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Abstract 

The development of human society strongly relies on the utilization of energy. 

While fossil fuels are still the main energy source of current human activity, concerns 

about the environment and the greenhouse effect brought by combustion of fossil fuels 

have led to tremendous research interest on developing renewable energy conversion and 

storage techniques. Electrochemical energy technologies represent a promising solution 

to overcome the current energy dilemma. For energy conversion, photoelectrochemical 

(PEC) water splitting directly converts water and solar energy into hydrogen and oxygen. 

The generated hydrogen can be used as a clean, sustainable and efficient fuel and recycled 

as water after combustion. Currently, photoelectrochemical water splitting devices are 

either expensive, low performance or unstable. Developing new materials and new 

architectures with improved PEC performance is in high demand. The first half of this 

dissertation explores a new earth-abundant chalcogenide material Cu2BaSn(S,Se)4 as a 

promising photocathode for efficient hydrogen evolution.  

For energy storage, supercapacitors are indispensable energy sources for portable 

electronics and electric vehicles. The rapid development of wearable devices, biomedical 

implants and electronic skin have raised new mechanical challenges for conventional 

supercapacitors. Large mechanical deformability is required for supercapacitors to 

integrate with these stretchable electronics. The second half of the dissertation studied 
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novel stretchable supercapacitors based on various carbon nanomaterials that can be used 

for the applications of wearable and stretchable electronics.  

In chapter 2 and 3, a new solar water splitting photocathode, Cu2BaSn(S,Se)4, was 

systematically studied. The PEC performance of Cu2BaSn(S,Se)4 was found to increase 

with increasing Se concentration. However, low light absorption, poor 

electrolyte/semiconductor junction and poor stability limited the performance of the 

Cu2BaSn(S,Se)4 photocathode. To improve the photoelectrochemical performance, a 

Pt/TiO2/CdS/Cu2BaSn(S,Se)4  architecture with ~75% Se concentration was designed. With 

improved light absorption, enhanced charge separation and charge transfer, a world-

record-high photocurrent density of 12.08 mA/cm2 at 0 V/RHE was obtained. The 

Pt/TiO2/CdS/Cu2BaSn(S,Se)4 photocathode also delivered a consistent photocurrent for 

more than 10 hours demonstrating superior stability at 0 V/RHE. The same architecture 

was applied to a solution-processed Cu2BaSn(S,Se)4 absorber and yielded similar PEC 

performance, demonstrating the feasibility of a high performance, low cost and stable 

Cu2BaSn(S,Se)4 based photocathode. 

From chapter 4 to chapter 7, stretchable supercapacitors based on various carbon 

nanomaterials were designed, fabricated and characterized. A new stretchable 

supercapacitor based on crumpled carbon nanotube (CNT) forest was developed. The 

vertically aligned CNT forest structure was well preserved during the transfer process. 

Intertwining of neighboring tubes provided the electrical integrity across the whole forest. 
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With large surface area and easily accessible pore structure, a crumpled CNT forest 

supercapacitor with high electrochemical performance and large mechanical 

deformability was successfully fabricated. To further reduce the resistance of crumpled 

CNT forest, an Au-CNT network was introduced at the base. A resistance decrease of an 

order magnitude was obtained using the Au-CNT network. As a result, the 

electrochemical performance of the crumpled CNT forest was significantly improved 

especially at high charge/discharge rate where conductivity is more important.   

MXene, a new 2-Dimentional Metal Carbide has also been utilized as a stretchable 

supercapacitor but was found to crack during the stretchable electrode fabrication 

process, mainly because of its high mechanical stiffness, weak intersheet interaction and 

small flake size. Thus, reduced graphene oxide (RGO) was incorporated to overcome 

these issues. The as-prepared stretchable MXene/RGO composite supercapacitor 

maintained its structural integrity under various mechanical strains and demonstrated 

good electrochemical performance.  

Finally, inkjet printing was introduced to fabricate a carbon nanotube-reduced 

graphene oxide-poly(ethylenedioxythiophene) (CNT-RGO-PEDOT) stretchable 

supercapacitor. The high electrochemical performance (20 F/g, 85% rate capability from 

0.5 A/g to 5 A/g) and high mechanical robustness of printed CNT-RGO-PEDOT 

stretchable supercapacitor demonstrates the possibility of fabricating stretchable 

supercapacitor in a more scalable approach. 
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1. Introduction 

1.1 Motivation  

The development of society and technology is strongly dependent on oil and 

electricity, indicating the importance of energy.1 Energy exists in many forms in nature: 

solar energy, wind energy, fossil fuel energy and so on. Currently, fossil fuel energy is the 

main energy source for humans. Fossil fuels are burned to generate steam to drive large 

turbines to produce electricity for daily life. However, fossil fuels are not unlimited 

resources and large amounts of carbon dioxide and other harmful gases are produced 

during the process.2 As a result, a new energy source that is clean, sustainable and efficient 

is needed to replace fossil fuels. Hydrogen is a good candidate.3 From the thermodynamic 

perspective, hydrogen has a high enthalpy of combustion. Its 241.8 kJ/mol Gibbs free 

energy is higher than any hydrocarbon material per weight, which is the main component 

of fossil fuels. From the environmental perspective, hydrogen combustion only generates 

H2O that is clean for the atmosphere. From the sustainability perspective, hydrogen can 

be created by solar water splitting whereas fossil fuels are non-renewable energy sources. 

Although hydrogen is an ideal clean fuel because of the above merits, 95% of the hydrogen 

supply in the United States is currently generated through fossil fuels-based processes 

and continues to negatively impact the environment.4 Therefore, there is a need to study 

sustainable ways to generate hydrogen efficiently. Solar water splitting is a good choice 
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because it directly converts solar energy to hydrogen and oxygen without damaging the 

environment. There are many approaches using solar energy to split water. A promising 

approach is photoelectrochemical water splitting and the key component in this system is 

the semiconductor used to split water. Although many materials have been studied for 

water splitting, none of them satisfy all the requirements of an ideal photoelectrode.5-6 As 

a result, developing new semiconductors suitable for solar water splitting is still of great 

importance and interest.  

In addition to energy conversion, energy storage is another important aspect of 

energy usage. The distribution of natural energy sources (energy supply) and human 

activity (energy demand) are uneven in terms of both time and space.7 Therefore, it is 

impossible to achieve energy supply and demand balance without energy storage. When 

there is more supply than demand, excess energy can be stored in the energy storage 

devices. When there is more demand than supply, energy can be released from the storage 

devices to fulfill the need. Electricity is the most widely used energy form in human 

society. It is mainly transported and used through the electric grid system. When the grid 

system cannot be accessed, portable electric storage devices become exceedingly 

important. Furthermore, in recent years, with the rapid development of portable 

electronics8, implantable bioelectronics,9 and hybrid electric vehicles10, there is an 

increasing interest in the study of high energy and high power density electric storage 
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devices such as batteries and supercapacitors. Additionally, evolution of portable 

electronics to wearable electronics11-12 raises new mechanical challenges to electric storage 

devices: the electric storage devices need to be soft and deformable. Therefore, designing 

high performance stretchable energy storage solutions is of great significance for the 

independent operation of future wearable and portable electronics.  

The remainder of Chapter 1 describes how the research in this dissertation 

addresses these societal needs in energy conversion and storage. 

1.2 Photoelectrochemical Solar Water Splitting  

Currently, more than 50% of the electricity in the U.S. is provided by fossil fuels. 

However, fossil fuels are vulnerable to increasing cost and limited by the finite fuel 

reserves. Also, the greenhouse gas byproducts of fossil fuels are harmful to environment. 

Compared to fossil fuels, hydrogen is a clean and efficient energy source. One sustainable 

approach to generate hydrogen is solar water splitting. Many pathways exist for solar 

water splitting4: 

1. Photoelectrochemical water splitting 

2. Photocatalytic water splitting 

3. Thermochemical conversion  

4. Photobiological methods 

5. Photovoltaic-electrolysis systems 
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Photoelectrochemical (PEC) water splitting applies semiconductor 

photoelectrodes to split water. The advantage of PEC water splitting is that hydrogen and 

oxygen are generated at different electrodes and easy to separate. Additionally, the 

process happens at room temperature which greatly reduces the safety issue of hydrogen 

explosion. In a PEC system, hydrogen is generated at the photocathode and oxygen is 

generated at the photoanode, respectively. Because the thermodynamically required 

potential for water splitting is 1.23 V, the bandgap of the semiconductor used should be 

larger than 1.23 V to achieve water splitting without external bias.6 Considering the 

overpotential of water oxidation and reduction, the bandgap of the semiconductor should 

be larger than 2 eV. Two typical PEC systems4 are shown in Figure 1,      

 

Figure 1. Band diagrams of PEC systems. (a) The PEC system consists of a 

semiconductor photocathode and a metal anode. (b) The PEC system consists of a 

semiconductor photoanode and a metal cathode. 

The above PEC systems consist of a semiconductor photoelectrode, a metal 

electrode, an external circuit and electrolyte. The semiconductor materials can be either 
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photocathodes or photoanodes depending on the doping and fermi level of the 

semiconductors. When a semiconductor is immersed in the electrolyte, the adsorption and 

desorption of OH- and H+ change the semiconductor/electrolyte interface charge 

distribution and potential distribution, leading to band bending on the semiconductor 

surface.  Usually, a p-type semiconductor has a low fermi level, causing the band to bend 

downward when in touch with the electrolyte. The downward band bending facilitates 

electron transfer from the conduction band to the electrolyte, so p-type semiconductors 

serve as photocathodes to generate hydrogen in Figure 1a. In contrast, a n-type 

semiconductor has a high fermi level causing the band to bend upwards when in touch 

with the electrolyte. The upward band bending facilitates hole transfer from the valence 

band to the electrolyte, so n-type semiconductors functionalize as photoanodes to 

generate oxygen in Figure 1b.  

When the light is absorbed in the semiconductor, electron-hole pairs are generated 

and then separated from each other due to the presence of electric field by the 

semiconductor-electrolyte junction (band bending in the energy diagram in Figure 1). In 

a semiconductor photoanode-metal cathode PEC system, the photogenerated holes will 

transport to the semiconductor/electrolyte interface to oxidize water to form oxygen gas 

with the following reactions: 

4OH− + 4ℎ+
  
↔ 2𝐻2𝑂 + 2𝑂2 (Alkaline electrolyte) 
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4H2𝑂 + 4ℎ
+   
↔ 4𝐻+ + 2𝑂2 (Acidic electrolyte) 

The photogenerated electrons will transport through the external circuit to the 

metal cathode for hydrogen evolution. 

In a semiconductor photocathode-metal anode PEC system, the photogenerated 

electrons will transport to semiconductor/electrolyte interface to reduce water to form 

hydrogen gas with the following equations.  

4𝐻2𝑂 + 4e
−

  
↔ 2𝐻2 + 4OH

− (Alkaline electrolyte) 

4H+ + 4𝑒−
  
↔ 2H2 (Acidic electrolyte) 

The photogenerated holes will transport through the external circuit to the metal 

anode for oxygen evolution. 

Actual  energy required for bias-free solar water splitting is much larger than the 

theoretical value of 1.23 eV because of the thermodynamic non-ideality and slow kinetics 

of the hydrogen and oxygen evolution reactions. As a result, PEC systems with single 

semiconductor absorber usually have low efficiency due to the insufficient absorption of 

solar spectrum. Additionally, when the conduction and valence bands of single 

semiconductor are not straddling the oxygen and hydrogen evolution reaction potential, 

water splitting will not proceed. To improve the efficiency and solve the band structure 

issue of single semiconductor PEC system, tandem PEC system with semiconductor 

photocathode and semiconductor photoanode is proposed as shown in Figure 2. 
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Although the valence band of the photocathode is higher than the water oxidation 

potential, solar water splitting can still happen without external bias. The efficiency of the 

PEC system is also improved by the increased light absorption. 

 

Figure 2. Energy diagram of a PEC system consisted of a semiconductor photoanode 

and a semiconductor photocathode. 

In this dissertation, the work on the PEC system focuses on new photocathode 

materials, specifically Cu2BaSn(S,Se)4 with different Se concentrations that can be used in 

the tandem PEC system. 

1.3 Electrochemical Energy Storage 

1.3.1 Flexible and Wearable Electronics  

Traditional silicon-based electronics are rigid and brittle. On the contrary, biology is soft, 

elastic and deformable. Designing electronics compatible with biological systems that can 

be bent, stretched, twisted and deformed to arbitrary shapes is essential to many 

applications such as implantable sensors for advanced surgery, sensory skins for robotics 
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and wearable electronic devices. The earliest study on electronics with unconventional 

mechanical properties was ~22 years ago.13 Bending stiffness, defined as the force required 

to achieve a certain deflection, is a parameter to characterize the flexibility of a material. 

The equation of bending stiffness is shown below: 

𝐹

𝑑
=
48𝐸𝐼

𝐿3
 

Where F is the force, d is the deflection, E is Young’s module, I is the moment of 

inertia, and L is the length of the device. For a certain material, the young’s modulus is a 

fixed value. The thickness of a bending plate is related with F through moment of inertia, 

for a rectangular plate, the moment of inertia is shown below: 

𝐼 =
𝑏𝑑3

12
 

Where b is the length of the plate and d is the thickness of the plate. When the 

thickness of the plate is decreased, the moment of inertia decreases significantly, leading 

to a decrease of bending stiffness. As a result, the strategy to make electronics “soft and 

elastic” is simple. All materials are flexible when they are sufficiently thin. Thus, creating 

“wavy” shapes with these ultrathin electronics, providing them with excess material to 

deform without fracture, and attaching them onto elastomeric substrates that are not only 

flexible but can also sustain large tensile and compressive strains, provides flexibility. 

Recently, with the development of rapid 3D-printing techniques, ultrathin nanotubes, 
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nanowires and organic semiconductors, many advances on wearable and stretchable 

electronics have been made. 

 

Figure 3. Demonstration of the stretchable electronics. (a) Stretchable silicon circuit in 

a wavy geometry, compressed by a glass capillary tube.14 (b) Stretchable LED display 

devices using mesh design and inorganic microLED.15 (c) Array of organic transistors 

in the stretchable PDMS substrate in a stretched (left)16 and curvilinear (right)16-17 state. 

The figure was modified from reference 17.  

Figure 3a shows an ultrathin silicon circuit with transistors, logic gates and ring 

oscillators on a PDMS substrate.14 When the circuit is compressed, the geometry of the 

circuit changed with the applied strains without damaging the devices. A stretchable 

light-emitting device is also demonstrated in Figure 3b using ultrathin AlInGaP LEDs 

interconnected in a mesh layout and attached on a PDMS substrate.15 By using a 



 

10 

 

stretchable conductor (printed bucky gel) to connect the electronic circuit, an organic 

transistor array was fabricated and is depicted in Figure 3c. The transistor characteristics 

can be maintained for up to 70% strain because only the interconnection gel deforms when 

the array is stretched. 

In addition to the transistor, LED and electronics circuit, the strategy of making 

electronics stretchable could also be applied to photovoltaic18, electric storage devices19, 

implantable electronics20, electronic skins21 and thermoelectronics.22 Important 

applications of stretchable energy storage devices provide strong motivation for the 

future development of this emerging field. 

1.3.2 Supercapacitors 

The storage of electricity can be classified in two fundamentally different ways. 

First, electricity storage in a battery in the form of chemical energy. The Faradaic oxidation 

and reduction take place in the two electrodes at different potential to generate charge 

flowing through the external circuit to perform electric work. Second, electricity storage 

through an electrostatic mechanism occurs when charge is stored on plates of a capacitor 

when a potential difference is applied to the plates. The utilization of electrostatic 

processes to store electric energy in a cell was first proposed and claimed in a patent by 

Becker in 1957[US 2800616].23 The patent described the first supercapacitor using porous 

carbon materials with an interfacial double layer mechanism. A basic supercapacitor 



 

11 

 

scheme is shown in Figure 4. A supercapacitor is composed of two electrodes and an 

electrolyte separator. When a potential is applied on the electrodes, the electrostatic forces 

will attract positive ions from the electrolyte on one electrode and negative ions on the 

other electrode. They form electric double layers (EDL) with electrons in the electrode to 

store electric energy. Supercapacitors usually have capacitance 10-100 times higher than 

conventional capacitors because of their high surface area and atomic scale (0.3-0.8 nm) 

separation length.24 

 

Figure 4. The structure of a basic supercapacitor, it is composed of two electrodes and 

an electrolyte separator. 

Many materials have been studied as supercapacitor electrodes such as carbon, 

RuO2 and MnO2. Carbon materials, including activated carbon, graphene and carbon 

nanotube (CNT) satisfy all the requirements for high capacitance supercapacitors: high 
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specific surface area, high electrical conductivity, open porosity and low cost. As a result, 

carbon materials have been widely applied in supercapacitors. Activated carbon is the 

most widely used carbon material because of its moderate price and high specific surface 

area. Activated carbon is usually derived from wood, pitch and coal by carbonization 

following selective oxidation.25 Typically, activated carbon has a capacitance of 120-300 

F/g in aqueous electrolyte.26-27 Compared to active carbon, carbon nanotubes have a lower 

capacitance (10-100 F/g) but more accessible pore distribution.28 The more open pore 

distribution leads to high ion diffusion and gives CNTs high rate capability and power 

density.29  

RuO2 and MnO2 are also known as pseudocapacitance materials because they use 

fast, reversible surface redox reactions to store electricity in addition to EDL. The specific 

pseudocapacitance is calculated to be much larger than carbon materials using EDL 

charge storage, leading to significant interest in these systems. RuO2 has an operating 

voltage around 1.2 V and specific capacitance of more than 600 F/g30 based on the change 

of Ru oxidation states. MnO2 films with specific capacitance of more than 1300 F/g has also 

been demonstrated31. Although these materials show very high theoretical capacitance, 

the poor electric conductivity limits their capacitance in bulk films. One approach to solve 

the problem is to grow oxide nanofilms on a carbon support. Large energy density and 
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power density supercapacitors can be obtained by combining the carbon support and 

nano-sized pseudocapacitance active materials.32-33 

To independently operate the stretchable transistor34, sensor35 and light emitting 

devices36, highly stretchable electronic storage devices are necessary. Many stretchable 

batteries and supercapacitors have been studied such as wire-shaped lithium ion 

batteries37,  batteries with stretchable serpentine interconnections38, stretchable 

supercapacitors with buckled single wall carbon nanotube macrofilms39 and crumpled 

graphene supercapcitors40. The work in this dissertation focuses on developing stretchable 

supercapacitors with new architecture, new carbon materials and novel fabrication 

processes. 

1.4 Organization of the Dissertation  

 The first part of the dissertation focuses on design, fabrication and characterization 

of an earth-abundant Cu2BaSn(S,Se)4 photocathode as an efficient, low cost and stable 

electrochemical energy conversion device for clean and sustainable hydrogen evolution. 

The second part of the dissertation studies the design and fabrication of stretchable carbon 

nanomaterials supercapacitors with large mechanical deformability as potential energy 

storage devices. Their high electrochemical performance was systematically characterized 

to assess their applications in the emerging field of stretchable and wearable electronics. 
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In chapter 2, characterization of a new water splitting material Cu2BaSn(S,Se)4 is 

presented. The photoelectrochemical performance of Cu2BaSn(S,Se)4 photocathodes with 

different Se concentrations was characterized. Then surface modification of 

Cu2BaSn(S,Se)4 photocathodes and improved performance was demonstrated. This 

chapter highlights the influence of chemical composition and bandgap variation to 

photoelectrochemical performance of Cu2BaSn(S,Se)4 materials. 

In chapter 3, an efficient and stable Cu2BaSn(S,Se)4 photocathode with Pt/TiO2/CdS 

overlayers is designed and characterized. By engineering the light absorption, charge 

separation and charge transfer, photoelectrochemical performance the 

Pt/TiO2/CdS/Cu2BaSn(S,Se)4 photocathode was significantly enhanced. The 

Pt/TiO2/CdS/Cu2BaSn(S,Se)4 structure was created via both vacuum deposition and 

solution-processed Cu2BaSn(S,Se)4 thin films. The function of each overlayer is thoroughly 

investigated. 

Chapter 4 demonstrates the design and fabrication of a new stretchable 

supercapacitor based on crumpled vertically aligned carbon nanotube (CNT) forest. CNT 

forest has two main advantages serving as stretchable electrodes for energy storage 

applications. First, CNT forest has high surface area and easily accessible pores which 

facilitate the large capacitance and excellent rate performance. Second, CNT forest, as a 
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nanotube array, is free from cracking issue of conventional thin film stretchable electrode 

even under overstretched strains. 

In Chapter 5, the performance of crumpled CNT forest supercapacitor electrode is 

improved through the design of an Au-CNT network at the base of the electrode. The 

modified crumpled CNT forest supercapacitor electrodes achieved increased specific 

capacitance and identical capacitance retention at high charge/discharge rates under 

various mechanical strains. This chapter demonstrates a universal design strategy to 

improve the electrochemical performance of discrete nanotube/nanowire array electrodes 

on a non-conductive polymer substrate. 

Chapter 6 introduced a new carbon nanomaterial, MXene with high specific 

capacitance, to the application of stretchable supercapacitors. Pure MXene was found to 

crack during the fabrication process. Concept of MXene/Reduced Graphene Oxide (RGO) 

composite paper was introduced to overcome the issue. The MXene/RGO composite 

supercapacitor possesses outstanding electrochemical performance while maintaining 

mechanical integrity. 

Moving from a lab scale fabrication to a more scalable manufacturing, Chapter 7 

introduces an inkjet printing technique to fabricate stretchable and flexible carbon 

nanotube-reduced graphene oxide-poly(ethylenedioxythiophene) (CNT-RGO-PEDOT) 

composite supercapacitors to avoid the inconvenience of the transfer process. The high 
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electrochemical performance and mechanical robustness of CNT-RGO-PEDOT 

stretchable supercapacitor with all commercially available carbon nanomaterials ink 

represent the possibility of practical applications of stretchable supercapacitors. 

Chapter 8 summarizes all the works and introduces a future work.
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2. Photoelectrochemical Performance of Earth-Abundant 
Cu2BaSn(S,Se)4 Chalcogenide with Different Se 
Concentrations1 

2.1 Introduction  

Since Honda and Fujishima discovered a way to produce hydrogen using a TiO2  

anode in a photoelectrochemical (PEC) cell41, various materials and systems for water 

electrolysis have been investigated to achieve higher efficiency42-44. One of the most 

promising device configurations is the two-electrode PEC system in which hydrogen and 

oxygen are electrogenerated at the photocathode and photoanode, respectively. 

Specifically, numerous p-type semiconductor materials45-46 such as GaAs44, Cu2O47 and Si48 

have been investigated as photocathodes for hydrogen evolution. However, the materials 

investigated above are either expensive, low performance or unstable during the PEC 

process.  

In recent years, zinc-blende-related chalcogenides (e.g., CuGaSe2 (CGSe), CuIn-

xGa1-xSe2 (CIGSe) and Cu2ZnSnS4 (CZTS)) have also been considered as efficient 

                                                      

1 Part of this chapter is based on Donghyeop Shin#, Edgard Ngaboyamahina#, Yihao Zhou#, Jeffrey T. Glass, 

and David B. Mitzi. "Synthesis and characterization of an earth-abundant Cu2BaSn (S,Se)4 chalcogenide for 

photoelectrochemical cell application." The journal of physical chemistry letters 7, no. 22 (2016): 4554-4561. 

The synthesis of CBTSSe materials and part of CBTSSe material characterizations were performed by Dr. 

Donghyeop Shin. The introduction part is adapted from Yihao Zhou#, Donghyeop Shin#, Edgard 

Ngaboyamahina#, Qiwei Han, Charles B. Parker, David B. Mitzi, and Jeffrey T. Glass. "Efficient and Stable 

Pt/TiO2/CdS/Cu2BaSn (S,Se)4 Photocathode for Water Electrolysis Applications." ACS Energy Letters 3, no. 1 

(2018): 177-183.   
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photocathode materials, due to their excellent properties including high absorption 

coefficient, suitable band structure and tunable bandgap (1.0~2.4 eV).49-51 Also, the 

potential of the conduction band edge for these chalcogenides is more negative than that 

required for hydrogen reduction (H+/H2), making it well suited for H2 evolution. In 

previous literature reports, bare chalcopyrite-type CuInS2 (CIS) showed very low cathodic 

photocurrent of 80 μA/cm2 at 0 V/RHE (Reversible Hydrogen Electrode) and an onset 

potential of 0.15 V/RHE under simulated sunlight.52 By increasing the grain size, Guijarro 

et al. reported a photocurrent of 4 mA/cm2 at 0 V/RHE for a bare CIS. Additionally, 

Pt/TiO2/CdS coating further increased the photocurrent at 0 V/RHE by 8 mA/cm2.53 CIS 

photocathodes incorporated within a Pt/TiO2/CdS/CIS PEC structure also yielded a 

photocurrent density of ~13 mA/cm2 at 0 V/RHE and an onset potential of 0.6 V/RHE. For 

CIS and CIGSSe materials, In and Ga are less abundant elements and widely used for 

display and IT applications, perhaps limiting broad scalability and reduction in 

fabrication cost. As an effort to develop earth-abundant materials, CZTS materials have 

been studied as photocathodes for PEC applications. The photocurrent of the CdS/CZTS-

based PEC showed <0.1 mA/cm2 at 0 V/RHE, while the photocurrent of an as-sulfurized 

CZTS electrode was on the order of 1 μA/cm2 at 0 V/RHE.54 Like CuInS2, when Pt/TiO2/Al-

doped ZnO layers were additionally applied on CdS/CZTS, then a photocurrent of ~1.0 

mA/cm2 at 0 V/RHE could be demonstrated.54 Recently, Pt/In2S3/CdS/CZTS electrodes 
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demonstrated ~9 mA/cm2 at 0 V/RHE indicating the great potential of CZTS films for PEC 

applications.51 However, CZTS is known to have band tailing and anti-site disorder issues 

which limit its solar energy applications.55 Recently, Cu2BaSn(S,Se)4 (CBTSSe) has 

attracted considerable attention as an emerging chalcogenide material with desirable 

electronic and optical properties56 for solar energy applications, especially less anti-site 

disorder compared to CZTS materials. While CBTSSe maintains tetrahedral coordination 

for the Cu and Sn atoms within the structure (as for the zinc-blende-related systems), the 

Ba adopts a much larger coordination due to the large ionic size and electropositive nature 

of Ba, which discourages formation of detrimental cationic disorder. As a proof-of-

concept, pure sulfide Cu2BaSnS4 (CBTS) was utilized in photovoltaic devices, successfully 

demonstrating 1.6% power conversion efficiency (PCE).56 In contrast to CZTS57, the 

narrow width of the photoluminescence peak and abrupt transition near the absorption 

edge for CBTS suggest reduced cationic disordering and decreased band tailing56—i.e., 

considered important targets for efficient solar energy conversion application. By 

incorporating Se to reduce the band gap of CBTS (2 to 1.55 eV)56, a higher-efficiency 5.2% 

PCE CBTSSe-based PV device has been achieved, in part as a result of the smaller bandgap 

and increased light absorption.58 With large light absorption efficient, tunable bandgap 

and suitable band structure, CBTSSe was considered also promising in PEC applications.  
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In this chapter, CBTSSe photocathodes with different Se concentrations were 

investigated as PEC photocathodes. The photocurrent density of the CBTSSe 

photocathode was found to increase with increasing Se concentration. When the Se 

concentration was ~60%, bare CBTSSe (x≈2.4, where x represents the index of Se in 

Cu2BaSnS4-xSex) photocathode yielded a photocurrent density of -3 mA/cm2 at -0.4 V/RHE 

under AM 1.5G illumination. With evaporated Pt catalyst, the photocurrent density of 

CBTSSe (x≈2.4) photocathode was boosted to more than -6 mA/cm2.  

