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ABSTRACT 

Field-Directed Fabrication of Hierarchical Structures 

Toward Electrochemical Applications 

The ubiquity of hierarchical structures in nature indicates an inherent advantage to having 

morphological features comprised of multiple length scales. Such structures help maximize 

interfacial surface area, allowing for efficient chemical reactions and mass transport despite 

volumetric constraints. In electrochemical applications such as batteries, supercapacitors, 

electrolysis, fuel cells, catalysis etc. there is a similar necessity to maximize electrochemically 

active surface area to facilitate facile charge and mass transport. Inspired by examples in nature, 

this work seeks to develop scalable fabrication techniques to obtain hierarchically structured 

high-performance electrodes for electrochemical applications, with a focus on energy 

applications. Particular emphasis was laid on improving oxygen evolution reaction and hydrogen 

evolution reaction catalyst performance in alkaline electrolytic water splitting, an extremely 

promising technology for a sustainable clean energy future. Utilizing field-directed nanomaterial 

assembly techniques such as electrophoretic deposition, electrodeposition, and magnetophoresis, 

a variety of carbon nanotube, metal and mixed-metal hydroxide based hierarchical 
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nanocomposites geared towards superior electrochemical performance were prepared. By virtue 

of the intimate attachment between various components within the deposits, synergistic 

performance enhancements could be exploited, greatly reducing water splitting overpotentials. 

Such high performance catalysts produced with earth abundant materials are critical to the large-

scale viability of this technology. Additionally, these field-directed assembly techniques offer 

control over nanomaterial orientation in the deposits. Through rational choice of deposition 

technique, deposition parameters, and material selection, extreme surface wetting properties such 

as superhydrophobicity, superhydrophilicity, underwater superaerophobicity and 

superoleophobicity could be induced in some of the deposits. The ideas demonstrated in this 

work are broadly applicable toward the improvement of a variety of next generation 

electrochemical applications. 

.  
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CHAPTER 1 

INTRODUCTION 
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1.1 Introduction 

One of the most pressing needs of this century is the development of energy production, supply, 

and storage solutions with a minimal environmental footprint, particularly greenhouse gas 

emissions.1-3 Meeting the energy needs of the future will involve significant improvement3-5 in a 

wide variety of both, established as well as burgeoning electrochemical energy technologies 

ranging from fuel cells, photochemical and electrochemical water splitting, photovoltaics, 

supercapacitors, batteries such as flow batteries, sodium ion batteries and so on. Development of 

novel chemistries, materials and morphologies, along with improved electrode assembly 

techniques are all critical aspects of achieving next generation devices capable of meeting the 

escalating demands.6-7 Efficient assembly techniques are especially necessary to be able to exploit 

maximum performance out of the various nanomaterials with unique morphological features that 

continue to be produced. For example, having control over assembly of 1D nanomaterials, like 

carbon nanotubes (CNT), in a desired orientation on a substrate of choice is essential in order to 

realize their true potential by minimizing losses and taking advantage of their unique 

morphological traits. In this particular instance, typically used chemical vapor deposition (CVD) 

while capable of producing vertically aligned CNT forests, tends to be limited in terms of substrate 

choice and size.8  

Often, exciting hierarchical nanostructures are produced in ex situ methods such as hydrothermal 

synthesis with the traits desirable for an application. However, their morphological advantages can 

be diminished on account of limitations of the commonly used pasting based assembly techniques. 

The pasting technique essentially assembles randomly oriented nanomaterials within a non-

conductive or low conductivity polymeric matrix,9 negating any potential benefit offered by the 

unique nanostructure of the material.  Another consideration especially for applications that 
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produce gaseous products (such as water electrolysis) is eliminating carbonaceous additives that 

diminish electrochemical performance by increasing hydrophobicity and increasing overall 

electrode impedance.10 Ideally electrode assembly techniques should be able to provide a low 

impedance route for electron transfer from the active material to the current collector. Direct 

growth onto conductive substrates could provide direct conductive path from the nanomaterial to 

the current collector. For non-conductive or low conductivity active materials, decoration on a 

conductive pathway material such as carbon nanotubes, graphene etc. could reduce charge transfer 

impedance. Such intimate attachment has been known to generate synergistic enhancements that 

greatly boost performance.11 Thus, assembly or deposition techniques should be able to engender 

an intimate attachment between the nanomaterial and substrate or alternatively an intimate bond 

between the nanomaterial and its conductive support which is then intimately attached to the 

current collector. Ability to control the morphology, orientation,3 crystallinity12 etc. in situ, directly 

on to the electrode would all be very useful in an assembly technique. There are other instances, 

however, where ex situ synthesis of the nanomaterial is more favorable and efficient assembly 

techniques that can maximize the nanomaterial’s potential are essential.13-14  

To this end, the work in this dissertation looks at primarily, but not exclusively, electric field-

directed fabrication techniques for deposits geared towards excellent electrochemical 

performance. In the course of this work, several interesting phenomena as a consequence of the 

assembly method were observed and exploited as detailed in latter chapters. While the individual 

chapters will provide more detailed discussions, briefly, the field-directed deposition techniques 

developed and demonstrated in this dissertation work eliminate the need for polymeric binder 

significantly decreasing electrode impedances, could engender extreme wetting states 

(superhydrophobicity, superhydrophilicity, superaerophobicity, underwater superaerophobicity), 
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allow for control over the relative orientation of deposited nanomaterials, allow for in situ 

fabrication of hierarchical nanomaterial deposits, assemble nanomaterials produced ex situ while 

still exploiting their 1D dimensionality, help exploit some synergistic substrate/deposit 

interactions to name a few. Beyond the deposition techniques mentioned, extensive material and 

electrochemical characterization was also performed to improve and maximize electrochemical 

performance of deposits.  

Toward the end of this chapter, brief descriptions and context to all the works that appear in the 

course of this document are presented. While a significant portion of this dissertation is dedicated 

to improving catalysis of water electrolysis, which is introduced in Section 1.2, similar principles 

can be employed to achieve hierarchical structures toward several other applications relevant to 

electrochemical applications. Broadly speaking, the foundational principles for improving the 

electrode performance, applied here prominently towards specific catalysis applications, are 

similar for most electrochemical applications. For instance, nanostructuring the active material, 

improving surface wettability to improve electrolyte access, reducing internal resistances within 

electrode architecture by avoiding binder or vertical alignment of nanomaterials, hierarchical 

structuring leading to efficient mass and charge transport by shortening diffusion distances  are 

critical considerations for applications from HER, OER, ORR, supercapacitors, batteries, 

electrochemical detection of electroactive species and so on.5, 10, 13, 15-17 In that sense, the scope and 

applicability of the principles and techniques presented in this work are quite broad.  

