due to presences of excess HCOO– counter ions whose molar ration to copper was 1/16. 

 

 The reaction mechanism for the electro-synthesized [Cu(NH3)4]2+ with HCOO– counter 

ions in aqueous precursor solution; S1, S2, S3, and S4 is described by the reaction equations 

below. Before electrolysis, the composition of electrolyte bath in both electrodes cells is 

identical to that used in a one electrolytic compartment as shown by equation 1. During 

electrolysis the oxidation of Cu0 to Cu2+ at anode occurs simultaneously with hydrogen 

evolution reaction via H2O splitting at cathode’s electrode surface. The net electrode reaction 

is described in equation 4. The Cu2+ ions originally from oxidation of anode Cu reacts with 

NH3 in presences of HCOO– counter ions to form [Cu(NH3)4]2+. A shown in Scheme 1 cathode 

copper plate electrode remained undissolved in cathode electrode cell after electrolysis, due to 

semi-permeable cellulose membrane between the electrode cells. The small sized (0.8 

diameter) porous membrane kept the two-electrolyte bath separated and unmixed which also 

prevented the migration of Cu2+ across the two electrolytic cells. The reaction mechanism for 

the formation of Cu(II) in a two electrolytic compartments is shown below: 
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Anode: 

Cu0 → Cu2+ + 2e– (6) 

Cathode: 

2H2O + 2e– → H2 + 2OH–  (7) 

Net electrode reactions: 

Cu0 + 2H2O + 2e–→ Cu2+ + 2e– + H2 + 2OH– (8) 

 

Anode solution reaction: 

Cu2+ + 16HCOO– + 16NH4+ + 20NH3 → [Cu(NH3)4]2+ + 

16HCOO– + 14NH4+ + 18NH3 + 2H+  (9) 

 

Cathode solution reaction: 

16HCOONH4 + 20NH3 → 16HCOO– + 16NH4+ + 20NH3 (10) 

 

4.5. Summary  

An aqueous precursor solution was directly prepared from Cu plates as a source of Cu2+ 

ion in an electrolytic solution involving ammonia and HCOONH4. A novel apparatus with two 

compartments separated by a semi-permeable cellulose membrane was contrived to efficiently 

obtain the aqueous precursor solution. It can be concluded that a useful precursor solution for 

spray-coating to fabricate Cu2O single-phase thin film was obtained after the solution was 

electrolyzed for 2 h at an applied voltage of 18 V. The concentration of Cu in final electrolyzed 

solutions by both electrolytic compartment systems was found to strongly depend on the 

constant applied voltage, distance between electrodes, detected current, reaction time, different 

complexes’ reaction mechanisms and pH. Despite a typical and traditional usage of a one 

electrolytic compartment in electrochemical processes [25, 26], it is hereof demonstrated that 

the electrochemical preparation of Cu(II) complexes in aqueous solution can efficiently be 

achieved by using two electrolytic compartments connected together by a cellulose semi 

permeable membrane.  A one electrolytic compartment system failed to efficiently keep all the 

total amount of oxidized anodic Cu2+ in the electrolyte solution that are required for the 

formation of complex. Thus, re-depositing half of its amount from the electrolytes onto cathode 

electrode. On the other hand, the two electrolytic compartments system allowed maximum 

utilization of all the anodized Cu into the electrolyte solution, in the formation of Cu(II) 

complex. In contrast to a typical one electrolytic compartment system, the cellulose 

semipermeable membrane fixed between electrodes of a two electrolytic compartments system 
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resolved the re-deposition of Cu onto surface of cathode electrode. As a result, a two 

electrolytic compartments system was found to have a high current efficiency that drove its 

accelerated formation of Cu(II) complex than in a one electrolytic compartment. Hence, this 

study established and indicated two electrolytic compartments system to be more effective for 

preparing stable precursor solution, than its counterpart under this study. A two electrolytic 

compartments system will provide a solution to heavy cathode plating during electrochemical 

preparation of other than Cu various metal complexes in aqueous solution. Hence, it will 

greatly contribute to the electrochemical industries involved in preparation of various metal 

complexes in solution for different applications. The electrochemically prepared Cu(II) 

complex involving NH3 ligand is a potential candidate for the fabrication of functional and 

conductive Cu thin films by MPM via spray coating method. The fabrication of such thin films 

using the electrochemically prepared aqueous solution of Cu precursor by a two electrolytic 

compartments system is fully discussed in the next chapter 5. 
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CHAPTER 5: Selective Low Temperature Fabrication of Cu and Cu2O Thin Films by 

Spray Application of Aqueous Solution Prepared by Electrochemical Method 

 

5.1. Introduction 

5.1.1. Introduction on metallic copper thin films 

Conductive copper thin film is a suitable material for its applications in electrodes or 

conductive patterns in multilayered electronic parts, printed circuit boards and the hybrid 

integrated circuit in electronic industries [1, 2]. Our environment is full of radio frequencies 

(RF) and electromagnetic radiation due to rapid wireless communication technologies which 

have many applications such as base station of mobile communication network and wireless 

internet antenna [3] which can interfere with other electrical and electronic devices causing 

malfunctioning of other sensitive electronic devices in environment [4]. Hence Cu thin films 

are potential candidates for effectiveness of electromagnetic interference shielding (EMI) [4, 

5]. Copper nanosized materials also exhibit superior magnetic and thermal properties [6]. They 

have attracted much attention for over a decade because of their photocatalytic and optical 

properties, high electrical and thermal conductivity [1] which contribute attractive prospects in 

the design of many new devices requiring such functionalities. In addition, copper nanosized 

material’s various application makes a good substitute for conductive and expensive noble 

metals like gold and silver in the chemical and metallurgical process [7, 8]. 

 However, the attractive properties of copper nanomaterial and thin films owes it to these of 

bulk copper such as its abundant availability, less toxicity, versatility, malleability and 

resistance to corrosion and good electrical and thermal conductivity [9, 10]. The physical and 

chemical properties of copper nanomaterials are also different from these of bulk copper 

material due the high surface area to volume ratio [11].  

 

5.1.2. Fabrication methods of Cu thin film and their simple advantages 

 Physical and wet chemical processes are known methods mainly used for the fabrication of 

copper thin film. Physical processes such as magnetic sputtering deposition [12] and pulsed 

laser deposition [13] are expensive and requires complicated experimental set ups. Figure 1 

shows the example of pulsed laser deposition process. Whereby strong pulsed laser beam is 

used to induce and translate target raw material into a gas phase. The vaporized materials then 

react with the substrate in high vacuum of reduced atmospheric pressure, which is necessary 

to form desirable thin film. The substrate is mainly positioned in adjacent direction to the 

ablated target material and the reduced atmospheric pressure varies with nature of target 
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material. Metallic copper thin films can be fabricated using 99.99% bulk Cu as target material 

at vacuum pressure of 6 × 10–6 mbar [12].  