2.2 Experimental Methods 

2.2.1 Materials Characterization 

The phase purity and Se concentration of CBTSSe films were investigated using a 

PANalytical Empyrean powder X-ray diffractometer using Cu Kα radiation. To verify the 

microstructure of the CBTSSe films, SEM images were taken using a FEI XL30 system. 

Photoluminescence and Raman analysis were carried out at room temperature with a 442 

and 633 nm laser excitation, respectively, using a Horiba Jobin Yvon LabRAM ARAMIS 

system.  

2.2.2 Electrochemical Tests 

Electrochemical measurements were performed at room temperature in a 

standard three-electrode cell. All potentials were measured against a KCl-saturated 

silver/silver chloride reference electrode (Ag/AgCl), with a platinum mesh counter 
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electrode. However, for easy comparison to the hydrogen evolution, results were 

converted to the RHE scale according to the following equation59: 

ERHE = EAg/AgCl + 0.059 pH +0.197,    

where EAg/AgCl is the experimentally measured value and E0Ag/AgCl = 0.197 V at 298K. 

Electrodes were immersed in a phosphate electrolyte buffer (PBS, pH=7). For 

analysis under illumination, the films were illuminated with a 150 W Xenon lamp using a 

solar spectrum filter. The light source was placed a distance of ~15 cm from the working 

electrode and the beam was perpendicular to the working electrode. A silicon photo 

detector was used to calibrate the light intensity to 100 mW/cm2. The error was estimated 

to be within 5%. Side and back surfaces of the working electrode were covered with an 

insulating resin (Loctite® ). The nominal surface areas of the samples were measured using 

the ImageJ software package. For electrical contact, a conductive copper wire was 

attached on the Mo layer using a liquid indium/gallium alloy. A glass tube was used to 

protect the copper wire from electrochemical reactions. The contact resistance was tested 

to be around 100-200 Ω using a multimeter (Fluke®). 

Linear sweep voltammetry (LSV) was used to characterize the 

photoelectrochemical performance of the films. In the LSV measurements, the potential 

was varied from 0.7 to -0.4 V vs RHE to prevent any chemical reaction beyond this range, 

and the sweep rate was 5 mV/s. In the measurement, the light was chopped every 50 mV. 
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Chronoamperometry (CA) was used to characterize the stability of the films. In the CA 

technique, the potential was set to be -0.2 V vs RHE with AM 1.5G illumination.  

Incident photon to current efficiency (IPCE) was measured at -0.4V vs RHE using 

a customized Newport-Oriel system powered by a 300 W Xe (Ozone-free) lamp. A 

Cornerstone 130 1/8 M Monochromator was used to produce monochromatic lights at 

different wavelength from 800 nm to 320 nm. The irradiance was measured with a power 

meter (Newport 1918-R) and calibrated by a standard silicon photodetector. 

2.3 Results and Discussion 

To determine the structural quality of the CBTS and sulfur/selenium mixed 

CBTSSe films, X-ray diffraction (XRD) measurements were performed, confirming the 

single-phase and well-crystallized nature of the samples (Figure 5a). The XRD pattern of 

the pure sulfide CBTS sample matches the trigonal P31 structure reported previously, with 

lattice constants a = 6.334(1) Å  and c = 15.810(1) Å .56 By introducing Se into the film, the 

XRD peaks of the CBTSSe phase shift toward lower 2θ angles, while the peak for the Mo 

film (which can serve as a reference) remains centered at 2θ = 40.5o (Figure 5a). Top-view 

and cross-sectional SEM images reveal that all CBTSSe films with small x are continuous 

(no pinholes), with grain sizes in the range of 100-500 nm (Figure 5b). However, when 

larger amounts of Se are incorporated into the films, grain sizes >1 µm are achieved, which 

could be beneficial for reducing recombination at grain boundaries. 
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Figure 5. XRD and SEM of CBTSSe with different Se concentration. (a) X-ray diffraction 

(XRD) patterns for CBTSSe (x = 0, 0.4 and 2.4) films and a magnified view of the XRD 

patterns to see the peak shift for CBTSSe. (b) SEM top-view and cross-sectional images 

of CBTSSe (x = 0, 0.4 and 2.4) films.   

For each Se-incorporated composition of CBTSSe, the diffraction pattern has been 

Pawley fitted to the same trigonal structure type, with progressively larger lattice 

constants as the amount of Se incorporation increases (Table 2.1). Based on the reported 

lattice constants for CBTSSe bulk powders over the range 0 ≤ x ≤356, the concentration of 
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Se incorporation can be estimated (Table 1) and these x values agree with the energy 

dispersive spectroscopy (EDS) data provided in Table 2. 

Table 1. Summary of lattice parameters (from XRD data) and band gaps (from 

photoluminescence data) for CBTSSe films. 

X Space 

group 

Lattice parameters, Å Band gap, eV 

a c 

0 P31 6.334(1) 15.810(1) 2.04 

0.4 P31 6.384(1) 15.954(2) 1.98 

2.4 P31 6.532(1) 16.344(2) 1.62 

 

Table 2. Summary of chemical composition for CBTSSe films obtained from energy 

dispersive spectra (EDS) data. 

x Cu Ba Sn S Se Se/(S+Se) 

0 18.91 11.62 9.89 59.58 - - 

0.4 18.71 11.70 10.62 53.56 5.39 ~10% 

2.4 19.19 11.91 10.80 25.43 32.68 ~55% 

Atomic Force Microscopy (AFM) images for Cu2BaSnS4 and sulfur/selenium 

mixed Cu2BaSnS4-xSex films were collected to determine root mean square surface 

roughness values (Figure 6), yielding 50, 73, and 75 nm for x = 0, 0.4 and 2.4, respectively. 

There is no significant difference in the overall surface roughness for these films, despite 

the larger grain size as x (i.e. incorporated amount of Se) increases. 
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Figure 6. Atomic force microscopy (AFM) images of CBTS and CBTSSe (x = 0.4 and 

2.4) films.   

To further confirm the absence of impurity phases60-61, such as binary Cu(S,Se) 

and ternary Cu2Sn(S,Se)3, a Raman spectrum of the CBTSSe film with x = 2.4 has been 

measured. The dominated peak is at 210 cm-1. CuSe (260 cm-1), SnSe (107 cm-1 and 181 

cm-1) and Cu2SnSe3 (179 cm-1) impurity peaks reported in the literature are not observed 

in the spectrum (Figure 7), which is consistent with the XRD pattern. 
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Figure 7. Raman spectrum of CBTSSe (x = 2.4) film at room temperature using a 633 

nm laser excitation source.   

Photoluminescence (PL) measurements were then carried out to verify the band 

gap, Eg, of CBTS and CBTSSe films and to examine radiative recombination (note that 

previously56, it has been showed that the PL peak position is within ~10 meV of the band 

gap value and therefore the PL peak provides a good estimate of Eg. Using these 

measurements, Eg of the CBTS (x = 0) sample is found to be 2.04 eV (Figure 8 and Table 1), 

consistent with a previous report.56 As Se atoms are incorporated into the CBTSSe films, 

Eg decreases from 1.98 (x = 0.4) to 1.62 eV (x = 2.4). The decrease in Eg follows the change 

in composition as determined by XRD and EDS data and it is useful to note that the band 
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gap for the x = 2.4 sample falls near the lowest value achievable (~1.55 eV) before the 

system shifts to the orthorhombic Ama2 structure for x > 3. These band gaps also fall into 

the suitable range for PEC cell application (1.5~2.5 eV), thereby prompting the further 

investigation, as described later in this chapter. The strong and sharp PL features also 

indicate effective radiative recombination and may reflect a less defective lattice (i.e. less 

cationic anti-site disorder) compared to analogous Cu2ZnSnS4-xSex films.56 Slight 

broadening of the PL peak for increased Se content (Figure 8) likely indicates modest 

inhomogeneity in the S:Se ratio throughout the film thickness. 

 

Figure 8. Photoluminescence spectra for CBTS, and CBTSSe (x=0.4 and 2.4) films 

obtained with 442 nm laser excitation at room temperature. 

The CBTSSe films were utilized as PEC electrodes after the materials 

characterizations. The electrode structure used for the electrochemical tests is shown in 

Figure 9. In this configuration, the incident excitation light promotes electrons from the 
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valence band to the conduction band of the CBTSSe and leaves holes in the valence band. 

The electrons are then transported towards the semiconductor-electrolyte interface under 

the applied potential to reduce water into H2. The holes flow in the opposite direction to 

the back contact and through the external circuit to oxidize water at the Pt counter 

electrode. 

 

Figure 9. CBTSSe electrode structure. 

Previous report has shown that addition of selenium into CZTS results in a lower 

bandgap, which ultimately enables a higher photocurrent density in prospective PEC 

devices62-63. Therefore, photocurrent measurements were performed by LSV for different 

compositions of the CBTSSe films (Figure 10a-c). As expected, the photocurrent increases 

with the amount of Se introduced into the parent CBTS composition. CBTSSe with x = 2.4 

exhibits photocurrent values of >3 mA/cm2 at -0.4 V, compared to 0.2 mA/cm2 for x = 0. 

Even though the onset potential seems to be more positive than 0.6 V/RHE, photocurrents 

of at least several hundreds of µA are only observed for voltages more cathodic than 0.2 
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V/RHE. The presence of electron traps in the space charge region likely accounts for this 

observation.64 Grain boundaries and intra-grain defects have been found to induce carrier 

recombination in CZTS-based solar cells. However, given the variety of preparation 

methods, experimental setups and alloy compositions used in investigating their effects, 

a straightforward conclusion on the origin of these traps cannot be drawn.65 To further 

improve the performance of CBTSSe electrodes, 1.2 nm Pt was deposited as a catalyst 

using E-beam evaporation. The LSV of CBTSSe electrodes (x = 2.4) with and without Pt 

coating is depicted in Figure 10d. The electrode with Pt coating exhibits photocurrent 

greater than 6 mA/cm2 while the electrode without Pt exhibits ~3 mA/cm2 at -0.4 V/RHE, 

indicating that Pt acts as an adequate catalyst for CBTSSe photocathodes. It is worth to 

note that the Pt catalyst did not significantly improved the onset potential of the CBTSSe 

photocathodes, confirming that the poor onset potential of the CBTSSe photocathodes was 

due to the trap states in the space charge layer. 
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Figure 10. LSV for CBTSSe with (a) x = 0, (b) x = 0.4 and (c) x = 2.4 without a Pt catalyst 

and (d) x = 2.4 with a Pt catalyst 

Further analysis shows that, in all cases without the Pt catalyst, voltammograms 

exhibit transients when the light is switched on and off, indicating either (i) accumulation 

of electrons near the surface, (ii) accumulation of holes in the bulk (due to slow transport), 

or (iii) trapping of electrons or holes at surface states4. More precisely, when light is turned 

off, the appearance of anodic current spikes pertains to electron accumulation near the 

surface—i.e., process (i). It is assumed some photogenerated electrons get accumulated at 

the photocathode surface and recombine with bulk holes, inducing a back-electron flow 

from the bulk towards the external circuit. Given the small amplitude of these spikes, this 
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process is unlikely to be the main recombination mechanism. Additionally, current 

transients seem to be voltage-dependent, suggesting that trapping at surface states and 

slow kinetics are the main contributions to the observed charge recombination (i.e., 

process (i) and (iii), listed above). Pt coating increased the photocurrent (i.e. interfacial 

charge transfer) but did not improve the onset potential, which suggests that some charge 

recombination traps are localized in the bulk film. Process (ii), holes transport limitation, 

also cannot be dismissed from the data shown in Figure 10. 

Chronoamperometry at -0.2 V/RHE was performed to determine CBTSSe stability 

under illumination as seen in Figure 11. The photocurrent for the CBTSSe (x = 2.4) film 

dropped rapidly from 3 to ~1 mA/cm2 due to associated charge recombination and was 

followed by a quasi-plateau for almost 10 minutes. A gradual photocurrent decrease was 

observed and is assumed to be the contribution of photocorrosion, as evidenced by SEM 

images shown in Figure 11c,d. 
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Figure 11. Stability test of CBTSSe (x = 2.4) film at -0.2 V/ RHE. (a) 10 min and (b) 1 

hour. Corresponding SEM images of CBTSSe (x = 2.4) film before (c) and after (d) the 

stability test. 

Bare CBTSSe (x = 2.4) appears to be more stable than electrodeposited CZTS, 

whose photocurrent vanishes within less than 10 min54. Photocorrosion obviously 

contributes to the photocurrent. One method to estimate its contribution would be to 

assume that it is approximately equal to the surface area change after testing. But, 

photocorrosion not only adds to the observed photocurrent (due solely to the 

semiconductor properties) but also reduces it because of active material loss. 

Additionally, photocorrosion changes the electrode porosity (i.e. the 
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semiconductor/electrolyte interface area) in an unpredictable way. For these reasons, it is 

very difficult to estimate accurately how much of the photocurrent is from 

photocorrosion. Nevertheless, the use of appropriate buffer and protective layers has been 

reported to improve the stability of CZTS for up to 3 hours, while delivering 9 mA/cm2 at 

0V vs RHE.51 In this work, Pt/CdS layers were deposited on top of CBTSSe (x = 2.4). The 

film stability was significantly improved, showing 73% of initial photocurrent after an 

hour of measurement (Figure 12), compared to 15% without the protective layers. 

Moreover, the dark current before and after illumination remains the same, indicating a 

stable surface. It is worth noting that the thickness and quality of the CdS layer has not 

been systematically studied; therefore, an improved stability is expected in future work. 

 

Figure 12. Stability test of Pt/CdS/CBTSSe (x = 2.4) film for 1 hour at -0.2 V/RHE. The 

dark current remains the same before and after the illumination. 
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Illuminated Open Circuit Potential measurements (IOCP) were performed to 

further explore the charge separation and surface quality of bare CBTSSe (x = 2.4) films. 

The light was switched on and off every 5 minutes and results are shown in Figure 13. 

The low photopotential is likely to originate from low band bending in dark conditions 

and a high recombination rate at the surface.66 Incident photon to current efficiency (IPCE) 

of bare CBTSSe (x = 2.4) was measured at -0.4 V/RHE to verify the onset of the 

photoresponse and the efficiency of energy conversion for photons at different 

wavelength. The onset wavelength of photo response (Figure 14b) is 755 nm (i.e., 1.64 eV), 

which is consistent with the photoluminescence spectrum. The integrated photocurrent 

density under AM 1.5G solar spectrum is 2.2 mA/cm2 (Figure 14a), consistent with LSV 

curves of the bare CBTSSe (x = 2.4) in light. 

 

Figure 13. Photopotential measurement of  bare CBTSSe (x = 2.4) film at open circuit 

potential. 
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Figure 14. (a) LSV of bare CBTSSe (x = 2.4) film. (b) IPCE curve of bare CBTSSe (x = 

2.4) film and the corresponding integrated photocurrent density. 

2.4 Conclusion 

  In conclusion, the photoelectrochemical properties of chalcogenide films 

comprising earth-abundant metals, Cu2BaSnS4-xSex, with trigonal P31 structure and 

different concentrations of Se (x ≤ 2.4) were successfully characterized. The introduction 

of Se in Cu2BaSnS4-xSex lowers the band gap and increases the grain size resulting in a 

higher photocurrent, thereby rendering Cu2BaSnS4-xSex a better candidate for PEC 

application compared to its parent (x=0) structure. Cu2BaSnS4-xSex with x = 2.4 was found 

to deliver around 3 mA/cm2 at -0.4 V/RHE without Pt and more than 6 mA/cm2 at -0.4 

V/RHE with the Pt catalyst. Bare Cu2BaSnS4-xSex showed improved stability when coated 

with Pt/CdS layers. Optimized surface and interface engineering (i.e. catalyst, buffer 

layers and protective layers) may offer a pathway to achieve more stable and efficient 

Cu2BaSnS4-xSex photocathodes.  
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3. Low cost, Efficient and Stable Pt/TiO2/CdS/ Cu2Ba- 
Sn(S,Se)4 Photocathode for Water Electrolysis 
Applications1 

3.1 Introduction 

The performance of CBTSSe with different Se concentrations was demonstrated in 

the last chapter, it can be seen that the photocurrent density of the CBTSSe photocathode 

is low and the onset potential is negative. It has been reported that a solar to hydrogen 

(STH) conversion efficiency of 10% is required for the practical application of solar water 

splitting.4  This is equivalent to 8.13 mA/cm2 photocurrent density under one sun light 

impinging on the device at 90 degree incidence without external bias. Therefore, the 

photocurrent performance of the CBTSSe photocathode must be improved for practical 

applications. Additionally, the vacuum co-sputter synthesis method used in Chapter 2 is 

expensive limiting the commercial applications of CBTSSe-based photocathodes. An 

alternative to the expensive vacuum based film-deposition is required in addition to the  

improvements in photocurrent performance.   

                                                      

1 This chapter is based on Yihao Zhou#, Donghyeop Shin#, Edgard Ngaboyamahina#, Qiwei Han, Charles B. 

Parker, David B. Mitzi, and Jeffrey T. Glass. "Efficient and Stable Pt/TiO2/CdS/Cu2BaSn (S,Se)4 Photocathode 

for Water Electrolysis Applications." ACS Energy Letters 3, no. 1 (2018): 177-183.  and Betul Teymur#, Yihao 

Zhou#, Edgard Ngaboyamahina, Jeffrey T. Glass, and David B. Mitzi. "Solution-Processed Earth-Abundant 

Cu2BaSn (S, Se)4 Solar Absorber Using a Low-Toxicity Solvent." Chemistry of Materials 30, no. 17 (2018): 6116-

6123. The synthesis of CBTSSe, deposition of CdS and XRD were performed by Dr. Donghyeop Shin and 

Betul Teymur.  
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Therefore, the goals of this chapter can be separated into two parts:  

1. Develop a photocathode structure that significantly improves the photocurrent, 

photopotential and stability of CBTSSe photocathodes. 

2. Utilize a low-cost, solution-processed to fabricate the structure and characterize 

its photoelectrochemical performance.  

To improve the performance of the CBTSSe photocathode, three aspects can be 

considered: light absorption, charge separation and charge transfer. The light absorption 

of CBTSSe can be tuned by changing its bandgap. As reported in previous literature58, the 

bandgap of CBTSSe can be tuned from 1.55-2.0 eV by changing the Se concentration. The 

lowest bandgap, 1.55eV, was obtained with CBTSSe(x≈3) where (x≈3) represents 

Cu2BaSnSSe3 with a trigonal crystal structure. Therefore, in this chapter, to increase light 

absorption, the Se concentration was increased to x≈3 (up from a maximum of x≈2.4 in the 

previous chapter). After the light is absorbed in the CBTSSe(x≈3), charge carriers are 

generated and separated at the solid-electrolyte junction. In chapter 2, with no surface 

modification, the CBTSSe photocathode showed a relatively low onset potential, low 

photocurrent and especially small photopotential indicating low charge separation 

efficiency which is possibly due to surface recombination and a poor solid-electrolyte 

junction.67 To enhance the charge separation of the CBTSSe(x≈3) photocathode, a 

CdS/CBTSSe(x≈3) p-n junction configuration is applied. However, the ultrathin CdS is 
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typically not conformal, thus the surface of the CBTSSe exposed to the electrolyte can still 

hurt the performance of the CBTSSe-based photocathode. To avoid this issue, a ~30 nm 

thick TiO2 layer was deposited on the CdS/CBTSSe thin films by atomic layer deposition 

(ALD). The pinhole free ALD TiO2 will protect CBTSSe from contact with the electrolyte, 

eliminating the hole recombination centers. Additionally, TiO2 serves as a good 

photocathode protection layer because of its very negative self-reduction potential.68  

After the charge carriers are separated by the built-in electric field, the holes are 

swept to the back of the electrode and flow through the external circuit to the anode to 

oxidize water to oxygen. On the other hand, the electrons drift through the TiO2/CdS layer 

towards the solid-electrolyte interface to reduce water to hydrogen. The process of the 

charge transfer from the solid to electrolyte is important and directly related to reaction 

kinetics. Pt is the most active catalyst for hydrogen evolution. In chapter 2, approximately 

1.2 nm of evaporated Pt was used as catalyst. However, evaporated Pt is not uniform 

which limits its catalytic efficiency. In this chapter, an electrochemical method was 

applied to deposit Pt nanoparticles on the TiO2 surface to achieve better catalytical 

performance.  

With more absorption of the solar spectrum, enhanced charge separation by p-n 

junction and small charge transfer resistance, an efficient and stable 

Pt/TiO2/CdS/CBTSSe(x≈3) PEC device with chemical-bath-deposited (CBD) CdS and 
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atomic-layer-deposited (ALD) TiO2 was fabricated.  In comparison to the previous reports 

for CBTS PEC devices with overlayer stack,69 the current study employs Se-alloyed 

CBTSSe (to reduce the band gap) and removes the ZnO layer (to simplify the device 

structure and reduce the interface recombination). It has also been reported that ZnO is 

sensitive to moisture70 and chemically unstable in some electrolyte71. Due to the improved 

absorption, better band alignment and reduced interfaces, the photocurrent of our PEC 

photocathodes now exceeds ~12 mA/cm2 at 0 V/RHE, which corresponds to the highest 

photocurrent among reported PEC devices for this materials class, yielding a half-cell 

solar-to-hydrogen (HC-STH) efficiency of 1.09% at 0.183 V/RHE. In addition to high 

performance, the CBTSSe-based PEC devices exhibit excellent stability, with no significant 

photocurrent decrease over 10 hours at 0 V/RHE—i.e., far better than the aforementioned 

CZTS and CIGSe-based PEC devices54, 72. Finally, a dissolved hydrogen measurement was 

performed to verify the photocathode’s ability to generate hydrogen at 0 V/RHE. The 

significant improvement in photocurrent and stability offered by Pt/TiO2/CdS/CBTSSe 

electrodes suggests a promising future for CBTSSe-based photocathodes in 

photoelectrochemical water splitting applications.  

The successful overlayer structure was then fabricated with a solution-processed 

CBTSSe thin film exhibiting a ~10 mA/cm2 photocurrent at 0 V/RHE and more than 10 

hours of stable operation, comparable to the vacuumed deposited CBTSSe PEC devices. 
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The excellent photoelectrochemical performance of solution deposited CBTSSe PEC 

devices represents a first step in achieving low-cost and large-scale solution-processed 

PEC devices based on the CBTSSe material. 

3.2 Experimental Methods 

3.2.1 Material Synthesis 

First, copper (Cu), tin (Sn) and barium sulfide (BaS) targets were co-sputtered onto 

a molybdenum (Mo) coated glass substrate. After annealing in excess sulfur atmosphere 

at 570 °C for 5 min, the as-formed CBTS films were annealed at 570 °C in excess selenium 

atmosphere for 5 min to form the CBTSSe films about 1 µm.73 A 50 nm-thick CdS layer 

was deposited on the CBTSSe(x≈3)  films using a CBD approach reported in the 

literature.56 For some of the electrodes examined, a TiO2 layer was deposited on the 

CdS/CBTSSe(x≈3) films using a “home-made” hot-wall viscous flow atomic layer 

deposition (ALD) reactor at 200  °C. TiCl4 and deionized water were used as the precursor 

and co-reactant for the deposition, respectively. A pulse sequence of 1.5 s/5 s TiCl4 

dose/purge and 1.5 s/5 s H2O dose/purge was applied for 700 cycles to deposit ~30 nm 

TiO2 on the CdS/CBTSSe(x≈3). The thickness was measured by ellipsometry using a 

reference silicon substrate. The synthesis process of solution-processed CBTSSe thin films 

is described in a previous publication.74 
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3.2.2 Materials Characterization 

To verify the microstructure of the CBTSSe films, SEM images were obtained using 

a FEI XL30 system. X-ray diffraction (XRD) patterns were measured to characterize the 

crystal structure of the CBTSSe films, using a PANalytical Empyrean powder X-ray 

diffractometer and Cu Kα radiation. To estimate the band gap of the CBTSSe film, PL 

measurements were performed at room temperature with a 442 nm HeCd laser excitation 

using a Horiba Jobin Yvon LabRAM ARAMIS system. 

3.2.3 TiO2/CdS/CBTSSe Photocathode Fabrication  

One edge of the as-prepared TiO2/CdS/CBTSSe(x≈3) film was scratched and 

electrically contacted to a copper wire. A glass tube was used to protect the copper wire 

from reacting with the electrolyte. Side surfaces were covered by an insulating resin 

(Loctite® ). The surface area of the TiO2/CdS/CBTSSe (x≈3) device was measured using the 

ImageJ package. The tested electrodes have surface areas ranging from 0.25 to 0.687 cm2. 

Before the measurements, Pt was electrochemically deposited on the TiO2/CdS/CBTSSe 

(x≈3) surface as an electron-catalyst, by polarizing the electrode in 1 mM H2PtCl6 and 0.1 

M Na2SO4 at -0.4 V vs Ag/AgCl for 2 min. After the Pt deposition, the as-prepared 

Pt/TiO2/CdS/CBTSSe (x≈3) was tested in 0.5 M Na2SO4, 0.5 M KH2PO4 electrolyte (pH=4.3). 
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3.2.4 Electrochemical Measurements 

All the electrochemical measurements were performed in a three-electrode setup 

using a Bio-Logic SP-200 potentiostat. The electrolyte used in the experiments is 0.5 M 

Na2SO4, 0.5 M KH2PO4 in Millipore water. The pH was measured to be 4.3 and the 

electrolyte was purged with high purity nitrogen for 15 minutes before the 

electrochemical measurements. Pt mesh and Ag/AgCl in saturated KCl solution were 

used as counter and reference electrodes, respectively. The potential measured versus 

Ag/AgCl was transferred to the RHE scale following the equation below: 

ERHE = EAg/AgCl + 0.0591 × pH+ 0.198, 

where EAg/AgCl is the potential measured experimentally and E0Ag/AgCl= 0.198 V at 

room-temperature. 

Linear sweep voltammetry was performed from 0.822 V/RHE to -0.178 V/RHE (0.8 

V/RHE to -0.2 V/RHE for solution-processed CBTSSe PEC devices) with a scan rate of 10 

mV/s from anodic to cathodic potentials. A 150 W Xe lamp with AM 1.5G filter was used 

as the simulated light source. Before each experiment, the light intensity was calibrated to 

100 mW/cm2 by a silicon photodetector. 

The half-cell solar to hydrogen (HC-STH) efficiency was calculated from the 

continuous LSV under illumination following the equation below: 

HC-STH = (|Jph| × (ERHE-EH+/H2) /Psun) × 100%, 
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where Jph is the measured photocurrent density at ERHE (under AM 1.5G 

illumination), EH+/H2 is the hydrogen evolution potential (0 VRHE), and Psun is the incident 

light power (100 mW/cm2). 

Incident photon to current efficiency (IPCE) was measured by a customized 

Newport-Oriel system powered by a 300 W Xe (Ozone free) lamp. The monochromic 

light from 900 nm to 300 nm was produced by a Cornerstone 130 1/8M monochromator. 