1.2 The Importance of Electrochemical Water Splitting 

The urgent need to mitigate the environmental and economic impact of unchecked CO2 generated 

during energy consumption has brought to the forefront the need for carbon-neutral or carbon-free 

energy production. The ‘hydrogen economy’ is widely seen as a means to that end.18-20 Since the 
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only by-product of hydrogen fuel cell operation is water,21 it is a highly desirable clean power 

source. Hydrogen powered fuel cells are capable of producing energy for applications of smaller 

scale portable power applications, large-scale stationary power supply, and importantly, 

transportation applications.21  The significant research and development with regard to fuel cells 

has brought about massive improvements and reduction in prices, although several technological 

challenges still remain. Apart from specific development of fuel cells systems, however, another 

aspect requires significant attention. Despite not being close to a hydrogen economy yet, hydrogen 

is an already highly utilized industrial commodity.22 

 A vast majority of this hydrogen is produced via  steam reformation, not ideal given the associated 

CO2 emissions.22 Given the already high demand of hydrogen, the key is to produce the hydrogen 

used in the fuel cell by a carbon-free means, as opposed to say, running electrolysis powered via 

electricity generated via fossil fuels.18 When the hydrogen used in the fuel cell is generated via 

clean renewable sources like wind and solar, the emission footprint of the power produced via the 

H2 fuel cell can be close to zero. There has been progress around the world over recent years with 

respect to wind and solar energy.23 The main drawback of these renewable sources, however, is 

their daily and seasonal fluctuations. The intermittency of these renewable resources means that 

reliable on-demand power supply is a challenge.2, 19 A potential solution to this hurdle is seen to 

be power-to-gas conversion.2, 24 This is where electrochemical systems can and will play a major 

role in harnessing the promise held by these clean energy sources. Electrochemical solutions are 

required both in the production as well as storage stages of this application. While improved 

electrocatalytic systems are required to efficiently split water to produce gas, electrochemical 

storage systems are also required to either store the intermittently produced energy or also convert 

the energy stored as hydrogen into usable electricity through fuel cells.  



6 
  

This is why a lot of attention was particularly focused on electrochemical water splitting reaction, 

in this work. Specifically, water electrolysis25 could produce on a large scale, high purity hydrogen 

sustainably. The hydrogen thus acquired could power high efficiency and clean conversion 

systems such as a hydrogen fuel cells. It has also been proposed that hydrogen thus produced could 

be diverted to the natural gas infrastructure assisting with the cooling and heating needs.24 While 

hydrogen production towards future energy needs is the main focus here, it is worth noting the 

widespread and growing industrial consumption of hydrogen even at the present moment.26 

Interestingly, a major roadblock when it comes to hydrogen production via water splitting tends to 

be overpotentials related to the counter electrode i.e. the oxygen producing electrode. This is a 

feature of the intrinsic sluggishness of the reaction that involves a four electron transfer process.27 

Therefore, while one of the manuscripts presented later directly addresses HER catalysis, three of 

the works demonstrated tackle the problem of minimizing OER catalysis during alkaline water 

electrolysis. While hydrogen remains the desired end product, it is important to note that the 

produced oxygen is also of commercial value and mitigating some of the associated costs of 

electrolysis.28 As elaborated previously, hierarchical electrode structures were thus employed to 

try and minimize OER and HER overpotentials in a bid to reduce overall cell potentials required 

to split water. These hierarchical structures were completely bubble repellent in some cases and 

highly accessible to electrolyte leading to efficient catalysis in such gas producing reactions. In 

course of the studies, optimal substrate and deposit interactions were uncovered, leading to 

excellent OER and HER catalyst performance with low overpotentials, some among the lowest 

reported. The next section provides more detail into the motivation to generate such hierarchical 

structures and their significance. 
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1.3 Hierarchical Structures in Nature 

Hierarchical structures are ubiquitous in nature. A primary reason is the incredible benefit such 

morphological features bring to organisms.29 Unique wetting properties of surfaces in nature are 

the most readily apparent consequence of hierarchical structuring.30 Natural hierarchically 

structured surfaces31-34 like those seen on the Lotus leaf, Rose petals, insect wings etc. impart those 

surfaces with unique properties relating to water adhesion. The extreme non-wetting state, 

superhydrophobicity, arises when an inherently hydrophobic material (wax, in the case of the 

Lotus leaf) is hierarchically structured.35 The multiple length scales of the micro/nanostructured 

surface when coupled with an intrinsically hydrophilic surface, on the other hand, bestow a 

superwetting quality to a surface.31 This state of extreme water affinity results in phenomena such 

as superoleophobicity (oil repellence)36 and superaerophobicity (bubble repellence) which are of 

tremendous practical importance.31 The adhesion of the gecko to surfaces is also attributed to 

hierarchical features under their feet.37 

While less intuitively apparent, a more significant benefit of hierarchical structures is seen in 

interfacial charge and mass transport phenomena as observed in mammalian lungs and vasculature, 

venation in leaves, roots, etc.29, 38-40 The presence of hierarchical features is often critical to the 

survival of the organisms involved. The hierarchical structuring allows for confining of the organs 

in the available space, for example the chest cavity in the case of the human lungs,38 while still 

maximizing the interfacial area available for efficient transfer of gaseous components required for 

survival. Similarly, the hierarchical structure is able to minimize the mass transport distances to 

optimize efficiency. Effectively developing such hierarchical structures of active materials on 

functional electrodes could revolutionize the performance of materials and surfaces used for 

electrochemical energy applications.1, 3, 5, 39, 41 Field-directed methods are uniquely capable of 
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producing such structures. Rather than trying to strictly produce structures identical to the ones on 

nature, the work gains inspiration from the principles seen in nature that efficiently increase 

interfacial area and reactant accessibility.30 The field directed methods studied and utilized in this 

work will be briefly introduced in the next section. More process specific details are provided in 

subsequent chapters as they appear. 

1.4 Field-Directed Deposition Techniques 

Electrophoretic deposition (EPD) 

EPD is a very versatile nanomaterial assembly technique amenable to a wide variety of materials.42 

EPD was especially appealing on account of the ability to assemble desired nanomaterials that 

have already been produced by other ex situ techniques.13-14 Typically, colloidal nanoparticles are 

deposited onto conductive substrates/electrodes via an applied electric field. The electrophoretic 

migration and deposition only occurs when the nanomaterials carry sufficient surface charge.42 

The key to facilitating EPD is to first produce nanomaterials suspensions containing adequately 

charged nanoparticles in the appropriate dispersion medium. The choice of dispersion medium can 

dictate the charge of the nanoparticles and also the electrode reactions during reactions. The 

surface charges could be native or externally induced via additives. Non-participating charging 

agents have previously been used to produce a stable suspension, but similar to the use of binders 

during paste-based electrode assembly, this leads to unnecessary impedance increases. In the work 

presented in this dissertation, nanoparticles- CNTs and stainless steel nanoparticles (SSNP) are 

charged with positively charged metal ions made available in the dispersion media by dissolving 

various metal salts. Upon contact with the electrode, they take the form of metals or metal 

hydroxides depending on electrode/electrolyte interfacial conditions present.43 Thus polymeric 

binder-free functional electrodes could be prepared with excellent electrochemical applicability. 
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Significantly, EPD also provides the ability to control the orientation of 1D nanoparticles such as 

CNT, MnO2 nanorods and so on.13-14, 44 This allows for fabrication of relatively vertically aligned 

1D nanomaterial deposits very advantageous electrochemical applications. As will be 

demonstrated in Chapter 2, EPD was utilized to produce hierarchical structures of metal decorated 

conductive CNTs deposits. EPD was also utilized in chapters 4, 5 and 6 to produce other functional 

deposits.  

