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Abstract 
The realization of an energy future based on safe, clean, sustainable, and 

economically viable technologies is one of the grand challenges facing modern society.  

Electrochemical energy technologies underpin the potential success of this effort to 

divert energy sources away from fossil fuels, whether one considers alternative energy 

conversion strategies through photoelectrochemical (PEC) production of chemical fuels 

or fuel cells run with sustainable hydrogen, or energy storage strategies, such as in 

batteries and supercapacitors. This dissertation builds on recent advances in 

nanomaterials design, synthesis, and characterization to develop novel electrodes that 

can electrochemically convert and store energy. 

Chapter 2 of this dissertation focuses on refining the properties of TiO2-based 

PEC water-splitting photoanodes used for the direct electrochemical conversion of solar 

energy into hydrogen fuel. The approach utilized atomic layer deposition (ALD); a 

growth process uniquely suited for the conformal and uniform deposition of thin films 

with angstrom-level thickness precision. ALD’s thickness control enabled a better 

understanding of how the effects of nitrogen doping via NH3 annealing treatments, used 

to reduce TiO2’s bandgap, can have a strong dependence on TiO2’s thickness and 

crystalline quality. In addition, it was found that some of the negative effects on the PEC 

performance typically associated with N-doped TiO2 could be mitigated if the NH3-

annealing was directly preceded by an air-annealing step, especially for ultrathin (i.e., < 

10 nm) TiO2 films. ALD was also used to conformally coat an ultraporous conductive 
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fluorine-doped tin oxide nanoparticle (nanoFTO) scaffold with an ultrathin layer of 

TiO2. The integration of these ultrathin films and the oxide nanoparticles resulted in a 

heteronanostructure design with excellent PEC water oxidation photocurrents (0.7 

mA/cm2 at 0 V vs. Ag/AgCl) and charge transfer efficiency.  

In Chapter 3, two innovative nanoarchitectures were engineered in order to 

enhance the pseudocapacitive energy storage of next generation supercapacitor 

electrodes. The morphology and quantity of MnO2 electrodeposits was controlled by 

adjusting the density of graphene foliates on a novel graphenated carbon nanotube (g-

CNT) scaffold. This control enabled the nanocomposite supercapacitor electrode to reach 

a capacitance of 640 F/g, under MnO2 specific mass loading conditions (2.3 mg/cm2) that 

are higher than previously reported.  In the second engineered nanoarchitecture, the 

electrochemical energy storage properties of a transparent electrode based on a network 

of solution-processed Cu/Ni cores/shell nanowires (NWs) were activated by 

electrochemically converting the Ni metal shell into Ni(OH)2.  Furthermore, an 

adjustment of the molar percentage of Ni plated onto the Cu NWs was found to result in 

a tradeoff between capacitance, transmittance, and stability of the resulting nickel 

hydroxide-based electrode. The nominal area capacitance and power performance 

results obtained for this Cu/Ni(OH)2 transparent electrode demonstrates that it has 

significant potential as a hybrid supercapacitor electrode for integration into cutting 

edge flexible and transparent electronic devices.  
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1 General Introduction  

1.1 Goals 

The overarching goal of the research presented in this dissertation is to develop 

novel inorganic nanostructures that will induce, if not become, the next breakthrough 

innovation in electrochemical energy conversion and storage.  

Chapter 2 focuses on improving the performance of TiO2, one of the primary 

metal oxide materials used for the direct photoelectrochemical conversion of solar 

energy into hydrogen fuel. The research relied on the use of atomic layer deposition 

(ALD), a relatively new technology that is receiving great interest due to its ability to 

control thin film deposition at the nanometer scale. In Section 2.2, the impact of NH3 

annealing treatments, a method widely used for N doping of TiO2-based PEC electrodes, 

was elucidated through the use of ALD for the controlled growth of TiO2 thin films. 

Adjusting the TiO2 thickness and crystallinity highlighted the effects on PEC 

performance and on the chemical states of N dopants. In Section 2.3, ALD was used to 

create a heteronanostructure composed of a uniform coating of ultrathin TiO2 over a 

mesoporous scaffold of fluorine-doped tin oxide nanoparticles. This design was chosen 

to maintain a high electrochemically active surface area while increasing PEC efficiency 

through the orthogonalization of light absorption and photogenerated charge carrier 

separation/transport processes.    

Chapter 3 centers on the advancement of sustainable and reliable storage of 

electrochemical energy through the development of supercapacitor electrodes with 
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oxide and hydroxide coatings.  First, in Section 3.4, a recently developed carbon 

nanostructure that combines the benefits of carbon nanotubes and graphene (e.g., g-

CNT) enabled the controlled electrodeposition of MnO2 nanoflowers, which resulted in 

exceptional improvements in its mass-loading performance. In Section 3.5, a solution-

processed network of Cu nanowires was coated with a thin layer of an electrochemically 

active and protective nickel hydroxide in order to serve as an energy storage electrode 

for applications that extend beyond the conventional rigid and opaque electronics, but 

into a new class of flexible and transparent electronic device applications.  

1.2 Motivation 

The world’s growing population combined with humans’ affinity to consume 

vast amounts of energy per capita, is expected to result in a tripling of the global energy 

demand by the end of this century.1 Although modern combustion-based energy 

technologies might be able to cope with this demand and supply much of this energy, 

their long-term sustainability is doubtful due to their overwhelming reliance on fossil 

fuels and the potentially long-lasting consequences on climate change imposed by the 

resultant greenhouse gas emissions. Thus, meeting this demand through economically 

viable and environmentally friendly methods has become one of the grand challenges 

facing society.   

Despite all of today’s innovative ideas and discoveries, some of the most 

appealing energy storage and conversion devices rely on applying longstanding 

concepts introduced by a field known as electrochemistry, where chemical energy can be 
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generally converted directly into electrical energy with little or no pollution. 

Photoelectrochemical (PEC) cells, fuel cells, batteries, and supercapacitors are termed 

collectively as electrochemical energy technologies as they rely on a device with 

opposing electrodes undergoing charge transfer reactions, where one electrode has a 

surface excess of electrons (cathode) and another has a deficit (anode).  

Electrochemical devices are most easily distinguishable from solid-state devices 

in that they rely on an electrolyte (usually a liquid or semi-liquid medium) to be in 

contact with each electrode to facilitate the charge transfer processes that we then 

harness as electrons per second (i.e., Amps) in our electronic devices. The 

physicochemical processes responsible for these charge transfer reactions are a complex 

mix of reaction kinetics, mass transfer, ionic dynamics, electronic dynamics, etc. This 

nanoscale region where molecules, electrons, ions, and reactive surfaces come together 

to perform these reactions often constitutes a very small fraction of the bulk volume of 

the electrode material. Thus, maximizing the performance of electrochemical devices 

often calls for the use of porous materials with high surface areas. Fortunately, recent 

advances in materials synthesis and metrology have enabled the engineering of 

nanomaterials, which, in addition to porosity, can also possess unique electrical, 

mechanical, and optical properties. The chief motivation of this dissertation is to 

leverage the latest nanotechnology to engineer novel multifunctional nanomaterial 

structures and strengthen our understanding of their electrochemical performance in 

order to ultimately realize the goal of a clean and sustainable energy economy.  
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Chapter 2 focuses on advancing the research on photoelectrochemical (PEC) 

electrodes that are able to convert solar energy into photogenerated charges that can 

drive the electrochemical reaction used to split water into its atomic constituents of 

hydrogen and oxygen, a process which is more commonly known as PEC water-

splitting. Hydrogen is considered to be a highly coveted alternative energy source due to 

its high gravimetric energy density and versatility as either a storable fuel or one that is 

converted directly to electricity through a fuel cell. However, producing hydrogen in a 

clean and efficient manner still poses a great challenge. Our research aims to bring us 

closer to addressing that challenge by improving understanding of the behavior of 

photoelectrochemical electrodes that utilize metal oxide films, namely TiO2, of various 

thicknesses as the photoactive semiconductor electrode. 

The research covered in Chapter 3 seeks to apply metal oxide and hydroxide 

coatings to enhance the performance of a next generation energy storage device called a 

supercapacitor. Most current electrochemical energy storage devices such as Li-ion 

batteries are hampered by high cost, low durability, electrolyte safety concerns, and 

operability problems, which are in turn linked to severe materials challenges.2 On the 

other hand, supercapacitors can be made using relatively cheap earth-abundant 

materials that are environmentally friendly and possess extremely long shelf-lives.  In 

Section 0, the charge storage capabilities of supercapacitor materials per MnO2-mass 

loading are enhanced by coating carbon nanotubes (CNTs) with MnO2 nanoflowers. 

Next, in Section 3.5, an oxide supercapacitor electrode for transparent and flexible 
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electronic applications is developed using a network of solution-processed Cu/Ni(OH)2 

core/shell nanowires. By adjusting the amount of Ni coated onto these nanowires, a 

tradeoff between desired properties of transmittance, capacitance, and stability is 

revealed.   
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2 Electrochemical Energy Conversion via 
Nanostructured TiO2 Films Coated by Atomic Layer 
Deposition 

This chapter focuses on highlighting two ways by which metal oxide coatings, in 

particular TiO2 deposited by atomic layer deposition (ALD), can be tailored for PEC 

energy conversion. The fundamental science behind the use of metal oxide materials for 

PEC water-splitting is covered in Section 2.1, as well as the main challenges facing this 

technology and some of the tools that are employed to help address some of these 

challenges. In Section 2.2, ALD is used to provide insights into how an NH3 annealing 

method used to enhance the photon absorption of TiO2 by nitrogen doping it with 

nitrogen is affected by both the thickness and the crystallinity of the TiO2.  In Section 0, it 

is discovered that an optimal TiO2 coating thickness over a conductive high surface area 

scaffold comprised of FTO nanoparticles possesses synergetic properties that make it a 

promising architecture for the design of PEC electrodes. Section 2.4 then discusses some 

of the latest results and recommendations for future research. 

2.1 Introduction 

The global energy demand is predicted to at least double by 2050,3 while the 

current supply of the non-renewable fossil fuels on which our current energy 

infrastructure relies continues to rapidly dwindle. This illustrates the need to find viable 

alternatives for energy production in the form of clean renewable resources. Although 
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the wind and photovoltaic industries are already developing on a small scale, the 

inherent limitations in transportability and conditions required to generate electricity 

with these technologies make the possibility of significant growth much less likely. As a 

result, the drive for a large-scale solution has shifted the focus to developing chemical 

fuels that are more practical since they can be easily stored, transported, and converted 

when required.  

Out of the many potential chemical fuel sources, hydrogen is considered to be a 

promising potential large-scale fuel due to its high gravimetric energy density and the 

fact that it is the most abundant element in the universe. Unfortunately, the diatomic gas 

phase of the hydrogen fuel molecule, H2, is not easily found in nature due to its highly 

combustible nature under standard temperature and pressure, which is part of the 

reason why it makes such a good fuel. Instead, most of the hydrogen on Earth is found 

in compounds such as water or organic molecules, from which hydrogen fuel can only 

be derived if an energy input is used.  

The current industry of hydrogen production is dominated by biomass-oriented 

processes which reform steam from hydrocarbons fossil fuels such as methane, propane, 

methanol, etc; a process which typically requires water vapor to be raised temperatures 

in excess of 700 °C in order to be reacted with the aforementioned fossil fuels and 

produce H2.  Not only is this an extremely energy-intensive process, but the byproducts 

of this hydrogen production process can be environmentally toxic (e.g., CO and CO2) 

and hence require a larger infrastructure (more expensive and inefficient) to 
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accommodate the additional processes required for their proper disposal. Accordingly, 

as part of the quest to develop cleaner energy conversion and storage systems with 

better long term sustainability, the direct conversion of sunlight into hydrogen fuel via 

photoelectrochemical (PEC) water-splitting reactions has become a subject of renewed 

interest.  

2.1.1 Basics of Photoelectrochemical Water-Splitting 

For hydrogen production to occur through water-splitting, there are two key 

reactions that must take place at the solid/electrolyte interface: the hydrogen evolution 

reaction (HER) and the oxygen evolution reaction (OER). Under high pH alkaline 

environments, the respective chemical reactions are: 

HER: 4H2O + 4e- ó 2H2 + 4OH-                (1) 

OER: 4OH- + 4h+ ó 2H2O + O2                  (2) 

The entire reaction requires ∆G=237 kJ/mol, which corresponds to a 

thermodynamic potential of 2.46 eV per molecule of H2O or 1.23 eV per electron 

required for the reaction. The electromotive force required for this reaction comes from 

the photopotential generated by the photoelectrode under illumination, thus the 

semiconductor material for this photoelectrode must have a bandgap (Eg) greater than 

1.23 eV. The basic design of the kind of PEC cell we are investigating consists of a 

semiconductor electrode connected to a metal counter electrode, both of which are 

immersed directly in an aqueous electrolyte4 (Figure 1). At the semiconductor-liquid 

junction (SCLJ), the contact will induce a natural equilibration of the semiconductor’s 
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Fermi level with that of the oxidation/reduction (redox) potential of the aqueous 

electrolyte, in a manner analogous to that of a classic solid Schottky junction between a 

semiconductor and a metal. As a result, a depletion region is created near this interface 

where the corresponding band bending can help drive the separation of photogenerated 

carriers so that they may assist in the HER at the cathode and the OER at the cathode.5 

 

Figure 1: Schematic of basic PEC cell based on a n-type photoanode like TiO2. 
Photons with energies greater than the semiconductor’s bandgap are absorbed by the 
photoanode material (in red on the left). This generates holes and electrons which 
drive the OER and HER reactions, respectively. For some materials, the conduction 
and valence band edge positions do not form a type I heterojunction with the HER 
and OER redox potentials, which means that an additional potential bias is required 
to shift the Fermi level of the semiconductor in order to drive the desired PEC water-
splitting reaction. 6  

In this chapter, we focus on developing n-type semiconductor photoanodes for 

the OER because it is the rate-limiting step during the water-splitting reaction. The 

sluggishness of the reaction is thought to arise from the fact that it requires a complex 

coupling of four holes, four electrons, and the formation of an oxygen-oxygen bond 7 

Similarly, there are thermodynamic considerations that are unaccounted for in the 1.23 
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eV value. In reality, the reaction typically requires the application of an overpotential, 

ηox, to overcome energy barriers such as the filling of surface states before producing the 

photocurrent due to water oxidation (Figure 2). This overpotential is usually measured 

with respect to the flatband potential, Vfb. The value of the Vfb is dependent on the nature 

of the SCLJ and occurs when the polarization imposed by a bias potential on a 

photoelectrode leads to a flattening of the conduction band (CB) and valence band (VB). 

Applying a potential away from Vfb shifts the Fermi level of the electrode along with the 

vacuum reference level, but the energy levels at the surface stay fixed. This causes the 

CB and VB to bend sufficiently to effectively drive the separation of photogenerated 

charge carriers responsible for the photocurrent that we observe in our measurements. 
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Figure 2: Schematic diagram showing the evolution in band bending that results from 
an applied bias potential on a semiconductor that is in contact with an aqueous 
electrolyte, relative to Vfb (top). Purple shaded region corresponds to an accumulation 
region while the yellow shaded region corresponds to a depletion region. On the 
bottom, we see typical behavior of an ideal vs. a real PEC photoanode where the 
difference is due to the requirement of ηox before one can detect the onset potential of 
photocurrent for most real photoanodes.8 

2.1.2 Background  

In addition to an appropriate Eg, in order to achieve industrial feasibility, a given 

material must satisfy a number of stringent requirements including visible light 

absorption, efficient charge carrier separation and transport, facile interfacial charge-

transfer kinetics, appropriate positions of the conduction and valence band energy levels 

with respect to required reaction potentials, and good stability in contact with aqueous 

solutions.  
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The first metal oxide photoelectrodes discovered to possess many of these properties 

and perform water splitting were developed several decades ago, starting with Honda 

and Fujishima’s discovery of titanium dioxide’s stable photocatalytic properties in 1972.9 

This was found to be possible because the locations of the conduction and valence bands 

of TiO2 straddle the water redox potentials in such a manner that hydrogen production 

is possible, as in a type I heterojunction (Figure 3). Since then, TiO2 has remained the 

quintessential prototype metal oxide semiconductor for PEC water-splitting due to its 

stability, natural abundance, and catalytic properties. However, as discussed below, 

TiO2 does have one key drawback that continues to make it far from viable; the size of its 

bandgap.  
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Figure 3: Conduction (red) and valence (green) band positions of semiconductors 
relative to various redox potentials with respect to both the vacuum and 
electrochemical potential scale. Notice that a desired material for PEC water splitting 
forms a type I heterojunction by having its conduction band above the HER (red 
dashed line) and its valence band below the OER (H2O/O2), just as TiO2 does.5a 

Fortunately, the generation of hydrogen fuel through these PEC electrodes 

continues to make strides towards making solar hydrogen fuels viable thanks to the 

advent of modern nanostructuring and doping of materials on the nanoscale.6, 10  The 

nanostructuring approach employs strategies that enhance light harvesting while also 

increasing the probability of photogenerated holes reaching the SCLJ and improving 

electron transport to the counter electrode. This is a common strategy throughout 

electrochemistry since the electrochemical phenomena often take place at the surfaces in 

contact with the electrolyte, which means that porous nanostructured devices with 
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extremely high surface areas will tend to increase the total amount of electrochemical 

reactions that take place.  

Unfortunately, the anatase and rutile polymorphs of TiO2 have an intrinsic 

bandgap of ~3.2 eV and 3.0 eV, respectively (Figure 3). Thus, only photons with energies 

in the UV range, which account for less than 5% of the total solar energy incident on 

earth’s surface, can be absorbed by TiO2 and generate the electron/hole pairs required 

for the water-splitting reaction. Accordingly, the maximum theoretical solar-to-H2 (STH) 

efficiency of a TiO2-based PEC device is limited to just 2%.11 Nonetheless, TiO2’s stability 

and natural abundance continue to motivate researchers to further improve its solar-to-

hydrogen efficiency by increasing its visible light sensitivity. In order to maintain a band 

structure conducive to PEC water splitting while extending photon absorption to longer 

wavelengths, attempts to narrow TiO2’s bandgap have focused on raising its valence 

band maxima (VBM) into the bandgap. Researchers have demonstrated that anion 

dopants with atomic 2p or 3p orbitals with a higher energy than that of O 2p,12 such as 

nitrogen, can act as acceptors which introduce occupied p orbital energy bands above 

the original VBM of TiO2, thereby effectively causing a redshift of the VBM.12  

Asahi et al. first illustrated the effectiveness of nitrogen incorporation by 

sputtering TiO2 anatase films in a mixed N2/Ar atmosphere and annealing TiO2 powder 

in an NH3 atmosphere mixed with Ar.13 Results indicated that filling the oxygen vacancy 

sites in the TiO2 with nitrogen atoms could narrow its effective bandgap and extend the 

photon absorption edge up to ~500 nm (~2.5 eV). Via density of state (DOS) calculations 
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and X-Ray photoelectron spectroscopy (XPS) analysis, Asahi et al demonstrated a strong 

correlation between the shift in the absorption edge and the mixing of N 2p states with 

the O 2p states of TiO2 achieved through the substitutional incorporation of atomic N.14 

Since Asahi’s report, various N doping mechanisms and their effect on PEC 

performance have been studied extensively.14-15 N doping of TiO2 has been achieved by 

various methods, including but not limited to heating in an NH3 atmosphere,15j, 15l, 15n, 

16ion implantation,17 and sputtering in nitrogen.15g, 15i, 18 NH3 annealing is one of the most 

common and effective N-doping approach among these methods.15b, 15e Despite the 

myriad of studies able to extend the absorption properties of TiO2 into the visible range, 

the overall effectiveness of N doping on the charge carrier dynamics that governs PEC 

performance is still poorly understood. Some N-doping experiments have shown 

improvement in overall performance,15h, 15j but most have sacrificed an overall increase in 

performance in exchange for extending photon absorption to the visible range.15b, 15l This 

seems to be related to the N doping method and properties intrinsic to the TiO2 material 

under investigation such as feature size, crystallinity, and defect density.15g, 19 

The doping approach is usually used to alter the band structure, although it can 

also have a large effect on the material’s conductivity and density of surface states 20. For 

TiO2 in particular, doping has been pursued as a route to narrow its effective Eg by 

extending its VB maximum into higher energies12. Asahi et al showed that this could be 

done through the incorporation of nitrogen as an anion dopant that possesses atomic 2p 

orbitals with energies higher than the O 2p orbitals responsible for TiO2’s undoped VB 
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maximum13. These anions act as acceptors which introduce additional p orbital energy 

bands that can effectively decrease Eg. For the case of N-doped TiO2, this has resulted in 

a redshift of the absorption limit to photons with approximately 500 nm wavelengths, 

which is a value well into the visible range (Figure 4). Despite the myriad of studies able 

to extend the absorption properties of TiO2 into the visible range, the overall 

effectiveness of nitrogen doping on the charge carrier dynamics that govern PEC 

performance is still poorly understood.  

 

Figure 4: Schematic of N:TiO2 film (yellow block) photoanode, with its valence 
band maxima and conduction band minima denoted by the intermixed O 2p/N 2p 
orbitals and Ti 3d orbitals, respectively. The energetically-favored electron/hole 
transfer across the multiple interfaces is depicted, with all the electrochemical energy 
levels referenced to normal hydrogen electrode (NHE) scale on the left. 

2.1.3 Research Objectives 

The research contained within this chapter involves both of the aforementioned 

PEC nanomaterial engineering approaches. To do so, atomic layer deposition (ALD) is 

utilized as the primary tool to deposit thin films of TiO2 to conformally coat high surface 
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area nanostructured scaffolds with ultrathin photoactive films for enhanced PEC water 

splitting performance.21 

Before creating a nanostructured HSA material, it is important to understand how to 

optimize the performance of ALD thin films in a planar geometry. To decouple the 

surface area effects from electrochemical and photon interaction effects, this study 

focuses on understanding the performance of planar N:TiO2 films on a fluorine-doped 

tin oxide (FTO) glass substrate. More specifically, the research objective of this initial 

study (Section 2.2) is to elucidate the thickness- and crystallinity-dependent effects of a 

common N-doping mechanism that involves annealing planar TiO2 films under a 

constant flow of NH3.  Since Asahi’s report, various doping mechanisms have been 

explored,14-15 out of which NH3 annealing has emerged as one of the most common and 

effective.15b, 15e However, no clear consensus has emerged on the effect of this doping on 

PEC performance. This may be related to the different feature sizes of the TiO2 

nanostructures. Thus, this study takes a systematic approach to evaluating these effects 

by controlling the TiO2 thickness with ultra-high precision using ALD. Given the limited 

literature available on N:TiO2 films grown by ALD,15f, 15k, 22 this is an opportunity to help 

shed light on a critical issue that will help the development of future PEC TiO2-based 

devices.  