The irradiance was measured with a Newport 1918-R power meter, calibrated using a 

standard silicon photodetector. The IPCE is calculated by the following equation: 

IPCE = (|Jph|×1240/Plight/λ) ×100% 

3.2.5 Dissolved Hydrogen Measurements 

The dissolved hydrogen was measured using a Unisense hydrogen microsensor. 

Before the experiment, the microsensor was calibrated using 0.5 M Na2SO4, 0.5 M KH2PO4 

electrolyte saturated with hydrogen and deionized water. 

3.3 Results and Discussion 

3.3.1 PEC Devices Based on Vacuum-Deposited CBTSSe Thin Films 

First, the as-prepared CBTSSe (x≈3) was characterized with SEM and XRD. The 

XRD pattern of CBTSSe (x≈3) appears in Figure 15a. Except the Mo and Mo(S,Se)2 peaks, 

all the peaks are assigned to the trigonal CBTSSe phase with Miller indices.56, 75-76 Given 

the dependence of the unit cell parameters on the S:Se ratio56 and using a Pawley-fitting 
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method to refine the lattice parameters (a=b=6.590(3) Å  and c=16.457(5) Å ), it was 

confirmed that x≈3 in the current CBTSSe film, consistent with previous report.58 The top-

view SEM image is shown in Figure 15b, the CBTSSe film consists of large grains—i.e., 

greater than 1 µm across. This large grain microstructure is ideal for high-performance 

PEC devices, due to the reduced number of grain boundaries (less grain boundary 

recombination). After the CdS and TiO2 coating, cross sectional SEM image of the very 

thin TiO2/CdS/CBTSSe(x≈3) appears in Figure 15c. Room-temperature photoluminescence 

(PL) measurements were carried out to estimate the band gap of the CBTSSe(x≈3), 

determined to be approximately ~1.54 eV as depicted in Figure 15d. The PL peak position 

is within 10 meV of the bandgap position, as determined from the quantum efficiency 

data of an associated solar cell device.56, 58 
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Figure 15. XRD, SEM and PL of CBTSSe-based photocathodes. (a) X-ray diffraction 

(XRD) pattern for CBTSSe films (x≈3; film composition estimated by a unit cell 

refinement through a Pawley-fitting method, yielding a=b=6.590(3) Å and c=16.457(5) 

Å) deposited on Mo-coated glass. Peaks associated with the Mo and Mo(S,Se)2 

interfacial layer are noted. (b) SEM top-view image of CBTSSe(x≈3) film deposited on 

Mo-coated glass. (c) SEM cross-sectional image of CBTSSe(x≈3) film with TiO2/CdS 

layers. (d) Room-temperature photoluminescence (PL) spectrum for CBTSSe(x≈3) film, 

obtained using a 442 nm laser excitation source. 

The presence of a narrow PL peak (full-width-at-half-maximum=60 nm) indicates 

reduced cationic disordering in this material system compared to CZTSSe kesterite 

materials, and thereby reduced antisite-mediated recombination.55-56, 58 

After the materials characterization, LSV was used to characterize the prepared 

CBTSSe(x≈3) electrodes with different overlayers (Pt/CdS and Pt/TiO2/CdS) as shown in 
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Figure 16a. Both electrodes with and without TiO2 layers showed cathodic photocurrents, 

confirming the p-type nature of CBTSSe(x≈3). The onset potential and photocurrent 

density were significantly increased by the ALD-TiO2 overlayer, with the 

Pt/TiO2/CdS/CBTSSe(x≈3) electrode yielding a photocurrent of 12.08 mA/cm2 at 0 V/RHE 

and an onset potential of 0.56 V/RHE (defined as the potential where photocurrent reaches 

0.05 mA/cm2 under AM 1.5G illumination77). The Pt/CdS/CBTSSe (x≈3) electrode only 

exhibited a photocurrent of 0.33 mA/cm2 at 0 V/RHE and an onset potential of 0.3 V/RHE. 

During the ALD process, the CdS/CBTSSe(x≈3) electrode was annealed at 200 ℃ for 2 

hours and 36 minutes. Such long time annealing may improve the CdS/CBTSSe(x≈3) 

junction quality and influence its PEC performance. To decouple the effect of annealing 

from that of the TiO2 overlayer, CdS/CBTSSe(x≈3) samples were annealed at 200℃ in the 

ALD chamber for the same amount of time and tested with Pt catalyst. From Figure 16a, 

it can be seen that annealing significantly increases the photocurrent density of 

Pt/CdS/CBTSSe(x≈3), which reaches a value of 7.93 mA/cm2 at 0 V/RHE. The onset 

potential is found to be around 0.49 V/RHE.  

The PEC performance improvement of annealed Pt/CdS/CBTSSe(x≈3) could be 

ascribed to a better p-n junction quality. Compared to Pt/CBTSSe(x≈3) electrodes (with 

~0.1 mA/cm2 photocurrent density at 0 V/RHE in Figure 17),73  the  annealed CdS-coated 

CBTSSe(x≈3) electrode showed an improved onset potential and increased photocurrent 
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at 0 V/RHE, most likely as a result of the enhanced charge separation of the 

CdS/CBTSSe(x≈3) p-n junction. Also, the deeper valence band maximum (VBM) of CdS 

may block holes generated in the CBTSSe(x≈3) film from diffusing to the solid/electrolyte 

interface. The addition of a 30 nm-thick continuous and pin-hole free TiO2 layer,78 

deposited using an ALD method, further enhances the charge separation, leading to 

photocurrent improvement (from 7.93 mA/cm2 to 12.08 mA/cm2 at 0 V/RHE) and 

increased onset potential (from 0.49 V/RHE to 0.58 V/RHE). According to a recent study 

of the CBTS band structure79, CBTS has a high conduction band minimum (CBM) about -

3.7 eV vs vacuum compared to other chalcogenide materials.80 Additionally, in 

Cu2ZnSn(S,Se)4 system, Se incorporation did not shift the CBM much (~0.35eV).81 Based 

on the above literature, the band structure of Pt/TiO2/CdS/CBTSSe(x≈3) is estimated in 

Figure 16b. The high CBM and type II band alignment82 with CdS/TiO2 make 

Pt/TiO2/CdS/CBTSSe(x≈3) a promising photocathode to facilitate electron transfer from 

CBTSSe to the surface for hydrogen evolution reaction.83 
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Figure 16. Electrochemical characterization of the Pt/TiO2/CdS/CBTSSe(x≈3) 

photocathode. (a) LSV of Pt/TiO2/CdS/CBTSSe(x≈3) and Pt/CdS/CBTSSe(x≈3) 

structures in 0.5 M KH2PO4/0.5 M Na2SO4, with scan rate of 10 mV/s from positive to 

negative potential. (b) Band structure of the Pt/TiO2/CdS/CBTSSe(x≈3) photocathode 

and Pt photoanode. (c) Half-cell solar-to-hydrogen (HC-STH) efficiency from the LSVs 

of the Pt/CdS/CBTSSe(x≈3) and Pt/TiO2/CdS/CBTSSe(x≈3) electrodes. 

The HC-STH efficiency was calculated from the LSV curve of the 

Pt/TiO2/CdS/CBTSSe(x≈3) device under AM 1.5G illumination (Figure 16c), with highest 

efficiency of 1.09% achieved at 0.183 V vs RHE. In comparison, the maximum HC-STH 

efficiency of the annealed Pt/CdS/CBTSSe(x≈3) and Pt/CdS/CBTSSe(x≈3) devices are 0.58% 

at 0.154 V and 0.021% at 0.174 V. The illuminated open circuit potential was also 
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significantly improved by the ALD-TiO2 (see Figure 18a). The photopotential of the 

Pt/CdS/CBTSSe(x≈3) device was 0.16 V and much higher than without the CdS coating 

(~0.015 V in Figure 18b).73 With the ALD-TiO2 introduced into the device configuration, 

the photopotential increased to 0.46 V. Furthermore, for the Pt/CdS/CBTSSe(x≈3) 

electrode, the photopotential slightly decreased under illumination, indicating a 

photocorrosion process84, whereas the photopotential of the Pt/TiO2/CdS/CBTSSe(x≈3) 

device remained constant mainly due to the TiO2 protection layer. The excellent TiO2 

coverage provided by the ALD process prevents the electrolyte from contacting the 

CBTSSe (x≈3), which would allow recombination at the solid-electrolyte interface.  

 

Figure 17. Linear sweep voltammetry of Pt/CBTSSe(x≈3) in light and dark. The scan rate 

is 10 mV/s from anodic to cathodic potentials. The light is chopped on and off every 50 

mV. 
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Figure 18. (a) Photopotential of Pt/TiO2/CdS/CBTSSe(x≈3) and Pt/CdS/CBTSSe(x≈3) 

electrodes under an open circuit potential. (b) Photopotential of Pt/CBTSSe(x≈3). 

The incident photon-to-current efficiency (IPCE) measurement was used to 

characterize the photocurrent at different wavelengths from 300 to 900 nm. An IPCE 

spectrum for the Pt/TiO2/CdS/CBTSSe(x≈3) electrode at 0 V/RHE appears in Figure 19a. 

The IPCE value increases significantly when the wavelength is below 810 nm, with the 

inflection point of the IPCE derivative at 1.53 eV (≈810 nm as shown in Figure 20), in 

agreement with the PL measurement (Figure 15d). From 800 to 530 nm the IPCE value 

increases, reaching a highest value of 62.9% at 530 nm. The smooth drop of IPCE from 520 

to 400 nm likely arises due to absorption from the CdS window layer. From 400 to 300 nm, 

the IPCE value decreases rapidly since photons are significantly absorbed by the ALD-

TiO2 layer with multiple interface recombination pathways between TiO2 and the external 

circuit. Integrating the photocurrent under the AM 1.5G spectrum from the IPCE data 
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(Figure 19a) yields 12.29 mA/cm2, similar to the value obtained from the LSV 

measurement.  

 

Figure 19. IPCE and stability of the Pt/TiO2/CdS/CBTSSe(x≈3) electrode. (a) IPCE 

spectrum of the Pt/TiO2/CdS/CBTSSe(x≈3) electrode from 300 to 900 nm, measured at 0 

V vs RHE, and corresponding integrated photocurrent density under AM 1.5G solar 

illumination. (b) Chronoamperometry (CA) of the Pt/TiO2/CdS/CBTSSe(x≈3) electrode 

at 0 V/RHE under AM 1.5G illumination for 10 hours, showing the stability of 

Pt/TiO2/CdS/CBTSSe(x≈3) electrode. 
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Figure 20. Derivative of the IPCE spectrum as a function of wavelength. The inflection 

point indicates the bandgap of CBTSSe(x≈3) at ~1.53 eV. The device structure is 

Pt/CdS/TiO2/CBTSSe(x≈3). 

To examine the stability of the Pt/TiO2/CdS/CBTSSe (x≈3) electrodes, 

Chronoamperometry (CA) at 0 V/RHE was carried out for 10 hours (Figure 19b). During 

illumination, the photocurrent gradually increased (in absolute value) from 12 to 13.2 

mA/cm2 for the first 3 hours. The photocurrent increase can be ascribed to the filling and 

passivation of traps in the materials during the test. Such an increase has also been 

observed in halide treated CIGSe photcathodes.53 After 3 hours, the photocurrent 

remained consistent without significant decrease for the rest of the test, indicating 

excellent stability of the Pt/TiO2/CdS/CBTSSe (x≈3) electrode. The light was chopped off 

for 8 min after 4 hours and 10 hours to monitor the dark current density. The dark current 

density remained ~0 mA/cm2 as shown in Figure 19b, indicating that the surface 

composition of the electrode did not change significantly. Top-view SEM image of the 
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Pt/TiO2/CdS/CBTSSe (x≈3) electrode (Figure 21) supports the absence of photocorrosion-

related degradation.  

 

Figure 21. Representative top-view SEM of Pt/TiO2/CdS/CBTSSe(x≈3) electrode before 

(a) and after (b) the stability test. No visible change is observed in the SEM images. 

After the stability test, LSV (Figure 22a) was performed again and it was found 

that the HC-STH efficiency improved significantly compared to the pre-test value, 

increasing from 1.09% at 0.183 V/RHE to 1.85% at 0.25 V/RHE (Figure 22b). However, the 

J-V curve gradually recovered to the initial level after multiple LSV scans in light, 

indicating that the passivated states slowly revert to their original configurations (Figure 

23).  
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Figure 22. LSV and HC-STH of the Pt/TiO2/CdS/CBTSSe(x≈3) electrode. (a) LSV of 

Pt/TiO2/CdS/CBTSSe(x≈3) before and after the 10 hours stability test. (b) The half-cell 

solar-to-hydrogen efficiency (HC-STH) of Pt/TiO2/CdS/CBTSSe(x≈3) before the 10 

hours stability test and after the 10 hours stability. 

 

Figure 23. Photocurrent ratio of Pt/TiO2/CdS/CBTSSe(x≈3) versus the LSV cycles. (in 

light) after the 10 hours stability test. Photocurrent ratio is defined as the photocurrent 

after the stability test divided by the photocurrent before the stability test at 0 V/RHE.  

Finally, dissolved hydrogen was measured for one hour (Figure 24). Due to its low 

solubility and diffusion from the photoelectrode to the hydrogen microprobe, dissolved 
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hydrogen is only detected around 10 minutes after light was turned on. The dissolved 

hydrogen amount increases linearly and reaches 93 µmol from 10 to 70 minutes after the 

experiment starts. This indicate approximately 63% of the generated hydrogen is 

dissolved in the electrolyte (assuming columbic efficiency is 100%, ~147 µmol hydrogen 

should be converted). After light is turned off, the dissolved hydrogen amount begins to 

decrease, as hydrogen gas evolves out of the electrolyte and no more hydrogen is 

generated. 

 

Figure 24. Dissolved hydrogen measurement in the three-electrode configuration  

under AM 1.5G illumination at 0 V/RHE and the corresponding photocurrent density-

time curve of a Pt/TiO2/CdS/CBTSSe(x≈3) electrode. The illuminated area is 0.687 cm2. 
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3.3.2 PEC Devices Based on Solution-Processed CBTSSe Thin Films 

To lower the fabrication cost and improve the process throughput of CBTSSe PEC 

photocathode, solar water splitting photocathodes based on the solution-processed 

CBTSSe films (6 layers with the total thickness of around 600 nm) were fabricated with 

the electrode scheme same to vacuum deposited CBTSSe PEC device. The scheme is 

shown in Figure 26a. 0.5 M Na2SO4, 0.5 M KH2PO4 (pH=4.3) was used as the electrolyte 

for all the experiments.  

The photopotential of the Pt/TiO2/CdS/CBTSSe electrode was first measured under 

open circuit potential conditions (blue curve in Figure 25) and steady AM 1.5G 

illumination, yielding 0.22 V as a result of the quasi Fermi level splitting.85 Large 

recombination spikes appear after initiating the “light on” condition, indicating slow 

kinetics at the electrode/electrolyte interface and the likely presence of surface states. After 

switching the light off, the potential drops quickly and then slowly rise to a more anodic 

value. This peculiar behavior is possibly due to the diffusion and drift of trapped electrons 

(holes) during the illumination to the solid electrolyte interface (back counter electrode).86 
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Figure 25. Photopotential of the Pt/TiO2/CdS/CBTSSe electrode at open circuit potential 

before and after the stability test. The electrode was illuminated by simulated sunlight 

(AM 1.5G). 

Linear sweep voltammetry (LSV) of the Pt/TiO2/CdS/CBTSSe photocathode 

(Figure 26b) yields a photocurrent density of 10 mA/cm2 at 0 V/RHE. The high 

photocurrent density (comparable to vacuum-processed CBTSSe photocathodes)87 

indicates the excellent optoelectronic properties of the solution-processed CBTSSe films. 

The onset potential of the Pt/TiO2/CdS/CBTSSe structure, 0.56 V/RHE  (arbitrarily set as 

the potential where the photocurrent reaches -0.05mA/cm2), benefits from the band 

alignment provided by the TiO2/CdS overlayers and also points to the high quality of the 

solution-processed device. The half-cell solar-to-hydrogen efficiency (HC-STH), 
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calculated from the continuous current density-potential curve (Figure 26b), yields a 

maximum efficiency of 0.89 % at 0.175 V/RHE, which is at a similar level compared to the 

vacuum-based CBTSSe photocathode.87 

 

Figure 26. Photoelectrochemical characterization of the solution-processed CBTSSe-

based photocathode. (a) Scheme of the Pt/CdS/TiO2/CBTSSe photocathode. (b) Linear 

sweep voltammetry of the Pt/CdS/TiO2/CBTSSe photocathode before and after the 

stability test. The electrode was tested under illumination of simulated sunlight (AM 

1.5G). The scan rate is 10 mV/s from anodic potential to cathodic potential. The HC-

STH curves derived from the linear sweep voltammetry are shown in Figure 27. (c) 

Incident photon to current efficiency of the Pt/CdS/TiO2/CBTSSe photocathode at 0 

V/RHE. (d) Stability test of the Pt/CdS/TiO2/CBTSSe structure for 10 hours under 

illumination of simulated sunlight (AM 1.5G). The potential was kept at 0 V/RHE. 
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Figure 27. Half-cell solar-to-hydrogen efficiency (HC-STH) of the Pt/TiO2/CdS/CBTSSe 

photocathode before and after the stability test. The HC-STH was calculated from the 

linear sweep voltammetry of the Pt/TiO2/CdS/CBTSSe under simulated sunlight (AM 

1.5G) illumination. 

Incident photon to current efficiency (IPCE) was measured on the 

Pt/TiO2/CdS/CBTSSe photocathode at 0 V/RHE (Figure 26c). Fitting to the long 

wavelength cut-off of the IPCE data, the bandgap of CBTSSe is determined to be 1.64 eV 

(Figure 28). The photocurrent calculated by integrating the IPCE data under an AM 1.5G 

spectrum is ~11 mA/cm2, also in good agreement with the LSV results. The relatively high 

IPCE value from 400 nm to 750 nm and the sharp absorption edge in the long wavelength 

range suggest a reasonably long minority diffusion length, moderate levels of bulk defects 

and less band tailing in the solution-processed CBTSSe films relative to CZTSSe. 
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Figure 28. Plot of (αhυ)2 versus photon energy hυ to evaluate the bandgap of solution-

processed CBTSSe from the IPCE data. 

A stability test of the Pt/TiO2/CdS/CBTSSe photocathode was performed at 0 

V/RHE for 10 hours under simulated AM 1.5G sunlight (Figure 26d). No photocurrent 

decrease was observed during the test, implying good device protection was obtained 

from the TiO2/CdS overlayers. In the stability test, the light was switched off for 10 

minutes after 3 hours to check the dark current, yielding a low value of -2.5 µA/cm2, 

similar to that (-0.8 µA/cm2) before the test. The consistent dark current indicates that the 

electrode surface remains unchanged after the relatively long duration of the test. It is 

worth noting that the absolute photocurrent density increases from ~10 mA/cm2 to ~12 

mA/cm2 during the stability test. Similar photocurrent increase was also observed for 

vacuum-processed CBTSSe photocathodes.87 The photocurrent increase has been 
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attributed to trap states filling at the CBTSSe/CdS interface88-89 and the passivation effect 

is found to be long-lived, as shown in the red LSV curves after the stability test in Figure 

26b. Multiple LSV scans in light were performed to check the stability of the increased 

photocurrent (Figure 29) and photopotential measurements were performed to 

investigate the charge separation property of the photocathode after the stability test 

(Figure 25).  

 

Figure 29. Photocurrent ratio versus Linear sweep voltammetry (LSV) cycle number for 

the Pt/TiO2/CdS/CBTSSe photocathode after the stability test. Photocurrent ratio is 

defined as the photocurrent (at 0 V/RHE) after the stability test at a given cycle divided 

by the photocurrent before the stability test. The photopotential was measured 

between the 8th and 9th cycles.  

In Figure 29, the photocurrent ratio at 0 V/RHE after relative to before the stability 

test is plotted versus the number of LSV cycles. The photocurrent ratio decreases slightly 
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after each LSV cycle but remains larger than 1.2 even after the photopotential 

measurement. This result deviates from previous literature reports88-89 for which the 

photocurrent quickly restores to its initial value after anodic potentials are applied to 

empty the filled trap states. The photopotential also significantly improves from 0.22 V to 

0.41 V, with smaller transient peaks, as seen in Figure 25.  

 

Figure 30. Cross section SEM of a Pt/TiO2/CdS/CBTSSe electrode after a 10-hour 

stability test. (a) Cross section SEM of a Pt/TiO2/CdS/CBTSSe electrode after a 10-hour 

stability test with a small magnification scale (2 µm); (b) Cross section SEM of the 

Pt/TiO2/CdS/CBTSSe electrode after a 10-hour stability test with a large magnification 

scale (500 nm). 

Under steady illumination, the photopotential is created by the balance of 

electron-hole pair generation, separation and recombination. Therefore, the 

photopotential improvement implies less recombination, enhanced charge separation 

inside the photocathode or possibly higher light absorption. As a result, the HC-STH 

increases from 0.89% at 0.175 V/RHE to 1.75% at 0.239 V/RHE after the stability test (Figure 
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27). After the electrochemical test, cross section SEM images were taken and shown in 

Figure 30. It can be seen that the TiO2/CdS/CBTSSe layered structure was well preserved 

(Figure 30b) even after extended electrochemical measurements, indicating the excellent 

stability of the Pt/TiO2/CdS/CBTSSe photocathode.  

3.4 Conclusion 

In conclusion, for vacuum deposited CBTSSe thin film, a high-performance 

Pt/TiO2/CdS/CBTSSe(x≈3) photocathode with improved stability was prepared by a two-

step method (co-sputtering and post-annealing). A bilayer of CBD-CdS and ALD-TiO2 on 

the CBTSSe (i.e., Pt/TiO2/CdS/CBTSSe(x≈3)) significantly improved the photocurrent and 

onset potential of CBTSSe-based PEC cells. A photocurrent of 12.08 mA/cm2 was obtained 

at 0 V/RHE, which is the highest value reported for CBTSSe-based PEC devices. The 

Pt/TiO2/CdS/CBTSSe(x≈3) electrode generated a stable photocurrent at 0 V/RHE for more 

than 10 hours under AM1.5G illumination. Compared to the best performance CZTS-

based photocathodes51, 90, the current CBTSSe(x≈3)-based photocathode shows higher 

photocurrent (e.g., 15.52 mA/cm2 at -0.15 V/RHE vs 13 mA/cm2 at -0.2 V/RHE for the 

CZTS-based photocathode90) and similar HC-STH (1.09% and 1.85% for the CBTSSe(x≈3)-

based photocathode before and after the stability test, respectively, vs 1.63% for the 

CZTS-based photocathode51). Although the PEC performance of the CBTSSe(x≈3)-based 

photocathode is currently lower than that for the best CIGS based photocathode50 (30 
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mA/cm2 at 0 V/RHE and 8.5% HC-STH), the CBTSSe films are composed of earth 

abundant metals, whereas the scarce/expensive elements (In and Ga) in CIGS films may 

limit the scalability and fabrication cost for this technology. Additionally, the 10 hours 

stability of the CBTSSe(x≈3)-based photocathode outperforms the above mentioned 

CZTS- and CIGS-based photocathodes. The same photocathode structure was fabricated 

with a solution-processed CBTSSe thin film yielding similar photoelectrochemical 

performance as the vacuum deposited CBTSSe PEC device, thereby demonstrating the 

possibility of low cost, high performance and commercially available PEC devices based 

on CBTSSe material.  
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4. Highly Stretchable Supercapacitors via Crumpled 
Vertically Aligned CNT Forest1 

4.1 Introduction 

Stretchable electronics have received increasing attention due to their broad 

applications in the emerging wearable devices, biomedical devices, epidermal and 

biointegrated electronics that must sustain large deformations and conform to surfaces 

with complicated geometries while maintaining their normal functions and reliability.17, 

91-99 Examples include interconnects,100 loudspeakers,98, 101 pressure and strain sensors,92, 102 

temperature sensors,103 light emitting diodes (LEDs),36, 104-105 radio frequency (RF) 

devices,106 field effect transistors,107 epidermal electronics,91 and integrated circuits.97  To 

integrate these stretchable electronics into a power-independent stretchable system, 

stretchable energy conversion/storage devices become of paramount importance.40, 108-110 

Although over the decades, stretchable energy conversion devices like organic solar 

cells,99 triboelectric nanogenerators (TENGs),111-112 and various piezoelectric devices113-

114have been of great interest, energy storage devices such as electrochemical 

supercapacitors (SCs) have also been intensively explored for various applications. Their 

unique features of fast charge–discharge rate, high power density, long operation life, and 

                                                      

1 The idea of the work was first proposed by Dr. Changyong Cao, the work was completed by Dr. 

Changyong Cao and Yihao Zhou together with equal contribution. Dr. Stephen Ubnoske also contributed 

significantly on the synthesis of CNT samples. 
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modest energy density, complement  batteies.26, 110, 115-117 However, most of the existing 

stretchable supercapacitors can only be stretched in one direction whereas retaining 

functionality during multidirectional stretching is essential for many applications. 

Moreover, many of the stretchable supercapacitors are affected by the applied strains, and 

are easily damaged if unexpected stretching happens to be larger than the predefined 

stretchability of the device in fabrication.118-119  

Among the available materials, carbon-based nanomaterials have been extensively 

utilized for stretchable supercapacitor electrodes due to their high specific surface area, 

structural integrity and low cost.40, 110, 120-125 For example, Yu et al. presented stretchable 

supercapacitors based on two periodically sinusoidal single-walled carbon nanotube 

(SWCNT) macrofilm electrodes, a polymeric separator and an organic electrolyte.109 The 

electrochemical performance of their stretchable supercapacitors remained unchanged 

even under 30% applied tensile strain. Chen et al. reported a stretchable CNT-wrapped 

fiber-shaped supercapacitor with high performance.126 In another demonstration, Zang et. 

al utilized graphene paper origami to fabricate highly stretchable all-solid-state 

supercapacitors capable of areal stretchability of 800%.40 In regard to fabrication, a few 

different strategies have been proposed for designing highly stretchable supercapacitors, 

including the wavy-shape design, wire-shape design, textile-shape design, kirigami-

shape design, origami-shape design and serpentine bridge-island design.109, 118-119, 127-130 In 
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the wavy-shape design, by harnessing mechanical instabilities, electrically conducting 

thin films or ribbons are first created or bonded on a prestrained substrate, followed by 

subsequent release of tensile strains in the substrate, resulting in self-assembled wavy-

shaped or buckled structures. The instability patterns/structures enable the inherently 

non-stretchable materials to be employed as electrodes and interconnects that can 

withstand stretching without appreciable degradation in electrical performance.40, 108-109, 131-

132 

In this chapter,  a new type of highly stretchable and reliable supercapacitor based 

on crumpled vertically aligned carbon nanotube (CNT) forest transferred to an elastomer 

substrate was reported. The stretchable supercapacitors consist of two crumpled CNT 

forest electrodes, and one solid-state electrolyte layer of PVA-KCl, which also serves as a 

separator for the supercapacitor. The CNT forests were first transferred onto the 

prestrained elastomer substrate with the assistance of a thermal annealing process. Then, 

a thin layer of PVA-KCl gel was caste onto the CNT forest electrodes as the electrolyte and 

separator. After that, the two stretchable electrodes from crumpled CNT forests covered 

with the gel electrolyte, were assembled together to form a stretchable SC device. The 

crumpled CNT forest electrodes have two major advantages: (1) CNT forests are very 

stable and can be easily patterned by annealing-assisted contact transfer, and (2) the 

vertical CNT forests have a larger surface area than a convention thin film, and can be 
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easily modified to be hybrid supercapacitors, particularly in the crumpled states. 