 

 
 

Figure 1. Schematic representation of dry process of a PLD set-up [43]. 

 

While wet chemical processes such as; electrochemical deposition [14, 15] and molecular 

precursor method (MPM) [16, 17] are considered to require less fabrication time and low 

energy cost. Also, the methods do not require high vacuum to form thin films as, however the 

deposition of precursor materials in the solution require high temperature during deposition to 

transform into precursor film onto the substrate.  

 

5.1.3. Molecular precursor method employing alcohol and aqueous solvents 

 The MPM is a wet process for the formation of thin films of various metal oxides and 

phosphate compounds. It is based on the design of metal complexes in coating solutions with 

excellent stability, homogeneity, miscibility, coatability, amongst its other many practical 

advantages [18]. The procedure is well known for fabrication of both copper oxides 

semiconductors Cu2O [18–20] and metallic Cu [16, 17] thin films by utilizing Cu(II) complex 

dissolved in coating solutions initially derived from metal complexes and salts such as 

[Cu(H2edta)]·H2O and Cu(HCOO)2·4H2O. The type of coating solution favors different 

deposition technique. For example, when fabricating these thin films by spin coating, volatile 

organic compounds (VOCs) are generally used as solvents because aqueous solutions are 
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generally inadequate to spread onto various substrate due to their high surface tension [18]. 

However, industrially, VOCs free solvents are desired because they are less ignition able, cheap 

and have reduced risk on human health and environment [17]. The typical procedures involve 

mixing of appropriate amount of copper salts in alcohol [16, 18–20] or aqueous solvent [17] at 

ambient temperature to result in stable coating precursor solution. The resultant precursor 

solution is spin [16] or spray [17] coated onto substrate to obtain a precursor film, of which is 

further subjected to high temperature under inert gas flow to obtain a desirable thin film 

(Scheme 1). In addition the fabrication of copper oxides films can also be achieved using 

Cu(CH3COO)·H2O salts as a starting compound, by a wet process of sol-gel method [21]. Until 

now, the wet chemical procedure has only fabricated the desired thin films using high 

temperature of up to 400°C under Ar gas. Scheme 1 shows the outline for fabrication of thin 

films by wet chemical processes of MPM via spin or spray coating.  

 

 
Scheme 1. Schematic route for high temperature fabrication of metallic copper thin films by 

wet chemical process of MPM via spin [16] and spray [17].  

 

 In the previous chapter 3, a highly photo-reactivity p-type Cu2O thin-film was fabricated 

on a quartz glass substrate heated at 180°C in air directly by spraying precursor aqueous 

solutions, which were prepared by dissolving Cu(II) formate and ammonium formate, whose 

molar ratios to Cu(II) ion was 14, into aqueous ammonia solution. However, it is also possible 

to fabricate a metallic Cu thin film by adding EDTA in the previously prepared S14 spray 

solution that initially fabricated Cu2O thin films. Hence, this chapter fully discusses the 
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selective fabrication of both p-type Cu2O and metallic Cu thin films by reductant of HCOONH4 

or EDTA via spraying at a minimum temperature of only 180°C in atmospheric air.  

 

5.1.4. Application of electrochemically prepared Cu2O precursor solution  

 The preparation of aqueous spray solutions of copper precursor can also easily be achieved 

in a one-step route by electrochemical process. As describe in previous chapter 4 the 

electrosynthesis of Cu(II) complexes of EDTA and amine can be achieved using solid copper 

plate instead of various Cu(II) salts as sources of Cu2+ ions used in typical MPM. Instead of a 

starting materials of Cu(HCOO)2·4H2O, to be a source of Cu(II) complexes in coating solution, 

as per our previous studies. The Cu2+ ions are generated by electrochemical oxidation of anode 

copper electrodes. This chapter highlights the fabrication of thin films by spray coating using 

electrochemical prepared Cu2O precursor aqueous solution by one step-route and in a two 

electrolytic compartment which was newly contrived in chapter 4. The aqueous spray solution 

containing Cu(II) complex species was electro-synthesized by electrochemical oxidation of 

anode metallic copper electrode in an aqueous electrolytic solution containing ammonium 

formate and ammonia at room temperature, with no isolation of solid Cu(II) complexes or salts 

at room temperature. Under this chapter, the goal is to change the reductant of precursor in 

electrochemically prepared spray solution by addition of EDTA into it, and spray-coated onto 

a quartz glass substrate at 180°C in air to result in a conductive Cu thin film via MPM. The 

electrical conductivity and chemical composition of the resultant Cu thin film will be evaluated 

and compared to those of Cu thin films previously formed by MPM at high temperature of 

400°C under Ar gas. 

 

5.2. Experimental 

5.2.1. Preparation of electrolytic solutions 

Two electrolytic solutions, into which EDTA is added or not, were prepared according to 

the following procedures. ES1 was prepared by adding 4.321 g (71.04 mmol) of 28% NH3 

aqueous solution and 3.541 g (56.16 mmol) of HCOONH4 into 300 g of deionized H2O. ES1 

contains identical electrolyte composition to that prepared in previous chapter 4. ES2 was 

prepared by adding 1.02 g (3.48 mmol) of EDTA, 4.321 g (71.04 mmol) of 28% NH3 aqueous 

solution and 3.541 g (56.16 mmol) of HCOONH4 into 300 g of deionized H2O. Each mixed 

solution was mechanically stirred for 1 h at room temperature. 
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5.2.2. Electrochemical preparation of precursor aqueous solutions 

 Each 300 g of ES1 and ES2 were respectively transferred into each electrolytic 

compartment, linked together through a cellulose membrane in the center of two separated 

compartments. Two pre-weighted sheets of Cu plates positioned 70 mm apart, were immersed 

in the electrolytic solution of each compartment as anode and cathode, respectively. A constant 

potential of 18 V and a limited current of 2 A, was applied from CVCC–DC power supply. 

Electrolysis was performed for 2 h, at ambient temperature with constant magnetic stirring to 

obtain spray precursor solutions; S1 and S2, respectively. S1 contains identical electrolyte and 

precursor compositions to that prepared in previous chapter 4 by electrolysis for minimum of 

2 h in a two electrolytic compartments system. Another spray solution S’1 was also prepared 

by adding 1.02 g (3.48 mmol) of EDTA into S1 and stirred for 1 h at room temperature. Scheme 

2 shows two ways of electrochemical preparation of precursor aqueous solutions. 