The objective of the second study (Section 2.3)was to enhance the separation, 

transportation, and conversion of photogenerated carriers by employing ALD to find the 

optimal thickness of a TiO2 film coated over a network of conductive fluorine-doped tin 
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oxide (FTO) nanoparticles (NPs), which we refer to as nanoFTO. FTO is one of the most 

commonly used TCOs in optoelectronic applications due to its thermal stability over a 

wide temperature window and is thus attractive as a mesoporous scaffold. The TiO2-

coated nanoFTO photoanodes (TiO2/nanoFTO) was characterized by cyclic voltammetry, 

incident photon-to-current efficiency (IPCE) and transient photocurrent analysis. 

2.1.4 Experimental Methods  

2.1.4.1 Atomic Layer Deposition of TiO2 

All PEC electrodes discussed in this chapter were fabricated on commercial 12 

cm x 25 cm FTO-coated soda lime glass substrates (Hartford Glass, 15 Ohm/sq), where 

the 500 nm FTO layer served as the back contact/current collector. Substrates were then 

inserted a custom-fabricated hot-wall flow ALD reactor operated at 300 °C. Prior to 

growth, the substrates were cleaned in an ultrasonic bath sequentially using an aqueous 

soap powder solution, a 1:1 (vol. %) isopropyl alcohol and de-ionized water solution, 

and pure de-ionized water for 10 minutes each. Then, substrates were blown dry with 

UHP nitrogen before inserting them into the ALD chamber. The reactor was kept at a 

process pressure of 1.42 Torr with 300 sccm UHP nitrogen flowing as a carrier and 

purging gas. TiCl4 and deionized H2O were used as the metal and oxidative precursors, 

respectively, for the TiO2 growth runs. All precursors were held at a temperature of ~ 40 
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°C. The time sequence of the recipe used for each ALD cycle was 1/5 s and 1/5 s for the 

TiCl4 dose/purge and H2O dose/purge, respectively (Figure 5).*   

 

Figure 5: Schematic diagram representing the ALD cycle sequence used to deposit the 
TiO2 films discussed in this chapter. 

During each growth run, p-type Si (100) substrates covered with a native oxide 

layer were placed along the length of the reactor as the control samples to monitor the 

film thickness, since the growth rate of ALD TiO2 has been shown to be the same on Si 

and FTO.23 Film thickness was measured on the control sample by using a J.A. Woollam 

M-88 Variable Angle Spectroscopic Ellipsometer at scan angles ranging from 65-75° and 

a polarizer angle of 20°. The corresponding TiO2 growth rates at 300 °C were 

approximately 0.5 Å per cycle with a 25-cycle nucleation delay.  

                                                        

* NOTE: A slightly longer dosing time (i.e., 1.5 s instead of 1 s) was used for the TiO2/nanoFTO electrodes in 
order to allow precursors more time to diffuse into and uniformly coat deep pores within the nanoFTO. 
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2.1.4.2 Materials Characterization 

The chemical compositions of TiO2 films were characterized by X-ray 

photoelectron spectroscopy (XPS) using a Kratos Analytical Axis Ultra equipped with a 

monochromated Al K-α x-ray source operated at an emission current of 10 mA with an 

accelerating voltage of 15 kV. Pass energies of 20 eV and 100 eV with step sizes of 0.1 eV 

and 1 eV were used for survey and regional scans, respectively. All spectra were 

processed with CasaXPS, calibrated to the adventitious carbon peak that appeared near 

284.6 eV, and the regional scans’ components were fit using a Shirley type background.24 

Valence band maxima (VBM) were measured by fitting the edge regions to a “Step 

Down” function and then extracting the value via the Kraut method.25 Depth profile XPS 

data were taken after 2 minutes of Ar+ ion sputtering at 5 kV. X-ray diffraction data was 

collected via grazing incidence phase analysis using a Panalytical X’Pert PRO MRD HR 

X-ray diffraction (XRD) system. Raman spectroscopy was also used to determine the 

crystallinity of TiO2 films grown on the 2 µm-thick FTO nanoparticle (NP) scaffolds, 

which are expected to be representative of the planar TiO2/FTO samples. Raman spectra 

of these samples were obtained on a Horiba Jobin Yvon LabRam ARAMIS Raman 

microscope using a 633 nm He/Ne laser. The morphologies of samples were imaged 

using an FEI XL30 Scanning Electron Microscope (SEM) under a high-resolution mode 

with electron beam energy of 15 kV. Lastly, optical measurements from the 

TiO2/nanoFTO nanostructured electrodes was collected using a Cary 5000 UV-Vis 

spectrometer with the DRA-2500 internal integrating sphere accessory. Using a planar 
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FTO sample as the blank for reference, reflectance and transmittance data were 

measured in order to calculate the amount of absorption plus unaccounted scattering in 

the samples according to the formula 100 – T – R = A + S, where T is the total 

transmittance, R is the total reflectance, A is the absorption, and S is the unaccounted 

scattered light. 

2.1.4.3 Electrode Fabrication 

All electrical connections were made by scraping the ALD film with an IPA-

cleaned diamond scribe to expose part of the underlying FTO surface.  The abraded 

region was then rubbed with InGa eutectic metal (Sigma-Aldrich, 495425) in order to 

ensure an ohmic contact between the FTO coating and the flattened end of a copper 

wire, which was fed through a quartz glass tube (Ace Glass, O.D. 6mm) and used as a 

lead for each electrode. In order to prevent short-circuiting the electrode, this contact 

region was then sealed with a nonconductive epoxy (Hysol 9462, Loctite). The active 

PEC area was then defined by covering the edges and back surfaces of each sample with 

the same nonconductive epoxy resin, leaving just the photoelectrochemically active area 

of interest exposed to the electrolyte (Figure 6). For the experiments covered in Sections 

2.2 and 2.3, at least two samples were characterized under each growth and/or treatment 

condition in order to verify the reproducibility of all the results. 
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Figure 6: Photograph of typical post-assembly photoelectrode (Sample is an N:TiO2 
film on FTO NPs), right before it is to undergo testing.  

2.1.4.4 Electrochemical Testing Procedures 

Electrochemical activity was measured using a Bio-Logic SP-200 potentiostat. An 

Oriel 150 W Xe Arc lamp with an AM 1.5 G filter was used as the light source with a 

calibrated power of ~ 60 mW/cm2 on the sample surface. The electrolyte used was 1 M 

KOH and all measurements were performed with an Ag/AgCl (saturated in KCl) 

reference electrode and a Pt mesh as a counter electrode (Figure 7). To measure 

photoresponse, cyclic voltammetry (CV) scans were taken at a sweep rate of 20 mV/s. 

The photocurrent density was then obtained by dividing the photocurrent by the 

exposed area, which was measured through scale-marked photos with Image-J software. 

Electrochemical impedance spectra (EIS) were collected at various potentials under dark 

conditions using a sinusoidal voltage with an amplitude of 10 mV applied across a 

frequency range from 10 kHz to 1 mHz. Capacitances used for Mott-Schottky analyses 

were derived from EIS measurements collected at a frequency of 1.25 kHz and fitted to a 

simple Randles circuit model. In addition, prior to each day’s experiment, the electrolyte 
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was “primed” by using two Pt meshes as the counter and working electrodes and 

performing 30 cycles of CV scans at 20 mV/s from -1.2 V to 1.0 V vs. Ag/AgCl. The 

incident photon-to-current efficiency (IPCE) data was collected at 0 V vs. Ag/AgCl using 

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

equipped with a Cornerstone 130 1/8 M Monochromator (Appendix C). The irradiance 

was measured with a power meter (Newport 1918-R) adjusted to the calibrated 

photoresponse of a standard silicon photodetector. 

 

Figure 7: Schematic diagram highlighting the main active components in the PEC 
experimental setup. 
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2.2 Nitrogen Doping via NH3 Annealing of TiO2 ALD Films: A 
Study of the Dependence on Thickness and Crystallinity 

This section investigates the effects of NH3 annealing on nitrogen doping of TiO2 

materials as a function of thickness by using atomic layer deposition. Our results show 

that NH3 annealing deteriorates the fill factor and photocurrent density of ALD-grown 

rutile TiO2 grown on FTO substrates. These detrimental effects can be mitigated when 

the NH3 flow is directly preceded by an air annealing step, the extent of which depends 

on the rutile TiO2 ALD film thickness.  Moreover, by comparing the effects of these 

treatments with standard commercial P25 and ALD TiO2 grown on Si substrates, it was 

found that the results of the reaction between NH3 and TiO2 depend strongly on the 

ALD TiO2’s crystal properties. Furthermore, evidence obtained via X-ray photoelectron 

spectroscopy showed that the ratio of substitutional to interstitial N-doping in anatase 

TiO2 is highly dependent on the thickness of the anatase TiO2 material. These findings 

should be strongly considered in future experiments employing NH3 treatments of TiO2 

for photochemical applications. 

2.2.1 Introduction 

ALD has been demonstrated as a powerful method to conformally coat high 

surface area nanostructured scaffolds with ultrathin photoactive TiO2 films for enhanced 

PEC performance, primarily owing to decoupling of the photon absorption and minority 

charge carrier diffusion length.21, 26 Despite the encouraging results obtained with these 

nanostructures, their efficiencies are still largely limited by TiO2’s inability to absorb 
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photons outside of the UV spectrum. Therefore, it would be advantageous if the PEC 

response of ALD TiO2 coatings could be extended into the visible regime by N-doping. 

Although there are some reports on N-doped ALD TiO2 films grown directly by 

incorporating NH3 as one of the reactants, the growth process is hard to control and 

potential contamination of salt in the reactors is a significant concern.15f, 15k, 22 Thus, post-

annealing ALD TiO2 films in NH3 environments could be a more appealing strategy. 

In this study, we focus on understanding the effects of NH3 annealing on ALD 

TiO2 films. Since the ALD method can synthesize TiO2 films with precisely controlled 

thickness, it offers the opportunity to monitor the effects of N doping as a function of 

TiO2 thickness under constant NH3 annealing conditions. This is difficult to do in other 

types of TiO2 nanostructures (e.g., nanowires, nanotubes, nanoparticles) whose synthesis 

methods do not allow for such fine control over the resulting nanomaterials’ feature 

sizes. To help elucidate the effects of N-doping by NH3 annealing, samples with various 

TiO2 film thicknesses (namely 5, 10, 20, and 50 nm) and both rutile and anatase 

crystallinity were synthesized by ALD. Furthermore, in order to highlight the impacts of 

NH3 treatments on the PEC performance, we eliminate the geometric effects on the 

electrochemical reaction and photon absorption by testing a planar system composed of 

a TiO2 film on a planar fluorine doped tin oxide (FTO) glass substrate, namely TiO2/FTO. 

We investigated the effects on PEC performance of TiO2/FTO by comparing as-grown 

samples to those subjected to two types of treatments: NH3 annealing and air annealing 
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followed by NH3 annealing, which will hereafter be referred to as the “single” and the 

“dual” treatments, respectively. 

2.2.2 Annealing Conditions 

All thermal annealing treatments were performed in a tube furnace (Thermo 

Scientific Inc.) operated at atmospheric pressure. The temperature was raised to 500 °C 

using a ramp rate of 10 °C/min.  It was then held at 500 °C for an hour for each specific 

treatment, and then allowed to cool down naturally to below 150 °C with the heaters off 

before opening the furnace. NH3 annealing was performed under a 99.999 % anhydrous 

ammonia atmosphere (60 sccm flow rate) during ramping, holding, and cool down to 

150 °C. The single NH3 treatments were performed in this manner. In dual treatments, 

the annealing temperatures were allowed to ramp and be held at 500 °C for 1 hour 

under an open air environment, after which a 60 sccm NH3 flow was introduced and 

held for an hour at 500 °C until the cool down step reached 150 °C. Commercial Degussa 

“P25” TiO2 particles were purchased and examined as well under these annealing 

conditions for use as control samples.  The P25 particles were approximately 20 nm in 

diameter and were dispersed in deionized water and then drop-casted over FTO-coated 

glass before being subjected to the same annealing treatments as the ALD TiO2 samples. 

2.2.3 Results and Discussion 

2.2.3.1 Crystallinity Analysis by XRD and Raman 

Only TiO2 films grown on Si could be characterized by XRD. The scattering 

effects from the rough FTO-coated glass substrates, combined with the extremely thin 
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TiO2 films, prevented us from acquiring direct crystallinity data via XRD on the ALD 

TiO2 films grown on the planar FTO substrates (Appendix B). The XRD data of the TiO2 

films on Si revealed the presence of the anatase phase for all thicknesses (Figure 8a), 

with an increase in the signals of the TiO2 anatase peaks as the thicknesses of the films 

increased. Anatase is the TiO2 polymorph expected to form on the native oxide Si 

surface under these deposition conditions.27 In contrast, the Raman data of untreated 

TiO2 films grown on FTO NPs under the same ALD growth conditions indicated that the 

crystallinity of the TiO2 films grown over FTO are primarily composed of the rutile 

polymorph. We attribute this result to a heteroepitaxial effect between rutile TiO2 and 

the underlying cassiterite lattice structure of the FTO substrates, whose lattice constants 

are much closer to rutile TiO2 than they are to anatase TiO2. This is consistent with recent 

studies showing a preferential growth of rutile TiO2 via ALD when it is deposited on 

rutile-like substrates.21, 26c, 28 However, a small amount of anatase TiO2 was detected as 

the film thickness increases beyond 20 nm, as illustrated by Error! Reference source not 

found.b. Similar phase change phenomenon as a function of the number of cycles has 

also been observed on ALD TiO2 films grown on rutile nanowires by P. Yang et al.26c 

Since FTO nanoparticles have the same crystal structure as planar FTO on glass, the 

crystallinity of the as-grown ALD TiO2 films on these substrates are expected to be 

similar.  
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Figure 8: (a) Grazing Incidence XRD data from untreated ALD TiO2/Si samples where 
the “A” label denotes peaks assigned to the anatase crystal structure of TiO2 (JCPDS 
Card No. 108976) and (b) Raman spectra of pure FTO NPs (red) and 20 nm ALD TiO2 
deposited on these same FTO NPs (black), with the peaks corresponding to the 
vibrational modes of FTO (F), rutile (R), and anatase (A) denoted.29 

2.2.3.2 Chemical Bonding Characterization by XPS 

The XPS survey spectra (Figure 9a) of all the untreated TiO2/FTO samples had 

similar elemental atomic concentrations (i.e.,Ti, O, N, and adventitious carbon) and 

confirmed the presence of the intended TiO2 films. Samples that underwent NH3 

annealing with both the single and the dual treatment showed the presence of Sn, in 

addition to the aforementioned elements. The Sn atomic % concentration was slightly 

higher for samples subjected to the single NH3 annealing than it was for those exposed 

to the dual treatment and both decreased with thickness (Figure 9b). The presence of Sn 

atoms is not completely surprising since they have been known to intermix and diffuse 

into TiO2.30  
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The Ti 2p and N 1s regional XPS spectra of 10 nm TiO2/FTO samples subjected to 

each annealing condition are presented in Figure 9c and are representative of all the 

samples analyzed in this study. The Ti 2p region in Figure 9c does not show a 

discernable change in the shoulder region lying below the typical binding energies of 

stoichiometric TiO2 (near ~457 eV) for the single NH3 annealed sample nor the sample 

after dual treatment. Such a shoulder typically indicates that a high density of Ti3+ 

bonding states are present in TiO2, in addition to the dominant Ti4+ states that are 

indicative of stoichiometric TiO2. Since an increase in the Ti3+ shoulder feature is known 

to be correlated with the TiN-like bonding that results from a high density of 

substitutional N-doping and/or a high density of oxygen vacancies,15l, 19, 31 our results 

indicate that neither of these types of effects was significantly changed by either NH3 

treatment method. 

The overlay of N 1s spectra for 10 nm TiO2/FTO samples before and after various 

treatments are shown in Figure 9d. The untreated samples show a broad, but weak, N 

signal (~0.8 at%) centered around a binding energy of 400 eV, which can be attributed to 

the N2 atmosphere in the ALD process.15f, 15k In contrast to the untreated sample, the 

single NH3 annealing and the dual treatment samples had significantly larger N 

concentrations of 2.1 at.% and 1.8 at.%, respectively. This indicates that additional N 

atoms were effectively incorporated into the TiO2 film after these two types of 

treatments. Similar N incorporation as that shown in Figure 9c was detected for 

TiO2/FTO samples with different TiO2 thicknesses. 
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Figure 9: XPS survey (a), regional Ti 2p (c), and regional N 1s (d) spectra for the 
surfaces of 10 nm TiO2/FTO samples exposed to the following conditions: dual 
treatment (blue trace), single treatment (red trace), and untreated (black trace). The 
legend on the top left area of (d) summarizes the corresponding nitrogen content in 
terms of atomic % relative to oxygen and titanium. Atomic percentage Sn 
concentration in various thicknesses of treated films (c). 

To understand the form of N incorporated into the TiO2 lattice and the resulting 

effects on the O atoms, Figure 10 provides a more detailed analysis through a peak 

deconvolution of the N 1s and O 1s regions. The largest component peak of the 

untreated sample (Figure 10a) is located at 400 eV, which is assigned to molecularly 

chemisorbed γ–N2 that was likely adsorbed during the ALD growth process. After either 

single or dual annealing treatments, the primary peak was located at 399 eV and their 

second strongest component peak just above 400 eV. The attribution of the N species 
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with a binding energy near 399 eV has been debated, but it has primarily been attributed 

to interstitial N doping of the TiO2 lattice.14, 32 Although the peak just above 400 eV can 

be partially attributed to γ–N2 as in the untreated samples, for the samples exposed to 

NH3 gas it may also be ascribed to additional nitrate/nitrite species embedded in the 

bulk of the film or near the surface. The small peaks observed near 402 eV for both the 

single NH3 annealed and dual treatment samples are likely due to a small amount of 

molecularly adsorbed NH3 species.33 Additionally, both of the NH3 treatments also 

induced the formation of a small peak near 396 eV, which is representative of 

substitutional N doping into oxygen vacancy sites within the TiO2 lattice.13 Thus, it 

seems likely that both treatments have created primarily interstitial N and 

nitrites/nitrates while incorporating a relatively small percentage of substitutional N 

atoms. 

The different O 1s region’s components are shown in Figure 10d-f. All of the 

samples had primary peaks near 529.8 eV, which is the O 1s binding energy expected 

from stoichiometric TiO2.14 The second strongest peak observed in all the samples’ O 1s 

regions is centered near 532 eV. The relative concentration of this component near 532 

eV is highest for the NH3 annealed samples, but is then reduced for the samples exposed 

to the dual treatment. For the untreated sample, this peak is attributed primarily to 

hydroxyl groups since TiO2 films deposited by ALD are renown for the high density of 

oxygen vacancies and hydroxyl termination near their surface. However, O 1s peaks 

near 532-533 eV can also be indicative of nitrates and oxynitride species near the surface 



 

 32 

for both samples exposed to NH3.14 The third and smallest component peaks are 

centered just below 531 eV and may be ascribed to bridging oxygen atoms on the 

surface,34 whose relative concentration appears to stay unchanged across all samples. 

Therefore, the data indicates that the NH3 treatment increases the density of O-

vacancies, which are associated with hydroxyl sites, as well nitrate and oxynitride 

species. However, the density of these species is reduced in samples subjected to the 

dual treatment. 
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Figure 10: Deconvoluted XPS N 1s  (a-c) and O 1s (d-e) regions for pristine surfaces of 
20 nm TiO2 samples for as-deposited (a,d), after single treatment (b,e), and after dual 
treatment (c,f). The legend in each plot denotes the species assigned to each 
components. 
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before and after 2 minutes of Ar+ sputtering, which was used to remove adventitious 

surface contaminants and roughly 5 nm of TiO2 film in order expose the samples’ 

underlying bulk composition. A component analysis of the unsputtered surfaces of 20 

nm TiO2/FTO with the P25 spectra (Figure 11a-c) show two main results: 1) the 20 nm 

TiO2/FTO samples had relatively stronger N 1s signals near high binding energies (400-

402 eV) than P25, which indicate a higher concentration of various adsorbed N species; 

and 2) the ratio of substitutional to interstitial N was notably higher for P25 than for 

ALD films after either NH3 annealing or dual treatment. In addition, only the P25 

spectra contained a small peak near 397.3 eV, which is indicative of Ti-N bonding.19, 35 
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Figure 11: Comparison of N 1s spectra taken before (a-c) and after (d-e) sputtering of 
P25 nanoparticles exposed to the dual treatment (a,d), 20 nm TiO2/FTO after the single 
NH3 annealing (b,e), and 20 nm TiO2/FTO after dual treatments (c,f). The legend on 
the top of the figure designates the different components by line color. 

Since the Ar+ ion sputtering process can alter the stoichiometry of TiO2 and could 

inadvertently influence the chemical structure therein, the assignments of the N regional 

components obtained from the sputtered surface (Figure 11d-f) may not be an accurate 

representation of the intrinsic N-chemistry within the bulk of the unsputtered TiO2 

samples. However, the quantification of the N at% calculated using the spectra shown in 

Figure 11 should serve as a sound comparison between the amount of N found on the 

surface and bulk of the TiO2 samples under consideration. This quantification is 
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provided in Table 1. The concentration of nitrogen detected on the surface of P25 

nanoparticles subjected to the dual treatment was similar to that found after sputtering 

into the bulk material. For ALD TiO2, single treatments resulted in the highest 

concentration of N-species on the surface (1.5%) and the lowest in the bulk (0.70 %) out 

of all the samples, which meant a 53% decrease in surface-bulk N concentration. On the 

other hand, the total concentration of N on the surface of samples subjected to the dual 

treatment was found to be similar to that observed in the bulk of the films (i.e., after 

sputtering). Thus, the dual treatment of the ALD TiO2 films resulted in a lower surface 

concentration and a more uniform distribution of N dopants from the surface into the 

bulk of the film, similar to the N distribution of P25 nanoparticles after NH3 annealing.  