Additionally, the three-dimensionally interconnected CNT forest on the top layer enables 

electrical conductivity under stretching deformations even larger than the prestrains 

defined in the fabrication. This simple method makes it possible to fabricate mechanically 

reliable, robust, wavy stretchable electrode with improved performance. Electrochemical 

measurements demonstrated that the resultant stretchable crumpled CNT forest 

electrodes and supercapacitors possessed good energy and power densities, comparable 

with previous CNT supercapacitors in literature,133-134 and the electrochemical 

performance of the stretchable supercapacitors showed little variation even under applied 

tensile strains of 300%.  

4.2 Experimental Methods 

4.2.1 Carbon Nanotube Growth Using PECVD Method 

CNT forests were grown by Plasma Enhanced Chemical Vapor Deposition 

(PECVD). An n-type silicon substrate (100) wafer was first coated with a 5 nm layer of 

iron catalyst using a CHA electron beam evaporation system. The substrate was then 

placed on a quartz plate inside the 915 MHz PECVD reactor and pumped down to ~33 

mTorr for CNT growth. The growth of a CNT forest can be divided into three stages: heat 

up, pretreatment, and growth. During the heat up stage, the substrate was heated to 850 

℃ under 100 sccm NH3 gas flow for 120 s. Before pretreatment, the plasma was cured in 
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the reaction chamber by the low magnetron power microwaves. Then, the chamber 

pressure and input magnetron power were simultaneously increased to 21.5 Torr and 2.1 

kW. In the pretreatment stage, substrates were exposed to NH3 plasma at constant 

temperature (850 ℃) and pressure (21.5 Torr) for 180 s. In the heat up and pretreatment 

process, the iron film dewetted and formed nano islands on the substrate which 

functioned as the catalyst for CNT growth (Figure 31). In the growth stage, the flow rate 

of NH3 was decreased to 50 sccm and mixed with 150 sccm of methane gas (CH4/NH3=3:1) 

to grow the vertically aligned CNT forest. The height of the CNT forest can be simply 

tuned by the growth time. 300 s was used in order to grow vertically aligned CNT films 

with 20-30 µm thickness (i.e., height of the CNT forest). 
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Figure 31. Top-view SEM of Fe/Si substrate after the heat-up and pretreatment stages.  

Nano islands of Fe from 10 nm to 100 nm were uniformed distributed on the Si 

substrate. 

4.2.2 Thermal Annealing of the Carbon Nanotube Forest 

To fabricate stretchable CNT forest supercapacitors, the as grown vertically 

aligned CNT forests were transferred from the silicon substrate to a stretchable elastomer. 

To facilitate the transfer, the as-grown CNT forest was annealed on a hotplate at 490 ℃ 

for 3 minutes in ambient atmosphere. The catalyst particles remaining at the root of CNTs 

will facilitate the etching of active carbon atoms in a slight oxidation environment when 

they are exposed to thermal annealing, leading to the easier transferring or peeling off of 

the CNT forest from the wafer (Figure 33a).135 The oxygen treatment can purify the CNT 
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forest (removing carbonaceous impurities) and introduce hydrophilic oxygenated 

functional groups which benefits the capacitance.136-137  

4.2.3 Transfer CNT Forest to Elastomer Substrate 

After annealing, the CNT forest on the Si wafer was able to be easily transferred 

onto prestretched elastomer substrates (VHB 4910, 3M Inc.). First, the elastomer substrate 

was either uniaxially or biaxially prestretched to a specific strain and fixed on the stretcher 

for stabilization. The side of the silicon wafer with CNT forest was then pressed onto the 

prestretched VHB film for approximately 5 minutes, then slowly peeled off the wafer to 

transfer the forest onto the prestretched substrate (Figure 34a). After the transfer, the 

prestretched elastomer was released in one or two orthogonal directions sequentially to 

form the uniaxially or biaxially crumpled CNT forest electrodes.  Note that the CNT is 

intertwined with each other at the top section forming a CNT network (Figure 32), which 

makes the electric integrity of the electrode possible after the transfer process.  
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x  

Figure 32. Top-view SEM of vertically aligned CNT forest showing the intertwined 

feature which keeps the electric integrity after the transfer process. 

4.2.4 Raman Spectroscopy of the Carbon Nanotube Forest  

Raman spectroscopy was performed on the CNT forest before and after oxygen 

treatment with a 633 nm laser excitation using a Horiba Jobin Yvon LabRAM ARAMIS 

system. Wavenumbers between 1000 cm-1 to 1800 cm-1 were tested. The result is shown in 

Figure 33b. Three peaks can be observed in the Figure: 1324 cm-1(D band), 1571 cm-1(G 

band) and 1604 cm-1(D’ band). The 1324 cm-1 peak is the D peak of CNT forest caused by 

the double resonant Raman scattering process from a non-zero-center mode138, which 

characterizes the amorphous and disorder carbon in the CNT forest. These defects and 

disorders also lead to the D’ peak (1604 cm-1) forming the shoulder of G peak at higher 

frequencies. The G peak of the CNT forest at 1571 cm-1 is the in plane tangential stretching 

of the C-C bonds in graphene sheets. The Raman spectroscopy before and after the oxygen 
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treatment are similar indicating that the treatment did not change the defect density of 

CNT forest. 

 

Figure 33. Pretreatment of the CNT forest samples for dry transferring onto the 

prestretched elastomer substrate. (a) Cross section SEM images of the CNT forest on 

silicon wafer after annealing at hotplate for 5 min at 490 ℃. (b) Raman spectrum and 

(c) XPS of the CNT forest before annealing and after annealing. There is no obvious 

difference observed.  

4.2.5 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) was used to characterize the surface 

composition of the CNT forest before and after oxygen treatment. XPS was conducted 
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using a Kratos Analytic Axis Ultra instrument with a monochromated Al Kα X-ray source 

(1486.69 eV) operated at 15 kV and 10 mA (150 W) in a 5×10-8 Torr ultra-vacuum chamber. 

Initially, survey scans were performed with a passing energy of 160 eV from 1200 eV to -

5 eV binding energy at 1 eV increments. Each step was integrated from 200 ms and 2 

sweeps were averaged for the entire spectrum. The XPS result appears in Figure 33c. Two 

elements were identified in the spectrum: carbon and oxygen. The oxygen content 

increased after the annealing as expected.  

4.2.6 Fabrication of All Solid-State Stretchable CNT Forest 
Supercapacitors 

2.5 g poly (vinyl) alcohol (PVA, MW 146,000-186,000, Sigma-Aldrich Inc.) was 

dissolved into 25 mL deionized water. The solution was heated up to 90 ℃ for 1 h with 

stirring until it became clear. Approximately 3 g KCl (VWR ANALYTICAL) was then 

added into the solution and stirred for another 10 min. The prepared PVA-KCl solution 

was then degassed in a vacuum desiccator to remove the bubbles. The PVA-KCl gel was 

cast onto the stretched CNT forest electrodes. A small margin area was left uncovered for 

placing a Pt wire to connect with the potentiostat for electrochemical measurements. After 

30 min dry in air and 5 min dry using an air drier, the two prestretched CNT forest 

electrodes were pressed together. The PVA-KCl gel serves as both electrolyte and 

separator. Uniaxially and biaxially crumpled supercapacitor (300% stretchability and 

200% × 200% stretchability) were fabricated in this chapter. The assembled device was 
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then tested by a standard two-electrode setup. The tests performed to the assembled 

devices are described in section 4.2.7.  

4.2.7 Electrochemical Measurements and Calculation 

The crumpled CNT forest electrode (300% stretchability for uniaxially stretchable 

CNT forest electrode and 300% × 300% for biaxially stretchable CNT forest) was tested in 

a three-electrode setup at room temperature using a Bio-logic SP-300 potential station. 

Ag/AgCl in saturated KCl solution was used as the reference electrode and Pt mesh was 

used as the counter electrode. 1 M KCl solution was used as the electrolyte. Cyclic 

voltammetry (CV) was performed to characterize the electrochemical performance of the 

crumpled CNT forest electrode. The scan rate was varied from 20 mV/s to 200 mV/s. 

Electrochemical impedance spectroscopy (EIS) was used to achieve impedance spectra. 

The frequency range was from 200 kHz to 0.1 Hz and the sinusoidal potential amplitude 

was 10 mV. The EIS spectrum was recorded at open circuit potential for the crumpled 

electrode of CNT forest. Galvanostatic charge/discharge (GCD) was performed to 

characterize the specific areal capacitance of the crumpled CNT forest electrodes. The 

current density was tested from 0.1 mA/cm2 to 5 mA/cm2. The voltage range was scanned 

from 0 V to 0.8 V vs Ag/AgCl. The capacitance was calculated as: 

𝐶 =
𝐼

𝑑𝑉/𝑑𝑡
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where I is the current density, dV/dt is the slope of the discharge voltage-time 

curve. 

For measuring the crumpled CNT forest based supercapacitor, a two-electrode 

setup was used. The CV, EIS and galvanostatic charge/discharge were measured to 

evaluate the electrochemical performance of the supercapacitors. The CV scan rate was 

varied from 20 mV/s to 200 mV/s. The EIS spectrum was tested at 0 V (fixed for 2 min 

before the measurements) with the same setting of the single electrode measurements. 

The galvanostatic charge/discharge was measured from 0 V to 0.8 V at the current density 

from 0.1 mA/cm2 to 5 mA/cm2.  

Chronoamperometry (CA) was applied to test the leakage current of the crumpled 

CNT forest supercapacitors. The supercapacitor was charged to 0.8 V and kept at 0.8 V for 

12 hours. The leakage current was recorded versus time. The self-discharge property of 

the crumpled CNT forest supercapacitor was recorded by the open circuit voltage (OCV) 

drop immediately after the leakage current test. The OCV was recorded versus time until 

it dropped to more than 50% of the original value. All the capacitance and current were 

normalized to the nominal surface area under the relaxed state (0% strain or 0% × 0% 

strain). The volumetric and area capacitance are more accurate than the gravimetric values 

and reflect the true performance of a supercapacitor.139-141 The volumetric energy density 
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and power density of crumpled CNT forest supercapacitors were calculated based on the 

galvanostatic charge/discharge curves for the devices without strains.  

4.3 Results and Discussion 

Figure 34 illustrates the fabrication process for preparing a stretchable CNT forest 

electrode bonded on an elastomer substrate. The multi-wall CNT forest was grown by 

plasma-enhanced chemical vapor deposition (PECVD) with a thin seeding layer of Fe 

catalyst (~5 nm) on the silicon wafer. The as-grown CNT forest sample was then annealed 

on top of a hotplate at a temperature of 490 ℃ for 3 min. Due to the localized oxidation at 

the bottom of the CNT forest, most CNTs were broken at the interface of the tube with the 

catalysts (Figure 33a). This led to easy detachment of the CNT forest from the Si wafer, 

which greatly facilitated the dry transfer process (Figure 35). Examination by XPS and 

Raman showed that the annealing process did not change the properties of the CNT forest 

significantly. From the XPS spectrum, it was observed that the oxygen concentration after 

annealing was slightly increased from 0.71% to 3.71% (Figure 33c), which was attributed 

to the keto, carboxyl and hydroxyl groups on the CNT surface introduced by oxygen 

annealing. It should be noted that these surface groups are pseudocapacitve and would 

benefit the total capacitance of the electrodes.142-143 In addition, as shown in Figure 33b, the 

Raman spectroscopy revealed that the three peaks, 1324 cm-1(D band), 1571 cm-1 (G band) 

and 1604 cm-1 (D’ band) before and after the oxygen treatment are similar (before 
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ID/IG≈1.487 and after ID/IG≈1.494), indicating the treatment did not significantly change the 

defect density of CNT forest.  

After annealing, the pretreated sample was then stamped onto the prestretched 

elastomer film, VHB 4910 (acrylic, 1 mm thick, 3M Inc., US). In this stamping step, the 

elastomer and the wafer were pressed together manually to obtain a better bonding 

strength between CNT forest and the elastomer. The prestrain applied on the elastomer 

film can be either uniaxial or biaxial to fabricate uniaxially or biaxially (two orthogonal 

in-plane directions) stretchable electrodes (Figure 35). For easy illustration, we define the 

prestrains as 𝜀𝑝𝑟𝑒1 = 𝛥𝐿1/𝐿1 and 𝜀𝑝𝑟𝑒2 = 𝛥𝐿2/𝐿2, where 𝐿1 and 𝐿2 are the orthogonal side 

lengths of the undeformed elastomer, and 𝛥𝐿1 and 𝛥𝐿2 are the corresponding changes in 

lengths in the deformed elastomer. The large prestrains can be applied according to the 

stretchability requirement of the final devices in the range of 0% to 300%. After peeling 

the wafer off, the prestrains stored in the elastomer substrates were relaxed along one 

direction or two directions sequentially to crumple the vertically aligned CNT forest 

(Figure 35c and 35d). Self-assembled patterns were formed due to the mismatched strains 

and different materials properties of the CNT forest and the elastomer substrate. The 

wavelength and amplitude of the patterns can be reversibly tuned by relaxing and 

stretching the substrates.144-145 While similar hierarchical patterns have been fabricated in 

nanofilms resting on highly compressed elastomers,144-146 this is the first demonstration of 
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crumpling vertically aligned CNT forest on substrates, resulting in completely different 

type of structures. For the uniaxial relax of the sample, periodical sinusoidal 

wrinkles/ridges were formed due to the buckling of the vertically aligned CNT forest layer 

(Figure 34c). It can be seen that the CNT forest remained vertically aligned and protruded 

out of the substrate forming a hierarchical micro/nano structural surface, like a unique 

“CNT carpet”.147 On the other hand, if the prestrains in the biaxially stretched substrates 

are sequentially released, a randomly wrinkled hierarchical structure across three 

different length scales is formed, as shown in Figure 34d. It is noted that the wavelength 

of the wrinkled CNT forest can be tuned by changing the height of the CNT forest (Figure 

34b). When the relaxed elastomer film is uniaxially or biaxially stretched again, the 

crumpled CNT forest will be unfolded, resulting in the decreased amplitude and 

increased wavelength of the ridge patterns. Owing to the flexibility and intertwined 

networks formed in the crumpled CNT forests (Figure 32), the CNT forest can maintain 

good electrical conductivity over the cyclic crumpling/stretching processes, enabling 

extremely stretchable and robust electrodes for supercapacitors.  
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Figure 34. Fabrication and SEM of crumpled CNT forest electrodes. (a) Schematic 

fabrication process flow for stretchable supercapacitor electrodes from PECVD growth 

multi-wall CNTs forest, including; (I) growth of vertically aligned CNT forest on 

silicon wafer covered with 5 nm Fe catalyst, (II) Pretreatment of the samples under 490 

℃ in air for 5 min, and then pressing the CNTs topside down onto a biaxially or 

uniaxially prestretched elastomer substrate (300% × 300% strain),  (III) Peeling off the 

wafer from the elastomer substrate, (IV) Relaxation of the prestrain in the elastomer 

along the first direction, after the stabilization and (V) Relax the prestrain in its second 

orthogonal direction. (b) Cross-section SEM image of CNT forest grown on the silicon 

wafer by CVD for 300 s. The height of the CNT is around 20 µm. (c) SEM image of the 

parallel ridge pattern from the CNT forest on an elastomer substrate after relaxation in 

one direction. (d) SEM image of the crumpled pattern formed by the CNT forest on a 

fully relaxed elastomer substrate (300% × 300%).  The scale bar in (b) is 10 µm and that 

in (c) and (d) is 100 µm.  
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Figure 35. Transfer of CNT forest from silicon wafer onto prestretched elastomer 

substrate. (a) Optical image of the CNT forest on silicon wafer. (b) Optical image of the 

surface of the silicon wafer after CNT forest was transferred. Transferred CNT forest 

on the elastomer substrate: (c) before and (d) after relaxation of the uniaxial strain.  

The as-prepared crumpled CNT forests (both uniaxially and biaxially) were then 

tested as electrodes for supercapacitors. Figure 36a shows CV curves of a representative 

crumpled CNT forest electrode, measured in 1.0 M KCl solution at the scan rates of 20 

mV/s, 50 mV/s, 100 mV/s, and 200 mV/s, respectively.  The tested electrode was formed 

by a uniaxial prestrain of 300%. The CV curves remained rectangular at all scan rates, 

indicating the outstanding rate capability due to the easily accessible porous structures of 

aligned CNT forest. Additionally, the CNT network at the bottom of the CNT forest 
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significantly reduced the series resistance of the CNT forest electrode and contributed to 

the good rate capability. The galvanostatic charge/discharge measurements were 

performed on the uniaxially crumpled CNT forest electrode at different current densities 

from 0.5 mA/cm2 to 5 mA/cm2 (Figure 36b). The triangular shape of the charge/discharge 

curves together with the rectangular shape of CV curves confirmed the electric double 

layer (EDL) charge storage mechanism of the stretchable CNT forest electrodes.  

As shown in Figure 36c, the CV curves of CNT forest electrodes exhibited little 

variation when subjected to different applied strains from 0% to 300%, indicating the 

robust electrochemical performance of the CNT forest electrode under large mechanical 

deformations. Such excellent performance was further confirmed by the similar 

charge/discharge time of the electrode under different strains (Figure 36d). The 

electrochemical impedance spectroscopy (EIS) measurements were also performed at 

open circuit potential (OCP) under different strains to study the charge transfer properties 

of the uniaxially crumpled CNT-electrodes (Figure 36e). It was observed that slight 

differences in capacitance for different strains appeared at high or middle frequency range 

(i.e., shape and size of semicircles are slightly different for different strain states as shown 

in the inset of Figure 36e) due to the microstructural changes in the CNT forest induced 

by different strains. However, at low frequencies, where maximum capacitance is 

achieved, the CNT forest electrode showed very similar electrochemical capacitance 
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under different strains. The specific capacitance of uniaxially crumpled CNT forest 

electrode at different charge/discharge current densities under the stretch strains of 0%, 

100%, 200% and 300% is presented in Figure 36f. It was found that at lower current density 

(i.e., 0.1 mA/cm2), a high specific capacitance of 5 mF/cm2 can be achieved and the specific 

capacitances of the electrodes are nearly identical when subjected to different strains up 

to 300%. When the current density increased to 5 mA/cm2, the specific capacitance 

decreased to 2.77 mF/cm2 at low strains (i.e., 0%) and 1.7 mF/cm2 at high strains (i.e., 300%), 

indicating that the capacitance was more significantly affected by the applied strains at 

high charge/discharge rate. This phenomenon is attributed to the stretching induced 

resistance change in CNT forest network. Although the CNT network provided the 

intertwined electric integrity after the transfer process (Figure 32), the relaxation process 

reduced the distance between individual CNTs, leading to a better electrical contact 

within CNT network and thus reducing the film resistance significantly. 
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Figure 36. Electrochemical performance of the crumpled CNT forest electrodes under 

large uniaxial deformations. (a) CV curves of a representative crumpled CNT forest 

electrode measured at scan rates of 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. The 

electrodes were formed by a uniaxial prestrain of 300%. (b) The constant current 

charge/discharge curves measured at 0.5, 0.1, 2, 5 mA/cm2. (c) CV curves of the crumpled 

CNT forest electrodes subjected to uniaxial strains of 0%, 100%, 200%, and 300% and 

measured at a scan rate of 50 mV/s. (d) The constant current charge/discharge curves of 

the same electrode subjected to uniaxial strains of 0%, 100%, 200%, and 300% and 

measured at 1 mA/cm2. (e) The Nyquist impedance plot of the uniaxially crumpled 

CNT forest electrode in different strain states. (f) Variation of the specific capacitance 

measured at different charge/discharge current densities (𝑰𝒔= 0.1, 0.5, 1.0, 2.0, and 5 

mA/cm2) when subjected to different uniaxial strains. The tests were carried out in 1.0 

M KCl. 

Figure 37 describes electrochemical performance of the crumpled CNT forest 

electrodes under biaxial strains. It can be observed from the CV and galvanostatic 

charge/discharge curves that the crumpled CNT forest electrode exhibited typical EDL 

charge storage behavior at different scan rates under 0% × 0% strain (Figure 37a and 
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Figure 37b). Moreover, compared with the uniaxially crumpled CNT forest electrodes, the 

biaxially crumpled samples demonstrated smaller film resistance at relaxed state because 

of their more compact CNT networks at the bottom of the electrodes. Nevertheless, 

compared with the uniaxial cases, the electrochemical performance of the biaxially 

crumpled CNT forest electrodes showed slightly larger changes when they were subjected 

to different applied strains (Figure 37c). The CV curves of the biaxially crumpled electrode 

measured at a scan rate of 100 mV/s exhibited rectangular shapes under different strains 

but had different corner shapes due to the increased forest resistance at a larger strain 

state. This indicated that the change of CNT forest resistance with strain in biaxially 

crumpled electrodes was larger than that of the uniaxially crumpled CNT forest 

electrodes. The difference was also observed in the galvanostatic charge/discharge curves 

(Figure 37d). The charge/discharge time of one cycle scanned at 0.5 mA/cm2 for the 

biaxially crumpled CNT forest electrode was 42.3 s in the relaxed state (0% × 0%), while 

the cycle time reduced to 39.6 s for the same electrode when subjected to a biaxial strain 

of 300% × 300%.  

Figure 37e illustrates the EIS of a biaxially crumpled CNT forest electrode at OCP. 

Significant differences were observed in the middle frequency range due to the resistance 

variation of the CNT forest in different strain states. For example, a much larger semicircle 

can be observed for crumpled CNT forest electrode at 300% × 300% strain state in the 
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middle frequency range compared to 0% × 0% strain. Additionally, the knee frequency 

shown in Figure 37e is significantly different between different strain states. 

 

Figure 37. Electrochemical performance of the crumpled CNT forest electrodes under 

large biaxial deformations. (a) CV curves of a representative crumpled CNT forest 

electrode measured at scan rates of 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. The 

electrodes were formed by a prestrain of (300% × 300%). (b) The constant current 

charge/discharge curves measured at 0.5, 1, 2, 5 mA/cm2. (c) CV curves of the crumpled 

CNT forest electrodes subjected to biaxial strains of 0% × 0%, 150% × 150%, and 300% × 

300%, measured at a scan rate of 100 mV/s. (d) Constant current charge/discharge curves 

of the same electrode subjected to biaxial strains of 0% × 0%, 150% × 150%, and 300% × 

300% and measured at 0.5 mA/cm2. (e) The Nyquist impedance plot of the stretchable 

electrode under different biaxial strains of 0% × 0%, 150% × 150%, and 300% × 300%. (f) 

Variation of the specific capacitance measured at different charge/discharge current 

densities (𝑰𝒔=0.2, 0.5, 1.0, 2.0, and 5 mA/cm2) when subjected to different biaxial strains. 

The tests were carried out in 1.0 M KCl.  
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As shown in Figure 38a, an equivalent circuit was used to analyze the impedance 

results, which consists of three major parts: 1) The series resistance for the high frequency 

response; 2) The constant phase element in parallel with a diffusion impedance and the 

thin film resistance for the middle frequency response; 3) The full capacitance 

(represented by the CPE 2) for the low frequency response. Specifically, CNT forest under 

0% × 0% and 300% × 300% strain states were investigated across a wide potential range (0-

0.8 V vs Ag/AgCl) to make the comparison and avoid instrument errors. The series 

resistance of the biaxially crumpled CNT forest electrode in the relaxed state (i.e., 0% × 

0%) and highly stretched state (i.e., 300% × 300%) was 1.2 Ω and 1.4 Ω, respectively, across 

the entire potential range, indicating the electrolyte resistance was small and there was 

good contact between the CNT forest and the Pt wire current collector. The full 

capacitances of the biaxially crumpled CNT forest electrodes are nearly the same under 

different strains considering the near-one ɑ value of CPE 2 (Figure 38b). This result 

indicates consistent capacitive behavior of the crumpled CNT forest supercapacitor 

electrodes at different strain states and is in good agreement with the capacitance obtained 

from the CV curves. Significant differences were observed for the film resistance R1 vs 

potential curve (Figure 38c). The film resistance R1 of crumpled CNT forests  under the 

strain of 300% × 300% is approximately 3-4 times larger than that without strain. Although 

the CNT network at the bottom of crumpled forest provided electrical integrity (Figure 
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32), the conductivity of the crumpled CNT-electrode was significantly affected by the 

applied strains due to the breakage of the network junctions under large mechanical 

deformations. It is worth noting that the film resistance value decreases when tested at 0 

V vs Ag/AgCl and could be attributed to the influence of hydrogen evolution. The 

conductivity variation could cause significant difference in the capacitance of different 

strain states during high current density discharge of the electrode (Figure 37f). While the 

capacitance between different strain states remained similar in 0.2 mA/cm2, the 

capacitances of the crumpled CNT forest electrode measured at 5 mA/cm2 showed an 

obvious difference, reduced from 10.7 mF/cm2 for 0% × 0% strain state to 6 mF/cm2 for 

300% × 300% strain state.  
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Figure 38. The equivalent circuit used to analyze the EIS curves in Figure 37e and its 

corresponding results. (a) The equivalent circuit used to analyze the EIS curves in 

Figure 37e. (b) The full capacitance relationship to the applied potentials fitted by the 

equivalent circuit in Figure 38a. (c) The film resistance relationship to the applied 

potentials fitted by the equivalent circuit in Figure 38a. 

Figure 39 shows the electrochemical and mechanical stability of the crumpled CNT 

forest electrodes under cyclic electrochemical and mechanical loadings, respectively.  The 

specific capacitance of the electrode is calculated by C=I/[A×(dt/dV)], where I is the current 

applied to the electrode, A is the nominal area of the electrode, dt/dV is the reciprocal of 

the slope of the potential-time discharge curve obtained during the galvanostatic 
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measurements. The electrochemical stability was tested by applying 10,000 constant 

current charge/discharge cycles at 1 mA/cm2 to the crumpled CNT forest electrode at the 

relaxed state. As presented in Figure 39a, the specific capacitance dropped to around 90% 

of its initial value after the first 500 cycles, but then remained almost unchanged for 

further cyclic testing of 9500, indicating its excellent electrochemical stability.  

In the mechanical stability testing, the crumpled CNT forest electrode was strained 

by 300% for 1,200 uniaxially stretch/relaxation cycles. The CV curves were recorded every 

200 mechanical cycles and the capacitance was calculated based on the discharge segment 

of CV curves. As shown in Figure 39b, the capacitance nearly retained its initial value after 

1,200 mechanical cycles, exhibiting robust performance of the stretchable electrodes under 

multiple cyclic mechanical loadings. Additionally, Figure 39c shows the EIS curves 

measured after certain mechanical cycles. No significant difference was observed from 

these EIS curves. The extracted film resistance (transfer resistance in Figure 39c) also had 

little change during the mechanical cycles, demonstrating that the connections of the CNT 

network were well preserved under large cyclic mechanical loadings.   
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Figure 39. Electrochemical performance of the stretchable crumpled CNT forest 

electrodes under cyclic electrochemical and mechanical loadings. (a) The normalized 

capacitance of the biaxially crumpled CNT forest electrode subjected to a uniaxial 

strain of 0%, measured by 10,000 constant current charge/discharge cycles at 1 mA/cm2. 
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(b) The normalized capacitance of the biaxially crumpled CNT forest electrode as a 

function of number of stretch/relax cycles up to 1,200 cycles with uniaxial strain of 300% 

for each cycle. The capacitance was calculated from the CV of 20 mV/s. (c) Nyquist plots 

at the corresponding stretch cycles (0, 200, 600, and 1200). The inset shows the 

corresponding charge transfer resistances extracted from (c).  