 

 
Scheme 2. Two ways of electrochemical preparation of precursor aqueous solutions. 

 

5.2.3. Fabrication of thin films 

The experimental setup and condition for spray coating used in this chapter were identical 

to those described in previous chapter 3. The spraying conditions were also identical to these 

used in chapter 3. Whereby; an airbrush (Revolution HP-SAR; ANEST IWATA Co., 

Kanagawa, Japan) used as an atomizer of spray solution was vertically suspended adjacent to 
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a hot plate. The pressure and solution inlets of the airbrush were connected to an air compressor 

set at 0.2 MPa and to a needle injected into the spray solution, respectively. The distance 

between the tip of the atomizer and the substrate surface was adjusted to 30 cm. A quartz glass 

substrate was placed on the hot plate heated at 180°C. The substrate temperature was monitored 

by a chrome-alum type surface probe (A3-K-Q, TGK, Tokyo, Japan) fixed on top of the hot 

plate. Each 12 g of S1, S’1, and S2 was independently sprayed onto the pre-heated quartz glass 

substrate. Each solution was periodically sprayed for 5 s with a rate of 1.64 mL min–1 at 20 s 

intervals. The obtained thin films are denoted as F1, F’1, and F2, respectively. 

 

The resultant sprayed films; F’1 and F2 were subsequently placed on the surface of a quartz 

glass (30 × 30 × 1.6 mm3) holder and the set was inserted in a quartz glass tube (40 mm diameter 

and 650 mm length) protruding through the inside of the tubular furnace (EPKRO-12K, Isuzu, 

Toyota, Japan). Prior to heat treatment, the tube was filled with constant Ar gas flow 

maintained at a rate of 1.5 L min–1 for a period of 10 minutes. The furnace was heated from 

25°C to 350°C at constant temperature raising rate of 14°C, kept at 350°C for a period of 50 

minutes, followed by its cooling to room temperature. The resultant film from heat treatment 

are denoted as treated film; TF2 and TF’1, respectively by heat treated from F2 and F’1, 
respectively. Additional films were fabricated by placing a same sized quartz glass substrate 

on top layer of the resultant heat-treated film; TF2 and TF’1 in the tubular furnace and post 

annealed at 400°C for 50 minutes under Ar gas flow of 1.5 L min–1. The resultant additional 

post annealed films are represented as PF2 and PF’1. Further heat treatment of sprayed film; 

F2 and F’1 was optional in order to compare their properties with these of previously fabricated 

metallic Cu thin films under identical high treatment conditions. 

 

5.3. Results and their discussion 

 

5.3.1. Direct preparation of aqueous solutions involving Cu(II) complexes by 

electrochemical process 

The electrochemical process using Cu electrodes was examined to simplify the preparation 

of coating solutions involving Cu(II) complex species into a single step. A newly contrived 

electrolytic apparatus with two compartments having a junction through semi-permeable 

cellulose membrane between them was developed in chapter 4. Because it was shown that usual 

electrolysis using Cu electrodes in one cell was too inefficient to obtain the desired species 

with enough concentration by several preliminary examination. Such inefficiency of 
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electrolysis using one cell to obtain Cu(II) complexes had been also reported by other research 

groups [22, 23]. 

Consequently, the spray solutions S1 and S2, whose total concentrations of Cu2+ are 0.033 

and 0.018 mmol g–1 respectively, could be obtained directly by electrolysis of Cu plates in the 

electrolytic solutions ES1 and ES2 for 2 h, respectively. According to evidences established in 

chapter 4, each concentration could be facilely calculated by using the mass decrease of the 

electrolyzed anode, because no mass change of cathode occurred before and after electrolysis 

with the two-compartment apparatus. In fact, the dissolution of Cu anode and H2 generation on 

Cu cathode occurred with neither Cu plating on the cathode nor precipitation of colloidal 

copper hydroxide during preparation of S2 by electrolysis using this two-compartment 

apparatus, which were observed in the case of one cell.  

As another spray solution S’1 was prepared by adding EDTA into S1, the total concentration 

of Cu2+ was of course identical to that of S1, 0.033 mmol g–1.  

 

5.3.2. Absorption spectra and pH values of spray solutions 

The absorption spectra of S1, S’1, and S2 are shown in Figure 2. The maximum absorption 

position of a characteristic band in the visible region was observed at 601, 608 and 619 nm for 

S1, S’1, and S2, respectively. The pH values of S1, S’1, and S2 were almost identical, as has been 

obtained as 9.44, 9.42, and 9.46, respectively.  

The formation of [Cu(NH3)4]2+ complex with HCOO– counter ions in S1 can be assumed 

from its maximum absorption position of identical complexes; [Cu(NH3)4]2+(H2O), and 

[Cu(NH3)4]+(HO), at 590 and 597 nm [24] and [Cu(NH3)4]2+, at 630 nm [25] and 640 nm [26, 

27], respectively. On the other hand, the maximum absorption position of S2 appeared at longer 

wavelength, indicating its nearly formation of [Cu(edta)]2– complex at 730 – 734 nm [27] and 

725 nm [28]. In the case of S’1, the corresponding value is between S1 and S2, showing the 

mixture of both complex species. 

The absence of EDTA ligand in ES1 allowed the dissolution of Cu plate at accelerated 

reaction rate, resulting in higher concentration of total Cu(II) ion in S1, in comparison to the 

slower reaction observed when using ES2 in which EDTA is originally added. Therefore, it 

was useful to add EDTA into S1 already involving sufficient concentration of total Cu(II) ion 

to yield S’1. It was thus revealed that the presence of EDTA in the electrolytic solution affects 

the dissolution rate of Cu anode. 
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Figure 2. Absorption spectra of S1, S’1, and S2 spay precursor solutions. The lines are labelled 

as; dotted line: S1, solid line: S’1, and long broken line: S2. 