 

Table 1 - Comparison of N at% between P25 and as-grown 20 nm films.  

Sample N at% (After 

Anneal) 

N at% (Sputtered) Change in N at% 

(%) 

P25 - Dual 1.2 ± 0.1 1.2 ± 0.1 0 

ALD TiO2/FTO – 

Single NH3 
1.5 ± 0.1 0.7 ± 0.1 - 53 

ALD TiO2/FTO – 

Dual Air + NH3 
1.1 ± 0.1 1.0 ± 0.1 - 20 

 

Although the crystal structure of P25 is partly rutile TiO2 (~20%), it is primarily 

composed of anatase TiO2 (~80%).36  Therefore, in order to determine whether the 
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difference in the N 1s spectra observed for the P25 and our ALD TiO2/FTO material was 

due to the difference in their dominant crystal structures, the dual treatment was 

performed on 10, 20, and 50 nm TiO2 ALD films grown on Si samples (TiO2/Si) under the 

same conditions. Unlike TiO2/FTO, all of these ALD TiO2/Si films exhibit a pure anatase 

crystal structure (Figure 8a). Figure 12 shows the N 1s spectra for TiO2/Si after dual 

treatments. Unlike the results of the TiO2/FTO samples, the N 1s data for the TiO2/Si 

(Figure 12a-c) subjected to the dual treatments showed a clear presence of a 

substitutional N peak near 396 eV and a 396:399 peak ratio that increased as a function 

of TiO2 thickness. Moreover, the 396:399 peak ratio of the 20 nm TiO2/Si sample (Figure 

12b) was very similar to that observed with the P25 nanoparticles in Figure 11a, whose 

feature size (i.e., average diameter) is also approximately 20 nm.  
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Figure 12:	Deconvoluted N 1s regional spectra for (a) 10, (b) 20, and (c) 50 nm TiO2/Si 
samples subjected to the dual treatment as well as (d) an untreated 50 nm TiO2/Si. 

Accordingly, the Ti 2p regions of the TiO2/Si samples displayed an increasing Ti3+ 

shoulder feature as a function of thickness (Figure 13a). Furthermore, the 10, 20, and 50 

nm TiO2/Si showed a concomitant thickness-dependence as their valence band maxima 

redshifted from 2.5 eV for the untreated sample to 2.0 eV, 1.6 eV, and 1.2 eV respectively 

(Figure 13b). We attribute these trends to the fact that the thinner TiO2 films deposited 

by ALD on Si exhibit lower anatase crystalline quality than thick films.37 On the other 

hand, none of the thin rutile ALD TiO2 samples grown on FTO displayed such strong 

features associated with significant substitutional N-doping. These findings suggest that 
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NH3 treatments are more effective at inducing substitutional N-doping into anatase than 

rutile ALD TiO2 films.  

 

Figure 13: Background-subtracted Ti 2p XPS spectra (a) and valence band spectra (b) 
of untreated 50 nm TiO2/Si (red trace) and 10 (brown trace), 20 (purple), and 50 nm 
(blue trace) TiO2/Si after dual treatment. 

2.2.3.3 PEC Performance of TiO2/FTO 

A summary of the CV scans of TiO2/FTO samples with different thicknesses of 

TiO2 after various treatments is shown in Figure 14. When the TiO2 film thickness is 
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density (J) and fill factor (ff) related to the untreated samples, which has a higher J and ff 

than the NH3 annealed sample.  All the samples with a 5nm TiO2 coating showed an 

onset potential near - 0.8V vs. Ag/AgCl, which is close to the literature-reported PEC 

results of rutile-TiO2 photoanodes in 1M KOH.26c, 38 
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dual treatment samples (Figure 14b-d), with the single NH3 annealed samples exhibiting 

the lowest performance overall. The onset potential of the 10 nm TiO2/FTO samples are 

located near -0.8V, like the 5 nm samples. In contrast, the 20 nm and 50 nm TiO2/FTO 

films displayed an anodic shift in the onset potential from roughly -0.9 V to -0.8 V vs. 

Ag/AgCl after either annealing treatment. Therefore, it is clear from Figure 14 that the 

effect of the thermal treatments on PEC performance of TiO2/FTO samples changes with 

the thickness of the TiO2 coatings.  

 

Figure 14: CV scans showing photocurrent densities from TiO2/FTO samples with 
thicknesses of 5 nm (a), 10 nm (b), 20 nm (c), and 50 nm (d). For each thickness, the 
dark current is plotted (black) as well as the photocurrents observed for the lone NH3 
treatment (red), the dual treatment (blue), and the untreated (green) samples. 
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The photocurrent density measured at 0 V vs. Ag/AgCl, Jo, in Figure 14 are 

summarized and plotted as a function of thickness in Figure 15.  As expected, Jo 

increases as a function of thickness regardless of the treatment conditions. The lone NH3 

treatment caused a consistent decrease in performance across all samples, but this effect 

was mitigated by the dual treatment. The benefits of the dual treatment appeared to be 

enhanced for the thinnest, 5 nm TiO2 films, whose dual treatment Jo was higher than the 

Jo for the untreated 5 nm sample.  

 

Figure 15: Summary of photocurrent densities measured at 0 V vs. Ag/AgCl. 

EIS data for each TiO2/FTO sample was collected across various potentials in 
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potential, a Mott-Schottky (MS) plot is generated where an extrapolation of a linear fit 

can be used to measure the flatband potential, Vfb, of the semiconductor as the intercept 

with the potential axis.39 For nm-scale thin films such as the ones used in this study, the 

depletion region will extend into the underlying back contact as the reverse bias is 

increased and cause the slope of the line to change into a plateau representative of the 

underlying current collector.39 Therefore, linear fits of the MS data within this plateau 

region are not representative of the TiO2 layer in these electrodes, but rather the FTO. In 

addition, even under small reverse biases, the band bending within the thinnest (i.e., 5 

and 10 nm) TiO2 films was too small to differentiate its contribution to Csc from that of 

the underlying FTO layer. As a result, only the sloped region between -0.8 and -0.9 V vs. 

Ag/AgCl can be used to measure the effects of the annealing treatments on the TiO2’s Vfb 

(Figure 16).  A linear fit of the sloped region the Vfb of the untreated 20 nm TiO2/FTO 

sample -0.96 V vs. Ag/AgCl is in good agreement with previous reports39 and is very 

close to the onset potential observed in Figure 14c. The linear fits of the NH3 annealing 

and dual treatment data shown in Figure 16 show a negative shift in the Vfb of 

approximately 0.1 V and 0.06 V respectively compared to the untreated sample. 

If the dielectric constant, k, of the material is known, these MS plots can also be 

used to quantify other electronic properties such as the width of the depletion layer and 

the donor concentration. However, since our TiO2 films are a thickness-dependent mix 

of amorphous, anatase, and rutile TiO2 whose dielectric constants are vastly different,40 

calculation of k was beyond the scope of this paper. Nonetheless, the slopes of the NH3 
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annealed and dual treatment samples were considerably lower than that of the 

untreated samples. Assuming a comparable dielectric constant, this reduction in the 

slope is indicative of a significant increase in the concentration of donors. Given our 

experimental conditions, we expect an increase in two different kinds of donors: 1) 

oxygen vacancies due to the reducing environments created by partial NH3 dissociation 

into H2 15l, 35a, 38a and 2) Sn dopants due to diffusion from the underlying FTO substrate.34, 

41 This indication of an increase in the dopant concentration serves as further evidence of 

the aforementioned donor-promoted shift in Vfb.  

This effect on the Vfb cannot explain the opposite shift in the photocurrent onset 

potential observed in Figure 14c,d for the 20 and 50 nm TiO2/FTO samples, respectively.  

 

Figure 16: Mott-Schottky data (solid line) of 20 nm TiO2/FTO samples subjected to 
various annealing treatment, where the linear fits (dashed line) to the sloped regions 
correspond to the Csc formed by band bending within TiO2. 
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To determine whether this was a crystallization effect, a 20 nm TiO2/FTO sample 

was annealed in air for 1 hr. This “air annealed” treatment was found to produce the 

same onset potential as both the single NH3 treated and the dual treatment samples, 

reach roughly the same photocurrent as the untreated sample, negatively shift the Vfb by 

only 0.01 V, and maintain a similar MS slope as the untreated TiO2/FTO (Appendix C - 

Figure 61). These findings support the hypothesis that a near-surface crystallization 

change from a mixed phase to an anatase-dominated surface may be responsible for the 

anodic shift in the photocurrent onset potential. 

2.2.3.4 Discussion 

Crystal structure effect on N-Incorporation The impact of the TiO2 materials’ 

crystal structure prior to annealing is highlighted by the XPS data comparing our ALD 

films to P25. The relatively weak N 1s component peaks attributable to substitutional N 

(~396 eV) in the TiO2/FTO samples indicates that these predominantly rutile TiO2 films 

grown by ALD are not very receptive to substitutional N-doping. Instead, both the 

single and dual treatments incorporated mostly interstitial N into the rutile TiO2/FTO 

samples. The main difference was that the single NH3 treatment also produced a higher 

density of surface nitrate species than the dual treatment. These XPS features were 

consistent across all TiO2/FTO thicknesses in this study. 

On the other hand, the anatase-dominant P25 and ALD TiO2 films grown on Si 

substrates exhibited strong substitutional nitrogen component peaks (Figure 11 and 

Figure 12, respectively) after being subjected to the dual treatment. This supports the 



 

 45 

hypothesis that the crystalline quality of the ultrathin TiO2 films has a big influence in 

the way in which N atoms are incorporated into the TiO2 lattice.26c, 37 Moreover, we found 

that the N incorporation into anatase TiO2/Si samples was highly dependent on the 

thickness of the TiO2. The fact that the N 1s component spectra of 20 nm TiO2/Si samples 

closely resembled that of P25 nanoparticles with roughly 20 nm diameters suggests that 

this thickness feature size may play a significant role in N-doping via NH3.  

Effect of NH3 annealing and dual treatment on PEC of ALD TiO2 on FTO: For 

TiO2/FTO samples, NH3 annealing showed the lowest J and ff for all the film thicknesses. 

The J is determined by the photon adsorption, charge transport/separation efficiency, 

and surface charge transfer efficiency (reaction rate). Thermal treatment in NH3 is 

known to cause substitutional doping of N (396 eV) into the TiO2 lattice, which can 

increase visible light response of the rutile and anatase TiO2.16g, 19, 35a, 42 Therefore, the 

photon absorption efficiency component of TiO2/FTO was expected to either remain 

largely unaltered (because of the ultrathin nature of our films) or improve slightly. In 

addition, the Jo values measured at 0 V vs. Ag/Ag/Cl are within a potential regime where 

the depletion layer is expected to extend throughout the thickness of the TiO2 films for 

all of these samples. Thus, the reduction in Jo may be attributed to less efficient charge 

separation within the depletion region and/or unfavorable surface charge transfer.  

These effects could be due to the high density of nitrate and oxynitride species detected 

on TiO2/FTO samples exposed to NH3 at 500 °C, since they tend to correspond to 

unfavorable midgap states that increase bulk recombination rates42b. In addition, sub-
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stoichiometric or oxygen-deficient TiO2 surfaces are initially highly catalytic towards 

water oxidation,33, 43 but they can have their vacancies filled by NH3 in a dissociative 

process that produces an adatom-termination which can act as surface trap states.16b 

Such termination may explain the Ti-O-N and Ti-N-H surface nitrate/oxynitride species 

detected in the XPS data (i.e., components near 532 eV for O 1s and >400 eV for N 1s 

regions), thus supporting the mechanism of increased surface traps leading to slower 

oxidation kinetics and increased surface hole recombination. 

The dual treatment mitigated the decrease in J by annealing samples in air just 

before the NH3 treatment. This improvement could be related to three factors. First, the 

material’s crystalline quality was improved prior to NH3 introduction, thus yielding 

larger crystallite sizes, crystallizing amorphous TiO2 material remaining from ALD, and 

thus reducing the total number of grain boundaries. The reduction of grain boundaries 

in the TiO2 could limit the formation of the undesired nitrate and oxynitride species 

during exposure to NH3. Second, the air annealing step oxidizes the TiO2 and may 

reduce the concentration of oxygen vacancy sites available as reaction sites for N species 

that will then act as bulk and surface recombination sites. This is supported by XPS data 

showing the lower concentration of the total undesired N species (e.g., nitrate, 

oxynitride, chemisorbed NH3) found on the dual treated samples compared to those 

subjected to single NH3 annealing (Table 1). Finally, the dual treatment reduced the 

amount of Sn dopants detected in TiO2/FTO samples. The Sn at% detected increased as 

the thickness decreased, but was consistently lower for the dual treatments than for the 
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NH3 treatments. Although limited amounts of Sn-doping can improve TiO2’s 

photocatalytic performance,34, 41, 44 high Sn-doping concentrations such as the ones 

measured for the 5 and 10 nm thick TiO2/FTO samples could approach degenerate levels 

and cause lattice strain effects; thereby decreasing diode behavior (i.e., lowering fill 

factors).  

Thickness-Dependent TiO2/FTO Performance: Dual treatment helped improve 

the overall PEC performance (ff and J) on 5 nm TiO2/FTO, while the same treatment 

decreased the performance of TiO2/FTO with thicker TiO2 films. Assuming that the 

surface charge transfer effects are independent of TiO2 thickness, we propose that this 

improvement for the 5 nm films is reflective of the extremely short drift lifetime of holes 

generated within N-doped rutile TiO2. The drift recombination rates within N-doped 

rutile TiO2 are very high, but when the distance that these electron-hole pairs must 

travel is shortened for the thinnest films, the likelihood of charge collection becomes 

further enhanced. 
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Table 2: Photocurrent, J, onset potentials for TiO2/FTO samples with various 
thicknesses from Figure 14. 

TiO2 
Thickness  

J Onset for Untreated 
Sample  

(V vs. Ag/AgCl) 

J Onset after NH3 
Treatment  

(V vs. Ag/AgCl) 

J Onset After Dual 
Treatment   

(V vs. Ag/AgCl) 

5 nm -0.89 ± 0.01 -0.86 ± 0.01 -0.85 ± 0.01 

10 nm -0.89 ± 0.01 -0.84 ± 0.01 -0.77 ± 0.01 

20 nm -0.94 ± 0.01 -0.81 ± 0.01 -0.82 ± 0.01 

50 nm -0.92 ± 0.01 -0.85 ± 0.01 -0.85 ± 0.01 

 

PEC Onset Potential Shift: Table 2 above shows the onset potentials for 

photocurrents after various treatments and as a function of thickness. The shift in onset 

potential is observed most clearly for the TiO2/FTO samples with a TiO2 layer of 20 and 

50 nm. The onset potentials of PEC electrodes are usually determined by the 

semiconductor flat band potential and/or an overpotential required to fill a high density 

of surface states.8, 45 Since the shift in onset potential was consistent across all treated 

samples, including the air annealed TiO2/FTO, it is not likely related to a change in the 

surface species. Therefore, it appears more likely that such the small shift in flatband 

potential observed in the MS plots of TiO2 was caused by the change of crystal structures 

of TiO2. In particular, Since TiO2 ALD films grown on rutile-like substrates are known to 

start forming a higher percentage of anatase TiO2 at these higher cycle numbers,26c, 46 we 

propose that these near-surface layers were transformed from a highly catalytic mixed 

phase film to a continuous film of anatase upon heating at 500 °C. Such crystallization 
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would form a heterojunction between the bulk rutile structure and the surface anatase 

layers.  Recent reports suggest that the VBM of anatase is higher than that of rutile,47 

thus blocking the transfer of photogenerated holes from the bulk (rutile) to the surface 

(anatase) until a higher overpotential (i.e., onset potential) is reached. 

2.2.4 Conclusions 

TiO2 films of thicknesses ranging between 5 and 50 nm have been grown by ALD 

and doped with nitrogen by single NH3 annealing treatments and dual treatments 

comprised of an air annealing step directly before exposure to the NH3 annealing 

environment. We propose that the mechanism of nitrogen incorporation into the TiO2 

lattice via NH3 treatments is highly dependent on the crystallinity of the TiO2 films and, 

for the case of anatase TiO2, their thickness as well. We find that crystalline ALD films 

are more conducive to N-doping in the bulk rather than the formation of N-based 

surface states, which can mitigate PEC performance of doped rutile TiO2 films. 

Moreover, our results demonstrate that substitutional N-doping of ALD TiO2 films via 

NH3 treatments occurs more readily in anatase films than rutile films. Both of these 

findings suggest that the type of nitrogen doping induced by the dual treatments are 

highly dependent on the TiO2 films’ crystallinity, with a greater affinity for 

substitutional N incorporation for those films with a higher concentration of anatase. 

The PEC performance of rutile TiO2/FTO samples with various TiO2 thicknesses 

(5 - 50 nm) before and after these treatments were also analyzed. NH3 annealing resulted 

in a reduction of photocurrent density and fill factors of all samples owing to the dense 
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N non-substitutional bonding species, especially on the sample surface. Such negative 

effects can be mitigated by the dual treatment. The air annealing step is beneficial for 

limiting the concentration of surface chemisorbed N-species and bulk nitrates and 

oxynitrides. In order to ultimately optimize the PEC or photocatalytic performance of 

TiO2 based devices, these findings suggest that the starting TiO2 material’s feature size 

and crystallinity be considered when doping via NH3 treatments.  
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2.3  Enhanced Photoelectrochemical Water Oxidation via 
Atomic Layer Deposition of TiO2 on Fluorine-Doped Tin 
Oxide Nanoparticle Films 

TiO2 photoanodes with enhanced photocurrent density were synthesized by 

ALD onto a porous, transparent, and conductive fluorine-doped tin oxide nanoparticle 

(nanoFTO) scaffold fabricated by solution processing.  The simplicity and disordered 

nature of the nanoFTO nanostructure combined with the ultrathin conformal ALD TiO2 

coatings offers advantages including decoupling charge carrier diffusion length from 

optical penetration depth, increased photon absorption probability through scattering, 

complimentary photon adsorption, and favorable interfaces for charge separation and 

transfer across the various junctions. In this section, we examine the effects of porosity of 

the nanoFTO scaffold and thickness of the TiO2 coating on PEC performance and 

achieve an optimal photocurrent of 0.7 mA cm-2 at 0 V vs. Ag/AgCl under 100 mW cm-2 

AM 1.5 G irradiation in a 1 M KOH aqueous electrolyte. Furthermore, the fundamental 

mechanisms behind the improvements are investigated via cyclic voltammetry, incident 

photon-to-current efficiency, transient photocurrent spectroscopy, and electrochemical 

impedance spectroscopy. Single crystal rutile TiO2 nanowires are used as control 

samples for these studies. The strategies employed in this work highlight the 

opportunities inherent to heteronanostructures, where the lessons may be applied to 

improve the PEC conversion efficiencies of other promising semiconductors, such as 

hematite (α-Fe2O3) and other promising PEC materials more sensitive to visible light. 
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2.3.1 Introduction 

Most of the recent approaches to optimizing PEC performance have deviated 

from traditional photonic systems with planar morphologies and moved towards 

employing porous 3-dimensional (3D) nanostructures to enhance the functionality of the 

PEC devices. The large electrochemically active SCLJ surface area from a 3D porous 

electrode provides a large contact area between the electrolyte and the electrode, which 

enables the usage of a larger portion of the electrode materials to enhance the 

throughput of the kinetically sluggish OER. Moreover, loading TiO2 onto a 3D 

conductive scaffold can decouple the required thickness for efficient light absorption 

from the minority charge carrier diffusion length and thereby avoid significant 

recombination of the photogenerated electron/hole pairs. Recent approaches have 

utilized various conductive 3D nanostructured scaffolds, including Si nanowires,26f TiSi2 

nanonets,45 carbon nanotubes,48 and even single crystal rutile TiO2 nanowires49 to 

function as TiO2 photoanodes. However, many of these approaches suffer from the fact 

that the supporting scaffolds are expensive to fabricate and may compete with TiO2 for 

the absorption of photons. 

To circumvent these problems, the nanostructuring approach utilizes solution-

processed transparent conductive oxide (TCO) nanoparticles as a 3D mesoporous 

scaffold material. The TCO’s wide bandgap makes the nanoparticles less likely to 

compete with the photoactive semiconductor layer. Recently, Peng et al. demonstrated 
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the potential of this approach for the synthesis of TiO2 PEC electrodes by coating 

antimony-doped tin oxide nanoparticles (nanoATO) with TiO2 by ALD.21  

In this study, we demonstrate additional PEC performance enhancements 

achieved when nanoFTO is used as the porous TCO scaffold for supporting ALD TiO2 

films. The self-limiting cyclic layer-by-layer growth mode of ALD enables coating of 

high aspect ratio nanostructures with angstrom-level thickness precision, conformality, 

and uniformity. This makes ALD an ideal tool to maximize the performance of the 

TiO2/nanoFTO heteronanostructure studied herein. The concept behind using ALD to 

deposit TiO2 thin films over the nanoFTO scaffold to construct a PEC photoanode is 

illustrated in Figure 17. A 370 nm photon in polycrystalline TiO2 will be absorbed within 

1.2 µm of entering the film.50 Therefore, a colloidal nanoFTO film with a total thickness 

of roughly 2 µm was spin-coated onto a planar FTO glass substrate in order to ensure 

ample absorption of photons with energies larger than the bandgap of rutile TiO2 (hν>3.0 

eV or λ<413 nm). The resulting nanoFTO scaffold consists of a porous network of 

nanoparticles with diameters spanning 100-300 nm. It is expected that the disorder of the 

nanoFTO scaffold will promote optical scattering effects within the bulk of the film, thus 

enhancing the light harvesting efficiency of the TiO2 coatings that serve as the principal 

photoactive component for PEC water oxidation. 
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Figure 17: Schematic diagram illustrating the light trapping and photogeneration of 
charge carriers in the TiO2/nanoFTO architecture, where a thin film of TiO2 (orange) is 
coated over a conductive network of nanoFTO (turquoise). On the left, a region is 
shown where the TiO2 film may have blocked some pores and thus prevented the 
formation of an electrochemically active SCLJ on that surface. 