Electrodeposition 

Electrodeposition is another highly versatile deposition technique to produce functional deposits 

for metals, metal hydroxides, metal oxides, phosphides, selenides and so on.45-49 Most popularly, 

electroplating50-51 is a widely used industrial technique for metal coating. Electrodeposition, like 

EPD, is also field directed. Metal ions present in the deposition solution migrate towards the 

appropriate electrode and are anodically or cathodically deposited (depending upon the 

formulation) under the influence of an electric field. The deposited material and morphology can 

be controlled by a variety of parameters such as solution pH, solvent medium, additives, 

temperature, ion concentration to name a few. This provides wide scope for control and 

manipulation of final deposit structure and properties. The electrodeposition technique presented 

in Chapter 3 utilizes water as an additive in an alcohol-based solvent medium to deposit 

unprecedented nanodendritic metal hydroxide deposits. The EPD techniques presented in Chapter 

2, 4 and 5 although primarily may be considered EPD, a more accurate classification would be that 

they are a combination of EPD and electrodeposition. The combination of the two processes yields 

highly active catalyst deposits produced in situ on the electrode surface wherein all three 

components of the electrode – substrate and the two nanomaterials typically deposited, in this 

specific case – share intimate contact with each other. Finally, although lacking an externally 
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applied field, another deposition technique namely galvanic replacement39 was also utilized to 

form hybrid CNT/metal hydroxide/platinum deposits in Chapter 5. The difference in electrode 

potentials of the components allows for spontaneous decoration of CNT/metal hydroxide deposits 

with the noble metal nanoparticles. 

Magnetophoretic Deposition 

Magnetophoretic assembly,52 as the name suggests, involves the use of a magnetic field to 

accumulate and assemble nanomaterials. Unlike EPD, however, the process is limited to 

nanoparticles susceptible to the magnetic field. Significantly, structures such as magnetic 

nanotubes, nanorods etc. can be vertically aligned using a magnetic field. Using this principle, 

hollow nickel nanorolls produced in Chapter 6 were aligned vertically using a magnetic field and 

subsequently fixed in place using electroplating.   

1.5 Outline of Chapters 

Chapter 2: Electrophoretically-Deposited Metal-Decorated CNT Nanoforests with High 

Thermal/Electric Conductivity and Wettability Tunable from Hydrophilic to 

Superhydrophobic53 

 This chapter demonstrates the ability of a field-directed assembly technique, electrophoretic 

deposition (EPD) as a facile means to produce hierarchical structures with unique wetting 

properties. The work presented in Chapter 2 demonstrates the ability of high-voltage 

electrophoretic deposition (HVEPD) to assemble in-situ, hierarchical conductive 

superhydrophobic surfaces. The ability to control the orientation during assembly while decorating 

with nanoparticles and induce extreme wettability could potentially be extended to a wide variety 

of 1D nanomaterials toward a variety of electrochemical applications. It documents a study 
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utilizing high-voltage EPD to produce deposits of hierarchical micro/nanostructures of metal 

nanoparticle decorated CNTs. Briefly, this work demonstrates a case of extreme wettability, 

namely superhydrophobicity. This wetting state of complete water repellence is induced 

specifically by virtue of the field-induced deposition process developed in this work. One factor is 

the hierarchical morphology involving a combination of micro and nanostructured surface 

features. The HV-EPD process employed here engenders this combination on account of the field 

induced alignment of the CNTs in the dispersion solution during deposition. By controlling the 

deposition voltage, the quantity of deposited CNT and their relative vertical alignment within the 

deposit can be manipulated. Such a surface texture can induce superhydrophobic behavior from a 

naturally hydrophobic material. 

The choice of dispersant used also significantly affected the wetting nature of the CNT. Firstly, 

the choice of isopropanol allowed for metal decoration of the CNTs. Additionally, the hydrophobic 

moieties, likely adsorbed from the solvent during the CNT dispersion preparation process provided 

the CNT deposit an overall hydrophobic nature. This hydrophobic nature in combination with the 

hierarchical morphology could produce metal decorated superhydrophobic CNT deposits. Beyond 

a certain threshold voltage, the deposit is dense and ‘rough’ enough, consisting of an adequate 

combination of microscale and nanoscale features, which allow the deposit the resist penetration 

from a water droplet. The unique aspect of this work is that the deposits does not require any 

hydrophobic polymeric coating (PTFE, PDMS, Nafion etc.) typically employed for fabrication of 

superhydrophobic surfaces. Finally, using the knowledge gained on deposit wettability with 

respect to choice of dispersion medium, a facile technique was demonstrated to pattern 

superhydrophilic/superhydrophobic CNT surfaces. 
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Co-author contributions: Sunand Santhanagopalan contributed to this particular work by 

performing FESEM imaging (Figure 2 in Chapter 2). Boyi Hao assisted with collection of the 

FTIR data for the paper.  

Chapter 3: Enhanced Oxygen Evolution Reaction Electrocatalysis via Electrodeposited 

Amorphous α-Phase Nickel-Cobalt Hydroxide Nanodendrite Forests54  

 Having established the ability of field-based techniques to produce hierarchical structures with 

the work in Chapter 2, special effort was made to utilize similar principles to produce 

electrochemically relevant catalyst deposits with extreme wetting properties. In Chapter 3, another 

field-directed deposition technique namely, electrodeposition is demonstrated. Electrodeposition 

is a widely utilized versatile technique capable of producing a wide range of materials ranging 

from metals, metal oxides, hydroxides, selenides, phosphides etc. Nickel-based hydroxides are a 

specifically useful material utilized extensively in batteries and several other electrochemical 

applications. Particularly of interest is the performance of Ni(OH)2 in catalyzing the OER reacting 

in alkaline water electrolysis. Consistently over the past few years, Ni(OH)2 deposits have 

outperformed benchmark IrOx catalysts. Due to their inherent hydrophilicity, hierarchical 

structures of Ni(OH)2 and Co(OH)2 would allow for excellent electrolyte penetration  By utilizing 

a hydrogen –bubble templating based technique, novel metal hydroxide deposits were prepared. 

Typically such nanodendritic metal hydroxide electrodeposits have not been achieved, to the best 

of our knowledge. To achieve these unprecedented structures, the choice of solvent was a critical 

factor. Moving away from the aqueous solvents usually used for metal hydroxide deposition, the 

use of a primarily alcohol based medium. This allowed for the control of water content within the 

deposition solution.  
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The tuning of water content within the deposition solution, allowed for control over the rate of 

electrolysis i.e. the H2 bubble production at the cathode during deposition. When appropriately 

controlled, these bubbles served as templates, guiding the growth of vertically aligned 

nanodendritic structures. Due to the locally generated alkaline conditions, the metal ions are forced 

to deposit in the form of the corresponding hydroxides. The technique was initially developed for 

Ni(OH)2. But on account of its versatility was extended to Co(OH)2 and various mixed nickel-

cobalt hydroxides. On account of their unique hierarchical structure, vertical alignment, dense 

packing, and inherent hydrophilicity of the metal hydroxides, the resultant deposits show extreme 

wetting behavior. Unlike the previous superhydrophobic deposits in Chapter 1, these deposits 

show superhydrophilicity, i.e. complete wetting due to extreme water affinity and consequently 

superaerophobicity- complete bubble repellence when submerged under water. Consequently, 

their unique micro/nano structure leads to bubble repellent nature under water, critical to 

minimizing OER overpotentials in practical applications. Owing to their hierarchical structure, 

superaerophobicity, amorphous crystal structure and intimate contact with the substrate, these 

deposits could catalyze alkaline oxygen evolution at 10 mA.cm-2 at as low as 255 mV on planar 

stainless steel substrates. This unique combination of properties, typically unattainable in 

conjunction, further ensures superior durability with trivial performance deterioration over 10,000 

cycles. 