 

5.3.3. The role of EDTA in selective formation of Cu2O, Cu or composite Cu/Cu2O thin 

films by spray deposition 

The XRD patterns of F1, F’1, and F2 are shown in Figure 3. Seven peaks observed for F1, at 

2θ = 29.8, 36.7, 42.6, 52.7, 61.6, 73.8 and 77.6° are assignable to (110), (111), (200), (211), 

(220), (311) and (222) phase of cubic Cu2O, respectively (ICDD card no. 01-071-3645). The 

electrical conductivity of F1 was 3.38(1) × 102 Ω cm which is comparable to that of the Cu2O 

thin film; F14 obtained in chapter 3. It was thus clarified that the spray solution S1 is useful to 

form pure Cu2O thin film at 180°C in air by one-electron reduction of Cu(II) complex of 

ammine ligand. In contrast, only three peaks found for both F’1 and F2 at 2θ = 43.3, 50.4, and 

74.1 are assignable to (111), (200), and (220) crystal phase of metallic Cu, respectively (ICDD 

card no. 00-004-0836). Therefore, it was clearly revealed that the Cu thin film can be fabricated 

by the spray solutions, S’1 and S2 just involving EDTA whose molar ratios to NH3 and 

HCOONH3 are approximately 1/20 and 1/16, respectively.  
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Figure 3. XRD patterns of F1, F’1, and F2 fabricated by MPM via spray deposition of 

corresponding electrochemically prepared solutions onto quartz glass substrate at 180°C in air. 

The peaks are denoted as follows; ♦: Cu and |: Cu2O.  

In our previous study, the fabrication of Cu thin film was achieved by the MPM using heat-

treatment of spin-coated precursor film involving an EDTA complex of Cu(II) ion under Ar 

gas at 350°C [16]. It is thus noteworthy that the low-temperature formation of Cu2O or Cu thin 

film can be selected by the absence or presence of EDTA in the spray solution, respectively.  

 

The current results demonstrated that keeping the concentration of Cu2+ as 0.03 mmol g–1 

while reducing that of EDTA from 0.006 to 0.003 mmol g–1 consequently result in the 

formation of composite Cu/Cu2O thin films denoted as F’1x. This highlights the significant of 

the amount of EDTA required for the fabrication of conductive Cu single phase at 180°C in 

air. Figure 4 shows the phase transition in XRD patterns of F’1 and F’1x thin films fabricated 

by spray coating S’1 containing 0.006 and 0.003 mmol g–1 concentration of EDTA, respectively 

onto quartz glass substrate at 180°C in air.  
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Figure 4. XRD patterns of (a) F’1, and (b) F’1x fabricated by MPM via spray deposition of 

electrochemically prepared S’1 containing different concentration of EDTA onto quartz glass 

substrate at 180°C in air. The peaks are denoted as follows; ♦: Cu and ▼: Cu2O. 

 

Also, the F’1x composite Cu/Cu2O is much thinner and with an improved electrical 

resistivity in contrast to Cu single phase F’1. The improved conductivity of the F’1x is attributed 

to the reduced amount of carbon in the film by lowering the concentration of EDTA in its 

corresponding S’1 spray solution. Table 1 shows the comparison of thickness and electrical 

resistivity of F’1 and F’1x thin films fabricated by spray coating S’1 containing 0.006 and 0.003 

mmol g–1 concentration of EDTA, respectively onto quartz glass substrate at 180°C in air. 

 

Table 1. Comparison of averaged thickness and electrical resistivity of F’1 and F’1x thin films 

fabricated using spray solution S’1 containing 0.006 and 0.003 mmol g–1 concentration of 

EDTA, respectively. The standard deviation is shown in parentheses. 

 

5.3.4 Surface morphology, and the influence of chemical composition mainly atomic 

ratio of oxygen to copper on adhesion strength of thin films 

The surface morphology and cross-sectional images of F1, F’1 and F2 are shown in Figure 

5. These images indicated that the averaged particle sizes and film thicknesses of F’1 are ca. 
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80 ± 60 and 170 ± 20 nm, respectively, and those of F2 are 60 ± 20 nm and 130 ± 30 nm, 

respectively. While that of F1 are indicated as ca. 100 ± 30 and 220 ± 40 nm, respectively.  

 

 
Figure 5. Surface morphologies and cross-sectional images of (a) F1, (b) F’1, and (c) F2 

fabricated by deposition of corresponding electrochemically prepared solutions onto quartz 

glass substrate at 180°C in air. 
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The tensile strength of the adhesion of F1, F’1 and F2 onto the quartz glass substrate were 

40 ± 11, 12 ± 7, and 75 ± 7 MPa, respectively. The application of conductive Cu thin films in 

various technological fields strongly depends on their mechanical properties [17]. The adhesion 

strength, thickness and particle sizes of the films are summarized in Table 2.  

 

Table 2. Adhesion strength, thickness, and particle sizes of fabricated films by MPM via spray 

deposition of corresponding electrochemically prepared precursor solution, onto quartz glass 

substrate at 180 °C in air. The standard deviations are shown in parentheses. 

 
 The tensile strength of F1 and F2 indicates that they are strongly adhered onto their 

substrates than F’1. The tensile strength of F’1 is expectedly 32 times lower than that of F1 

because of the strong bonding between the majority amount of Cu cations and O2– belonging 

to Cu2O and SiO2 at their interference layer [16]. As shown in Figure 3, the F’1 is of pure 

metallic Cu phase, hence the describe bonding at interference layer is very weak if not lacking 

in the film causing its weakly adherence to the substrate.  

Figs. 6(a) and 6(b) show the Auger spectra of F’1 and F2, respectively. The peaks are 

observed at approximately 264 eV for carbon, 273 eV for nitrogen, 509 eV for oxygen, and 

764, 835, 914 eV for copper atoms in the wide scan spectra of both films. The atomic ratios of 

Cu, O, C and N in F’1 were calculated to be 55, 11, 28 and 7 %, respectively, and those in F2 

were determined as 24, 19, 49, and 12 %, respectively. 

 Previously, the resultant metallic Cu thin films were achieved by MPM through the 

formation of intermediate Cu2O phase which first appeared after heat-treatment of 

corresponding precursor films at 350°C for 15 and 50 minutes, respectively [16, 17]. 

Consequently, it was confirmed that the bond between trace amount of Cu cations belonging 

to the Cu2O that remained locally at the interface in their film and O2– belonging to the quartz 
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glass substrate assisted the formation of a robust interface between them [16]. Based on AES 

results, there is 0.2 and 0.8 are ratios of O to Cu in F’1 and F2. The high amount of oxygen left 

in F2 than in F’1 strengthens their film adherence to its coated substrate via the above described 

identical bonding mechanism. The described bond is expected to be even stronger in Cu2O thin 

film; F1 whose lattice is made up by a network Cu and Oxygen atom.  

F’1 is weakly adherence onto its substrate, also due to its lower annealing temperature of 

180°C in air in comparison to other high temperature fabricated metallic Cu thin films with 

thickness and tensile strength of 40 nm, 36(12) MPa [16]; and 100 nm, 37(7) MPa [17], 

fabricated by MPM at 350°C and 400°C, respectively. Additionally, it is noteworthy, that the 

tensile strength of F’1 is seven times higher than that of 1.7(5) MPa obtained from a metallic 

copper thin film fabricated by physical vapor deposition [16].  

