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Abstract 

 

The current project focused on studying an innovative and novel method, called hydrogen 

evolution assisted (HEA) electroplating, for rapid and localized electrochemical copper deposition 

that can be applied for integration of electronic circuits to printed circuit boards (PCBs) and fabrics 

for developing smart textile (e-textile) and advanced wearable electronics. This method has shown 

a great enhancement to the deposition rate of copper compared to the conventional galvanostatic 

electroplating method, opening new venues for patterning conductive circuit layouts on fabrics 

and for the direct integration of devices into fabrics.  While due to the slow growth rate and low 

mechanical flexibility of copper, the conventional electrodeposition has not been much studied for 

wearable electronics, our new HEA electroplating method addresses both issues.  

Our preliminary studies on HEA electroplating showed the feasibility of growing copper 

laterally across a 1 mm gap between two copper cathodes (~4 mm wide) that were patterned on a 

FR-4 printed circuit board (PCB) substrate by the usage of an acidic electrolyte made of H2SO4 

and CuSO4. The lateral growth was achieved by applying an electric field of ~1 V/cm between the 

two cathodes while the average voltage between an anode (i.e. copper electrode) and each cathode 

was of 1.25 V. The large voltage difference between the anode and the cathodes resulted in 

concurrent reduction of copper at the cathodes and evolution of hydrogen (i.e., HEA).  

As a part of this research the effect of H2SO4 and CuSO4 concentrations on the lateral 

growth speed was studied. Incrementing the acid concentration in the aqueous solution to 1.5 M 

(H2SO4) and using the HEA electroplating process at room temperature showed a direct relation 

in the acceleration of the deposition rate reaching a speed of 110 μm/s. Despite the porous 
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structure, the HEA electroplated copper showed a similar conductivity as solid copper and a 

remarkable mechanical strength suitable for use as interconnects on an electronic circuit.  

In HEA, concurrent to the copper reduction, hydrogen bubbles are generated at the cathode 

resulting in a porous copper layer. However, the application of constant voltage does not allow 

bubbles to leave the surface of the electroplated electrode resulting in a non-uniform copper growth 

which in turn results on an unpredictable micro and nanostructures. To address the problem, we 

have studied the effect of superimposing a low frequency triangle shape AC to the DC potential to 

allow the hydrogen bubbles leaving the surface. The results clearly show that by controlling the 

AC and DC voltages around 100 mHz AC, a fast copper layer with fern shape nano structure can 

be achieved.  

 Further, the feasibility of adopting HEA electroplating method for patterning an electronic 

circuit on fabrics has been tested for copper deposition on a few different samples of fabrics. To 

provide the conductive path for the electroplating, first, the desired pattern was applied as a 

template on the fabric using a conductive ink including multiwalled carbon nanotubes (MWNTs). 

It was found that the type of the fabric affects the copper growth rate. The fastest copper growth 

rate was achieved on 1000 Denier Coated Cordura Nylon sample, while 100% Virgin Vinyl sample 

showed the slowest growth rate. Further study of the morphologies using the scanning electron 

microscopy (SEM) technique showed that the material being used as substrate has a direct 

relationship with the morphology of the electroplated copper as well as the scan rate and the 

potential range being applied.  

The observed low resistance of the electroplated copper is a promising sign that HEA 

electroplating can be used for rapid copper deposition on various substrates. The produced 

hydrogen bubbles from the HEA electroplating formed a porous structure while the copper 
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growing was taking place with a speed rate a few orders of magnitude higher than the growth speed 

in the conventional copper electroplating. The presented results in this dissertation verify the 

feasibility of using the HEA electroplating as a viable method for making copper-based circuit 

layouts directly on fabrics. 
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Chapter 1: Introduction 

 

Copper has been used as one of many materials for plating over non-metallic and metallic 

surfaces. It has a broad range of applications in many industries such as in the manufacturing of 

electronic components, automobile, biomedical and aerospace. Over decades, copper has been a 

key material for the development of integrated circuits in cellphones, computer, and other 

electronic devices thanks to its high conductivity and processability for its integration to different 

substrates. To assure that the properties of copper are being used to the maximum, the 

electrochemical technique known as electroplating has been used in industry. The usage of this 

technique for the development of devices and electronics is seen as responsible for the increasing 

number and widening types of applications. This have allowed an increment of economy and 

convenience by the prevention of corrosion, and by permitting a significant increment of the 

electrical conductivity.  

Electrodeposition of metals is the most cost-effective way to achieve deposition commonly 

used in the electronics manufacturing industry. It is primarily used to achieve high density 

interconnects in PCBs playing an important role in the electronic industry. It also provides a high 

quality of the deposits requiring relatively inexpensive equipment [1]–[5].  Metallization of 

substrates by copper electrodeposition enhances the electric conductivity of their surfaces 

potentially leading to an improvement of their electron transfer properties and a direct impact to 

the growth rate of the metal being plated [6]. 

Electroplating, or commonly known as electrodeposition, is a process for making a thin-

film coating of a metal on a conductive object via passing a DC current in an electrochemical cell 
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in which the target object is used as the working electrode. The primary use of electroplating is to 

change physical properties, to increase wear resistance, to increase the thickness, or to give 

corrosion protection to the object. The growth of the market can be attributed to the rising adoption 

of electroplating across various industry such as the automotive industry and aerospace and 

defense among others [7][8]. Through the years, this technique has been modified and improved, 

opening new venues for developing new copper electroplating approaches used in the production 

of many electrical devices and circuit interconnect for fabrication PCBs [5][9][10].  

Fast and lateral copper growth can open ways for depositing copper on various substrates 

to build electronic circuits for wearable and flexible electronics providing an incredible speed of 

growing metals compared to the conventional galvanostatic electroplating [5]. While the electronic 

circuit manufacturing is well developed for fabricating circuits on solid and flat PCBs, the 

application of electroplating for the production of flexible and wearable electronics has been 

largely ignored, mainly due to the compact and rigid structure of deposited copper and the low 

deposition rate through the conventional galvanostatic (i.e. using constant DC current) method  but 

with the advantages in the development of wearable and flexible electronics, there is an increasing 

demand for lightweight, flexible, and wearable human and environmental monitoring systems with 

countless applications [5].  

The wearable electronics market is predicted to develop from its present-day value of USD 

40 billion to a full-size price of USD 160 billion through 2026 [11]. Over the years, flexible devices 

and wearable systems have gained significant attention in the scientific and commercial field. Yet, 

a challenge is in the development and integration of electrodes and interconnects at any desired 

shape and size with enough flexibility and electrical conductivity suitable for flexible and wearable 

electronics [12]. With the developing technologies at a worldwide level electronic textile are 
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emerging cutting across traditional industrial procedures. The development of flexible materials is 

essential for wearable electronics because of their unique chemical, electrical, and mechanical 

properties. Replacing relatively poor mechanical flexibility and stretchability such that they can 

be conformally attached onto the human body for clothing, communication, healthcare monitoring, 

military, sensors, among others playing a key role among various technologies. Along with 

advantages in the development of wearable and flexible electronics, there is an increasing demand 

for lightweight, flexible, and wearable human and environmental monitoring systems with 

countless applications [13]. Developing e-textiles demands a fabrication method to integrate 

electronic components and circuits into fabric structures with the interconnect conductivity as high 

as that in copper (~6×107 S/m) [14] and a printing method with the feature size less than 1 mm to 

be compatible with the packaging of surface mount devices (SMDs). In addition, the adaptation of 

the current available devices and attachment-based wearables into integrated technology may 

involve a significant size reduction while retaining their functional capabilities [13]. 

Among different technologies and approaches, patterning a conductive template (i.e. circuit 

layout) on fabrics by copper electrodeposition can lead to the development of different wearable 

and flexible electronics [15]. Carbon materials have recently brought attention due to its significant 

properties which have allowed us to use the multiwall carbon nanotubes (MWCNTs) as electrode 

over a variety of fabrics employing the novel technique called hydrogen evolution assisted (HEA) 

electroplating, to enhance the lateral deposition of copper and its properties leading to the 

development of useful wearable electronics with the goal of overcome the existing challenges and 

create future opportunities [16][17]. This technique can electroplate the surface of a conductive 

pattern with a growth rate of at least four orders of magnitude faster than the conventional 

galvanostatic electroplating speed and produces nanostructures for embedding the printed structure 
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to the fabric fibers. Surface modification of textiles with desired functionalities can be engineered 

by a considerable number of techniques ranging from traditional treatments to multifunctional 

approaches. Textiles, in fact, offer a challenging platform for functional modifications to meet 

additional strategic requirements for a large variety of applications [17]. 

In this dissertation, chapter 1 is dedicated to the introduction. Background and the literature 

review of the copper electrodeposition technique by the employment of different methods and 

wearable electronics are discussed in Chapter 2. Chapter 3 reflects our experimental studies on 

low temperature soldering with hydrogen assisted copper electroplating and the integration of 

surface mount components to printed circuit boards. Chapter 4 discusses the impact of CuSO4 

and H2SO4 concentrations on lateral growth of hydrogen evolution assisted copper electroplating 

and its relationship with the growth rate of copper. The copper electrodeposition assisted by 

hydrogen evolution has been employed in different substrates such as fabrics for the development 

of wearable electronics using a low temperature and low-cost procedure as discussed in Chapter 

6. Chapter 7 includes the advantages in performing copper electroplated for the development of 

metallic tracks over different types of fabrics by using hydrogen evolution assisted electroplating. 

The conclusion of the dissertation and suggestions for future work are discussed in Chapter 8.  
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Chapter 2: Background 

 

An electrochemical cell can transform chemical reactions into electrical energy or vice 

versa depending on the type of electrochemical cell being employed. There are two types of 

electrochemical cells known as galvanic or voltaic cell and electrolytic cell as shown in table 1. 

Both cells are composed of electrodes known as cathode and anode and an electrolyte to complete 

the electrochemical cell.  

Table 1. Types of Electrochemical cells 

 

 

                                                                                                                                                

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

 

 

 

 

Due to the limitation imposed by the ions mass transfer in the electrochemical cell, the 

copper growth rate is usually slow in a galvanostatic deposition mode using a constant DC current 

source. Instead of controlling the process with a constant current, a constant DC voltage or AC 

voltage can be applied between the anode and cathode (i.e. potentiostat mode). However, 

increasing the potential to higher than 1.23 V leads to the release of hydrogen bubbles (i.e., HEA) 

at the working electrode. Nebojsa et al., have found that during the electrochemical decomposition 

Electrochemical Cells 

Galvanic Cell (Voltaic Cell) Electrolytic Cell 

The redox reactions take place 

spontaneously. 

The redox reactions are non-

spontaneous needing a DC or AC 

power source to fullfill the reaction. 

Chemical energy is spontaniously 

transformed into electrical energy.  

Electrical energy is transformed into 

chemical energy.  
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of a substance through the passage of an electrical current known as water electrolysis, the 

hydrogen evolution assists convection of copper ions toward the cathode at which the hydrogen is 

evolved and positively charged ions migrate towards the cathode, resulting in much faster rate of 

the copper deposition than the galvanostatic mode, generating a porous copper layer [15][18]. 

Regarding the direct effect of hydrogen and copper ions, the electrolyte concentration affects the 

nanostructure of the electroplated layer leading to the formation of various shapes and density of 

cauliflower-like, dendritic and honeycomb-like structure [5][19].  

If an electric field is applied across an electrolyte solution by the usage of two electrodes as 

shown in Figure 1, in this case two working electrodes to achieve later copper electrodeposition 

and applying a DC or AC potential difference it will encourage motion of the charged ions in the 

electric field between eleectrodes inmersed in solution allowing the flow of electrical current 

throught the electrolyte and towards the working electrodes [18].  