2.3.2 Nanostructure Synthesis 

2.3.2.1 Synthesis of nanoFTO-coated Substrates 

FTO nanopowder (3 g, Keeling and Walker, 0.1 - 0.3 microns, BET surface area 

10-15 m2) was added to 200 proof ethanol (10 mL) to make a suspension of nanoFTO as 

described previously.51 The application of nanoFTO onto 12 mm x 50 mm FTO-coated 

soda lime glass was accomplished by spin-coating the nanoFTO suspension according to 

earlier procedures.21, 52 Lastly, the approximately 2 µm-thick layer of nanoFTO was 

sintered at 450 °C for 2 hours before insertion into the ALD chamber. 

2.3.2.2 Rutile TiO2 Nanowire Synthesis 

The hydrothermal synthesis procedure of TiO2 nanowires on FTO glass 

substrates is similar as that which has been reported in literature.26c The reaction solution 

was made by mixing 5 ml concentrated HCl (ACS, ~37%,) with 5 ml de-ionized Aldrich). 
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The solution was stirred for 10 min before being transferred into a hydrothermal 

autoclave reactor, which had a volume of 20 ml. A cleaned FTO glass substrate, which 

was sonicated in soap water, DI water, ethanol, and DI water sequentially, was then 

leaned against the wall of the Teflon lined autoclave with the FTO coated surface facing 

downwards. The sealed autoclave was then transferred into a furnace and held for 2h at 

200 °C. After the reaction, DI water was used to cool down the autoclave to room 

temperature before opening.  Then the FTO substrate coated with uniform pale white 

film of TiO2 nanowire (NW) was covered and rinsed thoroughly with DI water, and 

dried in air. The synthesized TiO2NW/FTO samples were then annealed in air at 500 °C 

for 2h before being assembled into an electrode for testing. 

2.3.3 Results and Discussion 

2.3.3.1 Materials Characterization 

TiO2 films with thicknesses ranging from 5-20 nm were deposited onto nanoFTO 

substrates and their resulting chemical composition was characterized by X-ray 

photoelectron spectroscopy (XPS). Figure 18 shows XPS spectra of a 10nm TiO2-coated 

nanoFTO (TiO2(10nm)/nanoFTO) sample, which is representative of the other samples in 

this study. The survey scan in Figure 18a shows TiO2 with the presence of N (0.5 at%), C 

(13.1 at%), and Si (2.2 at%) contaminants. The N and C species can be attributed to the 

N2 carrier gas used during ALD[13f, 13k] and adventitious carbon, respectively. The 

presence of small concentrations of Si is likely due to contamination from sample 

handling and is not expected to contribute to PEC performance. The absence of Sn peaks 
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from the FTO substrate indicates that a conformal coating of TiO2 with minimal pinholes 

was achieved on the surface of the nanoFTO network. Figure 18b displays the Ti 2p 

triplet region of the spectrum, whose Ti 2p3/2 peak maximum near 538.4 eV confirms the 

presence of a Ti4+ oxidation state, which further confirmed the presence of TiO2.53 Similar 

spectra were observed with TiO2/nanoFTO samples with different TiO2 coating 

thicknesses of 5nm-20nm, which suggests that 5nm TiO2 was able to conformally cover 

the nanoFTO substrates. 

 

Figure 18: (a) XPS survey spectrum and (b) corresponding Ti 2p regional spectrum 
collected from a TiO2(10nm)/nanoFTO sample. 

To analyze the crystal structure of TiO2 ALD coatings onto the nanoFTO 

structure, Raman spectroscopy was performed on TiO2/nanoFTO with various 

thicknesses of TiO2.  Figure 19 shows the Raman spectra of nanoFTO (cassiterite 

crystalline phase) and nanoFTO coated with 5, 10, and 20 nm of TiO2. All the 

TiO2/nanoFTO samples show strong Raman modes near 242 cm-1, 440 cm-1, and 610 cm-1, 

which are the three strongest Raman bands associated with the rutile polymorph of 

TiO2.54 As anatase TiO2 is the usual polymorph at this low growth temperature,27a we 
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attribute this preferential rutile formation to the underlying cassiterite lattice structure of 

the nanoFTO, which is from the rutile family and possesses similar lattice constants as 

rutile TiO2. This is consistent with recent studies that show a preferential formation of 

rutile TiO2 via ALD when deposited on rutile-like substrates at low growth 

temperatures.21, 26c, 28 Interestingly, as the film thickness increases, a small peak 

corresponding to the major anatase TiO2 Raman band near 143 cm-1 starts to be detected, 

as shown by the TiO2(20nm)/nanoFTO sample. This suggests that although our 

polycrystalline TiO2 material consists mostly of the rutile phase, some TiO2 crystals with 

the anatase phase might also be present in small concentrations.  

 

Figure 19: Raman spectra of an uncoated nanoFTO sample compared to those coated 
with a 5, 10, and 20 nm TiO2 film. The peaks corresponding to the anatase TiO2, rutile 
TiO2, and cassiterite FTO structure are denoted by the letter-labels A, R, and F, 
respectively. 

Figure 20 contains scanning electron micrographs (SEMs) of TiO2/nanoFTO 

samples as the TiO2 coating thickness is increased. The plain-view SEMs in Figure 20 a-c 
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show the transition from the wide distribution of open pores (dark regions) provided by 

the uncoated nanoFTO scaffold (Figure 20a) to the sample with the thickest TiO2 film 

(Figure 20c), where the density of visible pores has been drastically reduced. In contrast, 

the TiO2(10nm)/nanoFTO sample displayed in Figure 20b shows an intermediate state 

where the smallest pores may have been filled but the larger pores remain. The cross-

sectional perspective in Figure 20d, shows the larger pore channels through which the 

TiO2(10nm)/nanoFTO photoelectrode maintained electrolyte accessibility throughout the 

depth of the nanostructure. 
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Figure 20: Top-down SEM images displaying the evolution of topological porosity 
from a) pristine/uncoated, b) 10 nm TiO2, and c) 20 nm TiO2 nanoFTO samples. The 
inset figures are the regions on the samples under higher magnifications.  d) Cross-
sectional SEM image of a TiO2(10nm)/nanoFTO sample displaying pore channels 
inside of the film. 

2.3.3.2 Photocurrent Optimization 

Figure 21 displays the photocurrent density, J, as a function of the applied 

potential versus an Ag/AgCl (KCl sat’) reference electrode (EAg/AgCl) and was obtained by 

performing linear cyclic voltammetry scans on TiO2/nanoFTO photoelectrodes with a 

range of TiO2 thickness. The consistent diode-like shape (or fill factor) across all of the 

photocurrent responses plotted in Figure 21a confirm the conformal coverage of the 

ALD TiO2 coating over the entire surface area of the underlying nanoFTO. In addition, 
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the cathodic peak observed at EAg/AgCl = -0.9 V corresponds to the oxygen reduction 

reaction resulting from ineffective purging of the O2 evolved during the measurements 

within the mesoporous nanostructure. Figure 21a shows that the TiO2(10 nm)/nanoFTO 

produces a photocurrent density of 0.7 mA/cm2 at EAg/AgCl = -0 V. This is the maximum J 

observed among various TiO2 film thicknesses. This value represents an almost fourfold 

enhancement over the recently reported values for planar ALD TiO2/FTO and is even 

higher than the 0.58 mA/cm2 photocurrent density value which was recently observed 

with nanoATO.21 Figure 21b summarizes the J-EAg/AgCl data in order to help to visualize 

the effect of thickness on photocurrent. At thicknesses less than 10 nm, there is a high 

surface area in contact with the electrolyte, allowing a large concentration of reactive 

sites to be available for the OER.  .  However, the volume of TiO2 is insufficient to absorb 

and convert an optimal number of photons, which is evidenced by the Incident Photon-

to-Current Efficiency (IPCE) measurements presented in the following section. As the 

thickness increases to 10 nm, the smaller pores may begin to be filled (as shown in the 

SEMs). However, any detrimental effects on PEC performance caused by a decrease in 

active surface area are likely outweighed by a boost in light absorption from the higher 

loading density of the photoactive TiO2 coating (Appendix B). As the thickness of TiO2 

coatings becomes larger than 10 nm, the majority of the pores become filled which 

causes a sharp drop in photocurrent. The filling of larger pores reduces the active 

surface area and increases the hole transport lengths, counteracting the benefit of adding 

photoactive TiO2. These competing contributions account for the leveling off of J.As 
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thickness continues to increase, J is expected to continue to decrease as the last pores 

become filled in a manner similar to a previous study.[19] Regarding the stability of these 

samples, within the roughly 30 minute time period required for most experiments, no 

obvious degradation of the photocurrent is observed for any of the TiO2/nanoFTO 

samples. Furthermore, the J-EAg/AgCl curves from a TiO2(10nm)/nanoFTO sample that had 

been stored in air and then retested periodically in 1 M KOH over the course of 

approximately 1 year displayed no significant signs of degradation (Appendix B). 

 

Figure 21: (a) Cyclic voltammograms taken at a sweep rate of 20 mV/s of 
TiO2/nanoFTO samples with a range of TiO2 thicknesses (colored lines) under ~ 1 sun of AM 
1.5G irradiation and under dark condition (black line). (b) Photocurrent densities measured at 
EAg/AgCl = 0 V of TiO2/nanoFTO samples as a function of TiO2 thickness 

2.3.3.3 Incident Photon to Current Efficiency (IPCE) 

IPCE measurements were conducted on the photoelectrodes to gain additional 

insight into the wavelength-dependent photon absorbance, carrier separation, charge 

transport, and interfacial charge transfer mechanisms related to the total photocurrents 

observed above. IPCE spectra of various samples and a schematic of the corresponding 

mechanisms are shown in Figure 22. The IPCE spectra displayed in Figure 22a were 
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collected at EAg/AgCl=0, thus characterizing the mechanisms behind the photocurrents 

observed in Figure 21. As expected from the data in Section 2.3.3.2, the 

TiO2(10nm)/nanoFTO IPCE curve shows the highest overall efficiencies. The IPCE curve 

of TiO2(7.5nm)/nanoFTO closely matched the IPCE behavior of the TiO2(10nm)/nanoFTO 

sample at wavelengths (λ) less than 380 nm, but its values are smaller at wavelengths 

longer than 380 nm.  The smaller IPCE at these longer wavelengths accounts for the 

lower total photocurrent performance of TiO2(7.5nm)/nanoFTO in comparison with 

TiO2(10nm)/nanoFTO, despite the fact that the overall area under each IPCE curve is 

similar for both samples. This is because of a much higher weighting factor for photons 

near 400 nm in the simulated solar spectrum (AM 1.5 G) than the photons with shorter 

wavelengths deeper into the UV region.55 

 

Figure 22: (a) IPCE spectra of nanoFTO with and without ALD TiO2 coating samples 
collected at EAg/AgCl =0 with 1 Sun AM 1.5 illumination; (b) Schematic band diagram 
depicting the heterojunction at the interface between a nanometer FTO particle and 
TiO2. The band bending between TiO2 and FTO heterojunction favors the separation 
and transport of photogenerated charges. 
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It is also important to note the relatively high IPCE efficiencies obtained for the higher 

energy UV photons (below 350 nm wavelengths) in all the TiO2/nanoFTO electrodes. For 

other reported TiO2-based nanostructured photoelectrodes, the IPCE values peak and 

then decrease dramatically as the wavelengths decrease.26c, 56 As an example, we 

confirmed this behavior for 1.8 µm TiO2 nanowires (NWs) on planar FTO glass, which 

show IPCE values that peak around 380 nm and decrease sharply at shorter 

wavelengths (Appendix C - Figure 62). This is due to a larger recombination ratio for 

photoelectrons excited by shorter wavelengths, which tend to be generated closer to the 

tips of the nanowires than longer wavelengths and thus have a high probability of 

recombining as they are transported throughout the micrometer-long NWs.  However, 

such behavior is not the case here for the TiO2- coated nanoFTO electrodes; the high 

IPCE values are sustained down to a wavelength of 300 nm.  

This difference is attributed to the underlying nanoFTO support, which plays 

several roles. First, the high electron conductivity of the FTO nanoparticles decreases the 

transport time needed for electrons to reach the collecting electrode. When this is 

combined with the short distance that holes photogenerated within the thin TiO2 coating 

need to travel before reaching the SCLJ, the high electron conductivity decreases the 

recombination rate of the electron-hole pairs. This is especially important for the 

electron-hole pairs that are generated from high-energy photons, since they will be 

absorbed near the top surface of the electrode due to their large absorption cross-

section.26c, 56 Second, nanoFTO will transmit or scatter photons with energy smaller than 
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3.5eV. Although this means that it will not compete with TiO2 for the absorption of 

photons with energies between 3.0-3.5 eV, the absorbance of such photons within thin 

TiO2 coatings (≤ 20 nm) is normally very small. However, due to the 3D morphology of 

the nanoFTO scaffold, the probability that the TiO2 coating will absorb these photons 

will be dramatically increased as they scatter and propagate through the tortuous 

pathway inside the TiO2-coated FTO nanoparticles.  Third, the IPCE spectrum of 

nanoFTO without ALD coating indicates that the nanoFTO support will absorb photons 

with energies greater than 3.5 eV (λ < 350 nm) and convert them into useful electron-

hole pairs. Based on the respective positions of the conduction and valence band edges 

of FTO and TiO2, a type II heterojunction is formed between FTO and TiO2 that 

promotes charge transport across the semiconductor junction in the desired directions 

for the OER.57 The approximately 40% IPCE values imply that the nanoFTO is not only 

absorbing a large number of the incident photons with λ < 350 nm, but is also helping to 

separate the photogenerated carriers efficiently at the heterojunction with the TiO2. We 

postulate that an additional reason for this rapid charge separation may be due to the 

reported intermixing of the electronic structure of FTO and TiO2 near the heterojunction, 

which may cause a small potential distribution to be felt near this interface.30b In 

addition, it is possible that the complete depletion of the ultrathin TiO2 coating at EAg/AgCl 

= 0 may cause the total width of any depletion layer (WD,Total = WD,FTO + WD,TiO2) to extend a 

small distance into the nanoFTO structure. The strength of the electric field (amount of 

band bending) within TiO2 is expected to be small due to the ultrathin dimensions of the 
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ALD TiO2 coatings.58 Although there have been reports of small scale band bending 

inducing the photooxidation of water on TiO2,59 we ascribe most of the charge separation 

within our ALD TiO2 films to their long diffusion lengths (10-100 nm),[13j, 59] which 

enables them to reach the SCLJ and become rapidly scavenged by the OH-/O2 redox-

driven free energy gradient on the surface.60 On the other hand, within the nanoFTO, the 

formation of the depletion layer might provide the electric field required to efficiently 

separate the photogenerated charges. This kind of extension of the depletion layer into 

the underlying TCO material has been reported for anatase TiO2 thin films on tin-doped 

indium oxide.39 In summary, the combined effects of these above-mentioned 

mechanisms help to produce the unique IPCE behavior of these ALD TiO2/nanoFTO 

nanostructured photoanodes. 

2.3.3.4 Characterization of Recombination Mechanisms 

To help further understand the charge transfer mechanisms of the TiO2/nanoFTO 

samples, we analyzed their transient photocurrent behavior from chopped illumination 

and compared it to the performance of a sample of hydrothermally-grown rutile 

TiO2NW/FTO with similar photocurrents (Figure 23). The measurement of these non-

steady state photocurrents can be used to study recombination mechanisms since the 

characteristic relaxation time for minority carriers trapped in surface states or 

accumulated near the surface is slow enough to be detected experimentally.61 Figure 23a 

shows the similar levels of total photocurrent performance for both of these samples 

under chopped illumination as well as a saturation of photocurrent transient effects as a 
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function of additional negative bias. Since the photocurrent transient effects are more 

pronounced near the onset of photocurrent, one can compare their transient behavior 

during an amperometric scan conducted at a constant potential of EAg/AgCl = -0.8V. This 

low band-bending region is expected to reveal the recombination due to the 

accumulation of holes and surface states, without being subject to the effect of photon 

flux.62 The symmetry of the anodic and cathodic transients observed for each sample 

indicated that both samples suffered from these recombination mechanisms.  However, 

the drastically larger transient peak current feature observed from the TiO2 NW sample 

indicates a loss of a significantly higher fraction of photogenerated charges63 than the 

ALD TiO2/nanoFTO sample. The dramatic difference in charge transfer mechanisms 

between TiO2/nanoFTO and rutile NWs is also highlighted by their different impedance 

response under EIS, whose Nyquist plot shows an additional charge transfer 

(semicircular) feature at low frequencies only for the rutile NWs (Appendix V - Figure 

63).  This indicates that the surface of the ALD TiO2 allows more facile charge transfer 

across the SCLJ.64 

In highly alkaline 1 M KOH, two possibilities have been previously proposed as 

explanations for the faster surface hydroxide-driven reaction kinetics65 observed on 

certain rutile TiO2 materials. The two possibilities are: i) the presence of multiple rutile 

crystal facets, and ii) a higher concentration of oxygen vacancies on the film’s surface.66 

Both of these are possible given the polycrystalline and defective growth process 

inherent to ALD. However, a more intriguing possibility is the generation of a higher 
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concentration of peroxide (H2O2) species generated only near the surface62 which serve 

as hole scavengers67 and thus accelerate the OER.63 Given the slightly more negative 

redox potential for OH-/H2O2 than OER,57 such peroxides could be generated more easily 

if “hot holes” reached the surface before having time to relax down to the valence band 

edge by thermalization. However, assuming that the thermalization time is just under 

100 ps for n-TiO268 and that the hole transit time through a full depletion layer is less 

than 40 ps,57 it may be possible that the efficient collection and utilization of the deep UV 

photons by the TiO2/nanoFTO photoelectrodes could be yielding such behavior. This 

may be even more likely for the nanoFTO system, given the ultrathin nature of the ALD 

TiO2 films that could result in even shorter hole transit times. Although the feasibility of 

such behavior is still under some debate, there have been reports claiming that it can be 

sustained across the SCLJ using oxide-covered metallic electrodes.69 

 

Figure 23: A comparison of the transient photocurrents resulting from hand-chopped 
light on TiO2(10nm)/nanoFTO and rutile TiO2 NWs on FTO glass, both during a (a) 
linear sweep voltammogram and (b) chronoamperometry test at EAg/AgCl = -0.8 V. 
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2.3.4  Conclusions 

It has been shown that the ALD TiO2/nanoFTO nanostructure resulted in a 

photoanode with notable light harvesting efficiency for the photooxidation of water. In 

particular, the high IPCE efficiencies of TiO2/nanoFTO throughout their respective 

respective absorption regions provide insights for future development of tandem 

heteronanostructures for applications in PEC conversion and solar cells. Moreover, the 

photocurrent transient behavior indicates charge transfer mechanisms on the surface of 

these nanostructures is very efficient and could be a property inherent to these ultrathin 

ALD films. Given the large junction area that is responsible for the photocurrent 

enhancement, future work is recommended to characterize the specific electronic 

properties and chemical bonding structure near the interface between the ALD TiO2 and 

the nanoFTO, as it is possible that the d orbital occupancy has been modified near this 

transition metal oxide interface.30b We expect that prospective applications could exploit 

the beneficial effects observed herein to further improve the PEC conversion efficiencies 

of other promising materials.  

Future work should focus on sensitizing these nanostructures to absorb a greater 

proportion of the solar spectrum. Different sensitization approaches include doping 

TiO2, replacing it with a metal oxide with a smaller bandgap, or even utilizing a 

sensitizer on the surface of TiO2 such as quantum dots or organic dyes. However, the 

latest research indicates that the main mechanisms limiting the efficiency of these 

reactions are charge trapping effects that occur at the surface in contact with the 
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electrolyte and at underlying interfaces between solid materials. Although many 

variations of nanostructure film morphologies, compositions, doping agents, and surface 

catalysts can mitigate these effects and improve performance to some degree, the poor 

understanding of the actual charge transfer mechanisms at these interfaces keeps 

efficiencies too low to be considered industrially viable. Since our nanostructured 

material is enhanced due to the additional surface area, it would be beneficial to focus 

our future efforts on understanding of the charge transfer mechanisms at these 

interfaces is a hurdle to the increase in efficiencies to make them industrially viable. It 

would be beneficial to focus future efforts on understanding how these novel doping 

and annealing treatments affect not only light absorption and conversion, but also the 

kinetics of the charge transfer reactions taking place at the SCLJ by using advanced EIS 

modeling techniques.  
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2.4 Preliminary Results & Future Work 

A natural future direction for this PEC work is to integrate the findings from 

each of the aforementioned PEC projects to improve the design of one electrode. 

Unfortunately, neither the dual nor single treatment appeared compatible with the 

nanoFTO/TiO2 heterostructure; NH3 treatments resulted in a dark gray colored 

nanoFTO/TiO2 with only a small photocurrent and very poor fill factor. Further XPS 

evidence indicated that there was amount of Sn diffusion and potential reactions with 

NH3, the latter of which may be due to a reaction with FTO given that SnO2 is often used 

as an NH3-detector material.70   

On the other hand, an alternative N-doping strategy whereby the NH3 was 

mixed into the H2O dosing step during ALD growth with TiCl4 at 400 °C yielded 

encouraging visual results of N:TiO2 deposition on nanoFTO scaffolds. The occurrence 

of substitutional N-doping into rutile TiO2 was supported XPS data (Figure 24). Despite 

the increase in visible-wavelength absorption, the PEC performance of these N:TiO2 

films was not as promising, but it may be an avenue worth pursuing in the future. Some 

of the intrinsic challenges could be associated with the non-ideal, and likely non-

uniform, ALD reaction that occurs when mixing NH3 into the ALD recipe. However, 

some future areas of interest could be passivating surface trap sites with either other 

ALD layers, organic molecules, or annealing treatments. The visible-light activity of 

nanoFTO PEC electrodes could be also enhanced by depositing other metal oxides that 
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have shown promise for PEC applications (e.g., BiVO4 or Fe2O3)8 as well as sensitizing 

TiO2 with quantum dots and/or organic dyes.  