As a demonstration of complete device performance, a uniaxially stretchable 

supercapacitor (300% prestrain) was assembled for testing by stacking two uniaxially 

crumpled CNT forest electrodes with a PVA/KCl gel electrolyte layer sandwiched 

between them. Figure 40 presents the performance of the crumpled CNT forest 

supercapacitor under different conditions. As illustrated in Figure 40a and 40b, the 

stretchable supercapacitor showed a typical EDL behavior, with a square shape for the 

CV curves and a triangular shape for the galvanostatic charge/discharge curves. When 

subjected to different strains, the electrochemical performance was maintained (Figure 

40c) and similar charge/discharge curves could be obtained (Figure 40d). The impedance 

curves of the supercapacitor measured at different strain states are shown in Figure 40e. 

It can be seen that the impedance behaviors of the device at different strain states were 

similar over the entire frequency range, further confirming the robust mechanical 

properties of the crumpled CNT forest supercapacitor under large strains. In addition, it 

can be observed that the specific capacitance ranges from 2 mF/cm2 to 1 mF/cm2 at 

different charge/discharge states subjected to different strains (Figure 40f), which are in 

good agreement with the specific capacitance of a single electrode.  
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Figure 40. Performance of a uniaxially stretchable all-solid-state supercapacitor with 

crumpled CNT forest as electrodes and polymer gel as electrolyte and separator. (a) CV 

curves of the supercapacitor measured at different scan rates without strain. (b) 

Charge/discharge curves at different current densities without strain. (c) CV curves of 

the supercapacitors measured at a scan rate 50 mV/s under the different applied strains. 

(d) Charge/discharge curves at a current density of 0.2 mA/cm2 under uniaxial strains 

from 0% to 300%. (e) Nyquist impedance plot of the stretchable supercapacitor at 

different strains from 0% to 300%. (f) Specific capacitance of the supercapacitors 

measured at different current density and under different strains. (g) Leakage current 

measurement of a representative supercapacitor with and without 100% strain. A DC 

voltage 0.8 V was applied across the capacitor; the current required to retain that voltage 

was measured over a period of 12 h. (h) Self-discharge curves of the same representative 

supercapacitor with and without 100% strain, obtained immediately after precharging 

to the maximum voltage of 0.8 V. The open-circuit voltage across the supercapacitor are 

recorded over 50% the operation voltage of 0.8 V versus time. (i) The normalized 
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capacitance retention measured by charge/discharge of the supercapacitor for 10,000 

cycles at 1 mA/cm2. The solid-state electrolyte is PVA/KCl.   

For a supercapacitor device, it is important to evaluate the energy storage time by 

examining the leakage current and self-discharge time. Figure 40g shows the leakage 

currents of the crumpled CNT forest supercapacitor with/without strains, which are in the 

range of 0.1-1 µA/cm2. The long self-discharge time (3-4 hours for 50% voltage retainment) 

is shown in Figure 40h. The electrochemical stability of the crumpled CNT forest 

supercapacitor was examined by carrying out 10,000 galvanostatic charge/discharge 

cycles at 1 mA/cm2 subjected to the strain of 100%. The capacitance dropped to about 92% 

after the 10,000 measurements. The degradation could be attributed to the electrolyte 

drying effect without encapsulation during the long-term tests. A biaxially crumpled CNT 

forest supercapacitor was also fabricated and tested in the same way as the uniaxially 

crumpled CNT forest supercapacitor. The electrochemical performances of the all-solid-

state biaxially stretchable supercapacitors with crumpled CNT forest electrodes are 

presented in Figure 41. Similar to the uniaxially stretchable supercapacitors, the CV 

curves, charge-discharge curves and the Nyquist impedance of the biaxially stretchable 

device showed little variation when they were stretched to different strain states of 0% × 

0%, 100% × 100% and 200% × 200%, indicating the excellent performance of the 

supercapacitors under large mechanical deformations (Figure 41). The biaxially 

stretchable SCs also demonstrated good electrochemical stability, as shown in Figure 41h. 
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A retention of 85% was observed after 10,000 galvanostatic charge-discharge cycles at 1 

mA/cm2.  

 

 

Figure 41. Performance of a biaxially stretchable all-solid-state supercapacitor with 

crumpled CNT forest as electrodes and polymer gel as electrolyte and separator. (a) CV 

curves of a representative stretchable supercapacitor with crumpled CNT forest 

electrodes measured at scan rates of 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s in the 

relaxed state. The electrodes were formed by a biaxial prestrain of 200% × 200%. (b) The 

charge/discharge curves of the same device measured at 0.2, 0.5, 1, 2 mA/cm2. (c) CV 

curves of the supercapacitor and (d) charge/discharge curves at a current density of 1 
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mA/cm2, under biaxial strains of 0% × 0%, 100% × 100%, and 200% × 200%. The data was 

measured at a scan rate of 50 mV/s (e) Nyquist impedance plot of the stretchable 

supercapacitor at different strains of 0% × 0%, 100% × 100%, and 200% × 200%. (f) 

Leakage current measurement of a representative supercapacitor without strain. A DC 

voltage 0.8V was applied across the capacitor; the current required to retain that voltage 

was measured over a period of 12 h. (g) Self-discharge curves of the same representative 

supercapacitor without strains. The open-circuit voltage across the supercapacitor are 

recorded over 40% the operation voltage of 0.8 V versus the course of time. (h) The 

normalized capacitance retention measured by charge/discharge of the supercapacitor 

for 1500 cycles at 1 mA/cm2.   

The easily accessible pores and high conductivity of CNT make it a suitable 

scaffold for anchoring pseudocapacitance materials. For example, MnO2 has been 

deposited on CNT to form CNT-MnO2 pseudocapacitors to achieve specific capacitance 

of 200 F/g with excellent power performance.148 The crumpled CNT forest can also be used 

as a scaffold behaving like electric channels to increase the conductivity of 

pseudocapacitive electrodes. To demonstrate this point, NiO nanoparticles (Aldrich-

Sigma Inc.) were decorated into the CNT forest electrodes by a simple spraying method 

to form a hybrid supercapacitor using an airbrush. To accomplish this, first the NiO 

nanoparticles were dispersed in methanol to form a solution of 1 mg/mL. After 

ultrasonication for about 2 h, the solution was sprayed onto the partially relaxed (100% 

strain) sample, as shown in Figure 43a. The decorated samples were then stretched and 

relaxed for a few cycles to allow the nanoparticles to enter inside of the CNT forest (Figure 

42b, Figure 42c).  
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Figure 42. SEM images of CNT forest with sprayed NiO nanoparticles. (a,b) NiO 

nanoparticles uniformly dispersed on the top surface of the CNT forest (c,d) During 

the partial stretch-relaxation cycles, the sprayed NiO nanoparticles on the crumpled 

CNT forest surface can enter into the forest, leading to more particles into the nano- 

and micro- structures and a better performance.  

The electrochemical performance of the crumpled CNT forest electrode decorated 

with NiO nanoparticles is shown in Figure 43c-f. Although the CV curves under different 

scan rates become slightly inclined compared to CNT forest only electrode (Figure 43c) 

indicating increased series resistance, the specific capacitance of the crumpled CNT forest 

electrode increased significantly from ~5 mF/cm2 to ~45 mF/cm2 at a charging/discharging 

current density of 0.1 mA/cm2 (Figure 43f). Additionally, it is found that the 
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electrochemical capacitance and charge/discharge times remained almost the same under 

different strains (Figure 43d and 43e). The crumpled CNT forest may serve as a better 

scaffold than the flat CNT forest for incorporating NiO nanoparticles to achieve excellent 

enhancement in capacitance (~9×) and robust electrochemical performance under extreme 

mechanical loadings. It should be note that the NiO/crumpled CNT forest electrode was 

tested in 1 M KCl electrolyte in which the pseudocapacitance of NiO was not fully utilized. 

It is expected the capacitance of NiO/crumpled CNT forest electrode will be further 

increase when tested in alkaline electrolyte. 

 

Figure 43. Electrochemical performance of crumpled CNT forest electrodes with 

decorated NiO nanoparticles under various uniaxially strains. (a) Schematic of the 

decoration step with NiO for the CNT forest electrodes. The nanoparticles dispersed in 

methanol were spray coated on the surface of the transferred CNT forest in a semi-
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relaxed state via an airbrush kit. (b) SEM image of the nanoparticles trapped in the 

uniaxially crumpled CNT forests and the micro-scale patterns. The scale bar is 2 µm. 

(c) CV curves of a representative NiO/uniaxially crumpled CNT forest electrode 

measured at scan rates of 20 mV/s, 50 mV/s, 100 mV/s, and 200 mV/s. The electrodes 

were formed by a uniaxial prestrain of 300%. (d) CV curves of the NiO/uniaxially 

crumpled CNT forest electrodes subjected to uniaxial strains of 0%, 100%, 200%, and 

300% and measured at a scan rate of 20 mV/s. (e) Charge/discharge curves of the same 

electrode subjected to uniaxial strains of 0%, 100%, 200%, and 300% and measured at 

0.5 mA/cm2. (f) Variation of the specific capacitance measured at different 

charge/discharge current densities (𝑰𝒔=0.1, 0.5, 1.0, 2.0, and 5 mA/cm2) when subjected 

to different uniaxial strains. The tests were carried out in 1.0 M KCl. 

Figure 44 shows the comparison of the performance of the stretchable, all-solid-

state, crumpled CNT forest based supercapacitors with other CNT supercapacitors 

reported in the literature. The capacitances of this work were measured from CV curves 

at a rate of 50 mV/s. The data from literature includes the CNT fiber-shaped stretchable 

supercapacitors,149 laser scribed graphene SC (LSG),139 buckled SWCNT SC,110 selective-

wetting induced multiwall CNT SC,134 CNT/ion-gel SC,150 and vertically aligned CNT on 

PDMS151 which are categorized into four different types as indicated by the colored 

ellipses for easier comparison. It can be seen that the specific capacitance of the uniaxial 

stretchable supercapacitors with crumpled CNT forest electrodes showed a superior 

performance in comparison to the laser scribed graphene supercapacitors. The biaxially 

crumpled CNT forest supercapacitors demonstrate much larger specific capacitance than 

those made of CNT fibers and CNT network films, owning to the reduced nominal surface 

area during the crumpling process. Moreover, the crumpled CNT forest supercapacitors 



 

100 

 

exhibit large area strain (800% for biaxially, and 300% for uniaxially crumpled CNT-

supercapacitors) while maintaining the high specific capacitance.  

 

Figure 44. Performance comparison of the stretchable all-solid-state, crumpled CNT 

forest supercapacitors with other supercapacitor performance in the literature. The 

capacitances of this work were measured by charge-discharge at rate of 50 mV s-1. The 

other data from literatures are carbon nanotube fiber wire-shaped stretchable 

supercapacitor,149 Laser Scribed Graphene supercapacitor (LSG),139 Buckled SWNT 

supercapacitor,110 selective-wetting induced multiwall carbon nanotube 

supercapacitor,134 Carbon nanotube/ion-gel supercapacitors,150 and vertically aligned 

CNT stretchable supercapacitor on PDMS151 which were categorized into four different 

types as indicated by the color shadowed ellipses for easier comparison.  

  As shown by the Ragone plot in Figure 45, the volumetric energy densities and 

power densities of the crumpled CNT forest supercapacitors reach around 0.1 mWh/cm3 

and 100 mW/cm3, comparable to most other flexible/stretchable CNT/graphene-based 
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supercapacitors,133-134, 149, 152-155 including the micro-supercapacitors by laser scribed 

graphene.139 Although these values are slightly lower than those of commercial activated-

carbon supercapacitor (AC-SC), they can be further enhanced with the decoration of NiO 

nanoparticles to compete with the AC-SC operated in the same voltage range. Moreover, 

the outstanding stretchability of crumpled CNT forest supercapacitor makes it promising 

for wearable electronic applications.   

 

Figure 45. Comparison of the energy and power densities of the crumpled CNT forest 

supercapacitors with other CNT-based supercapacitors reported in literatures. Red 

open square: biaxial prestretched device(200% × 200%), Red open circle: uniaxial 

prestretched device (300%), Yellow: commercial activated carbon supercapacitor (AC-

SC),152 Violet-carbon nanotube fiber wire-shaped stretchable supercapacitor,149 Purple: 

selective-wetting induced multiwall carbon nanotube supercapacitor,134 Blue: 

multiwall carbon nanotube microsupercapacitor by plasma-jet-etching,133 Pink: Laser 

Scribed Graphene supercapacitor (LSG).139 



 

102 

 

4.4 Conclusion 

In summary, we have developed highly stretchable electrodes with vertically 

aligned CNT forest that were able to be transferred to prestrained elastomer substrates 

with the assistance of thermal annealing. The crumpled CNT forest electrodes, formed by 

the mechanical flexibility of the CNT forest and the underlying substrate, demonstrated 

superior electrochemical performance for both uniaxial and biaxial designs. Little 

variation in CV, charge-discharge and specific capacitance were observed in the test when 

the electrode was subjected to large strains of up to 300% uniaxial strain (or 300% × 300% 

biaxial strain). Moreover, the electrode performance can be maintained over thousands of 

cyclic stretching-relaxing deformations. Stretchable supercapacitors were assembled by 

stacking two crumpled CNT forest electrodes, separated by a thin layer of PVA-KCl gel 

as the electrolyte and separator. The resulting supercapacitor can sustain a stretchability 

of 800% and possess specific capacitance of 5 mF/cm2 at the scan rate of 50 mV/s. The 

performance of the stretchable SCs remained nearly unchanged under 300% uniaxial 

strain (200% × 200% biaxial strain) even in the stretching process. To further improve the 

specific capacitance and energy density of the crumpled CNT forest electrode, crumpled 

CNT forest electrodes were treated with NiO nanoparticles under a partially relaxed state 

(100% strain). The highly stretchable CNT forest based supercapacitors pave the way for 

developing novel stretchable energy storage devices with vertically aligned nanotubes or 
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nanowires for advanced applications in the area of stretchable, flexible and/or printable 

electronic systems.  
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5. Stretchable CNT Forest Supercapacitor Electrodes 
with Improved Electrochemical Performance via Au-CNT 
Network at the Base  

5.1 Introduction 

In chapter 4, a stretchable supercapacitor based on the crumped CNT forest was 

fabricated and tested. Capacitance of 2 mF/cm2 and 5 mF/cm2 were obtained for uniaxially 

stretchable and biaxially stretchable CNT forest supercapacitors, respectively. 

Additionally, the capability of CNT forest electrode as a scaffold was demonstrated using 

NiO nanoparticles dispersed in the CNT forest as a pseudocapacitive material. However, 

it was observed that the resistance of crumpled CNT forest increased significantly under 

large mechanical strains leading to a rapid decrease in performance during high rate 

charge/discharge experiments. For example, the capacitance of biaxially crumpled CNT 

forest decreased from ~10 mF/cm2 at 0% × 0% strain to ~ 6 mF/cm2 at 300% × 300% strain 

when the current density was 5 mA/cm2. One of the main advantages of CNT forest is its 

easily accessible pore structure and small ionic diffusion resistance leading to its high 

power and rate capability.154, 156-157 However, this large and increased resistance under 

large mechanical strains significantly limits the power density and rate capability of 

crumpled CNT forest electrode. As a result, high resistance of crumpled CNT forest has 

become an obstacle for practical applications of the crumpled CNT forest electrodes, 

especially for applications with high rate charge/discharge requirements. In fact, some 
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reported interwoven stretchable CNT supercapacitor has similar problems leading to 

poor device performance.151 During the fabrication process of the crumpled CNT 

electrodes, it has been observed that the intertwining nature of the CNT forest provides 

the electrical integrity after the transfer process. Additionally, the CNT at the top of the 

forest branches out randomly, forming a CNT network158 further enhancing the 

conductivity of the crumpled CNT forest electrode. Nonetheless, the resistance of 

crumpled CNT was still large especially under extreme mechanical loading (i.e., 1600% 

area strain).  

To overcome the resistance issue of crumpled CNT forest electrodes, in this 

chapter we introduce a Au-enhanced CNT network to the base of the stretchable CNT 

forest electrode. The Au-enhanced CNT network significantly reduces the forest 

resistance by up to an order of magnitude without destroying the unique porous structure 

of the crumpled CNT forest. As a result, identical electrochemical performance under 

extreme mechanical loadings (i.e., 800% area strain) can be achieved in both low and high 

rate charge/discharge conditions. Additionally, the specific capacitance per nominal area 

is found to increase by ~50% over the stretchable CNT forest electrode without Au-

coatings. Moreover, the stretchable Au-enhanced CNT network forest (referred to Au-

CNT forest) electrode retains robust performance under mechanical and electrochemical 

cyclic tests. The successful fabrication of Au-CNT forest electrode with high power 
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capability and rate capability is an important step towards high performance, highly 

stretchable supercapacitors based on vertically aligned CNT forest materials for wearable 

electronics applications.  

5.2 Experiment Methods 

The synthesis of the CNT forest on silicon wafer is the same as described in chapter 

4. SEM images of a stretchable CNT and Au-CNT forest in 0% (uniaxially relaxed state) 

and 0% × 0% (biaxially relaxed strain) strains were taken with a FEI XL30 system. ImageJ 

was used to calculate the diameter of CNT and Au-coated CNT.   

5.2.1 Gold Coatings on the Vertically Aligned CNT Forest  

Gold was deposited on top of the CNT forest by vacuum sputtering using a Desk 

V Vacuum Sputter System. 580s was used as the deposition time and five depositions 

were performed consecutively to obtain a ~52 nm thickness as seen from SEM images.  

5.2.2 Resistance Tests of the Stretchable CNT and Au-CNT Forest 
Electrodes 

The resistance of the stretchable CNT and Au-CNT forest electrode was measured 

with a Flukes 77 IV Multimeter. The resistance was measured across the diagonal 

direction of the stretchable forest. The average of 5 measurements is reported.   
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5.2.3 Electrochemical Tests  

A three electrode setup was used to measure the electrochemical performance of 

stretchable CNT and Au-CNT forest electrodes. Ag/AgCl in saturated KCl solution was 

utilized as the reference electrode. Pt mesh was used as the counter electrode. All the 

measurements were done in 1 M H2SO4 solution at room temperature. Bio-Logic Sp-200 

was used as the potentiostat in all experiments. A Ti wire was used as the current collector 

to connect the stretchable CNT and Au-CNT forest electrodes with the potentiostat 

because of its small capacitance, high conductivity and low catalytical activity in sulfuric 

acid. Before measurements of each sample, Cyclic Voltammetry (CV) was performed (-0.1 

V to 0.8 V for uniaxially stretchable CNT and Au-CNT forest electrodes; 0 V to 0.8 V for 

biaxially stretchable CNT and Au-CNT forest electrodes) with the scan rate from 50 mV/s 

to 100 V/s to clean and wet the surfaces.   

 CV tests were performed from -0.1 V to 0.8 V with scan rates from 20 mV/s to 5 

V/s for uniaxially stretchable CNT and Au-CNT electrodes. For biaxially stretchable CNT 

and Au-CNT electrodes, the potential window was chosen to be from 0 V to 0.8 V with 

the same scan rates.  

Constant current charge/discharge measurements (GCD) were performed from -

0.1 V to 0.8 V with current densities from 0.5 mA/cm2 to 40 mA/cm2 for uniaxially 

stretchable CNT and Au-CNT electrodes. For biaxially stretchable CNT and Au-CNT 
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electrodes, the potential window was chosen to be from 0 V to 0.8 V with current densities 

from 0.5 mA/cm2 to 80 mA/cm2. 

A smaller potential window was applied for the biaxially stretchable CNT and Au-

CNT forest electrodes because below 0 V, biaxially stretchable CNT and Au-CNT at large 

mechanical strain showed high catalytical current leading to misinterpretation of its 

energy storage capability. 

Mechanical stability was examined on a uniaxially stretchable Au-CNT electrode 

by cycling for 1,400 uniaxial stretch-relax cycles. The electrochemical performance was 

measured by GCD at the current density of 2 mA/cm2. 

Electrochemical stability was evaluated by testing for 10,000 GCD cycles with a 

current density of 5 mA/cm2. A biaxially stretchable Au-CNT electrode was used in the 

test. In the electrochemical stability test, a Pt wire was used at the current collector as the 

Ti wire cannot withstand long term testing in 1 M H2SO4 electrolyte. 

Electrochemical Impedance Spectroscopy (EIS) was conducted at 0.4 V for all the 

stretchable CNT and Au-CNT forest electrodes. The frequency range was from 200 kHz 

to 100 mHz with a potential sinusoidal amplitude of 10 mV.  

Capacitance was calculated from both the charge and discharge regions of the CV 

curves at different scan rates. 
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5.3 Results and Discussion 

Figure 47a demonstrates the fabrication process of a biaxially stretchable Au-CNT 

forest. First, an iron nanofilm (~5 nm) was evaporated onto an n-doped Si substrate as the 

seeding layer. The vertically aligned CNT forest was synthesized by Plasma Enhanced 

Chemical Vapor Deposition (PECVD) at 850 °C using methane as the carbon precursor.159 

The as-grown CNT forest was then annealed at 520 °C in air for 10-15 minutes. The 

annealing process oxidized the bottom part of the CNT forest, facilitating the easy 

detachment of the CNT forest from the Si wafer as explain in chapter 4.135 After the 

annealing pretreatment, ~52 nm gold was deposited on the top of the CNT forest by 

vacuum sputtering. The top view SEM of the Au-CNT forest on silicon is shown in Figure 

47b. The average diameter of the Au-coated CNTs was calculated to be 148±8.41 nm, ~ 3 

times to the value of original CNT forest on silicon substrate (Figure 46).  
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Figure 46. Top view SEM images of the CNT forest on silicon substrate. The diameter 

of the CNT forest was calculated to be 44 ± 7.78 nm 

This indicates that ~ 52 nm thick gold was deposited on the CNT forest, thinner 

than the deposition on the flat Si substrate due to the porous structure of CNT forest. The 

main advantage of a larger tube diameter is the improved conductivity of the Au-CNT 

network. One hypothesis is that with a larger tube diameter, some of the gaps between 

discrete CNTs are filled and thus more of the CNTs form a conductive network, as shown 

schematically in the inset scheme of Figure 47a.  Another mechanism can be that gold film 

deposits across the nanotube connections, leading to a lower contact resistance. As a 

result, the resistance of the Au-coated CNT forest was significantly reduced compared to 

the bare CNT forest, leading to better electrochemical performance. 
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Figure 47. Fabrication and SEM images of the stretchable Au-CNT forest. (a) 

Fabrication process flow of stretchable Au-CNT forest. I). Vertically aligned CNT forest 

growth by PECVD. II). Gold deposition at the top of the CNT forest by sputtering. III). 

Transfer of Au-CNT forest to a prestrained elastomer substrate. IV). Relaxation of the 

prestrain of the substrate in one direction. V). Relaxation of prestrain in another 

orthogonal direction. (b) The top view SEM of a CNT forest coated with gold. (c) SEM 

of Au-CNT forest pattern created by relaxation of 300% uniaxial prestrain. (d) SEM of 

Au-CNT forest pattern created by relaxation of 200% × 200% biaxial prestrain. 

The Au-CNT forest was then transferred to a prestrained elastomer substrate 

(VHB 4910 (acrylic, 1 mm thick, 3M Inc., US)). In the transfer process, the CNT forest 

sample was flipped and pressed down onto the elastomer substrate. The Si substrate was 

then peeled off, leaving the CNT forest attached on the elastomer substrate with 

intertwined Au-CNT serving as a conductive network at the base of the stretchable CNT 
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forest. The SEM images of CNT/silicon and Au-coated CNT/silicon substrates after the 

transfer process are shown in Figure 48. No significant difference is observed and most of 

the CNTs were successfully transferred from the substrate to the elastomer in both cases, 

indicating much stronger bonding between the CNTs and Au compared to that between 

the CNTs and Si the substrate. In both images, a small fraction of the CNTs remained and 

collapsed on the Si surface due to the lack of Van der Vaal’s force from neighboring 

nanotubes holding them up.  

 

Figure 48. (a) Top view SEM image of CNT/silicon substrate after the transfer process. 

(b) Top view SEM image of Au-CNT/silicon substrate after the transfer process. 

After the transfer process, the Au-CNT forest samples were relaxed along the 

stretching direction (uniaxially stretchable Au-CNT forest, 300%) or two orthogonal 

directions sequentially (biaxially stretchable Au-CNT forest, 200% × 200%) on the 

elastomer substrate to form the stretchable Au-CNT forest electrodes.  
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The uniaxially stretchable Au-CNT forest was fabricated by applying a 300% 

uniaxial prestrain. For easy illustration, the prestrain is defined as 𝜀1 =
∆𝐿1

𝐿
, where 𝐿 is the 

original length along the stretching direction. ∆𝐿1 is the change of the original length in 

the stretching direction after prestretch. In the relaxing process, hierarchical structures 

with elastomer wrinkles and CNT branches were formed as shown by SEM in Figure 47c.  

The biaxially stretchable Au-CNT forest was fabricated by applying 200% 

prestrains to the elastomer substrate in two orthogonal directions. The prestrain is defined 

as 𝜀1 =
∆𝐿1

𝐿
 and 𝜀2 =

∆𝐿2

𝐿
, where 𝐿 is the original length along the stretching direction and 

∆𝐿1  and ∆𝐿2  are the changes to the original length in the two orthogonal prestrain 

directions. For the biaxially stretchable Au-CNT forest, the second relaxation process 

compressed the wrinkles on the substrate. Therefore, the wrinkles of the Au-CNT forest 

buckled, and a randomly wrinkled hierarchical structure was formed as shown in Figure 

47d.  

Three observations can be made from the SEM images of the crumpled Au-CNT 

forest in Figure 47. Firstly, the CNTs on the top of wrinkles are extruding out of the 

substrate in a parallel direction exposing more the CNT side walls to the electrolyte. This 

feature enhances the electrochemical properties of the crumpled Au-CNT forest by 

providing an easier diffusion path towards the base and side walls of the Au-CNT forest 

which cannot be achieved with a conventional vertically aligned CNT forest on a silicon 
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substrate. Secondly, unlike the crumpled graphene paper with high-aspect-ratio-ridges40, 

the pattern of crumpled Au-CNT forest is mainly composed of wrinkles even in extremely 

high prestrain states (i.e., 300% strain for uniaxially prestrained forest and 800% for 

biaxially prestrained forest). This unique feature is attributed to the small volume ratio of 

CNT forest (i.e., 1%).160-161 At the start of the relaxation process, the discrete CNTs have 

space to compress due to a small compression modulus162, leading to delayed and more 

uniform wrinkle formation. Consequently, the localized ridge creation is avoided.163 

Thirdly, the discrete feature of the Au-CNT forest allows it to avoid the cracking issue, 

which usually occurs during the cyclic mechanical loading and overstretching of 

continuous stretchable thin films.164  

The patterns of uniaxially and biaxially stretchable CNT forest/Au-CNT forest are 

compared in Figure 49a,b and Figure 49d,e respectively. As shown in Figure 49, the 

wavelength difference of the wrinkles is within ~20% with and without the Au coatings. 