 

 
Figure 6. Auger spectra of (a) F’1 and (b) F2 fabricated by MPM via spray deposition of 

corresponding electrochemically prepared precursor solution onto quartz glass substrate at 

180°C in air. The peaks are denoted as follows;   ▽: C, ▼: N,  ◇ : O, ♦: Cu. 

 

5.3.5. The influence of chemical composition mainly, atomic ratio of carbon to copper on 

the electrical resistivity of the thin films 

The electrical resistivity of F’1 was obtained as 8.9(2) × 10–3 Ω cm. From figure 5(b), the 

Cu grains in F’1 were aggregated and it is for that reason such electrical resistivity was 

obtained. 
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The high concentration of remaining carbon in F’1, whose ratio to Cu is 0.5 was found 

not to have excessively disrupted its electrical resistivity. It may be accepted that the remaining 

carbon is rather useful to prevent the film from oxidation because the spray coating was 

performed in air. Expectedly, the electrical resistivity of F’1 was very high in comparison to 

those of Cu thin films previously fabricated by MPM respectively at 350°C and 400°C via 

spin-coating method [16] and spray-coating one [17], respectively. On the basis of the effective 

post-annealing in those previous works, the identical treatment of F’1 was performed as 

described above. As a result, the metallic Cu thin film PF’1 with thickness and electrical 

resistivity of 100 nm and 5.13(1) × 10–5 Ω cm could be obtained and these values are in close 

agreement to the previously reported film with 100 nm and 3.8(8) × 10–5 Ω cm, respectively. 

It can be accepted that the decrease in the electrical resistivity is ascribed to the decrease of 

carbon atoms in the film by further annealing treatment.  

Although the crystalline Cu appeared in F2, the electrical resistivity of the sprayed thin 

film was over 106 Ω cm. It is assumed that the low concentration of Cu(II) ions in the spray 

solution S2 caused the large amount of remained carbon in F2 whose ratio to Cu was 2.0, as 

observed by the abovementioned AES results.  

S’1 and S2 contain an identical amount of carbon. However, the carbon atoms in F2 

remained four times higher than of F’1. It is suggested that the present EDTA in the solution 

had to coordinate with the copper as observed in S’1 for the formation of the conductive copper 

F’1 at a lower temperature of 180°C in air. 

 

5.4. Photocatalytic activity of F1 fabricated using electrochemically prepared precursor 

solution 

The fabrication of visible light responsive p-type Cu2O photocatalyst was achieved by 

coating electrochemically prepared Cu2O precursor solution onto quartz substrate at 180°C in 

air. The coating solution was obtained by dissolution of copper plates in ammoniacal aqueous 

solution. Whose sufficient concentration of the Cu2+ in the precursor solution; S1, and 

equivalent to that in S14 was obtained by electrolytic reaction time of about 2 h. In comparison 

to F14 Cu2O thin film which was fabricated using aqueous precursor solution whose starting 

material and source of Cu2+ was copper salt of ammonium formate, the photocatalytic and other 

measurable properties of the F1 thin film are in close agreement to these of F14. Table 3 

describe such comparison and the traced change in absorbance and MO degradation efficiency 

under visible and dark conditions are shown in Figs. 7(a)–7(c). The ratio was calculated using 

equation 8 describe in chapter 2. The close agreement of the results implies that electrochemical 
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method can indeed achieve the preparation of coating solution for the fabrication of a Cu2O 

thin film with identical properties as these fabricated using coating solution prepared by 

counterpart chemical convectional MPM.  

 

Table 3 Comparison of photocatalytic and other properties of F1 and F14 thin film to these of 

F14 previously fabricated by spray coating in chapter 3. 
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Figure 7. Photocatalytic properties of Cu2O thin films via traced by reduction in absorbance 

spectra of MO concentration (a) under visible light irradiation (b) dark and their respective (c) 

degradation ratio. 

 

5.4.1. The effect of irradiation time and increased sprayed area of Cu2O thin films on the 

photocatalytic activity of the Cu2O thin films under visible light 

The films sizes were increased from (20 × 20 mm2) to (60 × 60 mm2). Their exposure time 

to visible light irradiation and dark condition was also increased to 4.5 h. The resultant thin 

films obtained after light irradiation and kept in dark condition were denoted as F1x4.5_LIGHT 

and F1x4.5_DARK, respectively. The photocatalytic evaluation of F1x4.5_LIGHT and F1x4.5_DARK 

reveals a high discoloration test of MO under both visible light and dark exposures. The 

discoloration of MO under dark condition by F1x4.5_DARK is due to the identical mechanism of 

F14 under same irradiation condition as described in chapter 3. Figs. 8(a)–8(c) shows the 

accelerated reduction of MO concentration under both irradiation conditions and their 

degradation efficiency ratio. 
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Figure 8. Photocatalytic properties of Cu2O thin films via traced by reduction in absorbance 

spectra of MO concentration (a) under visible light irradiation (b) dark and their respective (c) 

degradation ratio. 

 

5.4.2. The effect of pH on the photocatalytic activity of the Cu2O thin films under visible 

light 

It was indicated in chapter 3 by the XRD patterns of F6 and F14 after photocatalytic test 

that these thin films were not stable in their respective soaked MO aqueous solution at neutral 

pH leading to their oxidation. From that point of view; the photocatalytic of the Cu2O thin films 

via discoloration of MO was then further evaluated at various pH. The MO solution was 

adjusted to various pH by addition of few drops on NaOH buffer and the photocatalytic test 

was performed under identical conditions as these used to test for F0 – F14. Figure 9 shows 

the photodegradation ratio of F1 Cu2O thin films under visible light irradiation and kept in dark 

condition at various pH of MO aqueous solution and their XRD patterns taken before and after 

the test.  
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Figure 9. Photodegradation ratio of F1 Cu2O thin films under visible light irradiation and kept 

in dark condition at various pH of MO aqueous solution and their XRD patterns taken before 

and after the test. 