 
 

 
Figure 1. Schematic diagram of the electrochemical cell employing the redox reaction and 

hydrogen evolution assisted electroplating. 
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There are three essential mechanisms that have a direct impact on the copper 

electrodeposition: diffusion, migration and convection. In the conventional galvanostatic method 

the diffusion is the one that limits the growth rate of the copper after reaching equilibrium from 

the movement of molecules from a high concentration to a low concentration area. This can be 

seen in the Nernst-Planck Equation where the flow of ions is due to the spatial difference in 

concentration and the migration of ions due to the spontaneous reaction, lacking the convection 

mechanism. It is important to emphasize that many times the electrolyte that contains the 

electrodes is stationary, meaning that there is no convection by hydrodynamic transport. The 

diffusion, migration and convection are related by the Nernst-Planck Equation [18]: 

 

𝐽𝑖(𝑥) = −𝐷𝑖
𝜕𝐶𝑖(𝑥)

𝜕𝑥
+

−𝑍𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖

𝜕∅(𝑥)

𝜕𝑥
+ 𝐶𝑖𝑣(𝑥)    (1) 

 

where 𝐽𝑖(𝑥) is the overall flux of species i, 𝐷𝑖 represents the diffusion coefficient having a negative 

sign meaning that molecules always diffuse from an area of higher concentration to an area of 

lower concentration, 
𝜕𝐶𝑖(𝑥)

𝜕𝑥
 represents the concentration gradient, 𝑍𝑖  represents the valence of i 

ions, F represents the Faraday constant (~ 96485 C mol−1), R the universal gas constant (8.314 J 

mol−1 K−1), T represents temperture, 𝐶𝑖 represents the concentration of i,  
𝜕∅(𝑥)

𝜕𝑥
 electric potential 

gradient, 𝑣(𝑥) velocity at which the specie i moves.  

 Potentially, the HEA electroplating can address the need for fast copper deposition  by 

assisting the motion of copper ions beyond the limited diffusion rate by convection and 

migration[20]–[22]. After electrolysis is reached, hydrogen evolution assists convection of copper 

ions toward the cathode, resulting in much faster rate of the copper deposition than the 

galvanostatic mode [5].  
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The proposed HEA electroplating of copper is a promising approach for developing highly 

conductive patterns over fabrics, but the process requires having a conductive template on the 

target substrate. Integration of copper electrodeposition assisted by hydrogen evolution technique 

with the addition of fabrics will allow the development of smart wearable electronics by the 

integration of electronic circuits into fabrics opening new venues toward new techniques and 

applications in electronics, medicine, aerospace, and military approaches.  

 

2.1 Literature Review 

 

The conventional electroplating process aims to control the electrodeposition process to 

maintain a constant deposition rate for achieving a compact and uniform layer of coating. Any 

factor that disturbs the process affects directly on the quality of the electroplated layer. Significant 

efforts have been done to control the shape and size of produced nanostructures when the 

electroplating process is intentionally disturbed. The disturbance can be generated by the 

application of an overpotential (DC or AC), magnetic field, pulsating current, reversing current or 

galvanostatic (DC regime) as electroplating methods (Table 2) [23].  

 

 

                                  Table 2. Electrodeposition techniques 
 

 

Method Uniformity Time References 

Galvanostatic (DC regime) ✓  [23] 

Pulsating Current ✓  [23]–[35] 

Reversing Current   ✓  
[23],[24] 

[28],[36]–[38]  

Magnetic Field   [39][40] 

DC & AC Overpotential 

(potentistat) 
✓ ✓ [5][41] 
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Pulse electrodeposition (PED) is divided in two significant areas pulse reverse current 

(PRC) and pulsed current (PC), both areas have brought many advantages at a manufacturing level 

but with advantages, there is always a disadvantage that needs to be strongly studied [24]. The 

electroplating of pulse reverse current (PRC) is an electrochemical process technique where the 

application of the current is alternated between a cathodic current (forward pulse) and an anodic 

current (reverse pulse) during the electroplating process. Reversed pulse plating may offer several 

advantages to on–off pulse plating such as reducing brightener decomposition and allowing a 

reduction in defects of the electroplated metal layer [28][36]. Nebojsa and his group have done 

extensive research on studying copper nanostructures grown via the HEA electroplating process 

[29], [42], [43]. In one of their works published in 2012, they have shown that the reversible current 

(RC) regime is superior in the production of open porous structures in comparison with the 

pulsating current and the galvanostatic regimes [23].  

The reverse pulse technology has demonstrated to improve specific properties of the 

deposition such as hardness and to reduce the total time of process decreasing the copper 

consumption significantly. Today, pulse reverse (PR) plating is widely used in printed circuit board 

(PCB) manufacturing and by combining hydrogen evolution assisted electrodeposition with pulse-

reverse electrodeposition a high surface area with highly porous metallic nanostructured can be 

obtained. As reported by Cherevko, et. al the convection created by the movement of the hydrogen 

bubbles increases the growth rate of copper and removes the dissolved copper ions from the 

diffusion layer [37][38]. Both the morphology and the hydrogen evolution have significant impact 

on porosity. The application of RC regime led to redistribution of evolved hydrogen increasing the 

compactness of the honeycomb-like structure obtained by RC. Even though the RC was successful 
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in the formation of a honeycomb-like structure by the direct interaction of HEA electroplating over 

the substrate’s surface, the deposition time is still a problem.  

As studied by Popov, et. al the pulsed current (PC) plating offers a smoother and less porous 

deposits compared to conventional direct current plating DC producing a significant change in the 

morphology of the electrodeposits, which may also improve other mechanical and electrical 

properties [28],[37],[25]–[27], [30]–[35].  With the pulsating current and DC regime the 

appearance of dish-like holes was visible.  It was found that both on– off pulse plating and reverse 

pulse plating can result in lower porosity[28]. 

The process of copper growth by copper magneto-electrodeposition (MED) has a duration 

of 20 minutes [39]. A similar work has been conducted by Beatriz, et. al  where the effect of 

hydrogen evolution is being studied and how the magnetic field simultaneously increases the rate 

of hydrogen evolution and modifies the hydrogen bubble size and dislodge them as they form [40]. 

A reduction in the size of the bubbles was obtained by reducing the magnetic field applied. An 

irregular copper growth was observed based on a mixture of holes, dendrite, and cauliflower-like 

structure, not providing any uniformed morphological structure.  As shown by Sudibyo et al., it 

has been found that different strengths of magnetic field will affect the growth pattern and the 

morphology of the copper being deposited, not allowing them to properly cover the surface of the 

substrate [39]. They have found that dendritic structures grow larger and more compact as the 

concentration of CuSO4 increases, which inhibits more copper from deposition within the 

dendrites. An increment in CuSO4 in the electrolyte the copper deposits start to increase in a 

nonlinear fashion way not being able to control the pattern.  
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However, in the galvanostatic technique the instrument controls the cell current rather than 

the cell voltage, with the application of this direct current electroplating the problem manufacturers 

face is in controlling the amount of copper inside the holes. As the number of copper layers needed 

for the deposition increase there is also an increment in the entire plating time which will take two 

to three hours longer to complete. 

As we have studied, as well as Nebojsa, et. al and Heon-Cheol, et. al, the application of an 

over potential higher than 1.23 V leads to the release of hydrogen bubbles (i.e., HEA) at the 

working electrode that generates a porous copper layer with much faster growth rate than the 

conventional galvanostatic electroplating method allowing the current to flow between the 

working electrode and the counter electrode to complete the cell circuit [5][41]. It has been shown 

that hydrogen bubbles play a crucial role in the formation of porous structures leading to a well 

mechanical supported structure and the impact that the concentration of acid has in the deposition 

of copper. Although significant works have been done for controlling the morphology of HEA 

electroplated copper, there is a gap of knowledge on how to employ the HEA electroplating method 

for metallization of conductive fabrics to develop a manufacturing method for wearable 

electronics. Recently we have employed the usage of the potentiostat by the application of an AC 

overpotential to increment the deposition of copper over printed circuit boards and fabrics with the 

main goal of allowing the hydrogen bubbles to be released from the surface allowing more copper 

to be deposited as metal over the cathode.  
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Chapter 3: Low Temperature Soldering Surface-Mount Electronic Components with  

 

Hydrogen Assisted Copper Electroplating1 

 

3.1 Introduction 

 

Technology is always in the need of improvement to develop new devices and enhance 

procedures. With the recent development in 3D printings, fast and in-house prototyping of 

mechanical structures has become feasible [44]. However, electronic circuit’s prototyping is still 

required advanced facilities for lithography of PCBs and automated pick-and-place machines for 

soldering surface mount electronic components. Several approaches have been demonstrated 

before for using a printing technique for prototyping electronic circuits [45][46]. The most 

common method is the inkjet printing for making a PCB using conductive inks made of silver or 

copper nanoparticles [47]. After printing, the substrate must be heated up to remove the solvents 

and melt the nanoparticles to form continuous conductive tracks. The approach has several 

technical challenges which limit its application to only simple circuits. For instance, the substrate 

must be flat and smooth and being made of materials with high melting temperatures. Due to the 

low melting temperature of the plastics, conventional soldering method using a soldering iron is 

not practical. Hence, conductive pastes have been the only option which is not as reliable as 

conventional soldering materials, due to their lower conductivity and adhesion. To overcome the 

problems for integrating electronics to a 3D printed structure we have studied the feasibility of 

using copper electroplating for soldering electronic components to conductive tracks at room 

 
1 This chapter was published before in MRS Advances (Sabrina M Rosa-Ortiz, Kishore Kumar Kadari, Arash 

Takshi, “Low temperature soldering surface-mount electronic components with hydrogen assisted copper 

electroplating”, MRS Advances (2018), 3, 18, 963-968). Permission is included in Appendix I.   



13 

 

temperature using printed circuit boards (PCBs). Although the method is potentially practical, the 

low deposition rate of copper is a major drawback. In this work we are demonstrating the hydrogen 

evolution assisted (HEA) electroplating [15] as a rapid method of growing copper for soldering 

surface-mount electronic elements, suitable for electrodes in many electrochemical devices, such 

as fuel cells, batteries, and chemical sensors [9]. The results show a promising approach for further 

development of the method for low temperature soldering of electronic components. 

3.2 Experimental 

 

The electrolyte for electroplating was prepared by making a solution of 0.4 M of CuSO4 

(from Sigma) and 1.3 M of H2SO4 (from Sigma) in deionized (DI) water. For the experiments on 

a PCB board, first the pattern shown in Figure 2 was applied on the copper side of the PCB using 

a permanent marker. The copper pattern was developed by etching the exposed copper in a ferric 

chloride solution (from MG Chemicals). The two tracks with 1 mm gap were used to mimic a gap 

between the terminal of an electronic component and the circuit layout. The objective was to bridge 

the gap using the electroplating method. An O-ring was placed over the gap between the two tracks 

to build an electroplating bath. For testing the copper bridging across the gap, the tracks were used 

as cathode 1 and 2, each connected to a voltage source via the pads. Also, each track was covered 

with the permanent marker except for a small part of the copper near the gap (see Figure 1). The 

larger copper pad (not covered by any layer) near the gap was used as the shared anode (the source 

of copper for electroplating). For the HEA soldering experiment, a surface-mount LED was placed 

across the gap and only one cathode was used. The other terminal of LED was soldered to the 

second track using a soldering iron. A microscope camera was set above the sample to record the 

electroplating process. The O-ring area was filled with the electrolyte, and a Keithley 2602 dual 

channel source-measurement unit was used as the voltage sources and data logging system. The 
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quality of the electroplated area was tested by resistance measurement and scanning electron 

microscopy (SEM) methods after the electroplating process. 

 

 
 

Figure 2. PCB sample was used to study HEA copper electroplating across the gap. 

 

3.3 Results and Discussion 

 

Using the patterned PCB in Figure 2, the electrochemical deposition was carried out by 

applying 0 V to the anode and -0.5 V to each cathode. While the recorded current showed an 

ongoing electroplating, the video recorded images did not show any visible change on the patterned 

copper even after several minutes of electroplating. The observation was in a good agreement with 

the theory of the electroplating. The thickness of the electroplating layer, d, is a function of time, 

t, and the current density, J, through the Faraday equation [8]: 

𝑑 =
𝐽𝑀𝑤

𝑛𝐹𝜌
𝑡   (2) 

where Mw is the atomic weight of copper (63.5 g/mol), F is the Faraday constant (~96485 C/mol), 

n is the change in the oxidation state (n=2 for Cu2+ to Cu), and ρ is the copper density (8.63 g/cm3). 