This is expected because the Au deposition only occurred on the top of CNT forest (52 nm 

deposition versus 20 µm length) and did not change the shear modulus of the CNT forest 

significantly.165 The resistance of the uniaxially stretchable CNT forest and Au-CNT forest 

are compared in Figure 49c. It can be seen that with Au coating, the resistance of the 

stretchable CNT forest is significantly lower over the entire stretching range (i.e., 272 Ω vs 

24 Ω at 0% strain and 543 Ω vs 52 Ω at 300% strain). Similar reduction in resistance 
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reduction is observed in the comparison of biaxially stretchable CNT vs. Au-CNT forest 

as shown in Figure 49f.   

 

Figure 49. Comparison of SEM and resistance of the stretchable CNT and Au-CNT 

forest. (a) SEM image of the uniaxially stretchable CNT forest. (b) SEM image of the 

uniaxially stretchable Au-CNT forest. (c) Resistance and strain relationship of the 

uniaxially stretchable CNT forest with and without Au coating. (d) SEM image of the 

biaxially stretchable CNT forest. (e) SEM image of the biaxially stretchable CNT forest 

with Au-coating at the base. (f) Resistance and strain relationship of the biaxially 

stretchable CNT forest with and without Au-coated CNT network at the base. 

After fabrication, the stretchable CNT and Au-CNT forests were then tested as 

supercapacitor electrodes and compared to study the effect of the Au-coating. Figure 50 

shows the electrochemical performance of uniaxially and biaxially stretchable Au-CNT 

forest electrodes. In Figure 50a,d, CVs of the uniaxially/biaxially stretchable Au-CNT 

forest electrodes at 0% and 0% × 0% strain states are demonstrated with scan rates from 



 

116 

 

20 mV/s to 5 V/s in 1M H2SO4. The CVs are both rectangular across the whole scan rate 

range indicating excellent capacitive behavior and superior rate capability of the 

stretchable Au-CNT forest electrodes. Comparing CVs of uniaxially and biaxially 

stretchable Au-CNT forest electrodes, the uniaxially stretchable Au-CNT forest electrode 

demonstrates a more rectangular shape indicating a more ideal capacitive behavior. It is 

observed that redox peaks exist around 0.5 and 0.3 V vs Ag/AgCl reference electrode on 

both CVs in 1 M H2SO4, which were not observed for the stretchable CNT forest electrode 

tested in 1 M KCl electrolyte. Therefore, those redox peaks are believed to be faradic redox 

reaction (protonation) of the surface groups on the CNT side walls in acidic electrolyte.166  

The CVs of the uniaxially/biaxially stretchable CNT forest electrode at 0% and 0% 

× 0% strain states are shown in Figure 51a,c with scan rates from 20 mV/s to 5 V/s. We 

observed significant difference between the CVs of the samples with and without Au 

coated CNT network at the base of the forest. When there is no Au, the CVs are rectangular 

at small scan rates such as 20 mV/s and 50 mV/s. However, when the scan rate increased 

to more than 1 V/s, obvious distortion of the CV curves can be seen in Figure 51a,c, 

indicating the larger resistance of the stretchable CNT forest electrode. The influence of 

resistance became more significant when the stretchable CNT/Au-CNT forest electrodes 

are under large mechanical deformations. At the scan rate of 5 V/s, Figure 51b shows a 

decreasing capacitive current density of the uniaxially stretchable CNT forest with the 
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increase of applied strains. At the potential of 0.4 V, the current density of the uniaxially 

stretchable CNT forest electrode at 0% strain state is ~ 43 mA/cm2, whereas the current 

density is only 17 mA/cm2 at 300% strain state. The performance degradation at the higher 

strain state is ascribed to increasing resistance. While the discrete CNTs intertwine with 

each other in the CNT forest to provide electrical integrity, the stretching increases the 

space between neighboring tubes and reduces the conductive pathways across the whole 

CNT forest, leading to increased resistance as confirmed in Figure 49c. The resistance 

increase does not affect the shape of CVs at low scan rates because the currents are small. 

However, when the scan rate increases to 5 V/s, the current is large enough to cause a 

significant distortion of the shape of CV curves (Figure 51c). The influence of increasing 

resistance is more prominent in the biaxially stretchable CNT forest electrode as depicted 

in Figure 51d. CV of the biaxially stretchable CNT forest become almost a sloped line at 

200% × 200% applied strain indicating the dominance of resistive behavior at 5 V/s scan 

rate.  

In contrast to the stretchable CNT forest electrode, Figure 50b shows an increasing 

capacitive current for the uniaxially stretchable Au-CNT forest with the increase of 

applied strains. The CVs are also more rectangular at higher strain states. The better 

electrochemical performance of the uniaxially stretchable Au-CNT forest electrode at 

higher strain states is ascribed to the reduced resistance and a more uniform porous 
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structure with larger pore size. The resistance of the stretchable Au-CNT forest is notably 

reduced by the Au-enhanced CNT conductive network at the base of the CNT forest. As 

the result, the electronic resistance no longer limits the electrochemical performance of a 

stretchable CNT forest electrode at high CV scan rates. Additionally, the distance between 

neighboring tubes increases with increasing applied strain resulting in a more accessible 

pore structure and smaller ion diffusion resistance. These two factors contribute to the 

good CV performance of the uniaxially stretchable Au-CNT forest at various strain states 

with high scan rate (i.e., 5 V/s).  CV curves of the biaxially stretchable Au-CNT forest at 

different strain states with 5 V/s scan rate is shown in Figure 50e. The overlapping of the 

three CV curves at different strain states is a balance of increasing electronic resistance 

and decreasing ion diffusion resistance. Plotting the CVs of stretchable CNT and Au-CNT 

forest electrodes at 5 V/s together yields Figure 52a,d. It is clear that the Au enhanced CNT 

network at the base of CNT forest improves the electrochemical CV performance of the 

stretchable CNT forest electrode at high scan rates, especially for the biaxially stretchable 

electrode where resistance plays a more important role at different strain states. 
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Figure 50. Electrochemical characterization of the stretchable Au-CNT forest electrodes. 

(a) CVs of the uniaxially stretchable Au-CNT forest electrode at 0% strain state with 

different scan rates from 20 mV/s to 5 V/s. (b) CVs of the uniaxially stretchable Au-CNT 

forest electrode at 0%, 100%, 200% and 300% strain states with a scan rate of 5 V/s. (c) 

Specific capacitance of the uniaxially stretchable Au-CNT forest electrode at different 

strain states and scan rates. (d) CVs of the biaxially stretchable Au-CNT forest electrode 

at 0% strain state with different scan rate from 20 mV/s to 5 V/s. (e) CVs of the biaxially 

stretchable Au-CNT forest electrode at 0% × 0%, 100% × 100% and 200% × 200% strain 

states with a scan rate of 5 V/s. (f) Specific capacitance of the biaxially stretchable Au-

CNT forest electrode at different strain states and scan rates. All the measurements 

were performed in 1 M H2SO4. 

The improved electrochemical performance of the stretchable Au-CNT forest 

electrodes was also confirmed by GCD tests at different current densities. Figure 52b 

shows the charge/discharge curves of the uniaxially stretchable CNT and Au-CNT forest 

electrodes at different strain states with a charge/discharge current density of 20 mA/cm2. 

A large IR drop can be observed in the charge/discharge curves of the stretchable CNT 
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forest electrode and the IR drop increases with increasing strain, indicating large and 

increasing internal resistance. Therefore, the charge-discharge time of one cycle decreased 

from ~0.8 s at 0% strain to less than 0.6 s at 300% strain. Similar trends can be observed in 

the comparison of biaxially stretchable CNT and Au-CNT forest electrode in Figure 52e. 

The IR drop of a bare CNT electrode at varying stretched states (i.e., 100% × 100% and 

200% × 200%) exceeds the potential window of charge/discharge at 40 mA/cm2 such that 

no capacitance can be measured. On the other hand, the charge/discharge curves of the 

biaxially stretchable Au-CNT forest electrode were identical under different strains with 

much smaller IR drops.  Figure 52b,e clearly indicates that the Au enhanced CNT network 

at the base of stretchable CNT forest significantly improved the electrochemical 

performance of the stretchable supercapacitor electrode, especially the power density and 

rate capability during high rate charge/discharge, in which case the resistance is a 

determinate factor. 
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Figure 51. CVs of the stretchable CNT forest electrode. (a) CVs of the uniaxially 

stretchable CNT forest electrode at 300% strain state with scan rate from 20 mV/s to 5 

V/s. (b) CVs of the uniaxially stretchable CNT forest electrode at different strain states 

with scan rate of 5 V/s. (c) CVs of the biaxially stretchable CNT forest electrode at 200% 

× 200% strain state with scan rate from 20 mV/s to 5 V/s. (d) CVs of the uniaxially 

stretchable CNT forest electrode at different strain states with scan rate of 5 V/s. All the 

measurements were performed in 1 M H2SO4. 

The specific capacitance of stretchable Au-CNT forest electrodes at different strain 

states are summarized in Figure 50c,f and compared with the stretchable CNT forest 

electrodes in Figure 52c,f. For stretchable CNT forest electrodes, specific capacitance was 

similar for different strain states at low scan rate (i.e., 20 mV/s). However, when the scan 

rate was increased, the capacitance under large mechanical strains dropped quickly and 
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became lower than the value under 0% strain (i.e., 8.25 mF/cm2 at 0% strain compared to 

4.67 mF/cm2 at 200% strain for uniaxially stretchable CNT forest). This capacitance 

discrepancy between different strain states at high current densities further confirms that 

forest resistance is the main factor determining the electrochemical performance of 

stretchable CNT forest, especially for high power and high rate applications. Compared 

to the stretchable CNT forest, the stretchable Au-CNT forest shows a significantly 

improved performance in both specific capacitance and rate capability aspects. Both 

biaxially (~27 mF/cm2 at 20 mV/s) and uniaxially (~18.2 mF/cm2 at 20 mV/s) stretchable 

Au-CNT forests demonstrate higher specific capacitance (~50% at 20 mV/s) across the 

whole scan rate range compare to their CNT forest counterparts (at 20 mV/s, biaxially: ~18 

mF/cm2, uniaxially: ~12 mF/cm2). The increase of specific capacitance can be ascribed to 

three reasons. First, with Au deposition at the base of stretchable CNT forest, more CNTs 

are connected with the Au-CNT network resulting in an increase in active materials and 

available surface area for capacitor application. Second, the gold has a double layer 

capacitance of 25 µF/cm2,167 twice the value of CNT.160 The higher double layer capacitance 

may contribute to an increase of the specific capacitance if the surface area of the CNT 

forest is not changed significantly. Third, the CNT grown by the PECVD system may have 

variation from sample to sample, therefore, the possibility of differences between the 

samples cannot be excluded. At different strain states, the stretchable Au-CNT forests 
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have identical capacitance for all measured current densities. The capacitance retention is 

~70% (from 20 mV/s to 5000 mV/s) for the uniaxial Au-CNT forest and ~72% (from 20 

mV/s to 5000 mV/s) for the biaxial Au-CNT forest. The high capacitance retention is 

attributed to the easily accessible pore (low ionic resistance) and increased conductivity 

across the Au-CNT forest (low electronic resistance).   

 

Figure 52. Comparison of the electrochemical performance of uniaxially/biaxially 

stretchable CNT and Au-CNT forest electrodes.  (a) CVs for uniaxially stretchable CNT 

and Au-CNT forest electrodes at different strain states with a scan rate of 5 V/s. (b) GDC 

curves for uniaxially stretchable CNT and Au-CNT forest electrodes at different strain 

states with a current density of 20 mA/cm2. (c) Specific capacitance for uniaxially 

stretchable CNT and Au-CNT forest electrodes at different strain states and various 

scan rates. (d) CVs for biaxially stretchable CNT and Au-CNT forest electrodes at 

different strain states with a scan rate of 5 V/s. (e) GCD curves for biaxially stretchable 

CNT and Au-CNT forest electrodes at different strain states with a current density of 

40 mA/cm2. (f) Specific capacitance for biaxially stretchable CNT and Au-CNT forest 
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electrodes at different strain states and scan rates. All the measurements were 

performed in 1 M H2SO4. 

To further analyze the electrochemical performance of the stretchable CNT and 

Au-CNT forest electrode, Electrochemical Impedance Spectroscopy (EIS) was performed 

on all the samples at 0.4 V vs Ag/AgCl reference electrode. The Nyquist plots of uniaxially 

stretchable Au-CNT and CNT electrode are shown in Figure 53a and 53d. The high 

frequency response is shown in the inset of each Figure. All curves have two common 

features. First, the intersection at the Z’ axis at high frequency (200 kHz) is ~1 Ω, which 

reveals a good electrolyte conductivity and thus electrical connection between the current 

collector and the stretchable CNT forest electrode. Second, the straight line at low 

frequency range represents a near-ideal capacitive behavior. The difference lies in the 

semicircle at high-to-middle frequency range. For the uniaxially stretchable CNT forest 

electrode, the radius of the semicircle is increasing with increasing strains (Figure 53d). 

On the contrary, the semicircle of Au-CNT forest electrode shrinks with increasing strains 

as shown in the inset of Figure 53a. This resistance change is caused by the competition of 

electronic resistance and ion resistance.168 The electronic resistance is composed of the 

forest resistance and the resistance at the interface of the Pt current collector and forest 

electrode. When the electrode is stretched, the forest resistance increases as the result of 

conductive pathways reduction, leading to increased electronic resistance. On the other 

hand, the ionic resistance represents the ionic conductivity at the interface of the forest 
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electrode and electrolyte. The ionic conductivity is directly related to the porous structure 

of the forest electrode. When the forest electrode is in 0% strain, the distance between each 

CNT is small resulting in a small pore diameter in the forest electrode. Additionally, some 

CNTs are buried in the bottom of the wrinkled structure, where ion diffusion into the 

structure is difficult. The two factors both contribute to a lower ionic conductivity for a 

forest electrode in 0% strain. When subjected to large strain (i.e.,300%), the distance 

between each CNT increases leading to a more accessible porous structure. At the same 

time, the wavelength of the wrinkles increases, allowing easier ion diffusion into the CNT 

pores in the valley of the wrinkled structure. As a result, the ionic resistance will decrease 

with the applied strain. For the stretchable CNT forest without Au-enhanced network at 

the base, the electronic resistance dominates the response of the CNT forest in the high 

frequency range, thus the semicircle is growing with increasing applied strains. When the 

Au-enhanced network is introduced, the electronic resistance is significantly reduced 

(Figure 49c) resulting in the dominance of ionic resistance in that frequency range. As a 

result, the radius of the semicircle decreases with increasing applied strain. A similar 

trend is also confirmed by the Nyquist plots of the biaxially stretchable CNT and Au-CNT 

forest electrodes in Figure 54a,d.  
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Figure 53. EIS of the uniaxially stretchable CNT and  Au-CNT forest electrodes. (a) 

Nyquist plot of the uniaxially stretchable Au-CNT forest electrode at different strain 

states. (b) Real Capacitance vs Frequency for the uniaxially stretchable Au-CNT forest 

electrode at different strain states. (c) Imaginary Capacitance vs Frequency for the 

uniaxially stretchable Au-CNT forest electrode at different strain states. (d) Nyquist 

plot of the uniaxially stretchable CNT forest electrode at different strain states. (e) Real 

Capacitance vs Frequency for the uniaxially stretchable CNT forest electrode at 

different strain states. (f) Imaginary Capacitance vs Frequency for the uniaxially 

stretchable CNT forest electrode at different strain states. EIS was performed from 200 

kHz to 100 mHz as indicated by the arrow.  

The real and imaginary capacitance vs frequency can be calculated using the 

following equation,169 

𝐶′ =
−𝑍′′(𝜔)

𝜔|𝑍(𝜔)|2
 

𝐶′′ =
𝑍′(𝜔)

𝜔|𝑍(𝜔)|2
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C’ is the real part of the capacitance. For uniaxially stretchable CNT and Au-CNT 

forest electrodes, the relationship between C’ and frequency appear in Figure 53b and e. 

In the low frequency range, the Au-CNT forest demonstrates a capacitance of ~18 mF/cm2, 

whereas the CNT forest has a capacitance of ~ 11 mF/cm2. These results agree with the 

values calculated from the CV curves. As the frequency increases, the real capacitance 

decreases leading to a transition from capacitive response to resistive response at high 

frequency. The C’ curve of Au-CNT forest electrode, shifts to higher frequency with 

increasing applied strain demonstrating a wider range of capacitive response. On the 

other hand, the C’ curve of the CNT forest electrode shifts to lower frequency with 

increasing applied strain. The different trend of the C’ curve is attributed to the 

competition of ionic and electronic resistance as discussed previously. Interestingly, the 

C’ curves of the biaxially stretchable Au-CNT forest electrode in different strain states 

remain identical (Figure 54b), indicating that the increase of electronic resistance and 

decrease of ionic resistance achieve a balance in that electrode. It is also worth noting that 

no plateau can be observed for the biaxially stretchable CNT forest under large mechanical 

deformation indicating its poor capacitive behavior (Figure 54e).    

C’’ is the imaginary part of the capacitance corresponding to some irreversible 

dissipation process (i.e., the dielectric loss in water due to the movement and rotation of 

the molecules) at the electrode/electrolyte interface.170 The maximum point of the C’’ curve 
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denote the transition from capacitive behavior to resistive behavior and is related to the 

relaxation time of the electrode by 𝜏 =
1

𝑓
, where 𝑓 is the frequency of maximum C’’.171 For 

the uniaxially stretchable Au-CNT forest electrode, the C’’ curve is shown in Figure 53c. 

The relaxation times of the electrode in different strain states are calculated to be 251ms, 

158ms, 100ms and 79ms, decreasing with increasing strain from 0% to 300%. These 

relaxation times are small compared to a previously reported activated carbon and CNT 

composite,169, 171-172 indicating the superior rate capability and high-power density of the 

stretchable Au-CNT forest electrode. The relaxation times of uniaxially stretchable CNT 

forest at different strain states are also calculated from Figure 53f. The values are 158ms, 

500ms, 630ms and 794ms, increasing with increasing strain of 0%, 100%, 200% and 300%, 

respectively. For the biaxially stretchable Au-CNT forest electrode, the relaxation time is 

158ms for all the strain states as shown in Figure 54c. Relaxation time of biaxially 

stretchable CNT forest is also calculated from Figure 54f. The values are 1.58s, 2.51s and 

5.01s for 0% × 0%, 100% × 100% and 200% × 200% strains. Under large mechanical 

deformation, the relaxation time of the Au-CNT forest is 10 times (uniaxial, 300% strain) 

and 31 times (biaxially, 300% strain) smaller than its CNT forest counterpart, resulting 

from the better electronic and ionic conductivity.  
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Figure 54. EIS of the biaxially stretchable CNT and Au-CNT forest electrodes. (a) 

Nyquist plot of the biaxially stretchable Au-CNT forest electrode at different strain 

states. (b) Real Capacitance vs Frequency for the biaxially stretchable Au-CNT forest 

electrode at different states. (c) Imaginary Capacitance vs Frequency for the biaxially 

stretchable Au-CNT forest electrode at different states. (d) Nyquist plot of the biaxially 

stretchable CNT forest electrode at different strain states. (e) Real Capacitance vs 

Frequency for the biaxially stretchable CNT forest electrode at different states. (f) 

Imaginary Capacitance vs Frequency for the biaxially stretchable CNT forest electrode 

at different states. EIS was performed from 200 kHz to 100 mHz as indicated by the 

arrow.  

Cycling performance is a key factor for the practical applications of the 

supercapacitor electrodes.173 For stretchable supercapacitors, mechanical cycling 

performance is as important as electrochemical cycling performance. A good stretchable 

supercapacitor should maintain its electrochemical performance under thousands of 

mechanical stretch-relax cycles. The mechanical cycling performance of stretchable Au-
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CNT forest electrode was tested by applying 1,400 cycles of uniaxial strain of 200% and 

recording the capacitance every 200 cycles. Capacitance was calculated by GCD at 2 

mA/cm2. The result is shown in Figure 55a. Normalized capacitance remained ~100% after 

1,400 cycles of uniaxial strain up to 200% implying electrical integrity and consistent 

resistance over large, cyclic mechanical deformations. Electrochemical stability of 

stretchable Au-CNT forest electrode was tested by charge/discharge cycling at 5 mA/cm2 

and the calculated normalized capacitance is shown in Figure 55b. The 99.3% capacitance 

retention reveals not only excellent electrochemical stability but also robust adhesion of 

the Au-CNT with the elastomer substrate. 

 

Figure 55. Stability test of stretchable Au-CNT forest electrode.  (a) Mechanical stability 

test on a uniaxially stretchable Au-CNT forest electrode. (b) Electrochemical stability 

test on a biaxially stretchable Au-CNT forest electrode.  
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5.4 Conclusion 

In conclusion, vacuum sputtering was used to deposit gold metal on top of a CNT 

forest on a silicon substrate. Resistance of the CNT forest was reduced by an order of 

magnitude. Two mechanisms can be used to explain the decrease of resistance. First, the 

deposited gold increased the diameter of the CNT branches, leading to increasing 

conductivity pathways across the CNT forest. Second, the Au film deposits on the 

nanotube connections, leading to the decrease of contact resistance. The Au coated CNT 

network served as the current collector at the base of stretchable CNT forest electrodes. 

Thus, compared to the stretchable CNT forest electrode, the stretchable Au-CNT forest 

electrodes demonstrated superior electrochemical performance with improved specific 

capacitance (~ 27 mF/cm2 for biaxially stretchable Au-CNT forest) and excellent rate 

capability (70% from 20 mV/s to 5000 mV/s for uniaxially stretchable Au-CNT forest). 

Moreover, the stretchable Au-forest electrode maintained its electrochemical performance 

under extreme mechanical loadings (i.e., 800% area strain) in both low and high 

charge/discharge rates, which cannot be achieved by the stretchable CNT forest electrode. 

Additionally, the stretchable Au-CNT electrode showed good mechanical stability (~100% 

for 1,400 cycles) and electrochemical stability (99.3% for 10,000 cycles) demonstrating its 

practical application potential. The stretchable Au-CNT forest electrode is expected to 
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have many applications in wearable electronics with high power density and high rate 

capability requirements. The stretchable Au-CNT forest can also serve as electronic 

highway scaffold to further improve its capacitance and energy density with 

pseudocapacitve materials. 
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6. Highly Stretchable MXene/RGO Composite 
Supercapacitor1 

6.1 Introduction  

MXenes are a newly discovered family of 2D carbide materials with superior 

electrical and electrochemical performance.174-175 The chemical composition and scheme of 

a single layer MXene is shown in Figure 56.176 MXenes can be synthesized by etching the 

“A” layer away from their carbide MAX phases.177-178 The chemical formula of MXene can 

be represented by Mn+1XnTx where the M is a transition metal, X is carbon or nitrogen, n 

ranges from 1 to 3, and Tx is the surface group, such as OH, O, and F. MXene has shown 

great potentials in applications of supercapacitors179, batteries180, sensors181 and 

electromagnetic interference shielding182 because of the following merits: (1) High 

conductivity of up to 6500 S/m.183 (2) Hydrophilic surface groups, enabling stable 

dispersion in various solvents.184 (3) High volumetric capacitance of up to 900 F/cm3.185 

While MXene materials have been successfully applied to electrochemical energy storage 

applications, such as electrochemical supercapacitors186-187, microsupercapacitors188-189 and 

metal-ion batteries190-192, the incorporation of MXene materials into stretchable electronics 

remained unexplored, possibly due to MXene materials large mechanical modulus (3-75 

                                                      

1 The MXene samples were prepared by Dr. Babak Anasori and Maleski, Kathleen in Drexel University 
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GPa)193 and weak sheet interaction.194 Recently, Sodium alginate has been used to increase 

the intersheet interaction of MXene flakes for stretchable supercapacitor applications. 

MXene/Carbon black/sodium alginate has been studied as stretchable supercapacitor 

electrode. A recent result by Chang et al. demonstrates high capacitance density (118 F/g) 

under 80%-100% tensile strain.195 However, synthesis of the MXene/Carbon black/sodium 

alginate is complex and time consuming. Additionally, the performance of pure MXene 

as stretchable supercapacitor electrode has not been investigated systematically.  

 

Figure 56. Scheme and chemical composition of a MXene single layer.176 

In this chapter, the incorporation of a pure MXene paper into a stretchable 

supercapacitor is systematically studied. The MXene chosen was Ti2C3Tx because it is well 

studied and readily synthesized. It was found that cracks form in the paper during the 

fabrication of stretchable MXene supercapacitor electrodes. To overcome this issue, we 

developed a facile process to fabricate an MXene/RGO composite paper. By introducing 
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RGO, which has a lower mechanical modulus, stronger intersheet interaction, and large 

nanoflake size than MXenes, the MXene/RGO composite paper can maintain structural 

integrity in the wrinkle/ridge formation process during the fabrication of the stretchable 

supercapacitor electrodes. The as-prepared MXene/RGO stretchable electrode had a 

specific capacitance of 140 F/g and consistent electrochemical performance under large 

mechanical strains. Up to 300% tensile strain was measured, which is the highest reported 

value for stretchable MXene supercapacitor electrodes. An all-solid-state MXene/RGO 

stretchable composite supercapacitor has been successfully created with superior 

electrochemical and mechanical properties. Further, the approach developed for this 

stretchable MXene/RGO composite supercapacitor can be applied across the MXene 

family and represents a facile and general method for incorporating high modulus 

materials into stretchable supercapacitors. 

6.2 Experimental Methods 

6.2.1 Reduced Graphene Oxide Synthesis 

Reduced Graphene Oxide (RGO) was synthesized using the hydrazine reduction 

method of Li, et al196. 8 mL of a concentrated 5 mg/mL graphene oxide solution (Graphene 

Supermarket, USA) was diluted in 72 mL of Millipore water (Synergy UV, Millipore, Inc) 

in a glass bottle. The graphene oxide solution was then mixed with 0.28 mL of 28% 

ammonia water and 80 µL of 35% hydrazine. After shaking and stirring for a few minutes, 
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the solution was heated in an 85 °C water bath for 1 hour with vigorous stirring, resulting 

in a dispersed RGO solution. 

6.2.2 MXene Synthesis 

Ti2C3Tx (MXene) was synthesized by Professor Yuri Gogotsi’s group in Drexel 

University. Received MXene Sample included powders and solution. The solution was 

used directly. MXene powders were sonicated and dissolved in nitrogen-purged 

Millipore water at a concentration of 4 or 10 mg/L.  