These three-dimensional (3-D) nanodendrite forests of amorphous nickel-cobalt hydroxides 

geared towards outstanding oxygen evolution reaction (OER) catalysis. In our knowledge, such 

vertically-aligned nanodendritic structures of amorphous, mixed metal hydroxides are 

unprecedented. Elimination of non-conductive, non-participating binder coating, together with the 

orientation of the nanodendritic metal hydroxide structures ensures maximum electrolyte access 
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and catalyst availability. Owing to their hierarchical structure, superaerophobicity, amorphous 

crystal structure and intimate contact with the substrate, these deposits could catalyze alkaline 

oxygen evolution at 10 mA.cm-2 at as low as 255 mV on planar stainless steel substrates. This 

unique combination of properties, typically unattainable in conjunction, further ensures superior 

durability with trivial performance deterioration over 10,000 cycles.  

We propose a hydrogen bubble-templated deposition mechanism facilitated by carefully tuning 

the water content in a primarily alcohol based electrolyte. We attribute this dendritic growth to the 

controlled electrolysis of the small water content in the deposition solution. The facile technique 

allows for rapid fabrication of various mixed nickel-cobalt hydroxide deposits with similar 

morphological and wetting properties, making it highly versatile. The manuscript provides detailed 

electrochemical and material characterization for our samples, along with a brief exploration of 

optimal substrate in order to exploit maximal performance due to synergistic substrate/deposit 

interfacial interactions. Specifically, stainless steel substrates caused a significant lowering of OER 

overpotentials for all the samples tested The observation of stainless steel substrate induced 

enhancement of catalytic activity of Ni(OH)2 towards OER is especially significant. Enhanced 

performance achieved via the inexpensive substrate merely by virtue of its presence greatly 

simplifies high activity catalyst fabrication, as will be demonstrated in Chapter 4.  

Co-author contributions: Hanfei Zhang collected  all the thermogravimetric analysis (TGA) data 

seen in Chapter 3. All other sample preparation, experimental design, execution and analysis, 

writing was performed by me.  
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Chapter 4: In Situ Decoration of Stainless Steel Nanoparticles for Synergistic Enhancement 

of  α-Ni(OH)2 Oxygen Evolution Reaction Catalysis  

Reliable high activity earth-abundant OER catalysts are critical for the large-scale economic 

viability of sustainable alkaline water splitting. Therefore, based on knowledge gained 

previously, we employed Ni(OH)2 nanoparticles decorated on synergistic stainless steel 

nanoparticle support to produce durable OER catalysts capable of generating oxygen at 

extremely low overpotentials. Chapter 4 documents this work. Although it is known for noble 

metal nanoparticle supports to enhance OER activity of such materials, in our knowledge, 

exploiting the interaction between stainless steel nanoparticle support and Ni(OH)2 has never 

been reported previously. The facile single-step, electrophoretic co-deposition process we 

demonstrate, allows for consistent production of excellent OER catalyst deposits with minimal 

process controls and inexpensive materials. 

In 1 M KOH, our SSNP/Ni(OH)2 deposits required an overpotential of only 220 and 250 mV to 

generate 10 and 125 mA cm-2 respectively. For higher current density applications, in 10 M 

KOH electrolyte, 500 mA cm-2 could be sustained at an overpotential of just 450 mV (iR-

uncorrected). We attribute the enhanced performance to the serendipitous doping of the Ni(OH)2 

with some Fe from the steel support. To our best knowledge, this is the first work consciously 

employing the interaction between the stainless steel support and the α-Ni(OH)2 deposit to 

enhance OER performance. Despite not having polymeric binders, our durable deposits survive 

the rigors of electrolysis with no apparent loss in activity even after 1000 accelerated stability 

test cycles and high current density electrolysis for long periods.  
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Co-author contributions: Hanfei Zhang collected the thermogravimetric analysis (TGA) curves in 

Chapter 4. All other sample preparation, experimental design, execution and analysis, writing was 

performed by me.  

Chapter 5: Adaptable Electrophoretic Deposits of Amorphous Metal Hydroxide Decorated 

Carbon Nanotubes for Overall Water Splitting  

The focus then shifts to producing catalysts that can catalyze both sides of the water splitting 

reaction. From our knowledge, typically reported bifunctional OER/HER catalysts are generally 

excellent catalysts on one side of the reaction but often merely adequate or even mediocre on the 

other side. Our novel strategy therefore, as demonstrated in Chapter 5, is to produce an adaptable 

catalyst deposit that excels at one side of the reaction, as-prepared. At the same time, it should lend 

itself to subsequent modification such that it can optimally catalyze the other side of the reaction 

at minimal overpotentials. We demonstrate such adaptable mixed nickel-cobalt hydroxide 

decorated carbon nanotube (CNT) deposits produced with a versatile yet facile, single-step 

electrophoretic deposition (EPD) process. While we had previously utilized a completely aqueous 

medium to produce CNT/metal hydroxide deposits (Appendix A),55 their adhesion was found 

lacking under the demanding conditions of electrolysis. Deposition medium was selected 

appropriately to ensure deposition of metal hydroxide which still ensuring the integrity of the 

deposit could be maintained. Like in the previous chapters, the ethanol-isopropanol based 

dispersion was found to be ideal. By eliminating non-participating binder and decorating 

amorphous nanoparticles intimately attached to the CNTs assembled in-situ on the substrate, we 

are able to obtain overall water-splitting at extremely low overpotentials. The as-produced 

CNT/nickel-cobalt hydroxide and modified novel hybrid CNT/Pt/nickel-cobalt hydroxide 
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deposits, in combination, could split water at only ~1.55 V (@10 mA.cm-2) durably over 24 hours 

of testing in a two-electrode configuration.  

As prepared, the CNT/nickel-cobalt hydroxide deposits on inexpensive steel mesh substrates could 

facilitate the oxygen evolution reaction at overpotentials as low as 245 mV @ 10 mA.cm-2
. These 

highly active deposits serve as ideal templates for further downstream modification to optimize 

their HER catalyst performance. As a demonstration, we modified these deposits by further 

decorating them with platinum nanoparticles using a simple galvanic replacement process. This 

unique material combination could overcome the kinetic bottlenecks experienced by metal 

hydroxide and platinum when used in isolation to generate hydrogen. Specifically, the quaternary 

hybrid containing CNT, Ni-Co hydroxide and Pt nanoparticles could generate hydrogen at 10 

mA.cm-2 at an overpotential of merely 50 mV. It is worth noting that such metal hydroxides are 

typically the precursors to other noble-metal free formulations capable of excellent HER catalysis 

such as metal/metal oxide hybrids, phosphides, nitrides etc. The versatility afforded by the 

CNT/metal hydroxides deposits with regard to subsequent phase transformation could open 

exciting opportunities both in water-splitting applications as well as other areas of 

electrochemistry. 