In the equation, the speed of growing copper (electroplating rate) can be calculated from 

J.Mw/n.F.ρ. A typical current density of 20 mA/cm2 implies ~7.6 nm/s rate [9]. With such a rate, 

no visible change is expected even after several minutes of electroplating.  

To increase the electrodeposition speed, first, we tested the electroplating process at higher 

voltages up to ~0.8 V between the anode and each cathode. Although the current density can be 

enhanced at the elevated voltages, the deposition rate was increased by a few folds, still not making 

PCB Coated with permanent marker 

1mm 

1mm gap 

Pad 
Copper 
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any visible change. However, for voltages above 1.0 V we observed hydrogen bubble release near 

the cathode due to the concurrent water hydrolysis and copper deposition. As shown in Figure 3, 

for a case with -1.2V to cathode 1 and -1.1V to cathode 2 (with respect to the common anode at 

0V), the hydrogen bubbles were released from the electroplated area. In many conventional 

applications such as jewelry electroplating, hydrogen evolution should be avoided (by limiting the 

voltage) for depositing a compact copper layer. However, we have found that the release of 

hydrogen bubbles can assist the electroplating process; hence, dramatically increasing the copper 

deposition rate. In fact, as shown in Figure 3, the hydrogen evolution assisted (HEA) process 

resulted in a rapid growth of copper across the gap reaching a speed of ~33 μm/s. The high-speed 

growth came with the cost of losing the compact structure and depositing a porous structure 

instead. The dramatic increase in the electroplating rate can be explained via Equation 2. The 

density, ρ, of a porous structure can be significantly lower than that in a compact layer, resulting 

in an increase of the electroplating rate (J.Mw/n.F.ρ) even for a limited current density. 

 

 
 

Figure 3. Images of the HEA electroplating across a 1 mm gap on a PCB sample. 

 
 

The graph in Figure 4 shows the recorded current density during the electrodeposition. The 

large fluctuation in the current is due to frequent hydrogen bubble release. Application of a voltage 

slightly different than cathode 1 to cathode 2 generated a lateral electric field across the gap which 

increased the lateral electroplating speed. The resistance across the bridged electroplated area was 

measured to be 13.1 Ω. 
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Figure 4. Current versus time during the electroplating of the PCB sample. 

 

 

The concept of using HEA electroplating method for soldering an LED was also tested with 

a patterned PCB. Figure 5a shows the gap between the LED terminal and the copper track before 

the deposition. For the soldering process only one cathode (-1.2V) was used. Although the contact 

between the copper track and the LED terminal was made in about 30 s after starting the 

electroplating process, the experiment was conducted up to 55 s to make a reliable contact. The 

electroplated copper across the gap is shown in Figure 5b. To study the effect of bubbles and the 

electrolyte on the functionality of the device, the LED was tested after removing the electrolyte 

(Figure 5c and 5d). 

 
 

Figure 5. Images of the low temperature soldering of a surface mount LED (a) before and (b) after 

the HEA copper electroplating. (c) Powered LED. Confirming that the HEA process did not 

damage the LED. (d) Testing the HEA soldered LED in the electroplating setup after removing 

the electrolyte 
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3.4 Conclusion 

 

The electrodeposition conducted by single cathode terminal configuration at low voltages 

had a slow copper growth rate not suitable for printing a circuit layout or soldering. At high 

voltages, the hydrogen evolution effect was observed during the electrodeposition resulting in a 

dramatic increase of copper growth rate in PCB samples. The high growth rate was achieved due 

to the growth of more porous copper structure (because of the hydrogen bubbles) instead of a 

compact structure. The significant advantage of the HEA electroplating method is in its fast growth 

rate that can be used in the future for developing a copper printing method. Printing copper will 

facilitate electronic circuit prototyping and enable soldering the components while printing copper. 
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Chapter 4: Study the Impact of CuSO4 and H2SO4 Concentrations on Lateral Growth  

 

of Hydrogen Evolution Assisted Copper Electroplating2 

 

4.1 Introduction  

 

Electrodeposition plays an important role in the electronic industry representing a major 

advantage over other conventional methods, providing a high quality of the deposits requiring 

relatively inexpensive equipment [3] [4]. Through the years, this technique has been modified and 

improved, opening new venues for developing new copper electroplating approaches used in the 

production of many electrical devices and circuits. Compared to other metals, copper has 

applications as an improved interconnect material for fabrication of printed circuit boards (PCBs), 

which have diminished in size along with the miniaturization and high efficiency of electronic 

devices [9] [10]. Yet, application of electroplating for production of flexible and wearable 

electronics has been largely ignored, mainly due to the compact and rigid structure of deposited 

copper and the low deposition rate through the conventional galvanostatic (i.e., using constant DC 

current) method. Potentially, the hydrogen evolution assisted (HEA) electroplating can address the 

shortcomings by producing porous structure of copper and high rate of the metal growth [20] [21]. 

This work has focused on studying the effect of electrolyte concentration on the morphology and 

lateral growth rate of copper using the HEA electroplating method. The results are providing a 

guideline for further development of HEA lateral electroplating method to be used for patterning 

 
2 This chapter was published before in the Journal of Applied Electrochemistry (Sabrina M Rosa-Ortiz, Fatemeh 

Khorramshahi, Arash Takshi, “Study the impact of CuSO 4 and H 2 SO 4 concentrations on lateral growth of hydrogen 

evolution assisted copper electroplating”, Journal of Applied Electrochemistry (2019), 49,12, 1203-1210). Permission 

is included in Appendix I.   
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copper on fabric substrates [48]. The mechanism of conventional galvanostatic copper 

electroplating with one anode and one cathode is based on two electrochemical reactions taking 

place at both electrodes in an electrochemical cell containing an electrolyte (typically is an aqueous 

solution of CuSO4 and H2SO4 [49]). Oxidation starts taking place at the anode (counter electrode) 

where copper metal is oxidized to copper ions (Cu→Cu2+ + 2e−). At the working electrodes, 

reduction of the ions (Cu2+ +2e−→Cu) occurs to form a solid metal coating. Due to the limitation 

imposed by the ions mass transfer in the electrochemical cell, the copper growth rate is usually 

slow in a galvanostatic deposition mode. Instead of controlling the process with a constant current, 

a constant DC voltage can be applied between the anode and cathode (i.e., potentiostat mode). 

However, increasing the over-potential to higher than 1.23 V leads to the release of hydrogen 

bubbles (i.e., HEA) at the working electrode that generates a porous copper layer with much faster 

growth rate than the conventional galvanostatic electroplating method. HEA electroplating has 

been studied extensively by Nikolić et al. [15]. They have found that during water electrolysis, the 

hydrogen evolution assists convection of copper ions toward the cathode, resulting in much faster 

rate of the copper deposition than the galvanostatic mode. As the result of the co-reduction of Cu2+ 

and H+ ions, the process produces an open and porous structure of copper that can be employed in 

a generally wide range of applications such as fuel cells, batteries, and sensors [15], [41], [50]–

[53].Regarding the direct effect of hydrogen and copper ions, the electrolyte concentration affects 

the nanostructure of the electroplated layer leading to the formation of various shapes and density 

of cauliflower-like and dendritic structures [19]. The results from previous studies are showing the 

potential of the HEA copper electroplating as a method for a fast deposition rate [16]. However, 

to the best of our knowledge, the lateral growth of copper using the HEA method has not been 

studied before. Based on that, our research is focused on adapting the process for lateral growth of 
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copper to develop a printing method. In this work, we have studied the effect of ions concentration 

on the lateral growth rate and quality of the HEA electroplated copper. Fast lateral growth can 

open ways for printing copper on various substrates to build electronic circuits for wearable and 

flexible electronics providing an incredible speed of growing metals compared to the conventional 

galvanostatic electroplating. For the lateral growth, the electrochemical cell was designed with two 

cathodes on the same substrate, while an electric field of 0.1 V mm−1 was established between 

them to enhance the predominant growth. 

4.2 Experimental  

 

For studying the lateral growth of copper, the cathode electrodes with a width of 3 mm and 

a gap of ~1 mm were patterned on a piece of fame retardant-4 printed circuit board (FR-4 PCB) 

with measures of 5×2.5 cm. As shown in Figure 5, a permanent marker was used to make a mask, 

thereafter the unmasked areas were etched by ferric chloride (MG Chemicals). The large copper 

pads were used as the anode. To study copper growth near the gap, both working electrodes were 

covered with a red permanent marker, leaving an uncovered surface area of 0.23 cm2 at the one 

end of each electrode near the gap, for the copper deposition to take place. The experiments were 

designed by making a small electrochemical cell around the gap on the PCB using an O-ring with 

the diameter of 2.54 cm, to hold the electrolyte. In this work, we studied the HEA lateral copper 

growth rate using aqueous based electrolytes containing various concentrations of CuSO4 and 

H2SO4 (both from Sigma-Aldrich). In a set of experiments, electrolytes with constant 

concentration of CuSO4 (0.15 M) and H2SO4 at different concentrations of 0.125 M, 0.25 M, 

0.5 M, 1.0 M, 1.5 M, 2.0 M, and 2.5 M were made. To study the effect of CuSO4, the electrolytes 

were prepared with 0.1 M, 0.15 M, 0.2 M, and 0.25 M concentration of cupric sulfate using 1.0 M 

and 1.5 M of H2SO4 for each CuSO4 concentration. In each experiment, 2 mL of the electrolyte 
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was used inside the O-ring area to make the electrochemical cell for the experiment. 

Electrodeposition was carried out using a Keithley 2602A SMU connected to a computer. Using 

Test Script Builder program, a simple code was developed to collect the electrodeposition current 

data and the current between the two cathodes. A digital camera microscope video recorded the 

electrodeposition process. To establish a voltage difference between the two cathodes, −1.3 V was 

applied to one of the cathodes and −1.2 V to the other cathode. As it can be observed in Figure 6, 

another copper pad was used as the anode contact biased at 0 V. For the soldering purpose, only 

one probe was used to grow the copper at the gap between the copper traces and a surface mount 

device (SMD) light emitting diode (LED). The applied voltage to the cathode (copper trace) was 

− 1.3 V with respect to the anode. After conducting the experiment, the electrolyte was removed 

using a pipette and the samples were rinsed with DI water. The samples were left for 24 hours at 

room temperature before testing their morphologies using a scanning electron microscope (SEM) 

(Hitachi S-800) at 25.0 kV. To estimate the porosity level in the HEA electroplated layer, cyclic 

voltammetry (CV) experiment was conducted in a three-probe arrangement using a VersaStat 4.0 

potentiostat. For the experiment, an Ag/AgCl and a Pt wire were used as the reference and counter 

electrodes. A 1.0 M Tris-buffer at pH of 8.0 (HCl) was used as the electrolyte in the CV 

measurement. 

As an example, to show the effect of hydrogen evolution during the HEA process, pictures 

were taken from a sample before, during, and after the electroplating for the experiment with the 

electrolyte of 1.0 M H2SO4 and 0.15 M CuSO4 (Figure 7). Figure 7a shows the 1 mm gap between 

the two copper traces which were used as the working electrodes in the electrochemical cell. Once 

the voltage difference was applied to the electrodes, the release of the bubbles was observed 
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(Figure 7b). The further the hydrogen bubbles from the gap between the two working electrodes 

the larger the diameter (>2 mm) based on the coalescence between them. 