6.2.3 Fabrication of MXene/RGO Composite Paper 

To fabricate MXene/RGO composite paper, 0.5 mL of the MXene colloid and 4 mL 

of the RGO colloid were mixed in 150 mL Millipore water and sonicated for 20 min to 

obtain a well-dispersed MXene/RGO (weight ratio 1:1) colloid. The MXene/RGO paper 

was formed by vacuum filtration of the MXene/RGO solution through a nitrocellulose 

membrane (0.05 µm pore size, Merck Millipore LTD, Ireland) as the filter paper. The 

filtered MXene/RGO paper was rinsed with DI water to remove the excess hydrazine and 

ammonia and immediately immersed in a 1 M H2SO4 solution in Nitrogen Box for 24 

hours. The sulfuric acid exchanged with the water in MXene/RGO paper and was trapped 

in the pore structure. The MXene/RGO paper was then rinsed with the DI water and used 

for the next fabrication process.  
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For comparison, pure MXene paper was also fabricated following the same 

procedure with 1 mL MXene colloid used to control the final weight of MXene and 

MXene/RGO composite paper to be identical. 

6.2.4 Electrochemical Tests 

The stretchable MXene/RGO supercapacitor electrode was tested with a three-

electrode setup using a Bio-logic SP-200 potentiostat. 1 M H2SO4 was used as the 

electrolyte for all the experiments. Ag/AgCl in saturated KCl was used as the reference 

electrode. Pt mesh was used as the counter electrode. A Pt wire was used as the current 

collector. Cyclic voltammetry (CV) curves were measured from -0.2 V to 0.2 V vs Ag/AgCl 

for all the samples. More cathodic potential was not applied due to the high hydrogen 

catalytical activity of the Pt wire. The scan rate was varied from 2 to 200 mV/s. For 2 and 

5 mV/s scan rates, the 4th CV curves were recorded. For scan rates larger than 5 mV/s, the 

11th CV curves were recorded. Constant current charge/discharge (GCD) tests were 

performed from -0.2 V to 0.2 V with current densities from 0.5 to 10 A/g. Electrochemical 

impedance spectroscopy (EIS) of the MXene/RGO composite paper electrodes were 

measured at open-circuit-potential (OCP) with the frequency swept from 200 kHz to 100 

mHz with an amplitude of 10 mV. EIS of MXene paper electrode were measured at 0 V 

with the same frequency range amplitude. 
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For MXene/RGO stretchable supercapacitor, CV curves were measured from 0 V 

to 0.4 V with scan rates from 2 mV/s to 200 mV/s. Constant current charge/discharge 

measurements were performed from 0.1 to 2 A/g. EIS was performed at 0 V with the 

frequency swept from 200 kHz to 100 mHz with an amplitude of 10 mV. Electrochemical 

stability was tested by the constant current charge/discharge at 1 A/g when the 

supercapacitor is relaxed, i.e., 0% strain.  

6.2.5 Fabrication of All Solid-State Stretchable MXene/RGO 
Supercapacitors 

2.5 g of polyvinyl alcohol (PVA, MW 146,000-186,000, Sigma-Aldrich, Inc.) was 

added to 25 mL of 1 M H2SO4. The solution was heated to 90 ℃ in an oil bath for 1 h with 

stirring until it became clear. After cooling, the as-prepared PVA-H2SO4 gel was drop 

casted onto the stretched MXene/RGO electrodes. A small area was not covered with the 

electrolyte to place a Pt wire to connect to the potentiostat for electrochemical 

measurements. After drying for around one hour in air, the two prestretched MXene/RGO 

electrodes were pressed together. The PVA-H2SO4 gel served as both electrolyte and 

separator. The assembled device was then tested in a standard two electrode 

configuration. 

6.3 Results and Discussion 

The fabrication process of the stretchable MXene/RGO composite thin film 

electrode is shown in Figure 57a. First, the MXene/RGO composite thin film was produced 
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by vacuum filtration as described above. A 1 mm thick acrylic elastomer (VHB 4910, 3M 

Inc., US) was used as the stretchable substrate of the MXene/RGO composite paper. The 

elastomer was prestrained uniaxially up to 300%. The as-prepared MXene/RGO 

composite paper was then pressed onto the prestrained elastomer substrate. Because the 

adhesion between the polymer substrate and the MXene/RGO composite paper is much 

stronger than that between MXene/RGO composite paper and the filter paper, the 

MXene/RGO composite paper was easily transferred to the elastomer substrate. After the 

transfer process, the polymer substrate was relaxed along the prestrain direction and 

allowed to rest for a while to let the substrate recover to its original state. A similar process 

was used to fabricate a pure stretchable MXene film without RGO. The SEM images of 

stretchable MXene thin film and MXene/RGO thin film in 0% strain state are shown in 

Figure 57b and Figure 57c. Cracks exist throughout the stretchable MXene film. The crack 

is ascribed to the combination of high mechanical modulus193 and weak intersheet 

interactions194 of MXene paper. On the other hand, the stretchable MXene/RGO paper 

maintained its structure integrity with wrinkles/ridges formation at the wavelength of 

about 50 µm. The superior mechanical properties are attributed to the smaller mechanical 

modulus (<1 GPa) and high elongation-at-break of RGO paper.197 SEM images in Figure 

57d reveal that the size of RGO nanoflakes is approximately 14.6 times larger than that of 

MXene nanoflakes used in this chapter. Larger flake size enables larger intersheet 



 

140 

 

interactions, which contribute to the higher flexural fracture endurance.198 As a result, the 

structural integrity of MXene/RGO composite paper can be better retained during large 

mechanical deformations, i.e., relaxation. In the MXene/RGO composite paper, the MXene 

contributes high capacitance and improves the overall conductivity of RGO paper while 

the RGO provide a mechanical robust matrix. SEM images of the MXene and MXene/RGO 

paper relaxed from different prestrains (100%, 200% and 300%) are compared in Figure 

58. It can be observed that for MXene/RGO composite paper, the pattern gradually 

changes from wrinkles of large wavelength (100%) to wrinkles of small wavelength 

(200%) to high aspect ridges (300%) with increasing mechanical prestrain. The structural 

integrity is well maintained in all the films, indicating the robustness of the method. In 

contrast, pure MXene films crack during relaxation for all prestrains.  



 

141 

 

 

Figure 57. Fabrication and characterization of MXene and RGO paper and nanoflakes.  

(a) Fabrication of MXene/RGO composite paper for stretchable supercapacitor 

electrodes. (b) SEM of pure MXene paper after relaxation from a 300% prestrained state. 

(c) SEM of MXene/RGO composite paper after relaxation from a 300% prestrained state. 

(d) SEM images of RGO and MXene nanoflakes and their size distributions (RGO-i, 

red, MXene-ii, blue). (e) AFM images of the MXene nanoflakes. (f) Cross section Depth 

profile of the MXene nanoflakes measured by AFM.   

The thickness of MXene nanoflakes was measured by AFM and the results are 

shown in Figure 57. The average thickness of a MXene nanoflake is  2.6 ± 1.00 nm, 

corresponding to previous literature reports.199  
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Figure 58. SEM images of MXene/RGO and MXene paper after relaxation from 

different prestrained states. (a) SEM of the MXene/RGO paper after relaxation from a 

100% prestrained state. (b) SEM of the MXene/RGO paper after relaxation from a 200% 

prestrained state. (c) SEM of the MXene/RGO paper after relaxation from a 300% 

prestrained state. (d) SEM of the pure MXene paper after relaxation from a 100% 

prestrained state. (e) SEM of the pure MXene paper after relaxation from a 200% 

prestrained state. (f) SEM of the pure MXene paper after relaxation from a 300% 

prestrained state. 

The as-prepared stretchable MXene/RGO composite paper was then tested as a 

supercapacitor electrode and compared with stretchable pure MXene paper. The results 

are shown in Figure 59. The CV of stretchable pure MXene electrode at 0% strain state 

appears in Figure 59a. The CV curves are rectangular and ideal at small scan rates. 

However, the capacitance calculated by the constant current charge/discharge curves 

(Figure 59c) reveals that lower capacitance than expected was achieved for the stretchable 
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pure MXene electrode179, indicating loss of active material during the crack formation. 

Also, the CV curves becomes significantly distorted when the scan rate increases to 50 

mV/s, confirming significantly increased resistance caused by cracking. When a uniaxial 

strain is applied to the electrode, the distance between each cracked MXene flakes 

increases leading to further reduction of the film conductivity and more inactive 

materials. As a result, the electrochemical performance of pure MXene paper degrades 

further with larger mechanical deformations. As shown in Figure 59b, the capacitive 

current of pure MXene paper decreases significantly with increasing applied strain. The 

calculated capacitance of the stretchable pure MXene electrode is shown in Figure 59c. At 

small current density, the influence of resistance is minimized. Therefore, the decrease of 

the capacitance with increasing applied strain, likely due to separation and disconnection 

of MXene flakes during the mechanical deformation. The rate capability is also decreasing 

with increasing strain by the poor conductivity at high tensile strains (i.e., at 0% strain 

state, 40% capacitance was retained from 0.5 A/g to 10 A/g; however, only 7.6% 

capacitance was retained from 0.5 A/g to 10 A/g). Moreover, no capacitance can be 

measured for the stretchable pure MXene electrode at current density higher than 1 A/g 

under 100% and 200% strains because the high internal resistance leads to an IR drop 

exceeding the measurable potential range.  
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Figure 59. Electrochemical characterization of the stretchable MXene and MXene/RGO 

electrodes. (a) CVs of the pure MXene stretchable supercapacitor electrode at 0% strain 

state with different scan rates. (b) CVs of the pure MXene stretchable supercapacitor 

electrode at 0%, 100%, 200% and 300% strain states with 20 mV/s scan rate. (c) Specific 

capacitance calculated from GCD measurements for the pure MXene stretchable 

supercapacitor electrode at different strain states and different charge/discharge 

current densities. (d) CVs of the MXene/RGO stretchable supercapacitor electrode at 

0% strain state with different scan rates. (e) CVs of the MXene/RGO stretchable 

supercapacitor electrode at 0%, 100%, 200% and 300% strain states with 20 mV/s scan 

rate. (f) Specific capacitance calculated from GCD measurements for the MXene/RGO 

stretchable supercapacitor electrode at different strain states and different 

charge/discharge current densities. 

In contrast to the pure MXene paper, which does not function well as a stretchable 

supercapacitor electrode, the MXene/RGO composite paper maintains good 

electrochemical performance under large mechanical deformation. The electrochemical 

performance of the stretchable MXene/RGO composite paper is shown in Figure 59d-f. In 
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figure 59d, the CVs of the stretchable MXene/RGO composite paper at 0% strain state are 

rectangular from 2 mV/s to 50 mV/s, showing ideal capacitive behavior. Moreover, CVs 

of the stretchable MXene/RGO composite paper at different strain states are nearly 

identical (Figure 59e), demonstrating the benefit of improved structural integrity of 

MXene/RGO composite paper even under large mechanical deformations. The specific 

capacitance of the stretchable MXene/RGO composite paper at different strain states is 

shown in Figure 59f. Capacitance of 140 F/g can be obtained at a small current density (i.e., 

0.5 A/g). When the current density increases to 10 A/g, the capacitance drops to around 

70 F/g with 50% capacitance retention (from 0.5 A/g to 10 A/g). The value is higher than 

the stretchable pure MXene paper electrode and literature reported MXene electrode200, 

indicating the structural advantages of MXene/RGO composite paper. The similar 

capacitance and similar rate capability of the stretchable MXene/RGO composite paper at 

different strain states confirm that the pore structure and accessible active materials 

remain similar during large mechanical deformation. The consistent electrochemical 

performance of MXene/RGO composite paper at different strain states indicates its 

suitability for stretchable supercapacitor applications.   

Electrochemical Impedance Spectroscopy (EIS) was used to further analyze the 

performance of the stretchable MXene/RGO composite paper. Nyquist plots of pure 

MXene paper and MXene/RGO composite paper electrodes are shown in Figure 60a and 
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60c. Figure 60b and 60d demonstrate the middle-to-high frequency responses 

respectively. The small resistance at 200 kHz, 0.6 Ω, is an indication of good bulk 

electrolyte conductivity. For the pure MXene electrode, resistance (semicircle in 

Figure60b) at middle-to-high frequency range increases from ~25 Ω to >100 Ω with 

increasing strain, which can be attributed to increasing film resistance under larger 

mechanical deformations. The slope of EIS curves decreased with increasing strains at low 

frequency, indicating a transition from capacitive to resistive characteristics. The increase 

of corresponding real and imaginary impedance implies less accessible materials and less 

conductivity of the film, consistent with the results of GCD tests. For the MXene/RGO 

composite electrode, the film resistance (semicircle show in Figure 60d) remains similar 

at different strain states. Additionally, similar slopes (near vertical) at low frequency range 

represents identical capacitive behavior of MXene/RGO composite electrode in different 

strain states, in agreement with CV and GCD measurements. 
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Figure 60. EIS of the stretchable MXene and MXene/RGO electrodes.  (a) EIS of the pure 

MXene stretchable supercapacitor electrode at different strain states. (b) EIS of the pure 

MXene stretchable supercapacitor electrode at different strain states in high-to-middle 

frequency range. (c) EIS of the MXene/RGO stretchable supercapacitor electrode at 

different strain states. (d) EIS of the MXene/RGO stretchable supercapacitor electrode 

at different strain states in high-to-middle frequency range. EIS was measured from 

200 kHz (High) to 100 mHz (Low) indicated by the arrow. 

A schematic of a stretchable MXene/RGO supercapacitor is shown in Figure 61a. 

The supercapacitor is composed of two stretchable MXene/RGO composite layers with a 

PVA-H2SO4 gel electrolyte. The CV curves of this supercapacitor at 0% strain and different 
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scan rates are show in Figure 61b. The rectangular shape of CVs is an indication of good 

capacitive behavior, where a rectangle would be ideal. However, the CV curve at 50 mV/s 

is rounded and tilted, suggesting that the film has a relatively large internal resistance. 

This is confirmed by the large intercept (140 Ω) on the Z’ axis in the Nyquist Plot (Figure 

61d). The large film resistance is attributed to the poor conductivity of RGO, which 

provides the structural integrity of the composite paper. Improving its conductivity will 

be a subject of future work. 

The supercapacitor demonstrates similar electrochemical performance at different 

mechanical strains, as shown by overlapping CVs (Figure 61c). Similar slopes of 

impedance spectra in different strain states at low frequency further confirm that the 

MXene/RGO stretchable supercapacitor maintains its electrochemical performance under 

large mechanical deformations. The results of GCD tests on the MXene/RGO 

supercapacitor at different strain states are compared in Figure 61e. All the curves are 

triangular, indicating that the main charge storage mechanism in that potential range is 

an electrochemical double layer (EDL). However, intercalation of H+ in the MXene layers 

cannot be excluded. Similar charge/discharge times for GCD cycles indicates similar 

capacitance for the MXene/RGO supercapacitor at different strain states, in agreement 

with the CV and EIS measurements. The specific capacitance of the MXene/RGO 

supercapacitor was calculated based on the GCD measurements and shown in Figure 61f. 
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Capacitance of 29 F/g was obtained at 0.1 A/g, which is consistent with the value obtained 

from the electrode measurement, 140 F/g, considering that the capacitance is halved, and 

the weight of active materials is doubled in a symmetric supercapacitor architecture. The 

specific capacitance is maintained over all measured current densities at different strain 

states because of the structural integrity of the MXene/RGO composite paper. 

The above measurements were performed with the MXene/RGO composite 

supercapacitor during the relaxation process. The supercapacitor was restretched and 

characterized using the same methods to determine if the ridge formation process (Figure 

61c) permanently affects the electrochemical performance of the MXene/RGO composite 

supercapacitor. The results are shown in Figure 61g and Figure 61h. The capacitance of 

the restretched supercapacitor decreases about 8% from the original 300% strain state 

(Before the ridge/winkle formation process). The results in Figure 61g and Figure 61h 

show that ridge/wrinkle formation process reduces the capacitance of the stretchable 

MXene/RGO supercapacitor. Poorer contact between the gel electrolyte and stretchable 

electrode may be the main cause of the performance decrease because a series resistance 

increase can be observed in Figure 61d. Finally, the electrochemical stability of the 

stretchable MXene/RGO composite supercapacitor was tested by 10,000 GCD cycles at 1 

A/g. The normalized capacitance is shown in Figure 61i. The capacitance decreases to 85% 

of the initial value after the 10,000 cycles. The bulk of the decrease happens at the first 
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2,000 cycles and the capacitance remains roughly constant after 4,000 cycles. The results 

indicate no film delamination and damage occurred during the stability test, which is 

promising for practical applications.  

 

Figure 61. Electrochemical characterization of the stretchable MXene/RGO composite 

supercapacitor. (a) Schematic of the stretchable MXene/RGO composite supercapacitor. 

(b) CVs of the stretchable MXene/RGO supercapacitor at 0% strain state with different 

scan rates. (c) CVs of the stretchable MXene/RGO supercapacitor at different strain 

states at a 20 mV/s scan rate. (d) EIS of the stretchable MXene/RGO supercapacitor at 

different strain states. (e) 10 cycles GCD (0.5 A/g) tests of the stretchable MXene/RGO 

supercapacitor at different strain states. (f) Specific capacitance of the stretchable 

MXene/RGO supercapacitor at different strain states and different charge/discharge 
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current densities.  (g) GCD (0.5 A/g) test of the MXene/RGO supercapacitor in a 

mechanical relax-stretch cycle. (h) Specific capacitance of the stretchable MXene/RGO 

supercapacitor in a mechanical relax-stretch cycle at 0.5 A/g charge/discharge current 

density (i) Electrochemical stability of the stretchable MXene/RGO composite 

supercapacitor. 

6.4 Conclusion 

In summary, MXene and MXene/RGO papers were fabricated and tested as the 

stretchable supercapacitor electrode. The pure MXene paper cracked during the 

relaxation process, which makes it less suitable for stretchable supercapacitor 

applications. In contrast, the MXene/RGO composite paper maintained its mechanical 

structural integrity during the relaxation process because of the smaller mechanical 

modulus, stronger intersheet interaction, and larger nanoflakes size of RGO. The 

stretchable MXene/RGO composite electrode demonstrates good electrochemical 

performance with 140 F/g capacitance and 50% capacitance retention (from 0.5 A/g to 10 

A/g). More importantly, the electrochemical performance is well maintained when the 

MXene/RGO composite electrode undergoes large mechanical deformations (i.e., up to 

300% strain). An all-solid-state MXene/RGO composite supercapacitor was fabricated 

using PVA-H2SO4 as gel electrolyte. The stretchable MXene/RGO composite 

supercapacitor possesses a specific capacitance of 29 F/g and maintains its electrochemical 

performance under large mechanical deformation. Because of its superior electrochemical 
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and mechanical properties, the stretchable MXene/RGO composite supercapacitor is 

expected to have broad application in wearable energy storage and stretchable electronics.  
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7. Printing of Stretchable High-Performance 
Supercapacitors from Hybrid CNT-RGO-PEDOT1 
Composite  

7.1 Introduction  

The fabrication of stretchable CNT forests, CNT-Au forests and MXene/RGO 

supercapacitor electrodes have been demonstrated and discussed in Chapters 4-6.  All the 

fabrications required a transfer process, which has a high possibility of failure during the 

multistep procedure. The transfer process is also incompatible with large-scale production 

for industrial applications. As a result, it is necessary to develop technology capable of 

fabricating stretchable supercapacitor electrodes in a low-cost, automated, and scalable 

way. Printing is a suitable candidate technology.  

Printed electronics have seen rapid development in recent years. In particular, 

inkjet printing has many advantages; such as low cost, direct writing, additive patterning, 

and scalable production; when applied to the fabrication of supercapacitor electrodes. 

With high surface area, good electric conductivity, and low cost, graphene is a promising 

material for supercapacitor applications. Graphene has been inkjet printed to make 

supercapacitor electrodes201-202, chemical sensors203, and thin film transistors204. However, 

                                                      

1 The PEDOT was doped with PSS to increase the conductivity. In this chapter, PEDOT will be used 

to represent PEDOT:PSS. The inks preparation and printing were performed by Dr. Changyong Cao. 
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many problems exist in current graphene inkjet printing techniques. For example, 

graphene and RGO tend to aggregate in the ink.205 Lu et al. have circumvented this 

tendency by using graphene oxide as the ink to print high quality thin films followed by 

a reduction process to regain the electrical properties of graphene201. The resultant 

graphene thin film showed a high specific capacitance (~140 F/g), but the rate performance 

was poor because of the uncontrolled pore structure of the graphene films. An additional 

thermal reduction step also complexes the fabrication process. CNT additions between 

graphene sheets have been shown to significantly improve the rate capability of printed 

graphene films206 by providing a more open and porous structure.  

In this chapter, we adapted inkjet printing to fabricate high performance CNT-

RGO-PEDOT stretchable supercapacitors. The RGO-CNT-PEDOT mixture was directly 

used as the ink to fabricate CNT-RGO-PEDOT supercapacitors without an additional 

reduction process. The printed CNT-RGO-PEDOT film had good adhesion to the 

elastomer substrate. CNTs and PEDOT significantly increase the performance of printed 

graphene supercapacitors by the increased conductivity and less restacking of RGO. The 

printed CNT-RGO-PEDOT supercapacitors can be charged at 5 A/g, with a specific 

capacitance of approximately 20 F/g and retain electrochemical performance with large 

mechanical strain (i.e., 200% × 200%). 85% capacitance retention (from 0.5 A/g to 5 A/g) is 

obtained through the design of CNT-RGO-PEDOT composite structure. A tandem CNT-
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RGO-PEDOT trapezoidal supercapacitor (4 in series) was printed and demonstrated by 

successfully powering a “Duke” LED array. The trapezoidal-shaped supercapacitor 

shows the patterning capability of inkjet printing.  

7.2 Experimental Methods 

The morphology and nanostructure of the CNT-RGO-PEDOT supercapacitor 

electrodes were characterized by a FEI Tecnai G2 Twin TEM system and FEI XL30 SEM 

system. Raman spectroscopy of the CNTs, RGO, PEDOT, and CNT-RGO-PEDOT 

composite was performed using a Horiba Jobin Yvon LabRAM ARAMIS system. A 633 

nm laser was used as the excitation light. Surface compositions of the CNTs, RGO, 

PEDOT, and CNT-RGO-PEDOT composite thin films were characterized by XPS using a 

Kratos Analytical Axis Ultra system. XPS data were analyzed and deconvoluted by 

CasaXPS software.   

7.2.1 Preparation of CNT, RGO and PEDOT Ink 

Reduced graphene oxide (Carbon Solutions, Inc.) was prepared by borohydride 

reduction of graphene oxide (Hummer’s method). Purified SWCNTs (P3–SWCNT, 

Carbon Solutions, Inc.) were produced by the electric arc method and were washed 

intensively with NaOH solution to remove carboxylated carbon fragments and dispersed 

in distilled water by sonication. The as-received CNT powder and RGO powder were both 

dispersed in methanol to a concentration of 0.5 mg/mL and then mixed thoroughly at a 
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1:1 ratio, followed by ultrasonication for 20 min. To improve the printing properties of the 

ink and to enhance the conductivity of the printed hybrid film, 20 vol% of the conductive 

polymer PEDOT (Clevios PH1000, Heraeus, Inc.) was added. In addition, 9% of DMSO 

was added into the solution to enhance conductivity. The resulting ink was used for jet 

printing on a variety of substrates, including polyimide, silicon wafers, glass slides, and 

metal sheets. 

7.2.2 Printing Process 

Printing was done using the AJ-300 aerosol jet printer (Optomec, Inc.) in air. The 

stage was heated to 60 °C to facilitate solvent evaporation. The carrier gas (N2) flow rate, 

sheath gas (N2) flow rate, and nozzle diameter are specified below. Stage speed was 1-5 

mm/s. A 150 μm diameter nozzle was used for printing and the sheath gas and carrier gas 

flow rates were set to 40 sccm and 20 sccm, respectively. The water bath for ink vials was 

kept at 20 °C. The printer was cooled in a chilled water bath, which was kept at 15 °C .  

7.2.3 Fabrication of the Stretchable CNT-RGO-PEDOT 
Supercapacitors 

Figure 62 shows the fabrication process of an inkjet printed CNT-RGO-PEDOT 

supercapacitor. A prestretched elastomer was prepared and placed below the printing 

nozzle. Electronic patterns were then printed by spraying the CNT-RGO-PEDOT mixed 

ink (mixed before the printing through the nozzle onto the prestretched elastomer. The 

CNT, RGO, PEDOT inks and their mixture are shown in Figure 62a. In the mixture ink, 
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the CNT, RGO and PEDOT weight ratio is 2:2:1. It can be seen that the CNT, RGO, PEDOT 

and their mixture are well dispersed in water which favors the printing uniformity. For 

stretchable CNT-RGO-PEDOT supercapacitors, a 1.5 cm square was chosen. For CNT-

RGO-PEDOT supercapacitors in series, a trapezoidal shape was used to demonstrate the 

printer’s ability to pattern arbitrary shapes. Three layers of CNT-RGO-PEDOT were 

printed for the supercapacitors. The second layer was printed orthogonally to the first and 

third layers to improve uniformity. After the printing process, the CNT-RGO-PEDOT thin 

film was dried using an electric heating fan. It was then relaxed in two orthogonal 

directions sequentially (for the stretchable devices). Figure 62b shows an optical image of 

the prestretched elastomer during printing. 

7.2.4 Fabrication of All-Solid-State Flexible, Trapezoidal CNT-RGO-
PEDOT Supercapacitor  

PVA-H3PO4 was chosen as the solid-state electrolyte for trapezoidal tandem CNT-

RGO-PEDOT supercapacitors (4 capacitors in series). For the PVA-H3PO4 gel electrolyte, 

2.5 g of poly(vinyl alcohol) (PVA, MW 146000-186000, Sigma-Aldrich) was dissolved into 

25 mL DI water. The solution was heated to 90 °C and stirred for 1 hour until it became 

clear. 0.2 mL of 85% weight ratio H3PO4 (J. B. Baker) was then added into the solution and 

stirred for another 15 minutes. The as-prepared PVA-H3PO4 electrolyte was degassed in a 

vacuum chamber.  
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To fabricate tandem CNT-RGO-PEDOT solid state supercapacitors, the PVA-

H3PO4 electrolyte was first drop casted on a Teflon mold and dried overnight to obtain a 

PVA-H3PO4 thin film. The PVA-H3PO4 thin film were then submerged in 85% weight ratio 

phosphoric acid (J. B. Baker) solution for 30 minutes before the use. Two CNT-RGO-

PEDOT electrodes and the PVA-H3PO4 electrolyte were then assembled into a symmetric 

supercapacitor. The PVA-H3PO4 gel serves as both a separator and electrolyte. Finally, the 

tandem CNT-RGO-PEDOT solid state supercapacitor was tested as a standard two 

electrode system. 

7.2.5 All Solid-State Stretchable CNT-RGO-PEDOT Supercapacitor 
Fabrication 

PVA-KCl was chosen to be the solid state electrolyte for the stretchable CNT-RGO-

PEDOT supercapacitors prepared as follows. 2.5 g of PVA (MW 146000-186000, Sigma-

Aldrich) was dissolved into 25 mL deionized water. The solution was heated to 90 °C with 

stirring until it become clear, approximately 1 hr. 3 g KCl (VWR ANALYTICAL) was then 

added into the solution and stirred for 10 minutes. The PVA-KCl solution was then 

degassed in a vacuum chamber to remove bubbles. To make the solid-state CNT-RGO-

PEDOT supercapacitor, the PVA-KCl solution was drop casted onto the stretchable CNT-

RGO-PEDOT electrode. The electrodes were prestretched biaxially at 200% × 200%. A ~0.4 

cm margin was left without electrolyte and connected to a Pt wire current collector. After 

drying 30 min in air and 5 min using an air blower, the two prestretched electrodes were 
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pressed together and dried on an 80 °C hotplate for 10 min to ensure complete bonding. 