Co-author contributions: Again, Hanfei Zhang collected the thermogravimetric analysis (TGA) 

curves in Chapter 5. All other sample preparation, experimental design, execution and analysis, 

writing was performed by me. 

Chapter 6: Scalable Fabrication of Vertically Aligned Nanomaterial Coated Hierarchical 

Structures via Self-wound Nickel Nanomembranes  

Beyond the work already discussed, Chapter 6 combines several field-based assembly techniques 

namely electodeposition, magnetophoretic deposition, as well as electrophoretic deposition to 
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fabricate unique hierarchical structures. The strategy was to develop high surface area 3D Ni 

structures to serve as a conductive backbone amenable to deposition using techniques introduced 

thus far. Typically 3D substrates have been limited to nickel or copper foams. Utilizing strain 

engineered self-wound Ni nanomembranes assembled via magnetophoretic alignment and 

electroplating, 3D nickel substrates can be deposited for potentially high surface area substrates. 

The hollow nickel posts can serve as conductive paths efficiently carrying current down to the 

substrate from the active materials, while offering a high surface area for nanomaterial deposition. 

In this proof of concept work, first a scalable electroplating/wet etching technique to produce self-

wound nickel nanomembranes is demonstrated. Subsequently, the high aspect ratio hollow Ni 

nanocylinders were assembled the magnetophoretically. Using EPD, several nanomaterials such 

as CNT, MnO2 nanorods, Ni(OH)2 nanodendrites could then be deposited on these structures 

creating truly hierarchical structures. This work utilizes all the knowledge gained in the course of 

this work to produce truly hierarchical structures with dimensions ranging from 100s of microns 

to a few nanometers. 

Chapter 7: Conclusion 

This final chapter contains concluding remarks and observations with some exploration of 

potential future work stemming from the projects detailed in this dissertation document.   
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2.1 Abstract 

We report a single-step, room-temperature and scalable electrophoretic deposition (EPD) process 

to form nanocomposites on any electrically conductive surface with metal nanoparticle decorated 

carbon nanotubes (CNTs). The contact angles (CA) can be easily tuned from ~60 to 168 degrees 

by varying the deposition voltage, while hydrophobicity and superhydrophobicity surprisingly 

arise from the hydrophilic CNTs being deposited. The relatively high voltage tends to vertically 

align CNTs during deposition, leading to architectural micro/nano-scale roughness on the surface. 

The combination of the multi-scale roughness along with the low surface energy of hydrocarbon 

functional groups on the CNT surface has enabled facile wettability control, including the Petal 

and Lotus effects. Further, the relatively vertical orientation of the CNTs, without any coating, 

allows for current and heat transfer along their axis with superior conductivity. Similar behavior 

in terms of CA control is seen for all three divalent metal ions in the deposition solution (i.e., 

Cu2+, Ni2+ and Zn2+) that are used to charge the CNTs while eventually getting co-deposited. 

This implies that this method could possibly be extended to other metals by selecting appropriate 

charging salt. A patterning technique is also demonstrated for facile fabrication of 

superhydrophobic CNT-metal islands surrounded by hydrophilic CNT coating. 
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2.2 Introduction 

Control of surface wettability has been proven as a powerful tool in many applications such as 

microfluidics,[1-3] fuel cells[4] and phase-change heat transfer[5, 6]. Particularly, superhydrophobic 

surfaces with water contact angles (CA) larger than 150o have garnered a lot of interest due to 

their unique properties such as drag-reduction,[7] corrosion-prevention,[8] anti-icing,[9, 10] self-

cleaning,[11, 12] etc. However, it is usually difficult to simultaneously achieve stable 

superhydrophobicity and high thermal/electric conductivity, which can be very beneficial in 

many of the aforementioned applications, where electrochemical and thermal transportation 

processes are usually involved simultaneously. In practice, a superhydrophobic surface is usually 

obtained by increasing roughness of a surface in conjunction with a reduction in surface free 

energy.  In the lotus leaf,[7] for example, this is achieved through micro and nanoscale 

protuberances on the surface of the leaf, coupled with the low surface energy of its waxy coating. 

As a result, water droplets can easily roll off the leaf to clean the leaf. It is thus natural that most 

methods reported in literatures employ two steps to mimic the nature-inspired superhydrophobic 

surfaces. Firstly, surface roughness is increased using methods such as microfabrication of 

pillars,[13] electrodeposition under varying conditions,[14-16] etching,[17] block co-polymer based 

patterning[18] etc. Then a coating of low surface energy polymers (e.g., PTFE[19, 20] or PDMS[21]) 

are typically required to reduce the surface energy. However, the polymer coatings usually 

render lower thermal and electric conductivities to the surface. The adhesion between polymer 

and other substance has been known as typically weak, which can impair the long-term 

reliability of the surface especially when subjected to severe environments. Although chemical 

modification or functionalization has also been reported,[15, 16] such processes are often time 
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consuming and require toxic materials. The thermal stability and long-term durability can also be 

a concern.[22]  

Carbon nanotubes (CNTs)[23] offer a unique solution for superhydrophobic surfaces. At the same 

time, CNTs are known for their very high thermal/electric conductivity along their longitudinal 

axes. Indeed, large CA of more than 150o have been previously observed on vertically aligned 

forests of pristine carbon nanotubes (VACNTs) grown by chemical vapor deposition (CVD).[24] 

However, the CVD process can be a major challenge for many practical applications due to the 

harsh deposition conditions, particularly high temperature, and limitations on substrate material 

and size. Moreover, a water droplet placed on the pristine VACNTs tends to penetrate the CNT 

forests after a few minutes due to the relatively high surface energy of the graphitic CNT side 

walls, leading to the loss of superhydrophobicity.[19] Therefore, coating with low surface 

energy[19] polymers is still typically applied in these cases to prevent liquid penetration, 

inevitably leading to the issues previously discussed. Recent efforts have been reported to 

achieve superhydrophobic surfaces using graphitic materials such as carbon nanotubes (CNT)[9, 

25] and graphene[26] without any polymer coatings. However, the reported methods offer little 

control over the orientation of the deposited nanomaterials, resulting in randomly-oriented 

bundles instead of aligned nanoforests. It is thus not the preferable way to take advantage of the 

anisotropic high thermal/electric conductivity of CNT and graphene. In addition, most of the 

existing fabrication methods do not offer a convenient way to obtain a wide range of tunable 

contact angles, particularly when the CNTs need to be decorated with nanoparticles[27] of metals 

or their compounds (e.g., oxides or hydroxides) to enhance their catalytic activity or energy 

storage capacity in electrochemical devices.   
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Electrophoretic deposition (EPD)[28, 29] has been explored in recent years as a versatile, scalable, 

economical, facile, room-temperature method to deposit a variety of nanomaterials. The existing 

reports of superhydrophobic coatings produced by EPD usually employ spherical particles with 

additional non-conductive coatings.[21, 30, 31] Previous works by our team[32, 33] have demonstrated 

the ability to control the orientation of electrophoretically deposited one-dimensional (1D) 

nanomaterials such as CNT and MnO2 nanorods. The technology has also been employed to 

align[34] highly crystalline MnO2 nanorods as high-performance redox capacitors with excellent 

durability along with demonstration of a continuous deposition process to scale up the 

fabrication.[34] It is thus established that vertical alignment of these nanoparticles can be achieved 

by polarizing them with strong electric field. In such a process, named high-voltage EPD 

(HVEPD), a thin metallic holding layer is also co-deposited to keep the nanoforest vertically 

aligned after deposition while a relative low concentration of nanomaterial is adopted in the 

dispersion to prevent bundle formation during the polarization process.  