 

Figure 24: Summary of preliminary results obtained by doping rutile TiO2/FTO by 
incorporating an NH3/H2O dosing mixture during ALD growth to generate N:TiO2. 
The main XPS figure shows the Ti 2p region with a circle around the shoulder region 
indicating the formation of Ti3+ species, which are associated with the 
substitutionally doped N atoms which are detected in the corresponding N 1s spectra 
(insets). The photograph inset shows the drastically different visual result when an 
N:TiO2 film is grown directly on a nanoFTO substrate (yellow film) compared to pure 
TiO2 (white film). 
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3 Electrochemical Energy Storage via Nanostructured 
Oxides/Hydroxides 

3.1 Introduction 

In Chapter 2, solar energy was captured, converted, and then stored as a 

chemical fuel in the form of the hydrogen molecules’ chemical bonds. In this Chapter, 

another aspect of addressing the global energy challenge is highlighted through the 

development of nanostructured electrochemical oxides whose sole purpose is to store 

energy. Although batteries are currently considered to be the quintessential 

electrochemical energy storage device, they are still hampered by high cost, toxicity, 

power density issues, and relatively short lifetimes. 1 As an alternative, researchers have 

been applying the latest advances in nanomaterials engineering in their search for an 

alternative that has lower cost, increased efficiency, lower toxicity of raw materials, and 

improved durability. One technology based on nanoscaled engineering that is beginning 

to be incorporated into various modern technologies and will be the focus of this chapter 

is the electrochemical capacitor, also referred to as supercapacitors.  

Supercapacitors have erupted in popularity due to their high power density, 

low-toxicity, long lifespans, and wide operational temperature ranges.71 Although 

supercapacitors are able to fully charge and discharge at very high rates compared to 

batteries, their total energy density is still well below that of batteries (Figure 25). Until 

this energy capacity challenge is addressed, it will limit the competitive advantage for 

incorporation of supercapacitors into various devices with high energy demands.   
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Figure 25: Ragone plot used to compare devices in terms of power density, energy 
density, and response time. 72  

3.2 Background on Supercapacitors 

In order to increase the energy density of supercapacitors, one must first 

understand their basic operational principles. Their high power density is derived from 

a charge storage mechanism that does not involve any electrochemical reaction, but 

rather an electrostatically driven build-up of opposing charges near the interface 

between an electrode surface and an electrolyte, also known as the electric double-layer 

(EDL). The most simple model assumes that the EDL is formed by the accumulation of 

charges near the inner surface of the electrode drawing electrolyte ions of the opposite 

charge closer to this surface through Coulombic interactions until an atomically-compact 

double layer is formed and the net interface charge is neutralized (Figure 26a). This 

double layer of charges forms an electric potential similar to a traditional parallel-plate 

capacitor and thus has a capacitance associated with it equal to  

Cdl = (εoεrA)/d.   (3) 
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where Cdl is the double-layer capacitance, εo is the dielectric permittivity in free 

space, εr is the relative permittivity of the electrolyte that acts as the dielectric medium, 

A is the area of the contact interface between the electrolyte and the electrode, and d is 

the separation distance between each layer in the EDL (i.e., Debye length). This 

simplistic view of the EDL is known as the Helmholtz model. Two other models more 

realistically account for a diffusion layer and the potential for adsorbed solvated 

counterions in the EDL: the Gouy-Chapman model and the Stern model (Figure 

26b,c).The additional distances added on by these latter two models are still on the 

nanometer scale and thus result in a veryhigh Cdl value per area. 

 

Figure 26: (a) Helmholtz, (b) Gouy–Chapman, and (c) Stern models of the EDL, with 
the Stern model combining the first (a) and (b) to define the inner Helmholtz plane 
(IHP) and outer Helmholtz plane (OHP). Here, d is the double layer distance 
described by the Helmholtz model, while Ψ0 and Ψ are the potentials at the electrode 
surface and the electrode/electrolyte interface, respectively.73 
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The structure of the EDL is why supercapacitors utilize conductive nanoporous 

networks (typically, activated carbons) with extremely high surface areas to maximize 

capacitance. Furthermore, because this is a purely electrostatic interaction, the 

charge/discharge kinetics are very fast and give rise to the high power densities and sub-

second response times associated with supercapacitors (Figure 25). In addition, the lack 

of a faradaic charge storage mechanism, such as that which occurs in batteries, provides 

EDL-based supercapacitors with extremely long cycling lifetimes (i.e., greater than 95% 

retention after 10,000 cycles).74 This is a very appealing technology since other than the 

conductive porous electrode materials, a functional device only requires current 

collectors, electrolyte, and a separator to prevent the two electrodes from shorting 

(Figure 27).  
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Figure 27: Schematic diagram of a supercapacitor device (in its charged state) based 
purely on capacitance derived from the EDL, where C1 and C2 correspond to the 
capacitances built up on the positive and negative electrodes, respectively.73  

In order to compete with batteries for many applications, the next generation of 

supercapacitors cannot rely solely on EDL capacitance.  To accomplish this,  a material 

can be added to the structure that is able to undergo a near-surface reversible semi-

faradaic redox (i.e., reduction/oxidation) reaction through which more energy can be 

stored than in a pure EDL configuration; this process is known as pseudocapacitance. 

Although the exact electrochemical nature of the pseudocapacitive energy-storage 

process is often debated and highly material-dependent, its mechanisms can be broadly 



 

 77 

classified into the following:75 (i) underpotential deposition, (ii) redox 

pseudocapacitance, and (iii) intercalation pseudocapacitance (Figure 28). 

 

Figure 28: Schematic drawing of three types of redox mechanisms responsible for 
pseudocapacitance with model electrode materials as examples.75  

 Many earth-abundant metal oxides and hydroxides are attractive options as 

materials for high energy supercapacitors because they possess stable pseudocapacitive 

behavior. However, given that most pseudocapacitive materials suffer from poor 

conductivity and relatively slow pseudocapacitive reaction kinetics, good power 

performance is best achieved by nanostructuring these metal oxides/hydroxides as thin 

coatings onto a porous conductive material as a scaffold. The near-surface nature of the 

pseudocapacitive reactions also calls for the use of thin films in order to maximize the 

mass-specific capacitance (F/g) of the electrode materials. In addition to rapidly 

collecting charges generated by the pseudocapacitive coating, the use of conductive high 

surface area scaffolds can also help to achieve high rate capabilities (i.e., power density) 

due to the contribution of the EDL process.  
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The electrochemical energy storage performance observed for each 

pseudocapacitive material also depends a lot on which pseudocapacitive process is 

dominant. Those materials whose performance is dominated by redox 

pseudocapacitance (such as RuO2 and MnO2) and underpotential deposition typically 

exhibit CV and galvanostatic charge/discharge (GCD) characteristic shapes similar to 

pure EDL supercapacitors. This will be the case for the MnO2-based composites material 

studied in Section 3.4. On the other hand, materials dominated by intercalation 

pseudocapacitance exhibit behavior much more akin to batteries and are thus generally 

considered slower and less stable in the long run. An example of such an intercalation 

material is Ni(OH)2, which will be the main electrochemically active material discussed 

in Section 3.5.  

However, the true energy density of a device is not solely dependent on the 

electrodes’ capacitance, as is shown by the equation for energy below, 

E = ½CTV2   (4) 

where E stands for energy, CT is the total capacitance, and V is the maximum 

voltage window where the device can operate. Eq. 4 shows that energy density is even 

more dependent on voltage, which is limited by either the breakdown voltage of the 

electrolyte being used or the instability of a given electrode material at specific voltages. 

In the case of aqueous electrolytes, this breakdown limit is usually imposed by the water 

splitting reaction. Thus, in contrast to the low overpotential properties desired from PEC 

electrode materials such as the ones discussed in chapter 2, the aqueous supercapacitor 



 

 79 

applications discussed in this chapter benefit from the wider voltage window that’s 

accessible when the negative and positive electrode materials that are used exhibit high 

overpotentials for the HER and OER, respectively. Usually, this means that the positive 

electrode material will need to be different than the one used as a negative electrode.  

Supercapacitor devices with a configuration of unlike positive and negative 

electrode materials are referred to as asymmetric supercapacitors,76 while those that 

harness pseudocapacitive processes together with EDL capacitances are known as 

hybrid oxide supercapacitors.77  This combination of electrode materials offers the best 

trade-off between high energy density batteries and high power density supercapacitors 

to meet power source demands for a variety of critical applications, such as hybrid 

electric vehicles and back-up power for wind and solar farms, where both high energy 

density and high power density are required.78 Well-engineered nanocomposites 

composed of nanostructured conductive supports and redox active metal 

oxide/hydroxide semi-faradaic materials can further enhance both power and energy 

densities and are thus critical to the success of this technology.  Ideally, nanostructured 

composites should be designed as a high surface area platform to enable greater specific 

energy storage; minimize the amount of inactive battery material; improve electron and 

ion transport; stabilize performance by minimizing agglomeration and expansion; and 

enhance mechanical strength, flexibility, and/or robustness of the electrode. 
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3.3 Research Objectives 

The objective of the project covered in Section 3.4 is to optimize the performance 

of composites based on a high surface area graphenated carbon nanotube (g-CNT) 

scaffold with manganese oxide, MnO2, coatings. Such a nanostructure takes advantage 

of both the EDL capacitance and power density performance provided by the g-CNTs 

with the high energy density pseudocapacitive contributions from the MnO2. In 

particular, we seek to optimize the performance based on the mass loading of MnO2 

through a facile potentiodynamic electrodeposition method to deposit various quantities 

(and morphologies) of the MnO2 nanoflowers. The mass loading of the active material is 

a critical parameter in developing efficient high energy density supercapacitors that will 

help make oxide supercapacitors more competitive energy storage devices in 

applications where batteries are the current standard.79  

In Section 3.5, we explore the potential use of solution-processed core/shell 

Cu/Ni(OH)2 nanowires (NWs) as a semi-transparent and flexible energy storage 

electrode. Unlike the porous architecture employed in Section 3.4, this nanostructure 

does not rely on a high surface area for its performance. Instead, a flat network of NWs 

is used where the intercalation process intrinsic to the Ni(OH)2 coating must be 

optimized in order to attain practical nominal-area-specific capacitance. The 

development of such an electrode has broad potential applications throughout the field 

of flexible electronics,80 smart electrochromic windows,81 and integrated energy storage 

into photovoltaics.82 
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3.4 Optimization of MnO2 Electrodeposits on Graphenated 
Carbon Nanotube Electrodes for Oxide Supercapacitors 

In this study, we present a novel and high performance electrode architecture 

using a relatively new hybrid carbon nanomaterial: graphenated carbon nanotubes (g-

CNTs).83  More specifically, we demonstrate that g-CNTs not only exploit synergistic 

effects similar to previously studied graphene/CNT/MnO2 ternary composites,84 but also 

offer a unique pathway to control and optimize the MnO2 utilization efficiency at high 

MnO2 (> 1 mg/cm2) specific loadings.  

3.4.1 Introduction 

Manganese oxide is considered to be a highly attractive pseudocapacitive 

material due to its ubiquity, environmental safety, and high theoretical capacities 

ranging between 1100 to 1300 F/g.71b While the exact source of the pseudocapacitive 

nature of MnO2 is still a matter of some debate, it is generally accepted that its complex 

non-stoichiometric nature gives it multiple possible Mn valence states that give rise to a 

capacitance that is high pseudocapacitance in the form of both proton intercalation and 

surface redox processes.85,86 In mild pH solutions, the proton intercalation may be 

described as, 

MnO2 + xM+ + xe- ó  MxMnO2    (5) 

Where the M+ is an alkaline metal cation (e.g., Li+, Na+, K+). The surface redox 

processes are similarly described by, 

(MnO2)surface + M+ + e- ó  (MnO2-M+)surface   (6) 
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In addition to enabling a high energy density, MnO2-based electrodes enable 

wider operating windows than pure carbonaceous electrodes and many other metal 

oxides since MnO2 requires a large overpotential before inducing the OER.87 Asymmetric 

configurations combining an MnO2 cathode with a carbonaceous anode have achieved 

stable performance in operating voltages as wide as 2 V,88 which is double the voltage 

range, and thus four times the energy density than would be achieved with symmetric 

carbon-carbon supercapacitors in aqueous electrolytes. Although a lower voltage than 

current commercially available organic-based supercapacitors, aqueous supercapacitors 

with non-volatile, non-flammable, and higher conductivity electrolytes would enable a 

less expensive, safer, and higher power density alternative.89 Another attractive feature 

is that under appropriate synthesis conditions, MnO2 can be deposited with a high 

surface area “nano-flower” morphology, increasing its effective pseudocapacitive charge 

storage capability.90 As a result, the combination of manganese dioxide (MnO2) and 

carbon nanocomposites is emerging as one of the most widely studied cathode systems 

for asymmetric supercapacitors.91 Despite these attractive properties, the poor 

conductivity of MnO2 (10-5 – 10-6 S/cm) and the tendency to accumulate electrochemically 

inactive or electrolyte-inaccessible portions of the material, particularly for composite 

electrodes with high specific loading (> 1 mg/cm2), remain significant challenges.92  

Electrodeposition (ED) of MnO2 on conductive substrates is one of the most 

widely used electrode fabrication approaches with the ability to control mass loading 

densities and structure of deposited MnO2 by tuning the deposition voltage, current, 
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electrolyte, and substrate properties.93 The anodic electrodeposition reaction can be 

generally described as, 

Mn2+ + 2H2O à  MnO2 + 4H+ + 2e-  (7) 

However, the exact underlying mechanism of oxidation during ED is 

significantly more complex and is thought to occur either via a disproportionation or a 

hydrolysis pathway.94 

Once deposited, only the near-surface regions within MnO2 are involved in the 

electrochemical charge storage process.95 This explains many research results96 that have 

showed the common trend of decreased specific capacitance (< 100 F/g) when there was 

increased mass loading or areal density (> 1 mg/cm2) of MnO2.  For these cases, the 

deposits usually formed densely packed or thick layers in the composite electrode.  In 

contrast, for practical or commercial applications it is essential to simultaneously achieve 

both a high active material loading (~ 10 mg/cm2) and a high weight-specific capacitance 

(> 200 F/g) in supercapacitor electrodes.93, 97   

Recently, nanocomposite electrodes incorporating nanostructured manganese 

oxide deposits within carbon nanotube (CNT),98 graphene,96b, 99 or conductive polymer100 

supports have been studied to help alleviate both problems with the poor conductivity 

and poor utilization efficiency at high loadings.  However, these binary nanocomposites 

have not been successful in fully optimizing the electrode performance.  Although CNTs 

with high aspect ratios can be assembled into a three-dimensional matrix with enhanced 

electron transport by boosting the CNT/MnO2 composite conductivity throughout the 
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electrode volume, their electrolyte-accessible surfaces or sidewalls are dominated by the 

sp2 carbon basal plane with low chemical and electrochemical reactivity.  Consequently, 

this may limit the number of active sites capable of charge-transfer at the CNT/MnO2—

electrolyte interface.  Further, the low reactivity surfaces of CNT sidewalls cause a 

weaker and more randomized adsorption of oxides resulting in difficulty to control the 

locations, thickness, or density of MnO2 deposits; leading to thick inactive deposits.98c In 

contrast, thin graphitic and graphene nanosheets have proven to be an ideal substrate 

for electrodeposition of thin, uniform, and conformal MnO2 coatings96b given the greater 

reactivity and electrochemical activity of graphene edge-planes.101 However, high 

surface area three-dimensional electrodes composed of graphene particles lack the high 

aspect ratio and high volume density inherent within CNT supports; instead, they 

consist of a plethora of poorly connected junctions between two-dimensional graphene 

particles of low packing density. The junction resistances between CNTs or graphene 

particles dominate the sheet resistance in 3D CNT or graphene films, respectively. Thus, 

it can be anticipated that longer CNTs will limit the number of particle junctions per unit 

area of the film leading to more conductive films.102 Conductive polymers, which are 

also pseudocapacitive materials, have been employed to stabilize and enhance the 

conductivity of MnO2 deposits but they have issues with limited conductivity and 

cycling stability themselves.103 To enhance performance beyond what has been achieved 

with these binary nanocomposites to date, many researchers have recently turned to 

ternary or quaternary nanocomposites,78, 104 particularly those exploiting both carbon 
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nanotubes and graphenes as support materials for high performance electrodes.92, 105  For 

example Y. Cheng et al.92 reported that CNT/graphene based ternary nanocomposites 

exhibited synergistic effects, due to the ideal thin nucleation of MnO2 on graphene and 

the highly conductive interconnected network of CNTs. This structure improves charge 

transport, resulting in a more sustained specific capacitance, dropping by only 38% (312 

to 194 F/g at 50 mV/s scan rate) as the areal density increased from 0.38 to 8.8 mg/cm2. 

In this study, we improve on the mass loading performance by applying Zhang 

et al potentiodynamic method onto our own g-CNTs to electrodeposit thin MnO2 

materials with a “nanoflower” morphology where the surface area of the MnO2 “petals” 

enhance the pseudocapacitive contribution.106 The unique advantage of using g-CNTs as 

the support for a pseudocapacitive electrode is the seamless integration of a high 

volume density CNT forest coupled with high edge density graphene foliates in a single 

hybrid material deposited by a single PECVD growth process.  The graphene edges of g-

CNT foliates provide high reactivity nucleation sites that can be used for controlling the 

morphology of electrodeposited MnO2 and offer electrochemically active surfaces to 

promote charge transfer between the g-CNT/MnO2 nanostructure and the electrolyte.  

Concurrently, the g-CNT stems consisting of unaligned multiwalled CNTs, provide an 

high surface area scaffold in the form of a high-density three-dimensional 

interconnected conductive network which promotes the conductivity and power 

performance of the g-CNT/MnO2 composite electrode. PECVD growth is an additive or 

bottom-up approach that offers a high degree of control over morphological and 
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structural features of the resulting carbon nanostructures. Thus, it allows for 

optimization of the hybrid g-CNT scaffold to create metal oxide composites as high 

performance pseudocapacitor electrodes.  In this study, we have focused on controlling 

g-CNT foliate density to optimize MnO2 utilization efficiency at high specific loadings (> 

1 mg/cm2) for development of electrodes with improved practical charge storage 

performance. 

3.4.2 Experimental Methods 

3.4.2.1 Electrode Fabrication  

Graphenated carbon nanotubes were grown in a 915 MHz microwave plasma 

enhanced chemical vapor deposition (MPECVD) system,107 using 50 Å thick iron catalyst 

on conductive (0.1 Ω-cm) silicon.  Prior to growth, the coated substrates were heated to 

1050 °C in 100 sccm of NH3, followed by striking and stabilizing the plasma at 21 Torr 

and 2.1 kW of magnetron input power.  Substrates were then pretreated for 3 minutes in 

the plasma.  Following pretreatment, growth of g-CNTs was accomplished by changing 

the gas flow to 150 sccm CH4 and 50 sccm NH3 from 2 – 6 minutes. Transmission 

electron microscopy (TEM) results have shown that a typical foliate grows coherently 

and perpendicularly out of the CNT sidewall,83a and reduces to approximately 3—5 

graphene layers at the foliate edge.83c  

3.4.2.2 Electrochemical Deposition and Testing 

All electrochemical measurements were performed in 1 M Na2SO4 using a Bio-

Logic SP300 Potentiostat and a Princeton Applied Research K0235 Flat Cell with a built-
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in Pt-coated mesh counter electrode and a Luggin capillary for accurate reference 

electrode function. A schematic diagram of this electrochemical cell is shown in Figure 

29. A procedure for electrodeposition (ED) of manganese oxides using cyclic 

voltammetry (CV) in 1 M Na2SO4 and 0.5 M MnSO4 aqueous electrolytes was adapted 

from literature98c for fabrication of CNT/MnO2 and g-CNT/MnO2 composite electrodes. 

Prior to ED, the hydrophobic electrodes were soaked in 1M Na2SO4 for 10 minutes at 

85˚C, which promoted wettability and enabled a better electrode/electrolyte interface.  

During ED, a maximum of 100 CV cycles at 100 mV/s scan rate was applied across a 

potential range from -0.3 to 1.2 V vs. Ag/AgCl.  The upper limit of 100 cycles was 

adapted from a literature study98c that used a vertically aligned CNT forest as working 

electrode and found that additional cycling resulted in decreased performance of the 

composite electrode.  Following ED, the composite electrodes were gently but 

thoroughly rinsed with DI water to remove salt deposits and left to dry in air.  The dry 

electrode mass was measured using a microbalance with precision of 1 microgram 

before and after PECVD growth, and after ED to determine the mass of carbon and 

MnO2 deposits, respectively.  Mass-specific capacitance results were normalized to the 

mass of MnO2 deposits only in order to determine how efficiently the MnO2 deposits 

were utilized.  
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Figure 29: Schematic representation of our three-electrode electrochemical cell used to 
characterize our supercapacitor electrodes. 108 

3.4.3 Results and Discussion 

CV data obtained during the 100-cycle electrodeposition of MnO2 is shown in 

Figure 30. The increase in current and area in the CV plot indicate an increase in the 

density of nucleation sites and therefore amount of MnO2 deposited. Figure 31 shows an 

SEM image from a representative g-CNT film with intermediate foliate density before 

and after ED of MnO2.  Interestingly, multiple high surface area and nanostructured 

MnO2 deposits were observed along individual g-CNTs.  The MnO2 deposits had a 

nanoflower-like morphology with “petals” composed of MnO2 nanosheets.  In contrast, 

it was previously reported98c using an identical ED procedure that MnO2 deposits 

formed only at the junctions of intersecting or overlapping CNTs.  This result suggests 

Gasket'
Connection
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that the highly reactive graphene foliates of g-CNTs may serve as nucleation sites for the 

MnO2 deposits. 

 

Figure 30: CV scans taken during typical MnO2 electrodeposition run.  
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Figure 31: SEM image of a representative (a) as-deposited g-CNT and (b) resulting g-
CNT/MnO2 composite electrode after 100 ED cycles.  Each individual g-CNT has 
multiple MnO2 deposits along their length that are believed to nucleate preferentially 
on the graphene foliates.  The image in (b) was captured prior to removal of salt 
deposits by deionized water rinsing.   

X-ray photoelectron spectroscopy (XPS) was conducted for a better 

understanding of the chemical composition and oxidation state of Mn in the g-

CNT/MnO2 composite electrode.  The survey XPS spectrum (Figure 32) shows a 

significant amount of manganese and oxygen in these carbon-based electrodes with 

some small concentration of elemental impurities (Na, F, Sn, In) obtained as a result of 

PECVD deposition and sample handling during electrode fabrication.  The Mn 2p core 

level spectrum shows a Mn 2p(1/2) peak at 654.1 eV and a Mn 2p(3/2) peak at 642.3 eV.  The 
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binding energies of Mn 2p with a spin-energy separation of 11.8 eV agree well with 

those reported for MnO2.95, 109 

 

Figure 32: (a) XPS survey spectra and (b) XPS Mn 2p core level spectra of g-
CNT/MnO2 composite electrode. 