 

According Figure 9 the degradation ratio of MO under visible light and dark condition 

decreases with an increase with pH, while their ratio value remains high under visible light 

irradiation than in dark condition in all tested pH. Identical phenomena were observed for F14 

at neutral pH whose composition are identical to that of F1. The F1 was expectedly found to 

have high adsorption ability to MO which lead to their degradation of MO when kept under 

dark condition mostly at pH 7–9. At pH 10 the film has no photocatalytic properties under both 

conditions due to its high stability. After discoloration test the pH of MO solution also decrease 

in both cases expect for pH 10. Which implies that the oxygen from water will react with Cu2O 

thin film to oxidize it to CuO as shown in their XRD patterns and the H+ ion will decompose 

MO. It the excess amount of generated H+ ion that and reduces the pH of MO after discoloration 

test. The stability of the F1 deceases and increases at low and high pH, respectively resulting 

in increased and decreased peak intensity of oxidized CuO phases under those measurement 

conditions. Overall, F1 film is less photocatalytic active at its most stable form under high pH 

of MO and visible light irradiation. 

 

5.5. Fabrication of Cu2O thin film at spraying temperature of 100 – 150°C 

In order to investigate the influence of spray temperature on the formation of crystal Cu2O 

using spray method, the deposition temperature was reduced from 180°C to 100 and 150°C to 

form a precursor film onto quartz substrate in air. The electrochemically prepared Cu2O 

aqueous solution was periodically spray coated onto substrate using identical spray conditions 

with exemptions of substrate temperature reduced to 100 and 150°C. The fabricated films using 
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spray temperature of 100 and 150°C in air were denoted as SF100 and SF150, respectively. Only 

XRD patterns of the reduced temperature fabricated SF150 shows a crystal of Cu2O single phase 

while that of the obtained SF100 indicated an amorphous precursor film as shown in Figs. 10(a)–

(b). Even thought, 150°C was sufficient to transits the Cu2+ in precursor solution into Cu+ in 

resultant SF150 with the assistant of HCOONH4 reductant, the film was not electrically 

conductive. In order to improve the conductivity of SF150 it was further irradiated with UV-

light (intensity of 4 mW cm–2 at 254 nm) for a 24, 26 and 48 h to obtain IF150x_24, IF150x_26, and 

IF150x_48, respectively. The film remained of single Cu2O phase after UV irradiation for 24 – 

26 h, and after 48 h a minor CuO was observed in the XRD patterns in Figure 10(b). The 

electrical resistivity of the films showed a decreased with an increased UV-irradiation time as 

shown in Table 4. A much-reduced temperature of 100°C provided insufficient minimum 

energy to induce crystallization, of the deposited droplets of precursor solution. To induce 

crystallization of SF100 the sprayed films were irradiated with identical UV-light intensity for 

12, 16, 20 and 48 h to obtain IF100x_12, F100x_16, F100x_20, and IF100x_48, respectively. Figure 10(a) 

shows the XRD patterns of the thin films sprayed at reduced temperature of 100°C followed 

by UV-irradiation. The precursor film crystallized to Cu2O single phase after its UV-irradiation 

for 12, 16, 20 and 48 h and their electrical resistivity which also decreased with an increase in 

irradiation time are shown in Table 5. 
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Figure 10. XRD patterns of (a) SF100, IF100x_12, F100x_16, F100x_20, and IF100x_48 (b) SF150, 

IF150x_24, and IF150x_26, IF150x_48. 
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Table 4 Crystallite size, thickness and electrical resistivity of reduced temperature fabricated 

Cu2O thin films by spray coating at 150°C in air and UV-irradiated at various time. 

 
 

Table 5 Crystallite size, thickness and electrical resistivity of reduced temperature fabricated 

Cu2O thin films by spray coating at 100°C in air and UV-irradiated at various time. 

 
 

5.6. Merit of Spray coating for fabrication of thin films at low temperature 

Spray coating method was compared to spin coating in order to investigate its usefulness 

for the fabrication of metallic Cu thin films. About 200 µL of S’1 was spin coated onto quarts 

glass substrate using double mode steps of 500 rpm for 5 sec followed by 2000 rpm for 30 sec. 

The formed precursor film was pre-heated in an oven set at 70°C for 10 minutes and finally 

placed on a hot plate pre-heated at 180°C in air for ca. 1 h. The obtained precursor film; F’1Spin 

+ HT180°C was amorphous as shown by its XRD pattern in scheme 3. The formation of Cu [16] 

and Cu2O [19] thin films by so far has only been reported by MPM via spin coating alcohol-

based precursor solution onto substrate. Previous evidences indicated that spin coating favors 

only volatile organic solvent because aqueous solutions are generally inadequate to spread onto 

various substrates due to high surface tension [18]. The present study therefore confirmed that 

spray coating which has also been previous reported as only a coating procedure for the high 
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temperature formation of highly conductive Cu thin film [17] is significantly effective and 

sufficient to form conductive Cu thin film at 180°C in air. The merit of spray coating is 

highlighted by continuous deposition of small droplets of aqueous precursor solution that 

continuously crystallize and grows into a film after 5 seconds of spray for every 20 seconds. 

Some of its operational advantages, in contrast to spin coating aqueous solution is that the 

substrate is being kept at a stationary position and temperature throughout the period of 

spraying. Scheme 3 shows the formation of amorphous film by spin coating aqueous precursor 

film and heating it on a hot plate at 180°C in air. 

 
Scheme 3. Formation of F’1Spin + HT180°C by spin coating aqueous precursor film and heating it 

on a hot plate at 180°C in air  

 

5.7. Summary 

Fabrication of the conductive metallic Cu thin film by MPM via spray deposition of S’1 

containing Cu(II) of EDTA and amine, which was electrochemically prepared at ambient 

temperature was achieved at 180°C in air. The film has a thickness, adhesion strength and 

electrical resistivity of 170 nm, 12 ± 7 MPa and 8.9(2) × 10–3 Ω cm, respectively. The adhesion 

strength of the fabricated conductive metallic Cu thin film was weak in comparison to these 

previously fabricated by MPM due to its weak annealing temperature of 180°C and lacking of 

bonding between film and substrate, that is usually promoted by potential minor Cu2O phase 

locally remaining at their interface. However, the film electrical resistivity of the order 10–3 Ω 
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cm was interesting to be achieved at 180°C in air. Furthermore, when identical annealing 

conditions to these of previously high temperature fabricated films by spray coating [17] is 

applied, its electrical resistivity reduces, and in close agreement to its counterpart film. The 

fabricated metallic Cu thin film whose corresponding electrolytic ES2 initially contain EDTA 

was not electrically conductive. From that point of view the electrical resistivity of the film 

was established to be due to remaining amount of carbon in the film whose ratio to copper was 

4 times high than that found in F’1 based on their chemical composition which was analyzed 

by AES. While S1 fabricated from ES1 with no addition of EDTA is a Cu2O thin film, hence 

the presence of EDTA is important as a source of carbon that is responsible for reduction of 

Cu2+ in solution to Cu+ in thin film. The photocatalytic activity of F1 was in close agreement 

to that of its counterpart F14 containing identical chemical composition. While its stability 

depends on the pH of aqueous MO solution, it was indicated that the film was less 

photocatalytic active at its stable form under high pH of MO and visible light irradiation. 