In this work, we further exploit this method to deposit CNT-metal nanocomposites with 

controlled alignment and microstructure under room temperature and mild environment. 

Meanwhile, we report that the contact angle of the nanocomposite surface can be reliably tuned 

from ~60⁰ to 168⁰ by simply manipulating the deposition voltage. Since the hydrophobicity and 

superhydrophobicity have been achieved without polymer coating, the nanocomposites also 

show high thermal/electric conductivity, an ideal characteristic for electrochemical and thermal 

applications. Furthermore, it is found that small amount of metal, from the extra precursor for the 

metallic holding layer, can be co-deposited to decorate the individual nanotubes. The unique 

properties of CNTs can thus be further coupled with metal decoration to potentially enhance their 

catalytic activity or energy storage capacity in electrochemical devices. Patterning surfaces with 
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regions of different wettability[35, 36] may lead to certain exciting capability for applications such 

as cell culture and heat transfer[5]. In this work, such a capability is demonstrated by fabricating 

superhydrophobic CNT-metal islands surrounded by a coating of hydrophilic CNTs. The process 

is achieved by a single physical mask with a low-cost, lithography-free masking technique, while 

the second deposition (i.e., hydrophilic CNTs around superhydrophobic islands) is masked by 

self-assembled gas bubbles. We thus demonstrate EPD as a facile technique to obtain patternable 

tunable wettability with the potential to treat any conductive substrate, including those with large 

areas. 

2.3 Results and Discussion 

Figure 2-1 Working mechanism of electrophoretic deposition (EPD) of CNT-metal 

nanocomposites. 

As seen in Figure 2-1, EPD involves the use of the voltage-induced migration of charged 

colloidal particles in a liquid medium towards an oppositely-charged electrode, which leads to 
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their eventual deposition onto that surface. For that purpose, it is typically essential to suspend 

the particles in a medium wherein it carries sufficient charge so as to produce a stable dispersion 

in which nanomaterials remain suspended instead of agglomerating and settling down. Moreover, 

the rate of deposition and the quality of the deposits (in terms of uniformity and adhesion to the 

substrate) is also greatly influenced by the charges on the dispersed nanomaterials. In the 

approach reported herein, the CNTs have been pre-treated by acid, which introduces the polar 

functional groups onto their surface and enables their dispersion in IPA via ultrasonication. 

However, the negative charges of the IPA-dispersed CNTs are often found insufficient to support 

their effective deposition using EPD. In order to improve the deposition characteristics of the 

dispersed CNTs, charging agents such as surfactants[37] and charging salts[32, 33, 38] are often used. 

The metal salts dissolved in the dispersion medium typically provide metal ions with positive 

charges to the CNTs. During the ultrasonication process, the positively-charged metal ions can 

be adsorbed onto the surface of the dispersed CNTs on account of the weak negative charges of 

the latter. As a result, CNTs in the dispersion are rendered net positive charges, which can be 

adjusted to the appropriate value so that the EPD deposition characteristics can be improved 

tremendously. Therefore, when an electric field is applied between the two electrodes, the 

charged CNTs along with the free metal ions in the solution move towards the negatively 

charged electrode. Upon contact with the negative electrode, the CNTs are deposited while metal 

ions are simultaneously reduced on the CNT surface at the adsorbed locations (to form metal 

nanoparticles) as well as the substrate (to form the holding layer for the CNTs). The selection of 

isopropyl alcohol (IPA) as the dispersion medium allows for the use of high voltages without the 

problems associated with electrolysis in aqueous media. 
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As Figure 2-2 shows, the values of static contact angles show a clear trend of increasing with the 

deposition voltage, while other conditions maintaining constant (e.g., salt concentration and 

deposition time). As the deposition voltage increased from 50V to 550V, the static contact angles 

measured on the surfaces increased from ~60o to over 160o. For all three divalent metal ions that 

were used to charge the CNTs (i.e., Cu2+, Ni2+ and Zn2+), a near identical correlation between the 

contact angle and the deposition voltage is seen,  indicating that the wettability of the deposits is 

independent of the type of metal being co-deposited. Such observation implies that the 

wettability of the deposit is primarily controlled by the CNTs. The contact angle of ~60o at low 

deposition voltage resembles that of bare stainless steel substrate which is measured as 52o. The 

steady increase in hydrophobicity of the surface with deposition voltage when it is relatively low 

can thus firstly be attributed to an increased coverage of the substrate surface by CNTs. Since the 

deposition time remains constant in all cases, larger amount of CNTs reach the steel electrode 

surface at higher deposition voltage as predicted by Hamaker’s equation.[39] As the steel surface 

is increasingly covered with CNTs, a droplet placed on the surface would make more contact 

Figure 2-2  The contact angle of CNT-metal nanocomposites as a function of the deposition 

voltage. The contact angle is seen to steadily increase with an increase in deposition voltage 

due to the increased amount of CNT being deposited and their vertical alignment. 
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with the CNT deposit and less contact with the underlying steel substrate. Consequently, there is 

a continuous change in contact angle as the depositions are carried out at higher voltages.  

However, the deposition voltage serves a far more important role beyond merely increasing the 

amount of CNTs deposited in a given time. At higher deposition voltage, the electric field during 

deposition controls the surface wettability mainly by influencing the orientation of the deposited 

CNTs and thus the surface roughness. It is known that the surface roughness can have a profound 

impact on the wetting behavior of a surface, which has been exemplified by many 

superhydrophobic surfaces that are obtained by roughening hydrophobic surfaces.[40, 41] As 

previously mentioned, voltage-induced torque exerted on nanotubes has been previously 

employed during EPD to deposit nanoforests with vertical alignment. Beyond a certain threshold, 

the voltage serves to overcome the Brownian motion while exerting a torque on the 

nanotubes/nanorods and aligning them along the electric field.  

When the nanotube makes contact with the substrate, the metal ions adsorbed on the CNT 

surface will be quickly reduced to form the nuclei for metal nanoparticles. Meanwhile, the free 

metal ions in the dispersion will be reduced (i.e., electrodeposited) simultaneously, forming a 

layer of metal to hold the aligned nanotubes in position. Figure S2-3a-c further illustrates the 

change in orientation as well as the tremendous increase in the number of the deposited CNTs as 

a function of the deposition voltage. To simplify, all the SEM images are of CNT-Ni deposits, 

since the deposits with the other two types of metal show similar characteristics. CNT-Ni 

deposits were thus reported as the representative cases. It can also be seen that in the case of 

deposits at relatively low voltage, for example, 50V (Figure 2-3a), the CNTs are primarily 

oriented horizontally. However, when deposition voltage increases, as seen in the side-view 
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image of the deposit in Figure 2-3b-c, the orientation of many deposited CNTs becomes 

relatively vertical, with their tips exposed and sticking out of the bundles.  