 
Figure 6. Schematic of the patterned electrodes on a PCB and the O-ring area for the 

electrochemical cell. The cathodes were connected to channels A and B of a Keithley instrument 

while one of the big pads was used as the common anode (counter electrode) 

 

4.3 Results and Discussion  

 

This indicated that the water electrolysis was taking place, incrementing the release of 

bubbles with respect of time. During electrolysis, hydrogen evolved at the cathode caused the 

structure of the electroplated layer to be more porous due to the attachment of hydrogen bubbles 

and agglomerate of copper grains between them  leading to formation of a variety of morphologies 

of copper deposits while remaining similar conductivity in the deposited copper area [16], [29], 

[42], [43]. The rate of hydrogen release was significantly higher around the electrode biased at 

− 1.3 V due to the higher applied voltage in comparison to the other electrode (biased at −1.2 V). 

Also, the copper growth rate was higher at the electrode biased at − 1.3 V. For the electrolyte 

containing 1.0 M H2SO4 and 0.15 M CuSO4, after 58.8 s the copper bridged the gap between the 

two electrodes. Continuing the process to 67.8 s a stronger joint was established between the two 

cathodes (Figure 7c).  
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Figure 7. Images of copper deposition with a magnification of 21× using hydrogen evolution 

assisted (HEA) electroplating for 0.15 M CuSO4 in 1.0 M H2SO4: a) before, b) during (30 s after 

starting), and c) after electroplating (67.8 s electroplating duration) 

 

Although Figure 7 shows pictures of only one sample, similar behavior of generating 

bubbles during HEA and bridging the gap was observed in all samples tested with different 

electrolytes. After completion of the electrodeposition of copper when the anode was fully 

consumed, a contact resistance of 0.5 Ω was measured for the electrolyte containing 1.0 M H2SO4. 

Figure 8a shows the results of the current passing through channel A of the instrument (shown in 

Figure 6). The average current flowing through the anode while the deposition was taking place, 

was about 60 mA. The current value gradually increased through all the process, showing 

fluctuation in the current. The fluctuation in the current is believed to be due to the hydrogen 

bubbles generation and release at the surface of the electrode [16].  

Based on the rapid diffusion of hydrogen ions to the cathode by the application of large 

voltages, a continuous growth process was allowed. The increase in the current value at 67.8 s 

confirmed the connection between two copper pads and the completion of the growth. The bridging 

was also detectable by measuring the current between the two working electrodes during the 

deposition process, using the Test Script Builder code on the computer. For this measurement 

(shown in Figure 8b), the current was measured when a 0.1 V was applied across the two electrodes 

while the growth potential was paused momentarily to take samples of the current between the two 

electrodes. The sudden jump in the current around 58.8 s again confirms the bridging. Knowing 

the size of the gap between the two cathodes (i.e., 1 mm) and the time of bridging the gap (from 

3mm 3mm 3mm 
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the recorded videos), the lateral growth rate was estimated for the different samples that were 

tested. The lateral growth of HEA copper electroplating was found to be much faster than the 

copper growth without HEA electroplating. However, previous works by Nikolić et al. suggest 

that the concentration of acid has a direct influence on the morphology and the growth rate of HEA 

copper electroplating [20].  

 
 

Figure 8. a) Electrodeposition current (A) vs. time (s) and b) current between the cathodes vs. time 

(s) for the electrolyte containing 0.15 M CuSO4 and 1.0 M H2SO4 
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Figure 9. Lateral growth rate (μm s −1) vs. acid concentrations (M) for 0.15 M CuSO4. b Lateral 

growth rate (μm s −1) vs. copper sulfate concentration in 1.0 M H2SO4 and 1.5 M H2SO4 

 

To find the effect of ions concentration on the lateral growth rate, similar electrodes were 

made and tested with different electrolytes. An estimation of the growth rate for a change in CuSO4 

and H2SO4 concentrations was made by dividing the distance between both working electrodes (~ 

1 mm) and the time in which the junction between both electrodes was made. In the first round of 

the experiments, the concentration of CuSO4 was kept constant at 0.15 M and electrolytes with 

0.125 M, 0.25 M, 0.5 M, 1.0 M, 1.5 M, 2.0 M, and 2.5 M concentration of H2SO4 were tested. 

Figure 9a shows the estimated lateral growth rate versus the acid concentration. The error bar at 

each concentration shows the variation in the growth rate measured in different samples. At least 

two samples were tested for each concentration. Although there was a large difference between 

the maximum and minimum measured rate for samples at 0.25 M, the trend showed an increase in 

the growth rate up to 1.5 M acid concentration at which the growth rate reached 15.6 μm s−1.  
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The growth rate dropped to almost half of the value when the acid concentration was 

increased to 2.0 M, likely due to an intensive hydrogen evolution beyond 1.5 M leading to a strong 

decrement for current efficiency for the electrodeposition of copper. Since the two highest rates 

were achieved at 1.0 M and 1.5 M acid concentrations presenting growth rates of 15.38 and 

15.6 μm s−1, respectively, the second sets of experiments were carried out in which samples were 

tested with electrolytes containing acid H2SO4 at 1.0 and 1.5 M concentration and CuSO4 

concentration in the range of 0.1 and 0.25 M. The estimated lateral growth rates versus the CuSO4 

concentration are shown in Figure 9b with at least two samples for each concentration. For 1.5 M 

acid concentration the maximum growth rate was obtained when CuSO4 concentration was 

0.15 M, whereas in 1.0 M acid concentration the maximum was for the electrolyte with 0.2 M 

CuSO4. The effect of hydrogen bubbles released is reflected in the decrement of the growth rate 

after having reached the maximum for 0.15 and 0.20 M, respectively. The accumulation of bubbles 

on the surface leads to bubble agglomeration limiting the deposition of coper and therefore leading 

to a reduction in the growth rate. A difference of 35% in the growth rate was obtained between the 

lowest (0.125 M CuSO4) and the fastest (0.25 M CuSO4) growth rate reported for 1.0 M of H2SO4 

in comparison with the 70% reported between lowest (0.1 M CuSO4) and the fastest (0.15 M 

CuSO4) growth rate reported for 1.5 M of H2SO4. As shown in Figure 8a, the growth rate was the 

slowest at 0.125 M H2SO4 concentration, while for 1.0 M H2SO4 the growth rate was near to the 

highest value.  

To understand the effect of the ions concentrations on the different growth rates, 

morphologies of copper deposits under the effect of the hydrogen evolution were studied through 

the SEM images for two samples grown in electrolytes with the acid concentration of 0.125 M and 
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1.0 M (CuSO4 concentration of 0.15 M). As it can be seen in Figure 10, pores were surrounded by 

dendrites leading to a honeycomb-like structure [54]. 

 
 

Figure 10. Holes made of copper deposits after hydrogen evolution assisted (HEA) electroplating 

for concentrations of 0.15 M CuSO4 (a, c) in 0.125 M H2SO4 and (b, d) in 1.0 M H2SO4. c and 

d) are at 20 μm zooming scale showing the dendrite nanostructures 

 

Comparing the size of the honeycomb structures in Figure 10a and 10b, higher 

concentration of the acid resulted in larger pore size. Also, the zoomed images on Figure 10c and 

d show the higher density of nano dendrites in the sample with the lower concentration of acid. As 

expected, the growth rate decreases whit an increase in the density of the electroplated copper. 

This can be directly related to the size of the generated hydrogen bubbles at different acid 

concentrations. Due to the blockage of the surface at the locations that hydrogen bubbles were 

formed, copper deposition did not occur which generates a lower density structure [41].  

The effect of the acid concentration on the nanostructure of HEA grown copper has been 

studied before [20]. According to Nikolić et al., as the concentration of acid increases, more stable 

structures with higher porosity in a honeycomb form are produced [20] [54]. The level of porosity 
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in the HEA grown copper was estimated with the CV method. In a three-probe configuration the 

voltage was scanned between −0.2 V and + 0.2 V with a scan rate of 50 mV s−1. The voltage range 

was limited to 0.2 V to avoid any redox reaction at the working electrode. As an example, the 

double-layer capacitance forming on the working electrode of the sample grown in the 0.15 M 

CuSO4 and 1.0 M H2SO4 electrolyte was estimated to be 226 mF from the CV result (Figure 11a). 

Assuming the capacitance of a double layer to be ~0.2 F m−2, the total surface area of the porous 

copper structure was estimated to be 1.13 m2 indicating a very high level of porosity in the 

structure as it was confirmed by the SEM images [55]. More accurate porosity measurements using 

Brunauer–Emmett–Teller (BET) method is considered for future works. Also, the adhesion of the 

grown copper to the FR4 substrate was tested by the simple tape method [56]. In this method, the 

resistance of the HEA grown copper was measured with a handheld multimeter. A transparent 

office Scotch tape was placed over the grown copper. As shown in Figure 11b, the tape was 

removed at 90 ° angle and the resistance was measured afterward. The resistance of the sample 

was changed from 1.0 Ω (before the test) to 4.7 Ω (after the test). The optical microscope images 

in Figure 11b show the structural damage due to the peel-off process. Although the adhesion of 

the HEA grown copper is significantly lower than the cladded layer on the FR4 substrates, the 

nanostructures on the HEA electroplated layer can be used for growing copper on fabrics for 

development of wearable electronics with high adhesion to the fabric fibers. 
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Figure 11. a) Cyclic voltammetry result for 0.15 M CuSO4 and 1.0 M H2SO4, b) Adhesion test of 

the sample using a transparent Scotch tape showing the pictures before and after the test. The 

dashed arrow shows the direction that the tape was removed. 

 

Regarding the application of the HEA method for wearable electronics, an essential step 

for building circuits is to solder the components on the conductive tracks. In this work, we have 

tested the possibility of using HEA electroplating to solder a light emitting diode (LED) to the 

copper track on a patterned PCB. One terminal of the SMD LED was solder to one copper track. 

The other terminal of the LED was near the other copper track. To electrodeposit the copper to the 

free LED pin, only one channel was used between the copper track (cathode) and an anode in the 

solution. −1.3 V was applied to the cathode with respect to the anode for an electrolyte with 1.5 M 

H2SO4. The soldering process was video recorded using the microscope camera on top of the 

junction. The deposition was carried out for 60 s, after its completion a porous structure was 

observed because of the agglomeration of hydrogen bubbles on the surface. Figure 12a and 12b 
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shows the LED before soldering and after. Figure 12c shows that after soldering, LED can be 

illuminated by applying a voltage to the copper tracks, verifying the soldered contact. Also, Figure 

12d shows the growth current which was nearly 60 mA and constantly decreased with time. The 

decrease in the current was found to be due to the increase in the resistance of the cell because of 

fast consumption of the anode. The soldering resistance was found to be less than 2 Ω after 

finishing the soldering process. Further study is required and planned to investigate the mechanical 

strength and shape of the nanostructures of the solder joints under various HEA electroplating 

conditions. 

 
 

Figure 12. Light emitting diode (LED) configuration, a) LED over working electrode with gap for 

copper electrodeposition, b) copper junction between LED and working electrode after copper 

electrodeposition assisted by hydrogen evolution, c) light emitting diode (LED) configuration after 

applying a voltage using Keithley 2602A & d) electrochemical growth current during soldering 

the LED 

 

Both lateral growth and soldering processes using HEA copper electroplating are promising 

for fabricating electronic circuits by electrochemically printing copper on a substrate and then 

soldering the components [57][58]. Particularly, the low temperature soldering method is suitable 

for fabricating wearable and flexible electronics, where the conventional soldering methods at high 

temperatures may damage the substrates. Conventional galvanostatic copper electroplating system 
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is based on applying a small overvoltage between the anode (i.e., copper electrode which can 

source soluble Cu2+ ions into the electrolyte) and a single cathode balancing the tendency of the 

metal ions to diffuse from the counter electrode to the electrolyte and to the cathode. For a uniform 

deposition of copper, it is recommended to apply a constant current density to the electroplating 

cell [22]. A typical current density of 20 mA cm−2 implies~7.6 nm s−1 rate, which is three orders 

of magnitude smaller than the measured growth rate in our HEA electroplating method.  

Considering the highest concentration of Cu2+ ions in this work (i.e., 0.25 M), it is unlikely 

to depolarize the cathode [22].  