Figure 33 displays electrochemical data from representative CNT, g-CNT, 

CNT/MnO2, and g-CNT/MnO2 electrodes in 1 M Na2SO4 electrolyte across a 0 to 1 V vs. 

Ag/AgCl potential range.  The representative CNT electrode was grown using the same 

PECVD growth conditions as for g-CNTs except with a growth temperature of 850˚C 

and growth time of 2 minutes.  The lower growth temperature resulted in less sintering 

of the iron catalyst nanoparticles and thus led to smaller diameter CNTs (~ 50 µm) with 

greater density and better alignment due to the crowding effect compared to g-CNTs.  

Details on the effects of temperature on nanostructure morphology in this PECVD 

reactor can be found in Ref. 28.   
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CV curves in Figure 33a show distinct shapes for as-deposited CNT, g-CNT, and 

MnO2 composite electrodes at 0.1 V scan rate.  The near-perfect rectangular shape for the 

as-deposited CNT electrode indicates primarily electrical double-layer charging 

behavior due to the pristine and low reactivity CNT sidewalls that dominate the 

exposed surface.  Whereas CV curve shapes for the as-deposited g-CNT and MnO2 

composite electrodes are quasi-rectangular indicating the presence of both electrical 

double-layer capacitance and pseudocapacitance.  The as-deposited g-CNT 

pseudocapacitance likely originates from oxygenated surface functional groups that 

bind to reactive sites such as the graphene foliates, whereas redox reactions that cause 

higher/lower (IV/III) oxidation states of Mn atoms dominate the pseudocapacitance 

behavior in the composite electrodes.  The CV curves show that g-CNT electrodes have 

greater specific capacitance than CNT-based electrodes.  Further, after ED of MnO2 for 

100 cycles, the weight-specific capacitance of the composite electrodes still outperformed 

that of the as-deposited carbon electrodes, even though the MnO2 mass loading (≥ 1.83 

mg/cm2) of the composites was more than an order of magnitude greater than the mass 

loading  (≤ 0.18 mg/cm2) of carbon in CNT and g-CNT electrodes.  Figure 33b shows CV 

curves of the g-CNT/MnO2 electrode at scan rates of 0.05, 0.1, and 0.2 V/s.  The specific 

capacitance improved with decreasing scan rates as the electrolyte ions have more time 

to access the internal volume of the electrode.   

Figure 33c-e shows GCD curves at 5 mA/cm2 current density comparing 

performance of (c) as-deposited electrodes, and electrodes following ED of MnO2 for (d) 
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10 and (e) 100 CV cycles.  Again, the g-CNT electrodes significantly outperformed the 

CNT based electrodes, particularly after MnO2 treatment.  For g-CNT electrodes, 10 

MnO2 ED cycles enabled a 60x increase in discharge time and 100 MnO2 ED cycles 

enabled a 150x increase in discharge time compared to the as-deposited electrode. 

Ultimately, the results shown in Figure 33 can be attributed to the synergistic effects of 

graphene and CNTs in the hybrid structure of g-CNTs that increase the effective 

utilization of MnO2. 

 

Figure 33: Electrochemical characterization of CNT, g-CNT, CNT/MnO2, and g-
CNT/MnO2 electrodes in 1 M Na2SO4.  Cyclic voltammetry curves (a) at 100 mV/s for 
all electrodes and (b) at 50, 100, and 200 mV/s for g-CNT/MnO2 electrode.  GCD curves 
for (c) as-deposited electrodes, and electrodes after (d) 10 and (e) 100 MnO2 ED cycles.   
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Given the improved performance of g-CNTs over CNTs as supports for MnO2 

based supercapacitor electrodes, it is important to better understand the relationship 

between g-CNT foliate density and electrode performance following the MnO2 ED 

treatment.  We have already suggested that the highly reactive graphene foliates may 

serve as preferential nucleation sites for MnO2 deposits.  Thus to further study this 

electrode system we deposited a series of g-CNT films with increasing growth times of 

2, 3, 4, 5, and 6 minutes.  The SEM images in Figure 34 show that under the conditions 

specified earlier, further deposition time increases the foliate density.  These g-CNTs 

with increasing foliate density have been labeled sample (A), (B), (C), (D), and (E) 

corresponding to growth times of 2, 3, 4, 5, and 6 minutes respectively, for future 

reference.  During the g-CNT growth process, foliates do not begin to nucleate on CNT 

sidewalls at growth times ≤ 2 minutes and the length of CNTs does not significantly 

increase at growth times > 2 minutes during foliate formation.83a, 83c  This allows use of 

sample (A) grown at 2 minutes to be a control, essentially consisting of multiwalled 

CNTs with no foliates instead of g-CNTs observed in samples (B) – (E). 

 

Figure 34: SEM images showing increasing foliate density with deposition time 
during the g-CNT growth process.  Note that film (A) after 2 minute deposition time 
has no noticeable foliates and is thus considered to have a CNT instead of g-CNT 
morphology. 
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Figure 35: Materials characterization results of MnO2 composite electrodes using g-
CNT supports of increasing foliate density from Figure 4, including (a) XPS survey 
spectra showing atomic percent of manganese relative to the carbon and oxygen 
content and (b) mass loading of MnO2 determined by mass measurements before and 
after ED. 

Subsequently, we performed a 100 cycle MnO2 ED treatment on the entire series 

of g-CNTs with varying foliate density shown in Figure 34.  Mass measurements before 

and after ED and XPS survey spectrum analysis on this series of g-CNT/MnO2 electrodes 

are shown in Figure 35.  Overall, the mass measurements and XPS results reveal a 

similar trend for MnO2 content in the composite electrodes.  The highest MnO2 loadings 
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are found in CNT (A) with no foliates and g-CNT (E) with the highest foliate density, 

which indicated that the MnO2 loading increased with g-CNT foliate density. 

The mass-specific capacitance obtained using GCD data at 1 mA/cm2 current 

density for the series of g-CNT/MnO2 electrodes with varying foliate density is shown in 

the center diagram of Figure 36.  This data is directly compared to the MnO2 mass 

loading data (from Figure 35) replotted to the left of the mass-specific capacitance plot 

and the (nominal) area-specific capacitance plotted at the right. Notice that although the 

highest manganese oxide loading was achieved for samples (A) with no foliates and (E) 

with heavy foliates, the lowest specific capacitance was also observed for these two, 

whereas, samples (B) – (D) with light to intermediate foliate densities had a specific 

capacitance that increased with foliate density.  The fact that these capacitance trends are 

similar whether they are normalized to MnO2 mass or nominal area, suggests that they 

are indicative of the utilization efficiency of the MnO2 mass which was loaded onto the 

carbon support. 

Representative SEM images captured after ED and also shown in Figure 36 help 

explain this trend in specific capacitance as a function of foliate density or growth time.  

A majority of the images for samples (B) – (D) showed MnO2 deposits that were thin and 

conformal to each g-CNT with a nanosheet-like morphology that resembled the 

morphology of the underlying graphene foliates.  For example g-CNT film (B) from 

Figure 34 had discrete but noticeably smaller and shorter foliates compared to g-CNT 

films (C) – (E) likely since they were just beginning to nucleate on the nanotube 
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sidewalls.  Likewise, the MnO2 deposits were discrete and also much smaller and shorter 

compared to g-CNT / MnO2 films (C) – (E) shown in Figure 36.  As the foliate density 

increased, the morphology of the MnO2 electrodeposits became less discrete forming a 

thin but conformal coating as shown for sample (D). 

In contrast, SEM images of MnO2 electrodeposits for samples (A) and (E) had 

distinctly different morphologies.  As shown for sample (A), no MnO2 deposits were 

found near the tips of the CNTs, but instead a thick layer or “block” of MnO2 deposit 

was observed at the interstices of nanotubes along the base of the vertically aligned CNT 

film (this was also confirmed with EDS depth profile).  This morphology may be a result 

of the low reactivity CNT sidewalls, where the absence of foliates prevented a binding of 

MnO2 deposits at preferential locations along the sidewalls.  Instead, during ED the ionic 

precursors initially driven by the electric field entered the CNT interstices and then 

diffused through the pores forming deposits at the substrate/CNT film interface.  

Additional experiments are required to determine the mechanism for formation of MnO2 

in thick deposits preferentially at the base.  As shown for sample (E), thick MnO2 

deposits also formed except near the surface of the g-CNT film.  This may be due to the 

very high density of foliates which promoted rapid and widespread formation of MnO2 

deposits near g-CNT tips.  After 100 CV cycles, these deposits appear to have coalesced 

to the extent that they begin to bridge the g-CNT interstices creating an MnO2 blocking 

film near the surface of the g-CNT array.  These thick MnO2 deposits formed in samples 

(A) and (E) had poor ionic access and significantly decreased the electrochemically 



 

 98 

active surface area resulting in poor utilization of the active material and thus decreased 

specific capacitance relative to samples (B) – (D).   These observations help explain why 

both sample (A) and (E) had high manganese oxide loading but relatively poor specific 

capacitance.  

 

Figure 36: Correlation between specific loading (center-left), mass-specific capacitance 
(center), and area-specific capacitance (center-right) as a function of PECVD growth 
time. SEM images (top and bottom rows) showing morphology of composite 
electrodes with varying graphene foliate density. 

Importantly, the unique finding was that g-CNTs with a light to moderate foliate 

density (samples (B) – (D)) could challenge the usual trend in the literature; where, as 

shown in Figure 37, an increase in specific capacitance could still be achieved beyond a  
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manganese oxide loading density above 1 mg/cm2.  This was attributed to the ability to 

control the growth of graphene foliates, which we have demonstrated to be a major 

factor in determining the location, size, density, thickness, and/or nanostructured 

morphology of the MnO2 electrodeposits.  

 

Figure 37: MnO2 utilization efficiency or specific capacitance per specific loading of 
MnO2 in composite electrodes with varying graphene foliate density. 

Figure 38 shows cross-sectional SEM images and EDS depth profiling of the best 

performing sample (D).  The higher magnification SEM image shows that the g-CNT tips 

(the top ~ 14 µm of the g-CNT film) appear to be completely coated with the MnO2 

deposit with a decreasing amount of deposit deeper into the interior of the composite 

film. In addition, the g-CNTs promote a favorable MnO2 coating morphology for 

nanocomposite supercapacitor electrodes since the coating is thin and conformal with a 

high degree of roughness or surface area.  The lower magnification SEM image and EDS 

depth profile in Figure 38 confirms these observations, showing that about 37% of the g-
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CNT film (14 of the 38 µm g-CNT film height) is covered with primarily MnO2 deposit 

with increasingly less deposit toward the film interface with the conductive Si substrate.   

There are a few possible reasons for the observed gradual decrease in MnO2 

content with depth into the film:  (1) The restricted diffusion of ionic precursors into the 

pores due to pore resistance during ED.  (2) Superhydrophobicity of the as-deposited g-

CNTs was observed and only partial wetting of the film may be achieved as a result of 

the electrode pretreatment performed prior to ED.  (3) The observation that under the 

specified growth conditions for all samples in this study the density of g-CNT foliates is 

non-uniform across the depth of the film with a greater concentration of foliates near the 

tips. We suspect that factors (1) and (2) are unlikely contributors since for sample (A) 

neither pore resistance nor hydrophobicity prevented a thick film of MnO2 from being 

deposited near the base of the CNT film.  In regard to (3), concurrently with completion 

of this study, a separate g-CNT growth study showed that increasing plasma 

pretreatment time improves the uniformity of graphene foliates along the length of the 

g-CNTs, whereas a pretreatment of only 3 minutes as in the present investigation 

resulted in a diminishing foliate density toward the base of the g-CNTs.83c Thus, we 

believe the diminishing foliate density with increasing depth results in the observed 

depth profile of the MnO2 deposit.  Future work is required to investigate and confirm 

this hypothesis.  
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Figure 38: Cross-sectional SEM images and EDS depth profile of best performing g-
CNT / MnO2 sample (D).  The brighter or higher contrast regions of the SEM images 
show coverage areas of the conformal MnO2 coating that coincide with the areas of 
high Mn content from the EDS depth profile.  The EDS profile shows Mn in blue, C 
in red, and Si (from substrate) in green. 

Figure 39 shows high resolution TEM images of sample (D) after MnO2 ED at 

both the lower foliate density region near the base (Figure 39a-c) and the high foliate 

density region near the tips of the g-CNTs . These TEM images serve to elucidate the 

preferential nature of the MnO2 ED and provide additional evidence that the graphene 

foliates are preferential nucleation sites for the MnO2 electrodeposits. Figure 39b shows 

an electron diffraction pattern taken from a preferentially nucleated MnO2 

electrodeposit. The strongest diffraction ring indicates a d-spacing of 3.46 Å, which 

corresponds to the distance between graphene sheets within the CNT walls and/or 

graphene foliates. The second strongest ring has a d-spacing of 2.56 Å and may 

correspond to either the Ramsdellite or gamma phase of MnO2.94 The third strongest ring 

(on the outside) is likely due to corresponds to a 2nd order diffraction signal from the 

graphitic scaffold. The absence and/or weakness of any other suggests that most of the 
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MnO2 structure is amorphous. This lack of crystalline order is expected form of MnO2 

given the ED method used in our study.98c In addition, Figure 39d confirms the 

conformal deposition of an MnO2 layer roughly 100 nm in thickness near the tips of the 

g-CNTs. 

 

Figure 39: TEM images of the best performing g-CNT/MnO2 sample (D) after ED, 
showing preferential nucleation of MnO2 on g-CNT foliates near the base of the g-
CNT forest (a-c) and uniform nucleation near the tips of the g-CNTs (d). The electron 
diffraction image in (b) is from the MnO2 deposit shown in (a). A highly magnified 
image of the g-CNT foliate/MnO2 interface is shown in (c) along with a lower 
magnification image of the same region as the inset. 

Figure 40 shows specific capacitance results obtained as a function of current 

density during charge/discharge testing, which further emphasizes that the synergistic 
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effects of combining CNTs with graphene foliates and the ability to optimize the hybrid 

structure of g-CNTs has enabled achievement of high specific capacitance (640 F/g) at 

high MnO2 loading (2.3 mg/cm2). A greater than 6x improvement was observed versus a 

CNT/MnO2 composite electrode at 1 mA/cm2 current density.  In addition, it appears 

that the g-CNT structure, which acts as a platform for the composite electrodes, could 

also be optimized for best performance at a given current density.  Preliminary evidence 

shown in Figure 40b indicates that fewer/shorter foliates and thus smaller discretized 

MnO2 deposits such as those developed for sample (B) may exhibit better performance 

at faster (e.g. 10 mA/cm2) charge/discharge rates.   

 

Figure 40: Specific capacitance as a function of current density for best performing g-
CNT/MnO2 (D) electrode versus (a) untreated CNT (grown at 850˚C) and g-CNT, and 
CNT/MnO2 electrodes; and (b) g-CNT/MnO2 electrodes of varying graphene foliate 
density.   
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3.4.4  Conclusions 

In summary, graphenated carbon nanotubes were investigated as the electrode 

support for MnO2 composite cathodes in aqueous asymmetric supercapacitors.  The 

graphene foliates and CNT stems that combine to form the hybrid graphenated-CNT 

structure exhibited synergistic effects that enabled up to 6x improvement in weight-

specific capacitance (at 1 mA/cm2 current density) relative to MnO2 composites using 

CNT supports.   The electrode performance could be tuned by optimizing the density of 

graphene foliates on the g-CNTs which served as electrochemically active nucleation 

sites and enabled control of the morphological properties (e.g. density, size, location, 

thickness, and nanostructure) of MnO2 electrodeposits.  The synergy and optimization of 

the g-CNT hybrid structure led to a high specific capacitance at high MnO2 specific 

loading, thus creating a unique pathway toward improved practical performance of the 

MnO2-based metal oxide supercapacitor electrodes.  

3.4.5 Direction for Future Work 

Continued work on controlling the properties of g-CNT graphene foliate growth 

(e.g. length, uniformity along length of nanotubes, thickness or number of graphene 

layers, etc.) is expected to enable a better understanding and more controlled 

optimization of the hybrid structure resulting in enhanced coverage of the conformal 

MnO2 deposit and even greater performance than what was described above. In 

particular, the ED parameters (e.g. cycles, sweep rate, voltage range, etc.) could be 

optimized for specific g-CNT electrodes.  
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The aforementioned study investigated the deposition of a fixed amount of 

MnO2 cycles onto a complex interconnected network of g-CNTs. Although the mass-

loading density performance that was achieved was promising, the power density 

performance is likely to benefit further from an aligned network of g-CNTs combined 

with an optimal deposition of MnO2. Unfortunately, the difference in the PECVD growth 

conditions required to grow aligned g-CNTs vs. unaligned g-CNTs may alter their surface 

chemistry and therefore their MnO2 ED properties. To shed light on this matter, we have 

started by carrying out more thorough preliminary experiments controlling the amount 

of MnO2 ED cycles on aligned CNT forests without foliates, the results of which are 

discussed below. Although the experimental procedures followed during these 

experiments were very similar to those described above, a precise account of the 

experimental details behind this preliminary data can be found in Appendix D. 

3.4.5.1 Preliminary Results 

The specific purpose of these initial experiments was to study the way in which 

the thick layer of MnO2 observed in sample (A) (Figure 39) formed. Specifically, by 

varying the number of cycles for the electrodeposition, we gained a better 

understanding of the growth mechanism. As we reduced the number of cycles from 100 

to 20, we saw that the height of the MnO2 coverage was still approximately the same (~2 

µm), while the density of MnO2 was clearly reduced in proportion to the number of 

cycles (Figure 41). This eliminates vertical growth from the substrate as a potential 

growth mechanism. In addition, the 20-cycle deposition sample produced the desired 
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MnO2 “nanoflower” morphology. These results indicated that the MnO2 was 

preferentially nucleating on these shorter tubes and then proceeding to grow laterally 

until eventually forming a thick continuous MnO2 layer across the base of our CNT 

forests. We propose that this preferential nucleation is due to CNT properties associated 

with the PECVD growth of the CNT forest. Two possibilities should be explored in 

future research. First, a bimodal distribution of tube growth results in one mode with 

short tubes that are highly defective, therefore inducing a higher nucleation/reaction rate 

with the Mn2+ ions required for deposition. Another possibility is that the conductivity of 

the longer tubes was decreased during growth, inhibiting charge transport of the 

electrons required for the reaction to the nucleation sites located at higher regions along 

the tubes. The high tortuosity and density of seemingly broken tubes observed near the 

base of all these samples may support this latter hypothesis. 

 

Figure 41: SEMs highlighting morphology of MnO2 formation near the base of long 
CNTs for different quantities of electrodeposition cycles.  

The capacitances of the CNT forests with MnO2 coverage near the base of various 

densities (electrodeposition cycles) were calculated from the area under the discharge 

side of the CV scans taken at various sweep rates from 0 to 1 V vs. Ag/AgCl. The specific 
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capacitances obtained across all the scan rates measured for these samples are shown in 

Figure 42. We found that the absolute values of the capacitance of the samples with a 

thicker continuous MnO2 layer near the base were relatively high at slow scan rates. 

However, they did not perform very well at faster scan rates and their specific 

capacitance was not nearly as impressive once they were normalized to the combined 

mass of the CNTs and electrodeposited MnO2 materials. This is expected behavior from 

a thick MnO2 film, since thicker films suffer from low conductivity and most of the 

material that is not accessed by the electrolyte is unable to take part in the near-surface 

redox reactions that are responsible for most of MnO2’s pseudocapacitive contribution. 

On the other hand, when we calculated the values of the specific capacitances for 20, 50, 

and 100 cycles of electrodeposition, we found that the 20 nm film reached a mass-

specific capacitance as high as 761 F/g at a scan rate of 5 mV/s.  

In summary, we have investigated the preferential MnO2 growth near the base of 

the tubes. We found indications that most of the growth occurs outwards from the tubes, 

rather than from the bottom of the substrate up.  In addition, the mass-specific 

capacitance results obtained for the 20-cycle sample is a very encouraging because it 

rivals current specific capacitance values for such composites in the literature.76a,76b,86.  

Future work should focus on improving our understanding of the preferential 

nucleation near the base in order to eventually achieve uniform coverage of MnO2 

throughout the lengths of g-CNT forests. Thereafter, finding the optimal number of 
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MnO2 cycles under such conditions is likely to yield even higher mass-specific 

capacitances and mass loading performance than what was reported in this study. 

 

Figure 42: Specific capacitance as a function of scan rate for various electrodeposition 
cycles. These data correspond to those samples shown in Figure 41. 
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3.5 Core/Shell Cu/Ni(OH)2 Nanowires as Flexible and 
Transparent Electrodes for Electrochemical Capacitors 

The MnO2 mass-loading results from the previous chapter bring supercapacitor 

devices closer to becoming the principal energy storage device in macro-scale 

applications such as laptop computers and cars. However, the electrochemical energy 

storage electrode material discussed in this section is motivated by a set of potential 

applications in which total energy density can be sacrificed in exchange for flexibility 

and transparency. Specifically, the nanostructure developed herein demonstrates the 

potential to utilize low cost fabrication techniques to build a transparent battery-like 

oxide supercapacitor anode using high aspect ratio solution-synthesized nanowires 

(NWs). These NWs consist of a copper core as the conductive scaffold and a nickel 

hydroxide, Ni(OH)2 shell as the electrochemically active material that enables the 

pseudocapacitive energy storage. Once the thickness of the Ni(OH)2 shell is optimized, 

these NW electrodes are able to yield a nominal area specific capacitance comparable 

with current state of the art transparent energy storage electrodes, while still 

maintaining greater than 75% transmittance.  