The change in orientation from relatively horizontal to relatively vertical with increasing 

deposition voltage if further corroborated by the Raman spectra of the deposits shown in Figure 

S2-1. As noted in previous polarized Raman studies of MWCNTs,[42, 43] the Raman intensity of D 

and G-band of CNT are orientation dependent. Specifically, weakest scattering intensities are 

obtained when nanotube axis is perpendicular to the exciting laser beam. In our case, such a 

scenario arises in the 50 V sample where the deposition voltage is unable to induce alignment via 

 

Figure 2-3 a-c) FE-SEM images show that the morphology of the deposited CNT-Ni 

nanocomposites evolves with deposition voltage of 50, 250 and 475V respectively. The 

orientation of the deposited CNTs changes from horizontal at 50V to vertically aligned at 

475V due to voltage-induced polarization of the CNTs during EPD. d-f) FE-SEM images of 

top views of CNT-Ni corresponding to a-c respectively. Patterns can be clearly seen to 

emerge as deposition voltage increases and gives rise to micro- and nanoscale roughness. 
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polarization. Thus, the primarily horizontally aligned MWCNTs as obtained at 50 V consistently 

produce the lowest Raman intensities for both the D and G- band peaks seen at 1310 and 1590 

cm-1 respectively. All samples produced at voltages higher than 50 V show ~25% higher peak 

intensity owing to their relative vertical orientation as compared to the low voltage sample. No 

significant differences are seen among the deposits made at higher voltages. This is reasonable 

considering the randomness in terms of alignment angle inherent in the orientation of the CNTs 

within these deposits. 

Contrary to the behavior of surfaces coated by EPD spherical nanoparticles where roughness and 

consequently CA decrease with increased time of deposition,[21] surface roughness increases 

tremendously during EPD of the CNT-metal nanocomposites at a voltage enough to introduce 

polarization and thus vertical alignment. As a result, roughness and hydrophobicity increase 

dramatically with either voltage or deposition time. As previously revealed, after the first few 

vertically-aligned CNTs are deposited on the substrate, these aligned CNTs tend to distort the 

electric field around them, resulting in clusters of vertically oriented CNTs as the deposition 

process progresses.[33]  This is particularly apparent in the case of the 475 V deposit, where 

deposition of the CNTs continues to preferentially occur around these clusters and leads to the 

narrowing of the gap between them. Consequently, a denser array of interconnected clusters 

starts to form and give rise to consistent microscale roughness seen as the patterns on the 

deposited surface (Figure 2-3f). The increased microscale roughness causes the air trapped 

below the droplets to cushion a water droplet and dramatically reduce the area of the solid-liquid 

contact. In combination with the protruding nanoscale tips of the aligned CNT, the 

interconnected CNT clusters provide hierarchical micro-nano roughness, a preferable recipe for 

heterogeneous solid-air-water interface and thus reliable superhydrophobicity.[44]  
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Merely static CA, however, does not completely describe the wetting nature of a surface or the 

behavior of a droplet on it.  In addition to the static CA, contact angle hysteresis, i.e., the 

difference between the advancing and receding contact angles is another important consideration 

for superhydrophobic surfaces. For surfaces such as a Lotus leaf, low contact angle hysteresis 

indicates that the droplet can easily roll off the surface at a typical tilt angle of <10o. Meanwhile, 

another interesting phenomenon has been observed, for example, in several Rose species, 

wherein despite large CA, droplets remain impinged on the surface. In this case, the droplet 

pinning despite high static contact angles has been attributed to high CA hysteresis and called 

‘sticky’ superhydrophobicity or the petal effect. Figure S2-2 of the Supplemental Information 

shows deposit at 250 V with a static CA of 1540 (i.e., superhydrophobic), while the hysteresis 

value of 460 indicates the highly adhesive nature of the droplet to the surface. To illustrate this, 

the inset shows a droplet pinned on the surface even when surface is held perpendicular. 

However, as Figure S2-3 shows, when the deposition voltage is increased beyond 275 V, the CA 

hysteresis value dramatically drops to ~2o indicating the low adhesion of the droplet to the 

surface which has been confirmed by observing the droplets rolling off the surface at low angles 

of tilt without leaving a water trace. Gao and McCarthy[45] revealed the importance of the 

combination of nanoscale topological features with microscale roughness in terms of reducing 

contact angle hysteresis. Work by Bhushan and Her[46] also showed the important roles of the 

spacing between the micro-features and the nanoscaled roughness in determining the adhesion 

properties of the superhydrophobic surfaces. In brief, the spacing between the micro-features 

allows for droplet penetration within them, known as Cassie impregnating state. On the other 

hand, the nanoscale roughness brings about the apparent high contact angles because the air 
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trapped within them can help to cushion the droplet. This phenomenon has attracted attention for 

applications such as transferring low-volume liquid droplets. 

As previously mentioned, the microscale roughness in the CNT-metal deposits arises from the 

vertically-oriented CNT clusters along with the nanoscale roughness produced by the exposed 

tips of CNTs. At 250 V, although alignment due to polarization and subsequent bundle formation 

occurs, the distance between the clusters is still large, as shown in Figure 2-S2, which allows for 

droplet penetration and subsequent pinning of the droplet to the surface. In contrast, Figure S2-4 

shows a much denser array of interconnected clusters due to the higher deposition voltage, 

leading to a low adhesion surface with small CA hysteresis. This kind of combination of micro 

and nanostructures provides for lower contact area with the droplet, prevents droplet penetration 

and gives rise to the Cassie-Baxter state. Therefore, the reported EPD method can be used to 

control not only the static CA of a surface but also the CA hysteresis and the adhesion between 

the droplet and the surface. 

Deposits made at 275, 400, 475 and 550 V all showed superhydrophobic property as 

characterized by the CA > 150o observed in Figure 2. However, given the differences in the 

amount of CNTs deposited at higher voltages along with the corresponding reduction in the 

spacing between the observed structures, one expects a difference in maximum hydrostatic 

pressure that the deposits can sustain. We estimated the critical transition pressure from the 

Cassie state to the Wenzel state of wetting by immersing our superhydrophobic samples to 

various depths of water until wetting occurred.[47]  Figure S2-5a shows a representative image of 

the plastron or the thin air film formed on an immersed deposit when viewed at an appropriate 

angle.[48] When transition occurred, the silvery layer can be seen to rapidly dissipate making the 
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underlying CNT coating visible (Figure S2-5b).  The 275 V sample sustained the lowest pressure 

of around 1 kPa after which higher pressures i.e. greater immersion depths resulted in wetting the 

sample. [49] Sample prepared at 400 V was able to sustain 2-3 kPa pressure corresponding to 20-

30 cm depth of immersion. The samples prepared at 475 and 550 V were able to sustain the 

plastron even at 10 and beyond 12 kPa (the maximum pressure we obtained) respectively owing 

to their denser and more closely packed structures. Figure S2-6 shows representative tilted FE-

SEM views of 275 V and 550 V samples illustrating the denser, almost honeycomb-like structure  

of the deposit made at the higher voltage. It should be noted that 12 kPa was the highest pressure 

that could be applied using our setup. The 550 V sample could perhaps tolerate significantly 

higher pressures before transiting to the Wenzel state. These results suggest that static CA alone 

is insufficient in revealing the true nature of the samples. 