While a high concentration of Cu2+ may depolarize the cathode where reduction will take 

place and increase the growth rate, still the limitation in the deposition rate can be overcome (as 

applied in this work) by using a constant voltage source (instead of a current source) at such high 

voltages that in addition to copper reduction (Cu2+ +2e−→Cu), hydrogen evolution would take 

place at the cathode (2H2+ +2e−→H2). Concurrent reduction of Cu2+ and H+ ions at the cathode 

electrode in the HEA process produces a stream of fluid toward the electrodes due to the hydrogen 

bubble release [21], [59]. The fluid motion (convection) assists the motion of copper ions beyond 

the limited diffusion rate [22]. Also, the local electric field between the two cathodes supports the 

migration mechanism for faster lateral deposition. While both convection and migration have 

direct influences on the deposition rate, the main reason for the fast rate of deposition is the porous 

structure of the copper (i.e., low density).  

Hydrogen evolved at the cathode causing the structure of the electroplated layer to be more 

porous due to the agglomeration of bubbles from different sizes because of coalescence of bubbles 

[29], [42],[54]. As SEM images suggested previously, the variation in the growth rate for different 

concentration of acid and CuSO4 is mainly due to the difference in the nanostructure of the grown 
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copper. Increasing the acid concentration from 0.125 to 1.5 M results in higher concentration of 

H+ ions in the electrolyte that affected the size and distribution of hydrogen bubbles that were 

formed on the cathode electrode, leading to the formation of open porous [60],[41],[58]. Larger 

hydrogen bubbles produced larger void area and reduced the density of the deposited copper. 

However, beyond 1.5 M the deposition rate was significantly lower. The exact reason for the lower 

rate is not known yet and needs further study. However, the loose electric contact between 

nanostructures when the bubbles are relatively large, and a lower kinetic rate of copper reduction 

are likely the reasons for lower rates of copper deposition at high concentrations of acid.  

Although the results clearly show the effect of the electrolyte concentration on the copper 

nanostructure and the growth rate, to reproduce the results for obtaining the same growth rates, 

other factors such as the geometry of the electrochemical cell and arrangement of the electrodes 

should be considered. Changing the cell geometry or the electrode arrangement can directly affect 

the hydrogen bubble formation and release on the cathode which would change the conditions of 

the HEA process. Nevertheless, the presented results are promising for developing a printing 

method through which copper can be directly printed on fabric and plastic substrates for 

applications in wearable and flexible electronics. 

 

4.4 Conclusion 

 

The lateral copper growth assisted by hydrogen evolution electroplating was studied using 

the HEA method to promote a faster deposition of copper on PCB samples proving to be efficient 

for lateral growth of copper on the substrate of the electrodes. The study results show that the 

concentrations of acid and CuSO4 have a direct effect on the copper growth, due to the change in 

the density of the electrodeposited copper. The fastest growth rate of 15.6 μm s−1 was obtained 

for an electrolyte containing 0.15 M CuSO4 and 1.5 M of H2SO4. The SEM images showed a 
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higher density of the copper nanostructures at a low acid concentration at which a slow growth 

rate was observed. The agglomeration of hydrogen bubbles over the surface of the working 

electrode, while copper was being plated, was a factor that affected the growth rate and 

nanostructures of copper. Also, the HEA method was successfully employed for soldering an 

electronic component to a copper track, proving the possibility of fabricating electronic circuits 

with this method on various substrates. Further studies are encouraged to identify the critical 

parameters in controlling the HEA process to develop a reliable copper printing method for 

obtaining reproducible growth rates. 
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Chapter 5: Copper Electrodeposition by Hydrogen Evolution Assisted Electroplating  

 

(HEA) for Wearable Electronics 3 

 

5.1 Introduction 

 

Along with advantages in the development of wearable and flexible electronics, there is an 

increasing demand for lightweight, flexible, and wearable human and environmental monitoring 

systems with countless applications [13]. Among different technologies and approaches, 

patterning a conductive template (i.e., circuit layout) on fabrics by copper electrodeposition 

wearable technology market, which has propelled itself as one of the most discussed topics in the 

field during past few years can lead to the development of different wearable and flexible 

electronics. Leading to a variety of technologies such as smart watches, health trackers, smart 

clothes, providing advances not only at the scientific level but developing a positive impact in 

areas of medicine, military advances, among others. Since the market is predicted to develop from 

its present-day value of USD 40 billion to a full-size price of USD 160 billion through 2026, the 

ability for novel concepts of wearable technologies is surely visible [11]. With technology 

development, integrated circuits (ICs) have become more compact, lightweight, and low-power, 

well suitable for integration of ICs into fabrics for development of e-textile and wearable 

electronics. Currently, there is a huge interest in developing wearable medical devices for constant 

monitoring health status of patients, smart soldier vests for carrying more gadgets, and smart 

textiles for monitoring recreational activities [61], [62].  

 
3 This chapter was published before in IEEE-2020 Pan Pacific proceedings (Sabrina M Rosa-Ortiz, Arash Takshi,” 

Copper Electrodeposition by Hydrogen Evolution Assisted Electroplating (HEA) for Wearable Electronics”, 2020 Pan 

Pacific Microelectronics Symposium (Pan Pacific) (2020), 1-5). Permission is included in Appendix I.   
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Although, the IC technology is well developed to address the needs in medical, military, and 

recreational applications, the lack of any practical solution to integrate devices to fabrics has 

limited the approach to the fabrication of printed circuit boards separately and using glue or a 

Velcro-type mechanism for the attachment, not suitable for truly e-textile applications.  

Developing e-textiles demands a fabrication method to integrate electronic components and 

circuits into fabric structures with the interconnect conductivity as high as that in copper (~6×107 

S/m) and a printing method with the feature size less than 1 mm to be compatible with the 

packaging of surface mount devices (SMDs) [14]. In addition, the adaptation of the current 

available devices and attachment-based wearables into integrated technology may involve a 

significant size reduction while retaining their functional capabilities [13]. The recently devised 

HEA method can electroplate the surface of a conductive pattern with a growth rate of at least four 

orders of magnitude faster than the conventional galvanostatic electroplating speed and produces 

nanostructures for embedding the printed structure to the fabric fibers [63]. More importantly, it 

is feasible to solder electronic components to the printed circuit board (PCB) at a low temperature 

by the HEA method [5], [16]. Surface modification of textiles with desired functionalities can be 

engineered by a considerable number of techniques ranging from traditional treatments to 

multifunctional approaches. Textiles, in fact, offer a challenging platform for functional 

modifications to meet additional strategic requirements for a large variety of applications [17]. 

Wearable electronics consists of fabrics that feature electronics and interconnections woven 

into them, supplying physical flexibility and normal size that cannot be performed with different 

existing electronic production strategies. The usage of e-textiles has shown a rapid adjustment and 

adaptation within the computational and sensing requirements of any particular utility.  
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As shown in table 1, the fabrication of wearable electronics can lead us to obtain a numerous 

amount of characteristics and functions based on the approach used for its development. The main 

goal of using wearable electronic systems as our everyday outfits must meet special requirements 

concerning wearability. Wearable systems will be characterized by their ability to automatically 

recognize the activity and the behavioral status of their own user as well as of the situation around 

her/him, and to use this information to adjust the systems’ configuration and functionality. The 

convergence of textiles and electronics (e-textiles) can be relevant for the development of smart 

materials that can accomplish a wide spectrum of functions, found in rigid and non-flexible 

electronic products nowadays [64]. 

Table 3. Different methods of fabricating e-textiles 

5.2 Experimental 

 

5.2.1 Materials 

 

5.2.1.1 Textiles 

 

The 1000 Denier Coated Cordura Nylon, Laminated Polyester Ripstop and 100% Virgin 

Vinyl textiles were purchased from Rockywoods Fabrics. Each type of fabric was used placing 

Method conductivity flexibility cost resolution distributed* soldering 

Sewn (metallic 

wires) 
✓  ✓ ✓ ✓  

woven/knitted 

(metallic wires) 
✓   ✓ ✓  

woven/knitted 

(conductive yarns) 
 ✓  ✓ ✓  

Silk screen  ✓ ✓    

Inkjet  ✓ ✓    

Attached PCBs ✓  ✓ ✓   

Proposed method ✓ ✓ ✓ ✓ ✓ ✓ 
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conductive track of MWCNTS over them to conduct the experiments. The size of each sample of 

fabric used was of approximately 3.2 cm x 3.2 cm. 

5.2.1.2 Interconnection Track 

 

Multiwalled carbon nanotubes and Sodium dodecylbenzenesulfonate (SDBS) from Sigma 

Aldrich were used to develop an ink to be used as the interconnection track over the fabrics. The 

MWCNT ink was fabricated as mention by Aljafari et al. by adding 300mg of MWCNTs and 

150mg of SDBS into 30 mL of DI water [65]. A desktop ultrasonic processor was used to make a 

homogenous mixture of the MWCNTs and SDBS. The solution was sonicated for 30 minutes at 

30 W and 40 J. To make the interconnection track over each textile type a 5 mL disposable syringe 

was used. The fabrics were placed in the furnace for 5 minutes at 120 degrees Celsius, then 

removed and repeated for four times. 

 

5.2.1.3 Electrolyte  

 

To study the Hydrogen Evolution Assisted electroplating over the MWCNTs ink track, an 

aqueous solution containing 0.47 M CuSO4 and 1.5 M H2SO4 (both from Sigma-Aldrich) was 

prepared by mixing them with 10mL of DI water for 5 minutes until completely dissolved. 

 

5.2.2 Sample Preparation 

  

To study the deposition of copper by the interaction of the hydrogen bubbles released while 

the deposition is taking place, a MWCNT ink track of 0.1 mm was made over each textile being 

studied. One of the main challenges of creating conductive patterns on fabrics [66] and soldering 

electronic elements is the damage it causes to use soldering paste or soldering wire with a heating 

tool (i.e., soldering iron or heat gun) which melts the solder (typical temperature of 300 °C) which 

then spreads into the fabric. The heat can damage the fabric, and the diffused solder changes 
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significantly the stiffness of the fabrics at the soldering joints, and most of all, make a poor electric 

connection at the joint. For that reason, almost all the reported wearable electronics have used a 

form of a conductive paste (mainly silver pastes) for soldering. The low durability of pastes on 

flexible substrates can fail the entire integrated electronic system with only one poor soldering 

joint. To prevent the damage of the fabrics and to allow the variation of voltage interacting with 

the sample, two cables were sewed to the fabric to make a proper connection and to work as the 

working electrode using sewing thread and metallic thread as shown in figure 13. 

 

 

 
 

Figure 13. A schematic of a piece of fabric with MWCNT track and connection cables properly 

sewed to provide continuous connection between the fabric and the instrument. 

 

 

 To allow the transport of Cu2+ ions in the aqueous solution a copper coil of 0.25 cm 

diameter was used as the counter electrode. Using an O-ring of 0.8 cm diameter, a small 

electrochemical bath was formed around the cathode. An aqueous based CuSO4 + H2SO4 

electrolyte and a copper wire anode (inserted into the bath) were used for the deposition. A 

microscope camera was set on top of the cell to record the process. 

 

5.3 Results and Discussion 

 

Applying a variation in voltage of -0.5 V to -2.0 V hydrogen bubbles appeared near the 

cathode, while a porous structure of copper started to grow as shown in figure 14. Variation of the 

voltage has been tested to understand the effect of the voltage and the conductivity of the copper 
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deposition to find the best combination for the fastest electroplating growth with the lowest 

resistance of the final conductive structure on the surface.  

A constant and continuous growth was observed for both types of fabrics showing a proper 

adhesion of the copper deposits for 1000 Denier Coated Cordura Nylon in Figure 14a and 

Laminated Polyester Ripstop in Figure 14b as well as the presence of the hydrogen evolution 

assisted electroplating which helped in the fastest deposition of copper allowing a wider 

agglomeration over the MWCNTs. As for the 1000 Denier Coated Cordura Nylon the 

agglomeration of copper deposits was significant, for the Laminated Polyester Ripstop the copper 

growth was more continue and less influenced by the hydrogen evolution which can be caused by 

the type of arrangement of the fabric’s fibers. As shown in figure 15 the structure of the Laminated 

Polyester Ripstop fabric is very continuous. 