3.5.1 Introduction  

The advent of flexible electronics such as roll-up displays, photovoltaic cells, and 

wearable devices make up a promising technological niche that is growing rapidly. To 

support the high power and energy needs of these latest devices, the development of 

complementary flexible energy storage devices relies on finding affordable materials 
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that can be assembled through scalable and efficient production methods such as roll-to-

roll processing. Supercapacitors are considered to be a prime candidate to fill this void 

due to their high power, fast charge/discharge rate, long cycle life, and relatively low 

cost. In addition, significant supercapacitor research has already been devoted to 

optimizing the performance of nanostructures whose mechanical robustness affords 

them compatibility with flexible applications such as high surface area carbonaceous 

materials (e.g., carbon nanotubes, graphene, carbon onions, carbon fibers), conducting 

polymers, and other composite nanomaterials. 80b, 110 

Given the optical requirements and layered device structure of many of these 

novel devices, a transparent energy storage layer is also a desirable component for 

electronics such as wind-shield displays, light-emitting diode displays, and energy-

storing “smart windows.”81b, 111Unlike conventional supercapacitor electrodes, 

transparent electrodes cannot rely solely on EDL capacitance to store most of their 

energy; the high surface areas required to achieve a significant capacitance will often 

sacrifice a significant fraction of the material’s transparency due to the additional 

thickness required which reduces photon transmission through the structure. In 

accordance with these hurdles, most of the progress that has been made in improving 

the performance of transparent supercapacitors has relied on a thin, semi-transparent, 

layer of conductive nanomaterials such as carbon nanotubes,112 graphene,113 polymers,114 

and metal oxides,115 whose production and material costs are often quite high. For 

example, recent studies have improved device performance utilizing nanowires116 and 
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nanopillars117 based on indium oxide materials as current collectors due to their intrinsic 

transparency (~90% in visible range) and high conductivity (~104 S/cm). However, 

indium is a rare and expensive element and requires processing techniques to produce 

the aforementioned structures that are not industrially scalable. Additionally, silver 

NWs have been explored as a replacement for tin-doped indium oxide (ITO) in 

transparent conductors because they can be synthesized, stored, and deposited from 

solution. Again, the high cost of silver motivates a search for an alternative. 

This study uses nickel hydroxide, Ni(OH)2, as the principal material for the 

energy storage process. This is motivated by its large theoretical capacity which has been 

calculated to be 1040 C within a 0.5 V window in aqueous environments.  Since 

capacitance is given by the charge capacity divided by the voltage, this translates into a 

maximum gravimetric capacitance of 2080 F/g.75  

The storage mechanism responsible for Ni(OH)2’s large capacitance is primarily 

an ion-intercalation process into its bulk, which has already found commercial 

applications as electrodes in aqueous batteries. This process expresses itself as well-

defined redox peaks within a CV scan and as a potential plateau in GCD scans. This is in 

contrast to the square CVs and triangular GCD scans that are observed with 

conventional EDL supercapacitors and their oxide composites (as was the case with the 

MnO2/gCNT system described in section 0). Divalent transition metal hydroxides, 

M2+(OH)2, are particularly receptive to the intercalation of ions because they tend to form 

lamellar structures (i.e., slabs) that are separated by hydrogen atoms, resulting in some 
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of the metal atoms being present in the M3+ oxidation state. This additional positive 

charge has the propensity to be neutralized by the intercalation of anion species into the 

interlayer region in the manner shown in Figure 28c. In the hydroxides, this interlayer 

region can be on the order of several nm, thus allowing for a highly reversible 

intercalation process.118 For the case of Ni(OH)2 in aqueous alkaline environments, this 

reaction relies on the reversible intercalation of OH- ions, which results in the following 

phase change as it transitions between the Ni2+(uncharged state) and Ni3+(charged state) 

redox couple, 

Ni(OH)2 + OH- ó  NiOOH + H2O + e-  (8) 

Although these intercalation processes are reversible, the consequent phase 

change tends to cause strain within the lattice of the hydroxide material, as its volume 

has to expand and contract during the insertion and deinsertion processes, respectively. 

Eventually, this strain can lead to cracking and irreversible behavior within bulk 

hydroxide materials, which gives rise to the poor cycle life performance exhibited by 

most current batteries.  

Designing these pseudocapacitive materials on the nanoscale can constrain the 

intercalation reactions to the near-surface regions, making them less strained, more 

kinetically facile, and not as diffusion-limited on the time scale of interest. This enhances 

the pseudocapacitive storage mechanism (i.e., higher power densities), which makes 

them viable for use as electrodes in hybrid supercapacitor devices. As an example, the 

galvanostatic discharge plot of the battery material shown in Figure 43 depicts the shape 
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of the curve as the crystallite size of the material is reduced from bulk to the nanoscale. 

Specifically, the plot shows that the plateau region associated with a battery-like 

behavior is eventually replaced by a completely sloping voltage profile that is indicative 

of a capacity contribution dominated by ion storage sites occurring near the surface (i.e., 

intercalation pseudocapacitance). This kind of difference behavior in bulk vs. 

nanostructure energy storage behavior has also been reported for in Ni(OH)2.119 In 

addition, fabricating metal hydroxide electrode materials in the form of 1-D 

nanostructures (e.g., nanowires and nanotubes) has been shown to reduce the damaging 

strains caused by the intercalation of ions by accommodating volume changes more 

easily than in the bulk of 3-D nanostructures.120 These properties of nanostructured 

Ni(OH)2 have recently made it a very appealing material for hybrid supercapacitor 

electrodes.121  
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Figure 43: Galvanostatic discharge plot showing the impact of crystallite size on the 
discharge behavior of a battery electrode material, LiCoO2, measured for a 1 hour 
charge–discharge.  

This study seeks to capitalize on the advantages of nanostructured Ni(OH)2 

while simultaneously demonstrating the use of earth-abundant raw materials and 

scalable processing techniques (e.g., compatible with roll-to-roll manufacturing) to build 

a more viable transparent and flexible hybrid supercapacitor electrode. Specifically, our 

objective is to use a network of solution-processed CuNi core/shell nanowires (NWs) as 

our hybrid supercapacitor nanostructure. Copper is chosen as the core material for the 

NWs used in this study since it is roughly 1000 times more abundant, 1% the cost, and 

only exhibits a 6% lower conductivity compared to the silver NW networks which are 

more commonly used as transparent conductors. In addition, these Cu NWs have very 

high aspect ratios (affording them high transmittances), are compatible with 
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plastic/flexible substrates, and are remarkably stable when stored in ink solution for 

periods in excess of a year.122 After the Ni coating is electrolessly deposited as a shell, it 

is then electrochemically oxidized in solution in order to convert it into the 

pseudocapacitive Ni(OH)2. In addition to its energy storage capabilities, the Ni(OH)2 

shell also serves to protect the inner Cu core from corrosion and maintain conductivity 

throughout the network of NWs. The various qualities intrinsic to these Cu/Ni(OH)2 

NWs’ electrochemical performance are discussed in the following sections. 

3.5.2 Experimental Methods 

3.5.2.1 Cu/Ni NW Synthesis 

Cu NWs approximately 20± 5 µm in length and 67 ± 15 nm were formed in 

solution ,123 and remained there until they were removed, purified, and then dispersed 

into a nitrocellulose-based ink. A fixed concentration of the Cu NWs were then pipetted 

onto a line across the top of a glass slide (3“ x 1“ VWR) and spread out across the slide 

using a 1 second hand slide with a Meyer rod (Gardco #13). The amount of ink used 

corresponded to the final concentration of NWs and thus determined the transmittance 

of the Cu NW-covered substrate. Once dried, these Cu NW-covered slides were pressed 

at 80 bar at room temperature in order to improve quality of the Cu-Cu contacts within 

the networks and adhesion to the glass substrate.  An acetic acid treatment was then 

used to remove any copper oxide layers on the surfaces of the Cu NWs. The substrates 

were then dipped into a 0.8 mM Pd 2+ activation solution for 20 seconds and then 

immediately transferred to the Ni plating solution (Figure 44a), where the amount of 
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time that the NWs were kept in the solution determined the amount of Ni that was 

plated onto the NWs (Figure 44d). A full detailed procedure of the aforementioned 

Cu/Ni NW synthesis process can be found in recent work by Stewart et al.124 All of the 

pure Cu NW films used in this study had an initial transmittance ranging between 80 

and 85%. This range was chosen because it was in a region past the percolation 

threshold required for good conductivity while still maintaining a significant level of 

transmittance. 

 

Figure 44: A) Electroless Ni-plating process step being conducted on glass slide coated 
with Cu NWs. B,C) Dark field optical microscope images of bare Cu and Cu/20Ni 
NWs networks. D) Linear relationship between plating time and mole% Ni coating. E) 
Plot of transmittance of networks of bare Cu NWs (black markers) and with a 20% Ni 
shell (red markers) as a function of sheet resistance, where the shaded area 
corresponds to the range of bare Cu NW transmittance values used for this study.  

3.5.2.2 Material Characterization 

All nanowire films were characterized both before and after nickel plating using 

a UV-vis-NIR spectrophotometer (Cary 6000i) to measure transmittance and a four-point 

probe (Signatone SP4-50045TBS) to measure sheet resistance. XPS spectra was collected 
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using a Kratos Analytical Axis Ultra equipped with a monochromated Al K-α x-ray 

source operated at an emission current of 10 mA with an accelerating voltage of 15 kV. 

Pass energies of 20 eV and 100 eV with step sizes of 0.1 eV and 1 eV were used for 

survey and regional scans, respectively. All spectra were processed with CasaXPS, 

calibrated to the adventitious carbon peak that appeared near 284.6 eV, and the regional 

scan components were fit using a Shirley type background.24 Electron microscopy was 

performed using an SEM (FEI XL30 SEM-FEG) and TEM (FEI Tecnai G2 Twin).  

To fabricate electrodes, electrical connections were made by coating a corner of 

the Cu/Ni NW substrate with InGa eutectic metal (Sigma-Aldrich, 495425). This ensured 

an ohmic contact between the NWs and the flattened end of a copper wire, which was 

fed through a quartz glass tube (Ace Glass, O.D. 6mm) and used as a lead for each 

electrode. In order to prevent short-circuiting the electrode, this contact region was then 

sealed with a nonconductive epoxy (Hysol 9460, Loctitte). The electrochemically active 

area was then defined by covering the edges of each sample with the same 

nonconductive epoxy resin. 

All electrochemical data was collected using a standard 3-electrode setup with a 

Bio-Logic SP-200 potentiostat and a Pt mesh as the counter electrode. In addition, 

directly prior to each day’s experiment, the 1 M KOH electrolyte was “primed” by using 

two Pt meshes as the counter and working electrodes and performing 30 cycles of CV 

scans at 20 mV/s from -1.2 V to 1.0 V vs. Ag/AgCl. In-situ transmittance data was 

collected at a 555 nm wavelength using a customized Newport-Oriel system powered by 
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a 300 W Xe (Ozone-free) lamp equipped with a Cornerstone 130 1/8 M Monochromator 

in combination with an electrochemical setup similar to the one shown in Figure 7. 

3.5.3 Results and Discussion 

3.5.3.1 Electrochemical Oxidation of Nickel Shell 

The outer Ni metal shell of the freshly-prepared Cu/Ni NWs formed a thin 

surface layer of an electrochemically active mixture of native NiO and Ni(OH)2 when it 

was exposed to ambient conditions, but it was not thick enough to store a significant 

amount of charge by intercalation. Therefore, in order to fully convert the outer Ni-metal 

shell into a complete layer of Ni(OH)2, an electrochemical (EC) oxidation treatment was 

performed to convert any remaining Ni(0) (i.e., nickel metal) surfaces to the desired 

Ni(II) valency (i.e., nickel hydroxide) according to the following reaction,125 

Ni + 2OH- à  Ni(OH)2 + 2e-.  (9) 

This treatment involved sweeping the bias potential from -0.3 V to 0.5 V vs. 

Ag/AgCl ten times in each direction (Figure 45a). The peak corresponding to the 

oxidation reaction can be seen in the region between -0.1 V and -0.2 V vs. Ag/AgCl. This 

peak starts out relatively large due to the significant fraction of the Ni shell that is still in 

the metallic Ni state that is reactive within the oxidation potential region. This 

hydroxylation peak then decreases as the number of cycles increases since the surface 

becomes predominantly composed of Ni(OH)2. The redox peaks corresponding to OH- 

insertion and deinsertion (i.e., intercalation) reactions appear near 0.37 V vs. Ag/AgCl 

and 0.3 V vs. Ag Ag/Cl, respectively. These reactions are observed even during the 1st 
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cycle, indicating the potential presence of nickel oxides on the surface before the 

electrochemical oxidation began. Furthermore, these redox peaks grow in size after each 

cycle is performed, as more of the Ni layer is converted to the desired Ni(OH)2 phase. 

Moreover, the sharp features and small peak separation of this redox reaction indicates 

that it is kinetically fast and highly reversible, which are both desired qualities for a 

pseudocapacitive material.  

XPS scans were taken before and after EC oxidation in order to verify the 

effectiveness of the electrochemical oxidation treatment. Figure 45b shows a scan of the 

Ni 2p region, where the binding energy of Ni 2p3/2 peak can be used to distinguish 

between metallic nickel, NiO, and Ni(OH)2. The scan taken before oxidation is the only 

one that shows a 2p3/2 peak near 852.5 eV; this indicates the presence of Ni metal near the 

surface of the NWs. Both scans appear to show their most pronounced peak near 855.7 

eV, which corresponds to the binding energy from Ni(OH)2126 and demonstrates that the 

untreated surface of the Cu/Ni NWs already had Ni(OH)2 on their surface. The 

additional satellite peaks observed at higher binding energies are more difficult to 

deconvolute, and thus may be assigned to either the Ni(0) or Ni(II) valence state. 

However, given the absence of the peak near 852.5 eV for the oxidized sample, these 

satellite peaks most likely correspond to Ni(II).  
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Figure 45: A) CV plot of electrochemical (EC) oxidation cycling used to induce full 
conversion of Ni(0) metal to Ni(II) hydroxide in a 30% Ni sample, where the solid 
arrows indicate the direction of the potential sweep while the dashed arrows indicate 
the shift in peak as a function of cycles. B) X-ray photoelectron spectra of Ni 2p region 
taken before and after the EC oxidation.   

A possible side effect of this electrochemical oxidation step is the unintentional 

propagation of corrosion of Cu (i.e., Cu à Cu+ + e-) near the negative potential region 

close to the Ni-oxidation reaction peak. Any exposed Cu surfaces are likely to be 

corroded away during this step. This corrosive effect was likely dominant for samples 

with less than 20% Ni shells, which did not remain stable in solution for very long. The 

height of their redox peaks actually decreased during hydroxylation and samples 

became noticeably more transparent immediately following this step, both of which are 

indications that contacts between NWs and/or entire NWs themselves were lost. The 

electroless Ni-plating method is not expected to be perfectly conformal nor uniform, 

thus samples with lower Ni Mol% shells will tend to have a higher density of pinholes 

which prevent the Ni(OH)2 shells from effectively protecting the Cu metal core from 
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rapid corrosion in the highly alkaline 1 M KOH environment. As a result, only samples 

coated with 20, 30, and 40 mol % of nickel were electrochemically evaluated in this 

study. These samples will be referred to as 20% Ni, 30% Ni, and 40% Ni. SEMs of a NW 

sample whose Cu core was effectively protected from corrosion during electrochemical 

oxidation are shown in Figure 46. A comparison of these SEM images reveals two 

obvious changes: 1) an increase in the average thickness of each nanowire after EC 

oxidation and 2) a change in the contrast of the outer regions of the nanowires with 

respect to the core. Both of these changes are attributable to the conversion from a high-

density Ni metal (8.9 g/cm3) to a much less dense Ni(OH)2 phase (4.1 g/cm3), which can 

both explain the increase in the volume of the NWs as well as the lower contrast 

observed in the electron micrograph image.  
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Figure 46: SEMs taken at a two different magnifications of 30% CuNi nanowires both 
before (A,B) and after (C,D) electrochemical oxidation.  

3.5.3.2 Energy-Storage Performance 

The electrochemical performance of the NWs was characterized in the same 1 M 

KOH electrolyte in which the EC oxidation took place. The CV scan results from the 

three Ni% samples are shown in Figure 47 for various sweep rates. All three samples 

show the distinct presence of the two desired redox peaks from Ni(OH)2 expected from 

equation (9) above: the OH- ion insertion during the anodic (positive) current peak along 

with deinsertion reaction for the cathodic (negative) current peak. In addition, the 

overall shapes of the CV scans as well as their evolution as a function of the scan rate can 

yield insights into the kinetics of these redox reactions. One observation is that the 30% 
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Ni and the 40% Ni samples displayed relatively similar separation between their redox 

peaks, while the 20% Ni samples seemed to have a wider overall separation and less 

well-defined redox peaks (particularly in the cathodic region). In addition, the 20% Ni 

sample displayed a clear increase in peak separation as the scan rate was increased. This 

is indicative of a high equivalent series resistance, which can come from either semi-

infinite diffusion limitations during the intercalation of ions into the bulk (as is the case 

with batteries) and/or poor charge transport (i.e., conductivity) during charge collection. 

121d, 127 The fact that the 30 %Ni and 40% Ni samples did not display as dramatic of a shift 

in their current peaks indicates that their intercalation reactions may have been fast 

enough to be considered pseudocapacitive in origin. 

  



 

 124 

 

Figure 47: CV scans from (A) 20 Ni%, (B) 30 Ni %, and (C) 40 Ni% NWs taken at 
various scan rates.  

These CV scans also contain kinetic information that can be used to help quantify 

whether our NWs are performing more like pseudocapacitors or batteries. Specifically, 

the relationship between the measured peak current density, i, and the scan rate, ν, can 

be fit to the following expression, 

i = (a) (ν) b  (10) 
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where the key to dissecting the mechanisms of the reaction lies in the value of the 

power term, b. If most of the redox reaction is limited by semi-infinite diffusion, then b 

will be close to 1/2; if the redox reaction is dominated by a fast pseudocapacitive process, 

then i will vary as ν, so b will be equal to 1. The corresponding values for i and ν for each 

sample shown in Figure 47 are plotted in Figure 48 and a power fit is performed to 

equation (10). The b value for the 30% Ni sample and the 40% Ni samples were 0.847 and 

0.861, respectively. Both of these values are pretty close to 1 and reveal that the 

Cu/Ni(OH)2 NW energy storage mechanism is largely dominated by pseudocapacitive 

processes. Interestingly, the 20% Ni NWs had a significantly lower b value of 0.711. This 

is in agreement with the increasing peak separation results observed from the CV scans 

and is indicative of relatively slow reaction response times. 

 

Figure 48: Plot of peak current density vs. scan rate, where the points have been 
measured from the anodic peaks in Figure 46. These points are then fitted to a power 
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function in order to determine the value of the exponent, b, and yield insights into the 
nature of the dominant electrochemical energy storage mechanism. 

To help determine whether the previous results for the 20% Ni sample were due 

to semi-infinite diffusion limitations or a high equivalent series resistance, EIS was 

performed for all three samples to measure their impedance response as a function off 

frequency directly after the EC oxidation step, which was just before the CV scans were 

collected. The results shown in Figure 49 below demonstrate that the 20% Ni NWs had 

much larger semicircle at high frequencies which means that a high charge transfer 

resistance, RCT, was a strong contributing factor. Given the fact that the 20% Ni NWs are 

expected to possess thinner Ni(OH)2 shells than either the 30% or 40% Ni NWs, the 

relatively large RCT feature observed in the EIS spectra is not expected to be associated 

with resistive losses as charges that are generated on the surface of Ni(OH)2 have to 

travel through the semiconducting Ni(OH)2 layer before being collected by the Cu cores. 

Therefore, it appears that the contribution to the RCT and b values observed for the 20% 

Ni NWs must occur once the charges are collected at the Cu core. 
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Figure 49: Electrochemical impedance spectra (EIS) of Cu/Ni(OH)2 samples with 
varying amounts of Ni, where an estimate of the charge transfer resistance is outlined 
by the double-sided arrow.  

Furthermore, the capacitances of the NWs electrodes can be calculated from 

GCD experiments conducted at various current densities from 0 to 0.5 V vs. Ag/AgCl 

according to the following equation, 

Capacitance (F)= {Current Density (C/s) * tdischarge/charge (s)}/Voltage window (V). (11) 

These capacitance values were then normalized to both the electrode area and 

the Ni(OH)2 mass (whose values are taken from the calculation outlined in Appendix D) 

and plotted in Figure 50. The areal capacitance results in Figure 50a show that the 20% 

Ni NWs performed the best, followed by the 30% Ni NWs, and lastly the 40% Ni NWs. 

All of these values are very comparable with recent results for transparent 
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supercapacitors.113a, 117, 128 On the other hand, the gravimetric capacitance values (Figure 

50b) were normalized to the expected mass of Ni(OH)2 in order to determine how 

efficiently it is being used. Unfortunately, all of the samples fell very short of the roughly 

2000 F/g theoretical maximum which was targeted. However, it is probable that the 

Ni(OH)2 mass values to which the capacitances were normalized are being grossly 

overestimated. This is because the Ni(OH)2 mass is calculated based on the initial %T of 

Cu NWs and assumes that they are all still present in the same quantity once these 

electrodes’ capacitances are measured.  Further, since this is a binder-free system, there 

is a high probability for the loss of NWs during any of the many steps that are taken 

before capacitances are measured.  

 

Figure 50: Calculated discharge A) areal capacitances and B) gravimetric capacitance, 
where the gravimetric capacitance was normalized to the calculated mass of Ni(OH)2. 

3.5.3.3 In-Situ Transmittance Monitoring 

When the high aspect ratio of these CuNi NWs (~20 um x ~70 nm) are laid out on 

a glass slide in this network configuration, only a small fraction of the nominal area on 
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the flat glass substrate is covered, thus enabling a large fraction of the light to penetrate 

without absorption nor scattering from the NWs. In addition, this means that any loss 

of NWs into the electrolyte, such as that due to corrosion or simple physical removal 

from the glass substrate, will be directly reflected by an increase in transmittance. To 

elucidate the potential change in the optical properties of these NWs, in-situ 

transmittance experiments at 555 nm were carried out during the EC oxidation as well 

as the CV cycling processes (Figure 51). After EC oxidation, all of the samples display a 

reversible change in transmittance as a function of the charging state, which is an 

electrochromic characteristic intrinsic to nickel oxide thin films.81c This electrochromic 

behavior could lead to even more potential applications for this nanostructured 

electrode. In addition, the transmittance data in Figure 51a shows that the 20% Ni 

sample exhibited the highest transmittance of the 3 samples. It should be noted that the 

transmittance increased significantly when the EC oxidation process began. As 

explained earlier, EC oxidation could also accelerate the corrosion of exposed Cu 

surfaces. Such corrosion is likely to induce the removal of pieces of NWs as well as 

entire NWs and perhaps even small networks thereof. Although the conversion from 

Ni to Ni(OH)2 will produce a material that is more transparent to light, the small area 

fraction covered by these high aspect ratio NWs leads us to believe that the effect of a 

phase change on the optical properties would likely be negligible in comparison to the 

removal of entire NWs or a significant fraction thereof. In addition, such a removal of 

NWs would also manifest itself as a decrease in conductivity throughout the network, 
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thus explaining the high equivalent series resistance behavior observed for the 20% Ni 

NWs in Section 3.5.3.2. 