The PVA-KCl gel serves as both electrolyte and separator. The assembled device was then 

tested as a standard two electrode system.  

7.2.6 Electrochemical Tests 

The stretchable CNT-RGO-PEDOT electrode was tested in a three-electrode setup 

at room temperature using a SP-300 potentiostat (Biologic, Inc). Ag/AgCl in a saturated 

electrode. A 2 M KCl solution was used as the electrolyte. 

Cyclic voltammetry (CV) was used to characterize the electrochemical 

performance of the stretchable CNT-RGO-PEDOT electrode. The scan rate was varied 

from 20 mV/s to 200 mV/s. Electrochemical impedance spectroscopy (EIS) was used to 

further characterize the electrode. The frequency range is from 2 MHz to 0.1 Hz with a 

sinusoidal potential amplitude of 10 mV. For the CNT-RGO-PEDOT electrode, EIS was 

performed at open circuit potential. For CNT-RGO-PEDOT supercapacitor, the EIS was 

performed after fixing the voltage at 0 V for 2 minutes. Galvanostatic charge/discharge 

tests (GCD) were performed on both the CNT-RGO-PEDOT electrodes and 

supercapacitors. The current density was varied from 0.5 to 5 A/g. 10,000 galvanostatic 

charge/discharge cycles at 1 A/g were used to test the electrochemical stability. 
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For the CNT-RGO-PEDOT trapezoid supercapacitors, CVs from 20 mV/s to 1 V/s 

and constant current charge/discharge tests from 4 µA/cm2 to 200 µA/cm2 were used to 

characterize the electrochemical performance.  

7.3 Results and Discussion 

A printed CNT-RGO-PEDOT composite in fully stretched state is shown in Figure 

63c. The surface patterns biaxially stretchable CNT-RGO-PEDOT electrodes appear in 

Figure 62c. The biaxially stretchable CNT-RGO-PEDOT electrode forms a crumpled 

pattern on the fully relaxed elastomer substrate (0% × 0%). Strain is defined by the length 

change divided by original length of the polymer substrate: ε =
∆𝐿

𝐿
, where ∆L is the length 

change and L is the original length of the polymer substrate. 

 

Figure 62. Fabrication of printed CNT-RGO-PEDOT electrode. (a) Schematic of the 

fabrication process flow for the 4D printed hybrid CNT-RGO-PEDOT supercapacitor 

(i) Stretching the elastomer substrate for printing (ii) Printing electronics patterns on 

the prestretched substrate (iii) Annealing and drying the substrate (iv) Relaxation of 
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the elastomer (b) optical graph of a elastomer substrate in printing  (c) Optical 

micrograph of the crumpled pattern formed by the printed CNT-RGO-PEDOT thin 

film on a fully relaxed elastomer substrate (0% × 0%).   

After the fabrication process, the as-prepared CNT-RGO-PEDOT composite was 

first characterized by SEM and TEM. TEM images are shown in Figure 63b. It can be seen 

that CNTs are in direct contact with the graphene sheets. The CNTs serve as a conductive 

network connecting discretized RGO nanosheets, which significantly improves the 

conductivity of the composite. The top-view SEM of CNT-RGO-PEDOT composite 

appears in Figure 63d. The CNT in the composite formed conducting networks for 

enhanced electron transport rates. Additionally, CNT networks reduced the likelihood of 

RGO flakes stacking during deposition, resulting in increased accessible surface area, 

which led to high specific capacitance, high energy density and power density.206-207 
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Figure 63. SEM and TEM of the CNT, RGO and PEDOT ink used for the printing 

process. (a) CNT, RGO, PEDOT, and a mixture of these inks for printing. (b) TEM 

image of the printed CNT-RGO-PEDOT composite. (c) Optical images of a printed 

CNT-RGO-PEDOT composite in fully stretched state. (d) Top-view SEM of a printed 

CNT-RGO-PEDOT composite electrode. 

The CNT, RGO, PEDOT, and composite films were characterized with Raman 

spectroscopy and the spectra are shown in Figure 64a. The peak assignment of PEDOT is 

adopted from Tran-Van et al.208 For PEDOT, the main peak (C=C symmetric stretching in 

Thiophene plane mode) at 1433 cm-1 corresponds well to previous literature reports.208 The 

1262 cm-1 band is attributed to the inter ring Cα-Cα’ stretching. The 1367 cm-1 band is caused 

by the Cβ-Cβ stretching mode in the Thiophene ring. The 1560 cm-1 band can be attributed 

to the C=C asymmetric stretching vibration in Thiophene plane.208 For RGO, three 

prominent peaks were observed at 1323 cm-1(D band), 1573 cm-1(G band), and 1600 cm-
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1(D’ band).  The 2.25 D/G ratio indicates small, numerous in-plane SP2 domains created by 

the reduction of graphene oxide.209 Note that the relative Raman intensity of RGO is small, 

so the Raman curve of RGO is multiplied by 30 for clearer visualization. For CNTs, the 

1325 cm-1 D band and 1581 cm-1 G band indicate a low concentration of defects and large 

in-plane SP2 domains. The structural integrity provides high conductivity and low 

resistance when the CNTs are included as a component of the ink. The G’ band around 

2617 cm-1 for CNTs is attributed to the second-order two phonon process.210 For the CNT-

RGO-PEDOT composite, the signature peaks of PEDOT and CNT were easily recognized. 

The RGO peaks were hard to observe due to their relatively low Raman intensity. 

The XPS survey scan of the CNT-RGO-PEDOT composite film is shown in Figure 

64b. The S and Na peaks indicate PEDOT polymer on the surface. The low concentrations 

of F and N are detected in the survey scan and can be attributed to surface groups 

remained during the CNT and RGO synthesis. The region scans of S and C are shown in 

Figure 64c,d, respectively. The S peak envelop in Figure 64c can be deconvolved into 4 

separate peaks. The 164.2 eV and 165.2 eV peaks are attributed to the Thiophene groups 

in PEDOT. The 168.1 eV and 169.2 eV peaks are due to the sulfonate groups in PSS.211 The 

C peak envelop is deconvolved into 3 peaks: C-C, C-O, and C=O (Figure 64d). The C-O 

peak contribution comes from the ethylenedioxy groups in PEDOT and oxygen functional 
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groups in CNT and RGO. The C=O peak is mainly attributed to the carboxyl groups in 

RGO and CNTs. 

 

Figure 64. XPS and Raman of the CNT, RGO and PEDOT ink used for the printing 

process. (a) Raman spectra of CNT, RGO, PEDOT and their composite thin films with 

633 nm laser source, characteristic peaks of each component were marked by the 

vertical dotted line and detailed wavenumber. (b) XPS survey scan of the CNT-RGO-

PEDOT composite. (c) XPS sulfur regions scan of the CNT-RGO-PEDOT composite. (d) 

XPS carbon region scan of the CNT-RGO-PEDOT composite. 

The performance of the stretchable CNT-RGO-PEDOT composite electrode was 

then tested electrochemically and the results appear in Figure 65. The rectangular CV 
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curves indicates the double layer charge storage mechanism (Figure 65a). Note that the 

PEDOT concentration is only 20% of the weight of the total materials and its main role is 

to improve the conductivity of the composite, thus there are no obvious redox reaction 

peaks in the CV curves. 

 

Figure 65. Electrochemical characterization of the CNT-RGO-PEDOT composite 

electrode. (a) CV scans of the biaxially stretchable CNT-RGO-PEDOT composite 

electrode at different scan rates in the relaxed state (20 mV/s, 50 mV/s and 100 mV/s). 

(b) Constant current charge/discharge cycles of the CNT-RGO-PEDOT composite 

electrode at different current densities in the relaxed state (0.5 A/g, 1 A/g, 2 A/g, and 5 
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A/g). (c) CV of the CNT-RGO-PEDOT composite electrode at 50 mV/s in different strain 

states (0% × 0% and 200% × 200%). (d) Specific capacitance of the CNT-RGO-PEDOT 

composite electrode derived from the constant current charge/discharge curves at 

different current densities and strain states. 

The constant current charge/discharge curves of the stretchable CNT-RGO-

PEDOT composite electrode in the relaxed state (0% × 0%) are shown in Figure 65. The 

triangular shape of the charge/discharge curves confirmed the double layer charge storage 

mechanism. Calculated specific capacitance of the stretchable CNT-RGO-PEDOT 

composite electrode at different current density in different strain states is shown in 8.4d. 

It can be seen that the specific capacitance of the stretchable CNT-RGO-PEDOT composite 

electrode is around 100 F/g across the current densities. As expected, the specific 

capacitance is smaller than 140 F/g for the printed pure graphene electrode because CNT 

are 40% of the weight of the composite electrode and have a smaller specific capacitance 

than RGO.40 The specific capacitance remained 89.4% with increasing current density from 

0.5 A/g to 5 A/g, showing excellent rate capability. The high rate capability is attributed 

to the improved conductivity of PEDOT and CNT additives and reduced restack of RGO. 

Additionally, the stretchable CNT-RGO-PEDOT composite electrode in the fully stretched 

state (200% × 200%) and relaxed state (0% × 0%) had the same capacitance and rate 

performance, indicating that the electrochemical performance of the stretchable CNT-

RGO-PEDOT composite electrode can be retained under extreme mechanical strains. The 

consistency of the capacitance in different mechanical states is also verified by the CV 
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curves of the stretchable CNT-RGO-PEDOT composite electrode in both the stretched 

(200% × 200%) and relaxed states (0% × 0%) and is shown in Figure 65c. 

After testing the CNT-RGO-PEDOT composite electrode performance, two 

stretchable CNT-RGO-PEDOT composite electrodes were assembled with the PVA-KCl 

gel to fabricate a stretchable CNT-RGO-PEDOT composite symmetric supercapacitor. CV 

and EIS characterization of the stretchable supercapacitor were performed and the results 

are shown in Figure 66. As was the case for the stretchable electrodes, the CV curves of 

the stretchable supercapacitor in the stretched state (100% × 100%) at different scan rates 

are rectangular (Figure 66a). The overlapping CV curves of the stretchable CNT-RGO-

PEDOT symmetric supercapacitor at three different strain states indicates its mechanical 

robustness (Figure 66b). EIS curves of the stretchable supercapacitor at three different 

strain states appears in Figure 66c. The series resistance at the three strain states was 

similar. Also, the charge transfer resistance is small and no semicircle in high-mid 

frequency range ( i.e., 200 kHz  to 10 Hz) is observed. The small charge transfer resistance 

results from better ionic diffusion, which contributes to its excellent rate capability.  
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Figure 66. Electrochemical characterization of the CNT-RGO-PEDOT symmetric 

supercapacitor. (a) CV curves of the stretchable CNT-RGO-PEDOT symmetric 

supercapacitor at different scan rates while in stretched state (100% × 100%). (b) CV 

curves of the stretchable supercapacitor at 50 mV/s in different strain states (0% x 0%, 

100% x 100% and 200% × 200%). (c) Nyquist plot of CNT-RGO-PEDOT at 0 V in 

different strain states (0% × 0%, 100% × 100% and 200% × 200%).  

Next, galvanostatic current charge/discharge curves of the stretchable CNT-RGO-

PEDOT symmetric supercapacitor at 1 A/g in different strain states are shown in 67a. The 

triangular shape and identical charge/discharge time of the stretchable supercapacitor at 

different strain states indicate outstanding mechanical robustness. Specific capacitance 

was calculated from the galvanostatic charge/discharge curves and is shown in Figure 

67b. The supercapacitor capacitance is around 20 F/g at all strain states and is 

approximately one-fifth of the electrode capacitance. A perfect supercapacitor would have 

capacitance one-fourth of the electrode capacitance. The observed smaller supercapacitor 

capacitance is possibly due to the different capacitance values for each electrode and/or 

an electrolyte ion effect. KCl electrolyte is known to yield a lower capacitance than the 

ideal case. 
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Long term stability is another important factor for supercapacitor applications, we 

therefore performed mechanical and electrochemical stability tests. For the mechanical 

test, the stretchable CNT-RGO-PEDOT symmetric supercapacitor was stretched 

uniaxially to 150 % strain for 1,000 cycles. Every 200 cycles, CV curves were taken to 

calculate the capacitance. The results are shown in Figure 67c. The capacitance increased 

gradually with the number of mechanical cycles (120% of initial capacitance at 1000 

cycles). One possible explanation is that the stretching and relaxing opened inner pores 

and improved the wetting of the gel electrolyte and the electrodes. However, further 

investigation is needed to fully understand the process. The electrochemical stability test 

was done with 10,000 charge/discharge cycles at 1 A/g constant current. The capacitance 

was 88% of initial capacitance at 10,000 cycles. The decrease of capacitance is attributed to 

the poor stability of PEDOT.212 
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Figure 67. Specific capacitance and stability of the CNT-RGO-PEDOT symmetric 

supercapacitor. (a) Constant current charge/discharge curves of the stretchable CNT-

RGO-PEDOT symmetric supercapacitor at 1 A/g at different strain state (0% x 0%, 100% 

x 100% and 200% x 200%). (b) Specific capacitance of the stretchable supercapacitor at 

different current density at different strain states (0% x 0%, 100% x 100% and 200% x 

200%). (c) Effect of mechanical stability testing on the stretchable supercapacitor. A 

mechanical cycle is defined as uniaxially stretching to 150% strain and then relaxing to 

the original state (0%). The capacitance was 120% of initial capacitance at 1000 cycles 

(d) Electrochemical stability of the stretchable symmetric supercapacitor. 10,000 

charge/discharge cycles were performed at 1 A/g constant current. The capacitance was 

88% of initial capacitance at 10,000 cycles. 

Finally, LEDs and LED arrays were used to demonstrate the practical application 

of the symmetric CNT-RGO-PEDOT supercapacitor (Figure 68b,c). To achieve the 3 V 
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operational voltage of the LED, four supercapacitors were connected through thin gold 

films in series (Figure 68a). PVA-H3PO4 gel was used to achieve a better electrochemical 

performance. The shape of the supercapacitor is designed to be trapezoidal to show the 

patterning capability of inkjet printing using the CNT-RGO-PEDOT mixture ink. The CV 

curves and constant current charge/discharge curves of the series-connected CNT-RGO-

PEDOT supercapacitor are shown in Figure 68d,e. Up to 1 V/s, the CV curves remained 

rectangular, indicating superior rate capability. Additionally, the CNT-RGO-PEDOT 

supercapacitor was printed on polyimide (Kapton, DuPont, Inc.) and thus was flexible. 

The CV curves of the CNT-RGO-PEDOT supercapacitors in series remained identical in 

different bending conditions (Figure 68f).  
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Figure 68. Electrochemical characterization and application demonstration of the CNT-

RGO-PEDOT supercapacitor array (4 in series).   (a) Optical images of an assembled 

CNT-RGO-PEDOT supercapacitor (4 in series). (b,c)The four supercapacitors 

connected in series can be used to power a green light-emitting diode (LED) and even 

multiple LEDs of “DUKE”. (d) CV curves of the CNT-RGO-PEDOT supercapacitor 

array from 20 mV/s to 1000 mV/s. (e) Constant current charge/discharge curves of the 

CNT-RGO-PEDOT supercapacitor array with different current density from 5 µA/cm2 

to 200 µA/cm2.  (f) The CV curves of the printed flexible supercapacitor array when 

bended to different curvature radii. Inset: Photograph of the printed supercapacitor 

array bended by wrapping around a cylinder with a curvature radius of 5 mm. The scan 

rate is 100 mV/s. 

7.4 Conclusion 

In conclusion, inkjet printing was successfully used to fabricate CNT-RGO-

PEDOT stretchable supercapacitor electrodes. The stretchable supercapacitor exhibits a 

capacitance of 20 F/g with superior rate capability even under extreme mechanical 

deformations (i.e., 200% × 200% strains). Inkjet printing also enabled arbitrary electrode 
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shapes and facile fabrication of supercapacitor arrays. To demonstrate this point, four 

series-connected trapezoidal CNT-RGO-PEDOT supercapacitors were printed on Kapton 

substrate and tested. These capacitors demonstrate expected capacitive behavior. The 

supercapacitor array was used to successfully power a green LED and a blue LED panel. 

This work on printing stretchable CNT-RGO-PEDOT supercapacitors represents a solid 

step towards facile, low-cost, and large-scale fabrication of stretchable carbon 

nanomaterials supercapacitor for implantable bioelectronics and wearable electronics 

applications. 
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8 Conclusions 

8.1 Developing High Performance, Stable CBTSSe Photocathode 
for Solar Water Splitting  

This dissertation investigates new materials and nanostructures for energy 

conversion and storage. In Chapter 2 and 3, a systematic study of the 

photoelectrochemical performance of a new, earth-abundant and bandgap-tunable 

chalcogenide photocathode, Cu2BaSn(S,Se)4 (CBTSSe), has been performed to enable an 

improved energy conversion solution. Chapter 2 focuses on the photoelectrochemical 

performance of a CBTSSe photocathode with different Se concentrations. It was found 

that Se incorporation can increase the grain size and reduce the bandgap of the CBTSSe 

thin film. With increasing Se concentration, the photocurrent at -0.4 V/RHE increased 

significantly from 0.2 mA/cm2 (Se ~0%) to 3 mA/cm2 (Se ~60%) resulting from more light 

absorption, less grain boundary recombination and possibly higher carrier density. The 

addition of evaporated Pt further increased the photocurrent to 6 mA/cm2 at -0.4 V/RHE.  

While the possibility of utilizing CBTSSe as a photocathode for solar water 

splitting was confirmed in chapter 2, the low onset potential and low photocurrent density 

of bare CBTSSe needs to be improved for practical applications. In chapter 3, the 

performance of bare CBTSSe was improved by increasing Se concentration to reduce the 

bandgap, creating a p-n junction to enhance charge separation and using 

electrochemically deposited Pt catalyst to improve charge transfer kinetics. Based on these 
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strategies, a high-performance Pt/TiO2/CdS/CBTSSe(x≈3) photocathode with improved 

performance was fabricated. The CBD-CdS and ALD-TiO2 on the CBTSSe (i.e., 

Pt/TiO2/CdS/CBTSSe(x≈3)) significantly improved the photocurrent and onset potential of 

the CBTSSe-based PEC cells. A photocurrent of 12.08 mA/cm2 was obtained at 0 V/RHE, 

which is the highest value reported for CBTSSe-based PEC devices and comparable to 

other well-developed chalcogenide materials such as CuInS2 and CZTSSe. The high onset 

potential of 0.58 V/RHE is an indication of a high-quality p-n junction that significantly 

improved the efficiency of charge separation when compared to bare CBTSSe 

photocathode. The Pt/TiO2/CdS/CBTSSe(x≈3) electrode generated a stable photocurrent at 

0 V/RHE for more than 10 hours under AM 1.5G illumination benefiting from the 

conformal coating of ALD-TiO2. To obtain a more cost-effective and higher fabrication 

throughput CBTSSe photocathode for practical applications, a solution-processed CBTSSe 

thin film was then studied as the absorber with the same architecture. Similar 

photocurrent (10 mA/cm2 at 0 V/RHE) and onset potential (0.56 V/RHE) were obtained 

using the solution-processed CBTSSe absorber. 

8.2 Stretchable Supercapacitor with Carbon Nanomaterials  

In Chapters 4 through 7, supercapacitor energy storage solutions were examined. 

Highly stretchable supercapacitors based on various carbon nanomaterials were 

successfully designed, fabricated and characterized. The combination of outstanding 
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electrochemical performance (capacitance, energy density and power density) and 

mechanical robustness makes these devices attractive for various applications such as 

wearable electronics and biomedical implants.  In Chapter 4, a stretchable supercapacitor 

based on a crumpled CNT forest structure was proposed. By crumpling the vertically 

aligned CNT forest, a hierarchical CNT carpet nanostructure was created for the first time 

and tested as the supercapacitor electrode. As a one-dimensional nanotube array, the CNT 

forest is free from the cracking that is typically observed in conventional stretchable thin 

films during the electrode fabrication process and the overstretching in practical 

applications. Additionally, the high surface area and uniform porous structure of the CNT 

forest can be preserved in the stretchable electrode for high electrochemical performance. 

The electrical integrity is maintained by the intertwining of neighboring tubes and the 

CNT network at the base of the stretchable electrode. The uniaxially crumpled CNT forest 

and biaxially crumpled CNT forest demonstrated a capacitance in of 5 mF/cm2 and 15 

mF/cm2 in 1 M KCl electrolyte, respectively. The scaffolding ability of the crumpled CNT 

forest electrode was demonstrated using NiO nanoparticle decoration. The 

NiO/uniaxially crumpled CNT forest electrode yielded a capacitance of 45 mF/cm2, 9 times 

higher than the CNT counterpart. The increase of capacitance results from the capacitance 

of NiO and an improved surface area by the nanoparticle deposition, indicating a good 

electrical connection between the CNTs and nanoparticles. All-solid-state uniaxial and 
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biaxial crumpled CNT forest supercapacitors were also fabricated and showed reasonable 

performance both mechanically and electrochemically. 

Although the crumpled CNT forest demonstrated good electrochemical 

performance in a low charge/discharge rate, the relatively large forest resistance led to 

significant performance degradation at high charge/discharge rate. To improve the 

conductivity of the crumpled CNT forest, an Au-enhanced carbon network design was 

investigated in chapter 5. By vacuum sputtering a thin gold layer on the top of CNT forest, 

a better CNT network can be built to reduce the forest resistance by an order of magnitude 

after the transfer process. Owing to the Au-CNT network at the base of the stretchable 

supercapacitor electrode, stretchable Au-CNT forests exhibited superior electrochemical 

performance under various mechanical strains in both low and high charge/discharge 

rates.  

In chapter 6, a new carbon nanomaterial, MXene was studied in the application of 

stretchable supercapacitors. In the study, pure MXene paper was found to crack during 

the relaxation process of stretchable electrode fabrication. The cracking is ascribed to the 

high mechanical stiffness, weak intersheet interaction and small flake size of MXene. The 

issue was overcome by incorporating RGO with less mechanical stiffness, strong 

intersheet interaction and large flake size into the fabrication process. The as-prepared 

MXene/RGO composite paper maintained its structural integrity during the large 
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mechanical strains (i.e., 300%). When the composite paper was tested as supercapacitor 

electrodes, approximately 140 F/g capacitance was obtained at 0.5 A/g under various 

mechanical strains, comparable to RGO and MXene supercapacitor electrode. An all-

solid-state supercapacitor of MXene/RGO composite and PVA-H2SO4 gel was also 

fabricated and demonstrated outstanding electrochemical performance.  

Film transfer is a delicate process with a high failure rate and incompatible with 

the large-scale manufacturing. In chapter 7, to eliminate the film transfer process in the 

fabrication, an inkjet printing technique was introduced to the fabrication of highly 

stretchable supercapacitors. Commercially available CNT, RGO and PEDOT were used as 

the electrode materials. A high performance printed stretchable supercapacitor from the 

hybrid CNT-RGO-PEDOT composite was fabricated. The stretchable CNT-RGO-PEDOT 

supercapacitor had a capacitance of ~20 F/g with excellent rate capability (85% from 0.5 

A/g to 5 A/g) and mechanical stretchable ability up to 800%. Moreover, arbitrary shape 

design and facile supercapacitor array fabrication were demonstrated by printing a 

tandem CNT-RGO-PEDOT supercapacitor array (trapezoidal shape, 4 in series). An LED 

and LED array were successfully powered by the supercapacitor array showing its 

practical application potential.  
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8.3 Potential Dependent Stability of CBTSSe 

Although a high performance CBTSSe photocathode with 10 hour stable operation 

at 0 V/RHE was fabricated and demonstrated in Chapter 3, the stability of CBTSSe is still 

a concern for solar water splitting. While the performance evaluation herein was carried 

out using a three electrode setup, in which the potential of CBTSSe is constant versus a 

reference electrode (i.e., Ag/AgCl), in a two-electrode setup for practical applications, the 

potential of the CBTSSe photocathode can vary significantly during long term operation. 

Also, pinholes and cracks may occur even if an ALD layer is used to protect the film, 

which will leave the CBTSSe directly in contact with the electrolyte. Therefore, systematic 

understanding of the stability of bare CBTSSe materials is important and remains 

unexplored. Thus, our ongoing work focuses on investigating the stability of the CBTSSe 

photocathode in 0.5 M Na2SO4/0.5M KH2PO4 electrolyte.  To date, we observed potential 

dependent stability of the CBTSSe materials and different degradation mechanisms, as 

shown in Figure  69.  
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Figure 69. Summary of the potential dependent stability of CBTSSe photocathode in 

0.5 M Na2SO4/0.5 M KH2PO4  electrolyte with pH=4.3. The CV was performed in dark 

conditions. SEM images: i. After 10 hour chronoamperometry (CA) test at -0.4 V/RHE 

under Am 1.5G illumination. ii. After 10 hours CA test at -0 V/RHE under Am 1.5G 

illumination. iii. After 5 CV scans in dark. 

The CV in Figure 69 was performed in dark conditions and is the second scan. We 

observed significant current drop at the fourth scan at ~1.2 V/RHE. After the CV 

measurements, the sample surface was examined with SEM. Large holes were found 

across the entire film. This observation, combined with the large current peak from ~1 

V/RHE to ~1.3 V/RHE, indicates that a reaction induced delamination may have been the 

degradation mechanism for CBTSSe materials at anodic potentials.  At more cathodic 
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potential (i.e., <0.6 V/RHE), the stability of CBTSSe is also dependent on the potential. For 

example, inset SEM i in Figure 69 shows the surface of the CBTSSe after a 10 hour CA test 

at -0. 4 V/RHE under AM 1.5G illumination. In the CA test (Figure 70), the photocurrent 

kept decreasing during the 10 hours from 2 mA/cm2 to ~0.2 mA/cm2. Holes and particles 

can be observed in the inset SEM i of Figure 69 indicating photocorrosion which is 

consistent with the results demonstrated in chapter 2. The degradation mechanism is 

studied by XPS analysis and consider to be Copper reduction. However, more analyses 

are required to support the conclusion.   

 

Figure 70. CA measurements at -0.4 V/RHE for 10 hours under AM 1.5G illumination. 

For CBTSSe, there exists a relatively stable potential region from ~ 0 V/RHE to ~ 

0.6 V/RHE. Although not every potential in this region was examined. The CA test at 0 
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V/RHE shows a gradually increasing photocurrent for 10 hours in Figure 71. No 

degradation was observed on the surface as shown in SEM (inset ii in Figure 69).   

 

Figure 71. CA measurements at 0 V/RHE for 10 hours under AM 1.5G illumination 

Above results indicate that the stability of the CBTSSe photocathode strongly 

depends on the applied potentials. In the future, more systematic study is required to 

determine the degradation mechanism in different potential regions. Additionally, the 

thermodynamic oxidation and reduction potential of CBTSSe should be calculated and 

compared with the experimental results to develop a better understanding the stability of 

CBTSSe photocathodes. 
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Appendix A-Atomic Layer Deposition 

 

Figure 72. Photograph of the home-made ALD system for photoelectrochemical 

applications. 

Figure 72 shows the ALD system used to deposit TiO2 for the CBTSSe solar water 

splitting application. 
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