 
 

Figure 14. a) 1000 Denier Coated Cordura Nylon and b) Laminated Polyester Ripstop fabrics 

before and after copper electrodeposition takes place. 
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Figure 15. Structure of the Laminated Polyester Ripstop fabric at 100 µm 

 
The SEM image of the HEA grown copper (Figure 16a and 16b) shows that the structure 

is highly porous and present nanoscale features for the 1000 Denier Coated Cordura Nylon fabric 

while for the Laminated Polyester Ripstop the copper deposition is more segregated creating a 

smoother structure. It is found that the shape of the nanostructures is a function of the concentration 

of the electrolyte and the applied voltage. 

 
 

Figure 16. a) 1000 Denier Coated Cordura Nylon at 50 µm showing copper with a cauliflower 

structure after deposition and b) Laminated Polyester Ripstop fabrics after copper 

electrodeposition showing a more uniform structure with some copper agglomeration. 
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The proposed fabrication method aims to address some challenges in the current 

technologies by offering a relatively low-cost patterning of continuous high-resolution (suitable 

for SMDs) conductive interconnects at a high conductivity and a reliable method of soldering 

SMDs directly to the fabricated circuit layout. The HEA electroplating has an incredible speed of 

growing metals compared to the conventional electroplating generating structures of copper on the 

deposited area that can entangle the conductive pattern to the fabric for improving the adhesion of 

components and the integration of circuits.  

Localized HEA electroplating to develop a new approach for e-textile fabrication by 

integration of electronic circuits into fabrics to address the market need for smart textiles. In a 

simple approach, also known as embroidered circuits, conductive yarns/threads are sewn for 

interconnecting the electronic elements [67]. In a more advanced level, conductive threads can be 

woven or knitted during the production of the fabric to make the conductive circuit layout [66][68]. 

Woven or knitted e-textiles are more expensive and limited in the applications than additive 

methods for integration of electronics on already fabricated textiles. In all these approaches, the 

trade-off is between the flexibility of the final circuit and the conductivity of interconnects. Using 

metallic wires as the threads/yarns provide an excellent conductivity, but stiffness difference 

between wires and regular threads limits the flexibility of the final product. Using regular yarn 

materials, coated with conductive inks, maintains the flexibility of the fabric, but their low 

conductivity is not suitable for distributed electronics on fabrics; thus, the need for this work.  

Many efforts have been put into fabricating wearable electronics by applying the circuit 

layout on fabrics with a printing method using conductive inks. Iron-on, silk screen, and inkjet 

printing methods have been demonstrated before [64], [69], [70]. In general, Iron-on and silk-

screen patterns on fabrics have low printing resolutions not being suitable for patterning 
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interconnects between terminals of SMDs with less than 1 mm spacing. Although the current inkjet 

printing technology offers high resolutions suitable for simple circuits, the conductivity of the 

printed patterns at high printing resolutions is too low for true e-textiles with may include 

embedded sensors, microprocessors, and wireless chips distributed all over the surface of a piece 

of clothing [64] [71]. This is mainly due to the principle of printing patterns via printing droplets 

of ink containing metallic particles or conducting polymers.  

At the microscopic level, after drying the ink, only a high level of overlapping (above the 

percolation level  of the conductive particles) can generate an electrically conductive pattern at the 

macroscopic level [69]. In case of metallic nanoparticles, after printing, particles must be sintered 

[72]. Considering the dispersion of ink on the fabric fibers and a high porosity of fabrics, the yield 

of printing electrically continuous interconnects with high resolution is very low. For the same 

reason, even, at lower resolutions, the resistance of the interconnects is often too high for advanced 

electronics. Localized HEA electroplating to develop a new approach for e-textile fabrication by 

integration of electronic circuits into fabrics has the potential to revolutionize the wearable 

electronics industry for production of miniaturized integrated electronics for medical, military, and 

recreational applications. 

 

5.4 Conclusion 

 

Copper electrodeposition assisted by the hydrogen evolution technique at voltage variation 

of -0.5 V to -2.0 V had shown a constant and uniform copper growth suitable for printing a circuit 

layout, soldering components, and creating integrated circuits into fabrics. The hydrogen evolution 

effect was observed during the electrodeposition resulting in a dramatic increase of copper 

deposition while the electroplating was taking place. Due to the agglomerations of hydrogen 

bubbles a more porous copper structure was observed while using the 1000 Denier Coated Cordura 
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Nylon fabric instead of a more compact structure as observed while using Laminated Polyester 

Ripstop fabric. Although the porous copper structure was not as uniform as we were expecting 

significant advantage of the HEA electroplating method can be gain from this structure. As it was 

shown copper electrodeposition over fabrics is a viable method which does not require any 

soldering machine to achieve a proper metal deposition facilitating the commercialization and 

development of several applications. 
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Chapter 6: Advances in Lateral Copper Electroplated Metallic Tracks—Production and  

 

Applications by Using Hydrogen Evolution Assisted Electroplating4 

 

6.1 Introduction 

 

Copper has been used as one of many materials for plating over non-metallic and metallic 

surfaces. It has allowed a broad range of applications in many industries such as in the 

manufacturing of electronic components, automobile, biomedical and aerospace. Having a 

participation and great contribution as well as in the incorporation of electronic components and 

the development of integrated circuits in cellphones, computer, wearable electronics, and other 

electronic devices thanks to its ability to combine its properties with the surface properties of the 

substrates being used. To assure that the properties of copper are being used to the maximum, the 

electrochemical technique known as electroplating has been incorporated allowing the 

enhancement of electronic parts and device applications to the desire size and thickness by coating 

a surface with a layer of metal. The usage of this technique for the development of devices and 

electronics is seen as responsible for the increasing number and widening types of applications 

allowing an increment of economy and convenience by the prevention of corrosion, and by 

permitting a significant increment of the electrical conductivity.  

Over the years, flexible devices and wearable systems have gained significant attention in 

the scientific and commercial field. Yet, a challenge is in the development and integration of 

electrodes at any desired shape and size with enough flexibility and electrical conductivity  suitable 

 
4 This chapter was published before in MRS Advances, 2021 – Springer (Sabrina M Rosa-Ortiz, Arash Takshi, 

Sylvia Thomas  “Advances in lateral copper electroplated metallic tracks—production and applications by using 

hydrogen evolution-assisted electroplating”, 2021 MRS Spring Meeting. Permission is included in Appendix I.   

https://link.springer.com/article/10.1557/s43580-021-00128-8
https://link.springer.com/article/10.1557/s43580-021-00128-8
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for flexible and wearable electronics [12]. With the developing technologies at a worldwide level 

electronic textile are emerging cutting across traditional industrial procedures. The development 

of flexible materials is essential for wearable electronics because of their unique chemical, 

electrical, and mechanical properties. Replacing relatively poor mechanical flexibility and 

stretchability such that they can be conformally attached onto the human body for clothing, 

communication, healthcare monitoring, military, sensors, among others playing a key role among 

various technologies. Based on the rapidly changing global demands, the development of 

responsive functionality on textiles has led to the emergence of the revolution we are seeing in the 

field of wearable electronics [73]–[75] . The merging of textiles technologies has the potential to 

combine the positive attributes of each technology playing an important role in determining the 

characteristics, cost, and stability of the flexible and wearable electronics [76] while aiming for 

highly flexible, stretchable, and adaptable to comport to frequent deformations during usage in 

daily life [77]. 

Carbon materials have recently brought attention due to their natural abundance, structural 

properties, and mechanical bendability allowing to surpass current factors in the limitation of the 

growth of flexible and malleable materials [78]. Its significant properties have allowed us to use 

the multiwall carbon nanotubes as electrode over a variety of fabrics employing the  novel 

technique called HEA electroplating, to enhance the lateral deposition of copper and its properties 

leading to the development of useful wearable electronics with the goal of overcome the existing 

challenges and create future opportunities[79][80]. The usage of copper as part of the 

electrodeposition technique to enhance properties and promote better production and development 

of applications can be obtain by the application of a potential using a VersaSTAT 4.0 potentiostat. 

Promoting not only the deposition of this metal but also improving it by the application of a 
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variation in voltage. This variation allows a better deposition over the surface of the substrate and 

more time for the surface to receive the copper grains from the interaction of hydrogen bubbles 

due to the electrolysis in the electrolyte solution. This technique provides an increment in the 

growth rate of copper in comparison with the conventional galvanostatic technique, also promoting 

a better incorporation of the morphology of copper over the substrate after its deposition [5]. 

 

6.2 Experimental 

 

Samples were made by using 100% Virgin Vinyl, 1000 Denier Coated Cordura Nylon and 

Laminated Polyester Ripstop purchased from Rockywoods Fabrics, with a size of 3.2 cm x 3.2 cm. 

To create an electrode over the fabric a conductive track, multiwall carbon nanotubes and Sodium 

dodecyl-benzenesulfonate (SDBS) were used to develop the ink that will work later as the 

electrode. The MWCNT ink was fabricated as mention by Aljafari et al. [65] and Rosa-Ortiz et. 

al. [79] by adding 300mg of MWCNTs and 150mg of SDBS into 30 mL of DI water and sonicated 

to make a homogenous mixture of the MWCNTs and SDBS. To pattern the conductive track over 

the fabrics a 5 mL disposable syringe was used and tape to prevent the ink from spreading over 

the fabric. Each fabric was places in the oven for 5 minutes at 120 degrees Celsius, then removed 

to apply the ink again and place in the oven for a total of four times. To conduct the experiment an 

electrolyte solution containing 0.47 M CuSO4 and 1.5 M H2SO4 (both from Sigma-Aldrich) [5] 

was used to complete the electrochemical cell. To obtain the lateral copper electrodeposition by 

hydrogen evolution a variation in voltage between -0.8V to -1.3V was applied using a VersaSTAT 

4.0 potentiostat to conduct the cyclic voltammetry technique. 
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6.3 Results and Discussion 

 

The usage of fabrics like 100% Virgin Viny as shown in Figure 17 as a substrate to give 

place to the process of copper electrodeposition assisted by hydrogen evolution has allowed us to 

incorporate carbon nanotubes as electrodes as shown in Figure 17b providing mechanical and 

electrical support, with a unique one-dimensional structure [81]. To obtain the lateral copper 

electrodeposition by hydrogen evolution a variation in voltage between -0.8V to -1.3V was applied 

using a VersaSTAT 4.0 potentiostat to conduct the cyclic voltammetry technique. To further study 

the impact of copper being deposited by the electroplating technique the electrical conductivity of 

the carbon pattern was measured before the electroplating and after copper metallization as shown 

in table 4 where the 100% Virgin Vinyl showed the higher  conductivity (σ) after the copper 

electrodeposition while the 1000 Denier Coated Cordura Nylon showed the lowest conductivity 

after deposition but with an increment of almost 10 times the conductivity in its fabric in 

comparison with its measurement before deposition. In the three fabrics there was a significant 

increment before and after the copper electrodeposition was made over each fabric, meaning that 

the process allows to enhance the conductivity allowing the proper usage of fabrics as substrate 

for significant applications.  The growth of copper electrodeposition was rapidly spotted and the 

complete coverage of the MWCNT electrode was observed as shown in Figure 16b having a 

growth rate of 99.57 µm/s. 

 

Table 4. Conductivity measurements for the fabrics before and after the copper electrodeposition 

 

Fabric Conductivity(σ) before 

deposition 

Conductivity(σ) after 

deposition 
100% Virgin Vinyl 0.05 S/m 0.17 S/m 

Laminated Polyester Ripstop 0.014 S/m 0.05 S/m 

1000 Denier Coated Cordura 

Nylon 
0.001 S/m 0.012 S/m 
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The laminated polyester ripstop fabric as shown in Figure 18a was also used since it is a 

versatile material that provide thermal properties and is known for its durability. To complete the 

electrochemical cell each sample had a copper wire with a diameter of 0.23 cm used as the counter 

electrode to provide the copper for the electrodeposition over the MWCNT electrode as seen in 

Figure 18b also known as working electrode. 