 

Figure 51: A) In-situ transmittance data from NW samples taken during EC oxidation 
(area within dashed lines) and CV cycling experiments. B) Photograph of 
experimental setup showing the usual beam size in relation to the size of a typical 
sample.   

The lower transmittance values exhibited by the 30% and 40% Ni NWs may be 

partly attributed to the increased presence of inactive nanoparticles detected in SEM 

(Figure 52). These images suggest that the galvanic replacement mechanism used for 

the electroless plating of the Ni shell is a harsh environment that may begin to cause 

the removal of Cu NWs as the plating time is increased. In addition, the increased 

surface roughness of the NWs as a function of Ni mol% serves to further validate this 

theory. The presence of these nanoparticles not only diminishes the overall 

transmittance of the electrode, but the fact that the electrochromic peak-trough 

transmittance amplitude is decreased as the mol% Ni increases, signifies that these 

nanoparticles constitute material that was originally included in the mass calculations 
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and are no longer electrochemically-active. In other words, this serves as further 

evidence as to how the gravimetric capacitance values shown in Figure 50 are likely 

grossly underreporting the true Ni(OH)2-utilization efficiency of these NWs.  

 

Figure 52: SEMs of bare CuNi NWs before EC oxidation, highlighting the 
nanoparticle formation in between NWs and (insets) the increase in the surface 
roughness as a function of increased Ni mol%.  

  

3.5.3.4 Stability Comparison 

Finally, in order for such a nanostructured configuration to be considered as a 

feasible electrode material for use in oxide supercapacitors, it must also possess very 

good stability over at least a few thousand cyles. This is a particularly challenging 

requirement for intercalation-based pseudocapacitor materials such as Ni(OH)2, since 

the unavoidable lattice strains can quickly lead to reduced performance. Fortunately, the 

quasi 1-D NW configuration is expected the afford Ni(OH)2 with additional 

“breathability” in the direction parallel to the length of the NWs during the intercalation 

processes, thus improving the material’s stability. In the case of the NWs discussed in 

this section, the 20% NW samples failed soon after finishing the initial GCD and CV 

scans discussed in the previous sections. Since this occurred even without continuous 
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cycling, it was probably not a result of intercalation strain, but rather due to the presence 

of pinholes within the Ni shell and/or near the interface between the NWs and the glass 

substrate, which allowed the alkaline electrolyte to attack the bare Cu surfaces.  

 

Figure 53: Schematic diagram depicting proposed dominant Cu corrosion mechanism 
affecting long-term stability. 

 

On the other hand, the 30% and 40% Ni samples could be cycled for much longer 

periods of time at 0.1 mA/cm2 (Figure 54b,d). This testing condition corresponded to 

charge/discharge times on the order of roughly 10 seconds, which is very fast, and thus 

strenuous, for an intercalation-based pseudocapacitor material. Nevertheless, the 30% Ni 

NWs retained their capacitance at over 95% efficiency for up to ~2800 cycles (Figure 

54b). Even more importantly, the 40% Ni NWs were able to maintain their initial 

capacitance for 10,000 cycles while maintaining >90% efficiency (Figure 54d).  Every 500 

GCD cycles during this lifetime testing process, CV scans were acquired at 10 mV/s in 

order to better illustrate any changes in their electrochemical behavior. The main 

differences observed for either sample were small increases in the capacitive area and in 
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the redox peak separation. The increase in capacitive area could be due to additional 

hydroxylation deep down near the interface with the Cu NWs, while the shift in the 

redox peaks could be due to a change in the phase of Ni(OH)2 as a function of cycling. 127  

 

 

Figure 54: Lifetime experiments for NWs with 30% and 40% Ni, where A,C) 
correspond to CV curves taken every 500 cycles and B,D) denote to the capacitance 
and efficiencies calculated from tousands of GCD cycles. 

3.5.4 Conclusions 

By optimizing the treatment and deposition of randomly distributed networks of 

solution-synthesized core-shell copper-nickel nanowires, we have developed a 

pseudocapacitive material that is a candidate for use as a supercapacitor anode. 

Moreover, the synthesis method used to produce these nanowire structures is highly 

compatible scalable manufacturing such as roll-to-roll processes. This copper core serves 

as the conductive medium while the electrolessly deposited nickel shell protects the 

copper from oxidation and corrosion in the electrolyte. The nickel film can then be easily 
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oxidized electrochemically in an electrolyte solution to form the nickel hydroxide 

species that are responsible for the pseudocapacitive charge storage mechanism. This 

study analyzed the performance and viability of different Ni coating amounts from a 

variety of perspectives. We found that a thin layer of nanowires composed of 30% Ni 

can exhibit areal capacitances greater than 2000 µF/cm2 at a current density of 0.1 

mA/cm2 while maintaining roughly 75% transmittance for approximately 3,000 cycles in 

1 M KOH electrolyte. Further, the corrosion process proposed as the limiting factor for 

these NWs’ stability can be retarded by using NWs with a 40% Ni coating, which was 

found to enable a highly reversible 1,000 µF/cm2 areal capacitance for up to 10,000 

cycles. This is commensurate with many of the latest efforts devoted to developing 

transparent supercapacitors. Moreover, these findings are also of interest for flexible and 

non-transparent hybrid supercapacitor applications, and thus will help to advance the 

development of the next generation of oxide supercapacitor devices.  

3.5.5 Future Work Direction 

3.5.5.1 Flexible Performance and Improved Adhesion 

The research into this nanostructure’s potential is still is still in its infancy. 

However, in order to fulfill its potential, the first challenge will be to address the 

problems with maintaining the nanowires adhered onto the glass substrate and 

protecting the Cu core from being corroded by the KOH electrolyte (Figure 53). Some 

flexibility experiments were performed using a KOH-resistant polypropylene (PPE) 

substrate, but with only about a roughly 50%retention of capacitance after two 90° bends 
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of the substrate (Figure 55). Since these NWs have already demonstrated stable 

performance with other flexible substrates such as PET,123-124, 129 this indicates these 

problems may be associated with PPE’s hydrophobic surface. In particular, we propose 

that the deleterious effects from bending result from the lack of a strong adhesive bond 

between the NWs and the PPE and the unstable performance after prolonged exposure 

to 1 M KOH (without any charge/discharge cycling) is caused by a non-uniform Ni 

plating process, both of which may be associated with the hydrophobic nature of PPE. 

This hypothesis is further corroborated by the fact that it was very difficult to get 

Preliminary experiments have shown that applying an ALD coating of TiO2 onto PPE 

may help permanently reduce its hydrophobicity, even more so than the temporary 

effects observed using an air plasma pretreatment of PPE. If successful, this could lead to 

more stable electrochemical performance of Cu/Ni(OH)2 NWs on PPE under flexed and 

unflexed conditions.  

 

Figure 55: CV scans of 40% Ni NWs on a flexible polypropylene (PPE) substrate after 
a couple of 90 degree bends and prolonged exposure to the 1 M KOH electrolyte.  
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3.5.5.2 Full Solid State Device 

The ideal configuration for a full flexible device would mitigate the leakage and 

drying out problems associated with a liquid aqueous electrolyte. Instead, a preferable 

configuration would be to make a full solid-state device that uses a polymer electrolyte 

such as that shown in Figure 56. In addition, a solid-state electrolyte could act as a 

separator layer to prevent shorting of the electrodes. This absence of a liquid electrolyte 

grants solid state supercapacitors with substantially higher volumetric-specific energy 

densities compared to conventional supercapacitors that require a significant volume of 

liquid electrolyte as well as an additional separator layer.80a Therefore, they are 

extremely appealing to a broad range of applications. Given the electrode materials we 

are currently studying (e.i., Ni(OH)2 and MAXenes), an ideal replacement for our 

aqueous electrolyte could be the alkalyne PVA/KOH/H2O polymer electrolyte that was 

can reported exhibit ionic conductivities on the order of 10-2 cm-1.130 

 

Figure 56: Schematic diagram of the typical architecture for a flexible solid-state 
supercapacitor.  
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4 Summary 

4.1 PEC using NH3-Treated TiO2 

Nitrogen doping by annealing in NH3 is widely utilized to decrease the bandgap 

of TiO2-based PEC devices. This study reveals that the effects of such NH3 annealing 

treatments on TiO2 are strongly influenced by the TiO2’s thickness and dominant 

crystalline phase. By comparing the effects of NH3 annealing on the N species in anatase 

TiO2 grown by ALD on Si substrates versus rutile TiO2 grown by ALD on FTO, XPS data 

shows that the substitutional N-doping via NH3 annealing occurs more readily in 

anatase TiO2 than in rutile TiO2. Moreover, the ratio of substitutional to interstitial N-

doping in anatase TiO2 is also highly dependent on the thickness of the anatase TiO2 

material. The fact that these results are consistent with those observed in commercial 

P25 exposed to the same NH3 treatment conditions indicates that they are not exclusive 

to TiO2 materials synthesized by ALD.  For PEC applications, the results show that a 

single NH3 annealing step deteriorates the fill factor and photocurrent density of ALD-

grown rutile TiO2 films on FTO substrates. However, these detrimental effects can be 

mitigated when the NH3 flow is directly preceded by an annealing step in air, which 

cause an increase in the quality and size of the TiO2 crystals just before NH3 annealing 

and is found to be particularly beneficial for the thinnest rutile TiO2 ALD films. 

Although previous studies have demonstrated a difference between the reactivity of N-

doped rutile and anatase TiO2,15c, 29, 131 this is the first report of a thickness-dependent 

behavior that is also associated with the dominant crystal phase. These findings should 
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be considered in future experiments employing NH3 treatments of TiO2 for 

photochemical applications.  

Further research may build on the findings presented in this study to identify the 

specific roles of that certain defects induced by N-doping play in affecting the final PEC 

performance of TiO2 films of various thicknesses and crystal phases.  This could be 

accomplished by applying frequency-dependent techniques to quantify various 

recombination processes (e.g., EIS, capacitance, and intensity-modulated 

photovoltage/photocurrent spectroscopy) and determine whether they are correlated 

with results obtained through techniques that may identify and measure the density of 

specific defects (e.g., photoluminescence, XPS, XRD). 

 

4.2 PEC using TiO2/nanoFTO 

Utilizing a simple and disordered ALD TiO2/nanoFTO core-shell nanostructure, 

a PEC water-splitting photoanode with remarkable water oxidation efficiency can be 

constructed whose particularly beneficial properties come from the ultrathin TiO2 shell 

coatings deposited by ALD as the photoactive material. In addition, the underlying 

nanoFTO scaffold creates a heterostructure with complimentary photon adsorption from 

FTO and TiO2 and a favorable interface for charge separation and transport. Compared 

to state of the art pure rutile TiO2 NWs, the ALD TiO2/nanoFTO nanostructure displayed 

much faster charge transfer kinetics at a similar total photocurrent (~0.7 mA/cm2) due to 

the specific surface properties inherent to ALD-grown TiO2.  
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Future work should find an optimal combination of surface area and total light 

absorption efficiency for such core-shell heteronanostructures, while utilizing with 

photoactive coating/shell materials with bandgaps better suited to absorbing a greater 

portion of the solar spectrum.  

 

4.3 Enhanced Performance of MnO2/gCNT as Oxide 
Supercapacitor Electrodes 

In this study, g-CNTs were investigated as the electrode support for MnO2 

composite cathodes in aqueous asymmetric supercapacitors. The graphene foliates and 

CNT stems that combine to form the hybrid structure of g-CNTs exhibited synergistic 

effects that enabled up to 6x improvement in weight-specific capacitance relative to 

MnO2 composites using standard CNT supports. The electrode performance could be 

tuned by optimizing the density of graphene foliates on the g-CNTs which served as 

electrochemically active nucleation sites and enabled control of the morphological 

properties (e.g. density, size, location, thickness, and nanostructure) of MnO2 

electrodeposits.  The synergy and optimization of the g-CNT hybrid structure led to a 

high specific capacitance (640 F/g) at high MnO2 specific loading (2.3 mg/cm2), thus 

creating a unique pathway toward improved practical performance of the MnO2 

cathode. Such high MnO2-specific capacitances have not been achieved before under 

mass loading densities greater than 1 mg/cm2.132 
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4.4 Cu/Ni(OH)2 NWs as Transparent Electrodes 

The potential to utilize raw materials and processing techniques that avoid many 

of the cost barriers associated with transparent nanomaterials to build a viable 

transparent battery-like electrode were demonstrated in this study. By optimizing the 

treatment and deposition of distributed networks of solution-synthesized core-shell 

copper-nickel nanowires (Fig 1a, b), a pseudocapacitive nanostructure was achieved that 

is a strong candidate for use as an anode in a hybrid configuration. In this device, the 

copper core served as a conductive medium while the electrolessly deposited nickel 

shell served a dual purpose of protecting the copper from oxidation while also being 

converted into the electrochemically-active energy-storage material. This project 

examined the material properties giving rise to this nanostructure’s capacitive and 

electrochromic behavior in order to optimize its performance and find a proper 

application. The network of nanowires makes very efficient use of an activated Ni(OH)2 

shell by reaching specific capacitances greater than 1200 F per gram of deposited Ni and 

exhibiting a darker appearance at full charge. Given such high transmittance (i.e., > 

70%), the capacitance values of these Cu/Ni(OH)2 electrodes are commensurate with, if 

not better than, many of the latest efforts devoted to developing transparent 

supercapacitors.  

4.5 General Conclusions 

The second and third chapters in this dissertation made significant strides in 

advancing electrochemical energy conversion and storage, respecitively. The findings in 
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Section 2.2 of Chapter 2 provide an improved understanding of the way in which TiO2 

nanomaterials are affected when NH3 treatments are used to induce N-doping. The 

strong dependence on thickness and crystal phase of the TiO2 is found to play a much 

more significant role than previously thought. These findings are vital to future 

researchers considering N-doping their TiO2 nanostructures.  In addition, the intrinsic 

benefits of the nanostructure studied in Section 2.3 may prove particularly beneficial for 

researchers looking to maximize the total external quantum efficiency of their 

photoelectrodes. As a whole, Chapter 2 postulated new conceptual understanding of N-

doped TiO2 and developed a new experimental approach for a heteronanostructure, 

both of which may be applicable to future TiO2-based photochemical applications 

outside of just PEC water-splitting, including photocatalysis, PEC disinfection, CO2 

reduction, etc.  

Section 3.4 in Chapter 3 extended the range of MnO2 mass-loading (i.e., past 2 

mg/cm2) that could be achieved before a drop in performance was observed by using g-

CNTs. Given the current commercial usage of supercapacitors, including some relying 

on MnO2, these findings may correspond to materials that are of direct relevance to 

technologies that are currently being developed on an industrial scale. In addition, 

Section 3.5 demonstrated how solution-processed Cu/Ni(OH)2 core/shell NWs could be 

used as an effective positive electrode for battery-like pseudocapacitor electrodes for 

future transparent and flexible electronic applications. Moreover, the fact that such 

performance could be achieved using such low-cost materials and processing techniques 
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speaks to the great potential of such future energy storage devices and their economic 

viability. In summary, Chapter 3 demonstrated two different kinds of electrochemical 

energy storage electrodes that may immediately serve two industrially-relevant niche 

applications.  

 

  



 

 143 

Appendix A – Atomic Layer Deposition 
An atomic layer deposition (ALD) system is used as a primary deposition tool for 

many of the metal oxide coatings covered in this report. Therefore, it may be pertinent 

for the reader to be somewhat familiar with some of the details pertaining to our 

particular reactor (Figure 58). 

 

Figure 57: Photograph of the custom-made atomic layer deposition (ALD) system built 
as an addition onto a larger vacuum system during the author’s first year and a half of 
graduate school. 
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Figure 58: Top-view schematic of Ultra High Vacuum system that integrates our lab’s 
ALD reactor as well as other advanced thin film instrumentation. 
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Appendix B – Supplementary Figures 

 

Figure 59: GI-XRD of TiO2 films over FTO substrates (TiO2/FTO). All peaks measured 
above correspond to the standard SnO2 cassiterite phase pattern shown on the bottom 
right corner 

 

Figure 60: XPS detailed spectra of the C 1s region (a) and O 1s region from a 50 nm 
untreated TiO2/Si sample (red trace) and 10 (brown trace), 20(pink trace), and 50 nm 
(blue trace) TiO2/Si samples subjected to the dual treatment 
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Figure 61: CV plots  (a) of 20 nm TiO2/FTO samples and corresponding MS data taken 
under dark at 1.25 kHz (b). 
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Figure 62: IPCE spectrum of 1.8 µm rutile TiO2 NW on FTO glass. 

 

 

 

Figure 63: EIS Spectra collected at EAg/AgCl = 0 V displayed across a) full frequency 
range and b) in higher frequency range for both TiO2 NWs (red markers) and 
TiO2(10nm)/nanoFTO (blue markers) in dark (black lines) and under illumination 
(colored lines). 
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Figure 64: UV-Vis spectra from TiO2/nanoFTO samples tested with the underlying 
planar FTO glass substrate as a blank for reference. Since neither FTO nor TiO2 is 
expected to absorb in the wavelength regime above 415 nm, these higher values are 
expected to due to strong scattering effects from the nanoFTO scaffold. 

 

 
Figure 65: Cyclic voltammograms of a TiO2(10nm)/nanoFTO sample shortly after 
being deposited with TiO2 (red curve) and after 1 year of intermittent testing (blue 
curve). 
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Appendix C – IPCE Characterization Setup 

IPCE is one of the most important diagnostic figures of merit for PEC devices. 

Our system uses equipment from a customized order from Newport instruments. It 

operates in DC mode only (thus, it doesn’t have a light chopper), uses a 300 W Xe lamp, 

and has a wavelength range between 250 nm to 1100 nm with a 0.5 nm resolution. Given 

that it is ordinarily designed primarily for photodetectors and photovoltaic cells, we had 

to customize the system in order to integrate it with our own potentiostat in order to 

measure IPCE at a given bias potential. A schematic including some pictures of our set 

up is shown below.  

 

Figure 66: Schematic diagram with pictures of components of our IPCE 
characterization setup. 
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As for the collection of IPCE data, a reference scan is collected from the light 

source at the beginning of each day of experiments (after having allowed the lamp to 

warm up for approximately 30 mins). The PEC cell is configured as usual, but this time 

the current is collected only at one specific potential bias of choice. The shutter is open 

and closed as the monochromator switches between various wavelengths according to 

the resolution one requires. Both the photocurrent and dark current responses are 

measured at each wavelength and they are subtracted before being plugged into the 

following equation to calculate IPCE %: 
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Appendix D – Experimental Details of Aligned 
MnO2/CNT Experiments 

All of our electrochemical measurements and electrodeposition steps were done 

using the same standard 3-electrode configuration and electrochemical cell shown 

outlined in Section 3.4. The aligned CNTs were grown on the same Fe-coated Si 

substrates at 850 °C and under the same gas flow conditions. The difference in the 

weight of the Si substrates before and after growth was used to measure the mass of the 

total deposited carbon material.  

The actual fabrication of the electrode involved the following steps: scratch back 

surface of 1x1 cm unpolished Si substrate to improve contact, stick onto Cu tape, stick 

copper tape onto aluminum strip on an area that is also scratched to remove aluminum 

oxide barriers. To obtain the mass of the electrodeposited MnO2 material, the weight of 

this fully-assembled electrode was then measured just before MnO2 electrodeposition 

and once again after the electrodeposited sample had been allowed to dry for one day.  

Given that our aligned CNT forests are highly hydrophobic when they are first 

grown, we conducted an electrochemical activation step by cycling the electrode at 100 

mV/s between -0.8 V and 0.9 V vs. Ag/AgCl until it stabilized in a 1 M Na2SO4 

electrolyte. Then, after thorough rinsing, the sample was subjected to a 24-hour drying 

period in a desiccator. The electrodeposition of MnO2 was then carried out under the 

same conditions as described in Section 3.4. In addition, a customized sample holder 

was designed specifically for our electrochemical cell in order to ensure proper 
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realignment of the electrodes onto the Teflon gasket and avoid inadvertent loss/damage 

to the CNT composite electrode material.  
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Appendix E – Faradaic vs. EDL Capacitance Behavior 
In this appendix, we use response models of ideal electrochemical energy storage 

systems to illustrate the difference between the EDL-based capacitance and faradaic 

(battery-like) responses.  The CV (a, or left) and GCD (b, or right) plots are taken from a 

review paper by Chen et al71a to which the reader can refer for more details. 

For a perfect EDL supercapacitor, one will observe the following electrochemical 

performance: 

 

For a perfectly reversible faradaic reaction, similar to the case in batteries, one 

will observe the following electrochemical performance. :  
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For a mixed pseudocapacitve/EDL or nanostructured battery-like electrode, one 

can expect to observe the following features: 
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Appendix D – Calculation of Ni and Cu NWs’ Mass 
The following calculation method was based on a similar method used to 

calculate the amount of Ag NWs on a substrate based on the fraction of the area which 

they covered.133 

• The Aspect Ratio is calculated as the Length/Diameter of the NW. 

• For an Aspect Ratio of ~350, the Area Fraction (AF) can be approximated by, 

o %T = -89(AF) + 97 

• The number of nanowires at a given AF can be calculated by  

o AF/m2 = (DNW)(LNW)(#NWs) 

• Once the number of Cu NWs is known, the mass of copper/m2 at a given area 

fraction can be found by 

o mCu = (VNW)(ρCu)(#NWs/m2) 

• Then we can convert to moles/m2 using Cu’s molar mass, 63.6 g/mol. 

•  Using the following equation,124 the number of moles of Ni deposited after a 

certain time in the Ni plating solution can be calculated from the linear 

relationship 

o mol%Ni = 1.0003 (t in plating solution) + 7.7517 

• Then the moles/m2 of Ni may be calculated from 

o (mol% Ni)(moles Cu)/(1 – mol% Ni) = Moles Ni 

• Finally, the molar mass of Ni (58.7 g/mol) may be used to convert to mass of Ni 

per m2.
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