Images of some of the fabricated thin films are shown in Figure 11.  

 

 

Figure 11. Images of some of the fabricated thin films. 
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CHAPTER 6: Summary and Future Developments 

 

Under this study low temperature of 180°C and atmospheric air were considered effective 

conditions for the fabrication of functional thin films of copper oxide and metallic copper via 

spray coating by MPM. Precursor aqueous based coating solutions involving Cu(II) complexes 

were prepared by two main methods of conventional chemical synthesis and electrochemical 

employing copper salts and metal plates, respectively as starting materials. The highly 

photocatalytic p-type Cu2O and conductive metallic Cu thin films were fabricated by 

depositing conventional chemical synthesized and electrochemical prepared precursor aqueous 

solutions, respectively onto a quartz glass substrate at 180°C in air. Both thin films were 

fabricated using spray coating method at atmospheric conditions, which is a well-developed 

coating application process for aqueous based precursor solutions deposition on various 

substrates within MPM.  

 

The p-type Cu2O thin films are potential candidates in various energy requiring 

technological devices such as thin film solar cells and transistors while Cu thin films are 

potential candidates in electric circuit boards, thermal collector tubes and as antibacterial 

material surfaces. The fabrication conditions of these thin films mainly low temperature and 

atmospheric conditions from precursor aqueous solutions is considered to promote sustainable 

development through reduced raw material, cost, energy consumption and CO2 emission. 

Sustainable development goals encourage the scientific research due to an alarmingly increase 

of the world population that its average is estimated to be of 81 million people per year. The 

population demand and need for utilization of advanced technological devices is also 

increasing, therefore formation of functional Cu2O and metallic Cu thin films by environmental 

conservative methods is significantly necessary. 

 

The Cu2O precursor aqueous solution prepared from metallic copper plate by 

electrochemical method. The solution was used selectively fabricate P-type Cu2O and Cu thin 

films of which selectivity was determined by the presence or absences of added EDTA in the 

electrolytic solution of dissolved HCOONH4 in aqueous ammonia. The electrochemically 

prepared aqueous solution was prepared from dissolution of anode coper metal plates 

electrodes via electrolysis, which were used a model electrode in this study. Crude copper 

locally mined in Namibia will be utilized as a permanent electrode for source of Cu2+ during 
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electrolysis. Namibia is rich in Natural resources such as Diamond, Uranium, Zinc and Copper. 

Copper contributes 50% to the country’s annual export earnings. Copper is exported to foreign 

countries in its raw forms for processing into finished final products, of which Namibians buy 

a high price, without being used in the research and industrial fields inside the country. It’s 

from that point of view that considering the fabrication of functional thin films at low 

temperature in air using a conservative spray method for precursor aqueous solution will 

contribute to the sustainable development, add value to the Namibia crude copper and promote 

its local industrialization.  

 

The main results which were featured in the published articles from this study are 

summarized in the next two sections, as well as the future development of the entire research 

work.  

 

6.1. Fabrication of Highly photocatalytic p-type Cu2O semiconductor at low temperature 

from the chemical synthesized precursor aqueous solution 

A p-type Cu2O thin films on a quartz glass substrate were facilely fabricated at 180°C in air 

by spraying aqueous precursor solutions. The spray solutions were prepared in a diluted 

ammonia solution by dissolving Cu(II) formate and ammonium formate whose molar ratios to 

Cu(II) ion were 0, 2, 6 and 14. The prepared precursor solutions were stable and could be stored 

at usual environmental conditions for longer than 4 months. According to the XRD patterns, 

Cu2O single phase thin films were obtained from coating precursor solutions whose molar ratio 

of added ammonium formate was 2, 6 and 14.  The varied added ammonium formate was a 

reductant for transformation of divalent copper in various precursor solution into monovalent 

copper in the corresponding resultant Cu2O thin films. Whereas, in the case of 0 added amount 

of ammonium formate, the resultant thin film was partially oxidized to CuO due to lack of 

reductant in corresponding precursor solution.  

 

The photocatalytic activity of all the fabricated thin films was investigated via discoloration 

test of MO under visible light at ambient temperature. The thin films whose added amount of 

ammonium formate in their corresponding coating solutions were; 0, 2, 6 and 14 discoloration 

rate constants of MO solution under the visible-light irradiation were determined to be in the 

following order of 0.004, 0.004, 0.003, 0.042 and 0.087 min–1. Whereas from time-dependence 

of MO concentration in dark condition, the rate constant of MO adsorption onto the thin films 
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and substrates could be also determined as 0.002, 0.002, 0.001, 0.002 and 0.056 min–1. Based 

on the thin films pseudo-first-order rate constants, whose precursor solutions of contains added 

molar ratios at 6 and 14, with 140 and 350 nm thickness respectively indicated a highly 

photocatalytic activity under visible-light irradiation of 0.45 mW cm–2. The photocatalytic 

activities of these thin films were majorly attributed to their O-defect site found in their Raman 

spectra. In addition, FE-SEM of the thin films provided the important information on the 

morphology directly relevant to the adsorption ability of the film with photocatalytic properties 

of which the thin film resulting from 14 times amount of added ammonium formatted was more 

porous structured than all the fabricated thin films. The O-defect site and porous structure were 

indicated by this study to be the important factors to fabricate a highly photocatalytic Cu2O 

thin film having high adsorption ability and whose adhesion strength onto the quartz substrate 

were larger than 5.6 N. It was linked that the photocatalytic activity of the obtained Cu2O thin 

film depends on the amount of added ammonium formate into the spray solutions. The 6 times 

molar ratio of added ammonium formate against Cu(II) ion is a threshold to provide the 

photocatalytic activity to the resultant Cu-deficient Cu2O thin films.  

 

The immobilized Cu2O thin films facilely fabricated at low temperature can be used to 

remove organic pollutants as a convenient photocatalyst under visible light irradiation. This 

study demonstrated a procedure with simple instrumentation and required no further heat-

treatment of the sprayed thin films to obtain crystalline highly photocatalytic p-type Cu2O thin 

films. The chemical component, and optical and electrical properties were also examined in 

detail and found not to significantly be related to their photocatalytic activity. 