 
Figure 18. Optical microscope image of the Laminated Polyester Ripstop fabric with the 

MWCNTs conductive template a) before and b) during the electroplating process. 

 

The 1000 Denier Coated Cordura Nylon fabric is well known for being a strong, resistant, 

and durable material sometimes created from a synthetic blend or a synthetic and cotton 

combination, mostly used for military gear and clothing. The sample used for the electrochemical 

procedure as shown in Figure 19a shows a surface which is not completely smooth which we 

thought would be an impediment at the time of performing the lateral copper electrodeposition 

over the MWCNTs trace (as shown in Figure 19b) which turned out to be false since in this fabric 

it is possible to obtain the greatest deposition of copper in the shortest possible time having the 

 

Figure 17. Optical microscope image of the 100% Virgin Vinyl fabric with the MWCNTs 

conductive template a) before and b) during the electroplating process. 

a) b) a) 



49 

 

best growth rate among all three fabrics. The bubbles over the copper that has been deposited 

represent the hydrogen bubbles that were released after electrolysis was achieved, permitting a 

faster transport and mobility of the copper ions toward the substrate to create a metallic layer of 

copper. These bubbles collide with each other and join by a process called coalescence, giving 

way to a variety of structures in copper.    

 

Figure 19. Optical microscope image of the 1000 Denier Coated Cordura Nylon fabric with the 

MWCNTs conductive template a) before and b) during the electroplating process. 

 

It has been shown that by applying a varying voltage we can allow greater deposition of 

copper on the substrates since this allows a break in the agglomeration of hydrogen bubbles on the 

surface giving space for more copper ions to move the substrate and reduce as copper metal. This 

allows us to obtain a variety of copper morphologies being directly affected by voltage, acid 

concentration in the electrolyte and by the direct interaction of hydrogen bubbles. Being able to 

vary each of the previously mentioned elements allows us to adjust to a certain extent the desired 

morphology of copper to implement applications. After completion of the electrodeposition over 

the 1000 Denier Coated Cordura Nylon fabric, which reported the fastest growth rate of copper, 

we were able to observe with naked eyes honeycomb like structure over the substrate created by 

the agglomeration of hydrogen bubbles throughout the process.  

 
 

 
 

a) b) 
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At 100 µm as shown in Figure 20a we observed a structure with more trend towards dendrites with  

a mixture of cauliflower like structure but when magnifying up to 50 µm we were able to see that  

the morphology of copper leading the formation of the whole honeycomb like structure of the  

lateral deposits were supported by cauliflower like structure as shown in Figure 20b which is a  

result of the voltage being applied towards the sample. 

 

Figure 20. a) Observation of dendrite and cauliflower formations over a 1000 Denier Coated 

Cordura Nylon fabric at 100µm using an SEM Hitachi S-800, b) Cauliflower structure of 1000 

Denier Coated Cordura Nylon fabric at 50µm 

The incorporation of hydrogen evolution to obtain the lateral copper electrodeposition was 

done by the application of a variation in potential ranging from -0.8V to -1.3V with a scan rate of 

50mV/s using a VersaSTAT 4.0 potentiostat. As shown in Figure 21, 1000 Denier Coated Cordura 

Nylon has only three cycles in comparison with the Laminated Polyester Ripstop and 100% Virgin 

Vinyl, this is due to the fast growth of copper over the fabric which only needed 10 cycles to 

complete the lateral copper electrodeposition over the MWCNTs track and showed an increase in 

current greater than the one for other fabrics. However, for the 100% Virgin Vinyl the copper 

growth took longer showing an increment in current but even so, this increase was less than the 

one observed for Laminated Polyester Ripstop and 1000 Denier Coated Cordura Nylon which were 

around -8.5mA and -9.5 mA.  

 

a) b) 
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Figure 21. Cyclic voltammetry result for 1000 Denier Coated Cordura Nylon, Laminated 

Polyester Ripstop and 100% Virgin Vinyl 

6.4 Conclusion 

The impact of hydrogen evolution assisted electroplating over the lateral growth of 

copper was studied using the cyclic voltammetry technique to assure a better quality of 

deposition by a variation in the potential range being applied. The usage of this technique 

allowed a better lateral deposition and an enhancement in the growth rate of copper since it 

allowed the hydrogen bubbles interacting with the substrate to be detached granting more 

transport of the copper grain towards the working electrode.  
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Chapter 7: Hydrogen Evolution Assisted Cyclic Electroplating for Lateral Copper Growth  

 

in Wearable Electronics5 

 

7.1 Introduction  

 

In 1840 the electrodeposition process was introduced as a manufacturing technique where 

an anode was used to ensure passage of current through the electroplating cell for the 

deposition[82]. With the development in electronic devices, Cu electrodeposition has been used 

widely for fabricating printed circuit boards (PCBs) and many other electronic components [83], 

[84]. Electrodeposition of metals is the most cost-effective way to achieve deposition commonly 

used in the electronics manufacturing industry mainly to achieve high density interconnects in 

PCBs [1], [2].  Metallization of substrates by copper electrodeposition enhances the electric 

conductivity of their surfaces potentially leading to an improvement of their electron transfer and 

a direct impact on the growth rate of the metal being plated [6].  

In the conventional copper electroplating, using an electrochemical cell, a few hundred 

millivolts are applied between a copper counter electrode (anode) and the working electrode 

(cathode) [85]. The passage of current through the cell forces the movement of ions [82]. In 

general, the motion of ions in the electrolyte is governed by diffusion, migration, and convection 

[22]. Once the ions are near the working electrodes area, the migration and convection are 

negligible, and the growth rate of the copper is dominated by the diffusion of ions from the bulk 

 
5 This chapter was published before in the Journal of Electroanalytical Chemistry (Sabrina Rosa-Ortiz; Kat-Kim Phan; 

Nida Khattak; Sylvia W Thomas; Arash Takshi), “Hydrogen Evolution Assisted Cyclic Electroplating for Lateral 

Copper Growth in Wearable Electronics”, Journal of Applied Electrochemistry (2021). Permission is included in 

Appendix I.   
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solution towards the surface of the working electrode. The growth rate and quality of the deposition 

are both affected by the speed at which copper ions reach the cathode [1]. The restriction imposed 

by the ions mass transfer in the cell usually results in a slow copper growth in a galvanostatic or 

potentiostatic deposition modes (i.e., constant current or voltage) [5]. To enhance the deposition 

rate, a large overpotential can be applied across the cell. However, as we have shown in our 

previous work, application of a constant DC voltage higher than 1.23 V leads to the release of 

hydrogen bubbles at the working electrodes producing a porous structure of copper [5], [16]. This 

method of electroplating is known as hydrogen evolution assisted (HEA) mode. The consequence 

of concurrent reduction of Cu2+ and H+ at the cathode is an incredible speed of growth due to 

convection of copper ions and more importantly formation of a porous copper layer instead of a 

compact deposition [20], [21]. The main problem with applying a constant voltage is that there is 

no control of the hydrogen bubbles being released and interacting with the surface of the working 

electrode [5]. The constant interaction of the hydrogen bubbles restricts the complete deposition 

of copper which also creates a limitation at the electrode-electrolyte interface for an effective 

charge transfer to the cations, ultimately stopping the deposition. 

As a solution to this restriction and to produce more uniform and predictable nanostructure, 

instead of a constant voltage, in this work, we have superimposed an alternating voltage to the DC 

voltage. By alternating the voltage above and below 1.23 V, in a portion of each cycle when the 

hydrogen evolution occurred, a high growth rate was achieved. The rest of each cycle gave time 

for the generated bubbles to leave the surface. We have studied the effect of the frequency of the 

AC voltage and the magnitude of the DC and AC voltages on the lateral growth speed and the 

quality of the deposited layer.  
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To superimpose the alternating voltage to the DC, the cyclic voltammetry (CV) mode was used in 

which a triangle waveshape AC with a constant voltage scan rate was applied [6]. 

 

7.2 Experimental  

 

7.2.1 Electrochemical Cell and Sample Preparation 
 

As shown in Figure 22a, the working electrodes with a gap of 1 mm were made by etching 

FR-4 PCB boards in a ferric chloride etching solution. The pattern was applied using a permanent 

marker. After etching, the electrodes were immersed in acetone for 1 minute to remove the 

permanent marker ink. Then, it was washed with water to remove any residue left. The samples 

were properly dried and polished with sandpaper to remove any marks over the surface.  Two 

pieces of wires were soldered to the copper pads for easy connection to the instrument. A piece of 

copper wire with diameter measures of 0.23 cm was used throughout the work as the counter 

electrode 2 mL of an electrolyte made of CuSO4 (0.47 M) and H2SO4 (1.5 M) in deionized water 

was used with the working and the counter electrodes to assemble the electrochemical cell. To 

properly hold the electrolyte, an O-ring of 2.54 cm diameter was placed between the two pieces of 

plexiglass that completed the cell (Figure 22a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 22. a) Schematic of the working and counter electrodes on a PCB, b) schematic of the 

connection of the electrodes with the VersaStat 4.0 instrument, c) lateral growth before and after 

the copper electrodeposition  

 

a) b) 

1mm 1mm 
c)  
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7.2.2 Electrochemical and Electrical Measurements 

 

 The copper growth was conducted using the CV method at different voltage ranges and 

scan rates. Specifically, four different ranges were studied: a) from -0.8 V to -1.3 V (VDC=-1.05 V 

and amplitude AC of VAC=0.25 V), b) from -0.8 V to -1.5 V (VDC=-1.15 V and VAC=0.35 V), c) 

from -1.0 V to -1.3 V (VDC=-1.15 V and VAC=0.15 V), and d) from -1.0 V to -1.5 V (VDC=-1.25 

V and VAC=0.25 V). For each case, samples were tested at scan rates of 5 mV/s, 10 mV/s, 20 mV/s, 

50 mV/s, 100 mV/s, 300 mV/s, and 500 mV/s using VersaStat 4.0 potentiostat in a two-electrode 

configuration. As shown in Figure 22b, both working electrodes were connected. The lateral 

growth was monitored by video recording the electroplating process using a digital microscope 

(Figure 22c). The lateral growth rate was estimated through the recorded videos by measuring the 

time that it took for the copper to grow across the 1 mm gap.  

7.2.3 Morphology analysis 

 

The surface morphology was observed by a Quanta 200 3D Dual Beam scanning electron 

microscope (SEM).   

 

7.3 Results and Discussion 

 

Figure 22 shows the second loop of the CV results for seven samples that were tested for 

a voltage range between -0.8 V and -1.3 V at different scan rates. The number of cycles were 

different in different experiments based on the speed of growing copper across the gap. At very 

low scan rates (i.e., 5 mV/s and 10 mV/s), when the frequency of the AC was very low, the situation 

was similar to the DC growth condition reported in our previous work[5]. In the DC case, the 

generated hydrogen bubbles almost blocked the surface of the cathodes and limited the access of 

the Cu2+ to the electrodes for further electrodeposition. Because of that the current level was almost 

constant at -60 mA for 5 mV/s and -80 mA for 10 mV/s. It was observed that when the frequency 
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of the AC was increased (faster scan rates), the CV loops presented two distinct sections. The first 

section, closer to -0.8 V, was without hydrogen evolution that presented smooth curves with a 

shallow slope of the current. However, the second part of each curve closer to -1.3 V occurred 

when the hydrogen bubbles were released as the copper was growing. The effect of hydrogen 

evolution was to enhance the copper growth which resulted in a sharper slope in the current. Also, 

the disturbance due to the hydrogen bubbling generated a relatively large ripple in the current as 

the voltage was scanned. Exceptions are at very fast scan rates of 300 mV/s and 500 mV/s in which 

scanning the voltage back and forth between -0.8 V and -1.3 V took only a few seconds with almost 

no ripple in the current. Similar features as presented in Figure 23 were observed in the CV results 

when samples were tested under different DC and AC voltages.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. CV results for the samples grown between -0.8 V and -1.3 V at different scan rates. 

Only the second cycle are presented. 
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To find correlations between the voltages (VDC and VAC) and the lateral growth rates, the  

growth rate for each sample was estimated from the time that it took for the copper to bridge the 

gap and was plotted versus the frequency of the AC voltage. The frequency was calculated from 

the period of each cycle in the CV experiments. The estimated growth rate from all the samples in 

cases ‘a’-‘d’ at different frequencies are shown in Figure 24.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Copper lateral growth rate vs. the frequency of the AC for different VDC and VAC 

amplitudes as defined in cases a-d. 

 

 

The results clearly show that the growth rate is very slow at low frequencies (i.e., slow scan 

rates). By increasing the frequencies, almost the fastest growth rate is achieved around 100 mHz, 

except for case ‘d’, in which the fastest rate occurred at 300 mHz. An interesting aspect of the 

results is the decrease in the growth rate with an increase in the frequencies. Among all different 

growth conditions, the fastest rate of 55 µm/s was achieved in case ‘b’ (voltage range of -0.8 V 

and -1.5 V) at 71.5 mHz frequency.  
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To understand the difference in the growth processes in different cases, the voltage 

variations vs. time are plotted for all four cases in Figure 5. Since water electrolysis at 1.23 V, the 

-1.23 V level is shown in the plots as a reference to the boundary for starting the hydrogen 

evolution near the cathodes. It should be noted that, in practice, the transition between HEA and 

non-HEA mode is not a binary transition, but a strong electrolysis is expected at -1.23 V and lower. 

Hence, the part of the voltage in each cycle with a value less than -1.23 V is marked with a shaded 

triangle, indicating the expected HEA electroplating. 

Case ‘a’ shows that, regardless of the frequency, HEA covers a small fraction of each cycle. 

Also, the large voltage difference between VDC=-1.05 V and -1.23 V explains why even at the 

fastest growth rate, the sample in case ‘a’ had a limited speed of 30.3 µm/s. Although similarly in 

case ‘c’ the shaded area shows a small fraction of each cycle, VDC=-1.15 V is closer to -1.23 V 

than that in case ‘a’. This may explain a slightly higher speed of 35.7 µm/s at 83 mHz compare to 

case ‘a’. As shown in Figure 25b, a much larger portion of each cycle covers the HEA mode with 

VDC of -1.15 V. This can be the reason for achieving 55 µm/s and 50 µm/s at 71.5 mHz and 215 

mHz, respectively. Figure 25d shows that due to VDC of -1.25 V (being less than -1.23 V), more 

than 50% of each cycle is in the HEA mode. However, the growth rate in case ‘d’ never exceeded 

37.5 µm/s. This is likely due to the lack of enough time in each cycle for releasing the hydrogen 

bubbles. Hence, the blockage of the electrode area with the stuck bubbles has limited the growth 

rate. In fact, the morphology of the samples through the SEM images shows larger variation in the 

pore sizes as evidence to the agglomeration of the hydrogen bubbles.  

To understand the difference in the growth processes in different cases, the voltage 

variations vs. time are plotted for all four cases in Figure 26. Since water electrolysis at 1.23 V, 

the -1.23 V level is shown in the plots as a reference to the boundary for starting the hydrogen 
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evolution near the cathodes. It should be noted that, in practice, the transition between HEA and 

non-HEA mode is not a binary transition, but a strong electrolysis is expected at -1.23 V and lower. 

Hence, the part of the voltage in each cycle with a value less than -1.23 V is marked with a shaded 

triangle, indicating the expected HEA electroplating. 

 

 
Figure 25. Selected SEM images of different samples associated to their growth conditions. 
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 Case ‘a’ shows that, regardless of the frequency, HEA covers a small fraction of each cycle. 

Also, the large voltage difference between VDC=-1.05 V and -1.23 V explains why even at the 

fastest growth rate, the sample in case ‘a’ had a limited speed of 30.3 µm/s. Although similarly in 

case ‘c’ the shaded area shows a small fraction of each cycle, VDC=-1.15 V is closer to -1.23 V. 

This may explain a slightly higher speed of 35.7 µm/s at 83 mHz compare to case ‘a’. As shown 

in Figure 26b, a much larger portion of each cycle covers the HEA mode with VDC of -1.15 V. 

This can be the reason for achieving 55 µm/s and 50 µm/s at 71.5 mHz and 215 mHz, respectively. 

Figure 26d shows that due to VDC of -1.25 V (being less than -1.23 V), more than 50% of each 

cycle is in the HEA mode. However, the growth rate in case ‘d’ never exceeded 37.5 µm/s. This 

is likely due to the lack of enough time in each cycle for releasing the hydrogen bubbles and 

blockage of the electrode area with the stuck bubbles. In fact, the morphology of the samples 

through the SEM images shows larger variation in the pore sizes as an evidence to the 

agglomeration of the hydrogen bubbles. 

While the voltage profiles explain why case ‘b’ was preferred, for a better understanding 

of the frequency effect, we should consider the period of each cycle. As explained, low frequencies 

of 3 to 10 mHz are more like DC cases with the extended period of time staying in HEA and non-

HEA modes. At higher frequencies of 500 mHz or near that, it takes only a few seconds for the 

voltage to switch back and forth between the HEA and non-HEA modes. Hence, the effect of 

switching between the two modes are not fully reflected in the results. Apparently, frequencies 

near 100 mHz which corresponds to 10 sec for each cycle are the best for achieving the fastest 

growth. Considering that a portion of each cycle is dedicated to the HEA mode, the results suggests 

that after a few seconds of HEA copper growth it is better to conduct the growth in a non-HEA 

mode for a few seconds to allow the generated bubbles leave the surface before their 
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agglomeration. Further study in this field is planned to characterize the electrical and mechanical 

properties of the electroplated coppers under different growth conditions. The results are expected 

to develop a practical recipe for controlling the electrodeposition process to achieve the highest 

growth rate and predictable micro and nano structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. The voltage variation in cases ‘a’, ‘b’, ‘c’, and ‘d’. The shaded area on each curve shows 

the portion of each cycle at which the voltage of the cell exceeded the value required for the water 

electrolysis with strong HEA copper deposition.  
 
7.4 Conclusion 

Copper was successfully grown by the application of AC voltages without interrupting the 

mass transfer of the ions in solution. The constant interaction of the hydrogen bubbles restricts the 

complete deposition of copper which also creates a limitation in the movement of electrons from 

the bulk solution to the cations, not allowing the deposition of copper to take place for a longer 

period directly affecting the amount being deposited. It was reported that at frequencies near 100 

mHz the fastest growth for copper electrodeposition was achieved.  
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As show in the results after the deposition of copper is conducted in a HEA mode, it’s 

better to conduct the copper growth in a non-HEA mode for a few seconds to allow the released 

of the hydrogen bubbles from the surface of the printed circuit board to avoid their agglomeration 

and the limitation of copper deposition.  
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Chapter 8: Conclusion and Suggestions for Future Work  

 

8.1 Conclusion 

 

A variety of projects have been addressed through out this dissertation to undertand the 

copper electrodeposition technique, to enhance the growth rate by the implementation of the 

hydrogen evolution mechanism and to improve the capability of a variety of substrates by the 

implementation fo a technique that allows flexibility, more surface area eith less consumption of 

material and a variation in morphologies for broader applications. The fundamental study of this 

work focused on a redox reaction among CuSO4 and H2SO4 which takes places at the 

electrochemical cell in the copper electrodeposition process which by surpassing electrolysis used 

the hydrogen bubble release as an advantage to improve the convection of the copper ions towards 

the cathode to enhance the growth rate of the copper being deposited. The rapid growth rate of 

copper via electrodeposition is a promising approach for improving the existing techniques, 

reducing the time of production, and allowing the growth of a low-cost technique with a significant 

opportunity to employ new applications.  The research conducted in this dissertation has 

contributed to redesign and improve the copper electrodeposition procedure by using in our favor 

the electrolysis to obtain better morphological structures which can be modified by the specific 

application of the combination of voltage and scan rate, better conductivity, and promising growth 

rate. Significant contribution has been made by:  

• Improving the growth rate of copper  for printing a circuit layout. The high growth rate was 

achieved due to HEA electroplating method which can be used in the future for developing 

a copper printing method.  
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• It has been shown that the acid and CuSO4 have a direct effect on the lateral copper growth. 

A concentration of 1.0M and 1.5 M of acid is ideal to obtain a faster growth rate and great 

copper formation over the substrate.  

• By the application of AC voltages the copper leectrodeposition technique was achieved 

without the restriction of hydrogen evolution bubbles over the surface by conducting the 

copper growth in a non-HEA mode for a few seconds to allow the released of the hydrogen 

bubbles from the surface which prevents the agglomerations and coalescence of bubbles 

and allows a continuous growth of copper.  

• It was shown that copper electrodeposition over fabrics is a viable method which does not 

require any soldering machine, preventing the damage of the fabrics and achieving a proper 

metal deposition facilitating the commercialization and development of several 

applications.  

 

8.2 Future Work 

 

8.2.1 Triaxial Braided Piezo Electric Fibers 

 

Further study is needed to understand and enhance the application of copper 

electrodeposition over triaxial braided piezo fiber metallization to enhance piezoelectricity 

performance of the triaxial braided energy harvester by applying hydrogen evolution assisted 

(HEA) electroplating. In previous work the triaxial braided PVDF yarn as seen in Figure 27a and 

27b has shown extreme durability with no changes in its performance. Further studies showed 

some reduction in the flexibility of the structure after the copper deposition as shown in Figure 

27c and 27d demonstrating the need for further studies to improve fiber flexibility for a wider 

range of applications.  
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The developed triaxial piezoelectric energy generator can be easily fabricated with 

unlimited lengths to meet specific energy and power needs. In addition, the triaxial braided 

structure provides more durability for the piezoelectric energy generator device due to novel 

packaging which could protect the PVDF fibers and silver coated nylon electrodes in the device 

[86]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. a) Triaxial braided piezo fiber, b) braided PVDF with inner silver coated nylon, c) 

triaxial braided piezo fiber with MWCNTs ink used for the hydrogen evolution assisted 

electroplating showing a higher porosity structure, d) triaxial braided piezo fiber without 

MWCNTs after deposition 
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Figure 28. Schematic of the electrochemical cell. Both working and counter electrodes were 

connected to the VersaStat 4.0 potentiostat for measurements.   

 

Improvement of the set-up for copper electrodeposition over triaxial braided piezo fiber is 

needed to enhance the visibility while the experiment takes place and to record the procedure for 

further studies.  

8.2.2 Incorporation of Conductive Fibers over Textiles to Improve Flexibility and Conduct Copper 

Electrodeposition  

 

 
Figure 29. Integration of fibers on a flexible substrate (fabric or polymer) to conduct the copper 

electroplating technique [67] 
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Electrospinning fibers can directly be collected in the substrate (polymer of fabric) to 

perform copper electrodeposition for interconnection development. Also the integration of triaxial 

fibers by sewing them using conductive or non-conductive thread (depending on the conductivity 

of the fiber being used) to the fabric or polymer is another technique that can be conducted to 

perfor copeer electrodeposition over them and then cover the substrate and the fiber with a polymer 

that will provide flexibility and that is washable.  

 

8.2.3 Nozzle for Direct Copper Electrodeposition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Nozzle Set-up 

 

• Emhancement of the nozzle set up is needed for continuos and copper electrodeposition 

over fabrics without the interruption of the procedure. 

• Prevention of electrolyte derrames is needed 

• Determine the voltage for each fabric is needed 

• Ehancement of the set up base is needed to allow the movement from x and y in order to 

obtain continous depotiion allong the whole fabric withput stopping the procedure.  
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