 

6.1.1 Recommendations and future development  

The fabrication of photocatalytic p-type Cu2O thin films at 180°C in air by spray coating 

precursor aqueous solution onto a larger substrate surface, than a 20 × 20 mm2. The coating of 

Cu2O can be attempted on a different substrates and shapes such as polycarbonate because it 

was indicated that the functional thin films can be formed at low temperature. 
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6.2. Selective fabrication of Cu2O and Cu thin films at low temperature from 

electrochemically prepared precursor aqueous solution 

The previous sections described the formation of aqueous coating solution of Cu(II) 

complex prepared from starting material of metal salts, in a two-step preparation of coating 

solution within the MPM. In a typical MPM, the preparation of coating solution usually 

involves two steps; of which the first is the isolation of solid metal complex using various 

copper salts. And the second step is the dissolution of the synthesized metal complex into 

appropriate solvent to result in a stable precursor coating solution. This study attempted the 

preparation of Cu(II) complex coating solution in a one-step process. The preparation of Cu2O 

precursor solution was achieved from direct conversion of Cu metal into Cu(II) complexes with 

no isolation process of solid Cu(II) complexes or salts, via electrochemical process in an 

electrolytic solution involving dissolved ammonium formate in dilute ammonia aqueous 

solution. The solution was spray coated onto quartz glass substrate at 180°C in air to result in 

a p-type Cu2O thin films whose properties were identical to that of highly photocatalytic p-type 

Cu2O thin films fabricated in previous section whose added ammonium formate molar ratio to 

Cu2+ was 14. 

It was revealed that by adding EDTA in the electrochemically prepared precursor solution 

and coating it onto a quartz glass substrate at identical condition will result in the formation of 

conductive metallic Cu thin film. While preparation of Cu precursor aqueous solution by 

electrolyzing copper plate in identical electrolytic solution initially involving EDTA will result 

in a non-conductive metallic Cu thin film. Hence EDTA was identified as an inhibiting factor 

for the dissolution of Cu2+ ion in respective electrolytic solutions, whose concentration was 

0.033 and 0.018 mmol g–1, respectively for initially excluding and including EDTA in 

electrolytic solution. 

A conductive Cu thin film with a thickness of 170 nm, electrical resistivity of 8.9(2) × 10–3 

Ω cm and adhesion strength of 12(7) MPa was fabricated at 180°C in air. The surface 

morphology image of resultant Cu thin film, observed by a field emission scanning electron 

microscope revealed closely distributed Cu grains with particle sizes of ca. 80 ± 30 nm. It was 

indicated that the Cu complex containing EDTA ligand in the spray solution plays important 

roles to (1) provide enough amount of carbon atoms as a reducing agent for phase transition of 

its coordinated Cu2+ to crystalline Cu0 and (2) prevent the product from oxidation under 

atmospheric O2 during spray-coating. 
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6.2.1. Recommendations and future development 

As described in the opening introduction of this Chapter. Copper is one of abundant natural 

resources in Namibia. The future development of this work is the replacing of metallic copper 

plates used as starting material for preparation of coating solution, with a crude copper locally 

mined in Namibia. The solution can be coated onto quartz glass substrate and other various 

substrates at 180°C in air for the fabrication of both functional p-type Cu2O or conductive 

metallic Cu thin films, based on the inclusion or exclusion of EDTA in the starting electrolytic 

solution. The fabricated thin films will not only be applicable to materials in energy devices, 

but mostly for their application such as their formation of antibacterial materials for 

environmental purification and immobilized photocatalysts. The utilization of crude copper 

mined in Namibia will contribute to the local industrialization of the country’s raw material 

and its economic development.  

Figure 1 shows the proposed experimental design for the preparation of precursor aqueous 

solutions and its application in spray coating for the selective fabrications of copper oxide and 

metallic Cu thin films on quartz glass substrate at 180°C in air by MPM. Two types of spray 

solutions namely; S1BRSTR and S’1BRSTR are electrochemically prepared using the identical 

electrolysis procedures as that described in chapter 4 and 5. The obtained S1BRSTR and S’1BRSTR 

precursor solutions are correspondence of S1 and S’1 electrochemically prepared using copper 

plate as electrodes. The prepared spray solutions are further spray coated onto quartz glass 

substrate at 180°C in air to obtain F1BRSTR and F’1BRSTR thin films. 
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Figure 1. A schematic route for the preparation of aqueous precursor solution and selective 

fabrication of Cu2O or metallic Cu copper thin films via spray coating at 180°C in air by MPM. 

 

6.3. Preliminary results and discussion 

6.3.1 Absorption spectra of spay solution electrochemically prepared from Cu blister 

Figure 2 shows the UV-vis absorption spectra of the electrochemically prepared precursor 

solution using the Cu blister. The maximum absorption peak position of S1BRSTR and S’1BRSTR 

are observed at ca. 604 and 614 nm, which are in close agreement with these of S1 and S’1 as 

discussed in chapter 5. This implies that both copper plate and blister can electrolytically 

produce identical precursor solution considering the purity of Cu blister as only 98.9 %.  
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Figure 2. Absorption spectra of S1BLSTR and S’1BLSTR spay precursor solutions. The lines are 

labelled as; dotted blue line: S1BLSTR and solid green line: S’1BLSTR. 

 
6.3.2. XRD patterns and electrical properties of fabricated F1BRSTR and F’1BRSTR. 

Figure 3 shows the XRD patterns of the F1BRSTR and F’1BRSTR. Expectedly both S1BRSTR 

and S’1BRSTR results in a Cu2O and Cu single phases, respectively. The hereof fabricated films 

showed no any other different elemental crystal phase from its corresponding F1 and F’1 

discussed in chapter 5. Therefore, the potential impurities in S1BRSTR and S’1BRSTR precursor 

solution did not alter the crystals phases of the resulted thin film obtained after their spraying 

onto substrate at 180°C in air. The electrical properties of the films were also evaluated and 

indicated that both obtained films were electrically conductive after spraying onto substrate at 

180°C in air. Table 1 shows the electrical properties and thickness of the fabricated thin films. 
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Figure 3. XRD patterns of F1BLSTR, and F’1BLSTR fabricated by MPM via spray deposition of 

corresponding electrochemically prepared S1BLSTR and S’1BLSTR onto quartz glass substrate at 

180°C in air. The peaks are denoted as follows; ♦: Cu and |: Cu2O. 

 

Table 1 Averaged thickness and electrical resistivity of the fabricated F1BLSTR and F’1BLSTR 

using corresponding precursor solutions. The standard deviation is shown in parentheses. 
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