 

Figure 2-4 a, b) HR-TEM images of CNT-nickel nanocomposites showing deposits of 

nanoscale nickel on the CNT surfaces at lower and higher magnifications respectively. Inset 

in (b) shows lattice spacing of corresponding to the (111) plane of nickel.     
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Figure 2-4 shows HR-TEM images of the CNT-Ni nanocomposite. The images show 

nanoparticles (<10 nm) decorating the surface of the nanotubes. (Similar images of CNT-Cu and 

CNT-Zn are shown in Figure S2-7.) Certain regions that appear darker in the images indicate a 

larger amount of deposited metal in those regions. This can be attributed to the higher density of 

functional groups in these regions due to the acid refluxing process. Since the functional groups 

provide anchoring sites for the metal ions, more functional groups at a certain location will cause 

for a greater number of metal ions to be adsorbed and eventually reduced. The variation in the 

size of nanoparticles can thus also be understood as a reflection of the metal ion adsorption 

capacity of a certain region on the surface of a specific CNT. 

In this study, we employ acid-refluxing to functionalize the CNTs and allow for more metal 

deposition sites on their sidewalls. It is worth noting that the acid-treated CNTs were highly 

hydrophilic prior to the deposition. This can be attributed to the hydrophilic polar functional 

groups introduced onto the CNT surface during acid treatment. It is thus surprising that these 

CNT-metal nanocomposite coatings, once deposited, display hydrophobic and even 

superhydrophobic behavior. Therefore, merely microscopic morphology, such as the confirmed 

hierarchical micro/nano roughness, does not sufficiently explain the dramatic reverse in 

wettability show by these deposits (i.e., superhydrophobic coating from highly hydrophilic raw 

material). Intuitively, a water droplet is expected to easily infiltrate the forest of CNTs because 

of the high surface energy of their sidewalls and thus wet the surface. To uncover the reason 

behind this reverse in wetting behavior of the refluxed CNTs upon deposition, Fourier Transform 

Infrared Spectroscopy (FTIR) studies were carried out on the acid-refluxed hydrophilic CNTs 

before deposition as well as the superhydrophobic CNT-metal nanocomposite after deposition. 
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Figure 2-5 a) FTIR spectra of refluxed CNTs, shows hydrophilic functional groups (-OH)  as 

well as hydrophobic hydrocarbon functional groups (i.e., =CH2 and -CH3), with the -OH 

groups arising from acid treatment prior to EPD; b) FTIR spectra of the CNT-metal composite 

shows only the presence of hydrophobic groups between 2800 and 3000 cm-1 which render the 

deposits hydrophobicity, while hydrophilic -OH groups are no longer detected. This 

adsorption of low surface energy groups along with the surface roughening effect during 

deposition are credited with the superhydrophobic behavior of the deposits. 

 The FTIR spectrum of the acid-treated CNTs, as seen in Figure 2-5a shows the presence of 

polar  -OH groups on the surface of the CNTs arising from the introduction of additional 

carboxylic acid (-COOH) groups in the heated acidic environment. As a result, the CNTs are 

rendered hydrophilic after acid treatment, in spite of the coexistence of the hydrophobic non-

polar groups. On the other hand, the FTIR spectrum of the CNT-Ni composite in Figure 2-5b no 

longer shows the presence of polar functional groups while the hydrophobic non-polar groups 

still remain on the surface of the CNTs. This phenomenon, critical for the superhydrophobicity 
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and wettability control, can be attributed to three mechanisms, most likely their combination. 

First of all, the polar functional groups on the surfaces of CNTs have been replaced by metal 

ions. Metal ions are known to be adsorbed onto the CNT surfaces by replacing the H+ from the 

polar functional groups introduced on the surfaces of CNT by acid refluxing.[50] As a result, the 

hydrophilic functional groups are replaced by the ions of nickel, copper or zinc, leaving the 

hydrophobic non-polar functional groups to dominate the surface property and returning the 

CNTs to their native hydrophobic state with low surface energy. 

Secondly, with regard to the origin of the adsorbed hydrophobic groups responsible for the 

lowering of the overall surface energy of the deposits, we believe there are two possible 

explanations. These hydrophobic groups may originate from solvent molecules adsorbed from 

the dispersion medium during processing prior to deposition and/or from hydrocarbon molecules 

spontaneously adsorbed from the atmosphere after deposition. The physical adsorption of 

hydrophobic functional groups via the dispersion medium onto the CNT surfaces during the 

ultrasonication process could primarily contribute to reducing the overall surface energy of the 

deposits. This phenomenon has been previously reported in the solvent based contact angle 

control in graphene deposits[26, 51] and also the fabrication of superhydrophobic CNT coating 

from an acetone based solution.[9, 52] The ultrasonication of CNTs in isopropanol during the 

preparation of the CNT dispersion prior to EPD provides ample opportunity for the adsorption of 

adventitious solvent molecules. Thirdly, the deposited CNT-metal surfaces may be 

spontaneously adsorbing atmospheric hydrocarbons after the deposition process. Recent reports 

of stable superhydrophobic surfaces from boron nitride nanotubes[51] without any additional 

treatments have uncovered a dramatic change in surface energy emerging from the adsorption of 

non-polar hydrocarbon groups present in the atmosphere. The initially high surface energies of  
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nanomaterials arising from surface defects, their curvature,[52] have been attributed to this 

spontaneous adsorption of hydrocarbons, as in the case of boron nitride nanotubes. Such 

spontaneous adsorption has been seen even in the case of metallic surfaces[53] and could be 

occurring with the metallic nanoparticles on the CNT surfaces in our deposits.  The low surface 

energy of the CNTs due to the aforementioned mechanisms, together with the electric field 

induced micro- and nanoscale roughness explains the observed wettability control over a wide 

range. 

Elimination of polymer coating has made the reported method ideal for electrochemical and 

thermal applications, where high thermal/electric conductivity is needed. In order to access such 

potential, the thermal and electric conductivities of the superhydrophobic nanocomposites are 

measured and compared to control samples. The results and test setups are shown in Figure 2-6 

and 2-7 and described further in Section 4.3. To measure electrical contact resistance, CNT-

 

Figure 2-6 a) I-V curves of CNT-metal nanocomposites. The PTFE coated CNT-Cu surface, 

representing the common practice to get hydrophobic surfaces, shows significantly lower 

conductivity due to the polymer coating. b) Schematic of test setup used to obtain I-V curves. 
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metal nanocomposites (or the control sample) were deposited on polished copper and placed in 

contact with another piece of polished copper. The I-V curves were measured by a potentiostat. 

It can be seen from Figure 2-6a that the CNT-metal nanocomposites show far lower contact 

electric resistance as opposed to the PTFE-coated CNT-Cu specimen. Particularly, the electric 

resistance of the CNT-Cu sample is only ~8.2% of that of the control sample (i.e., improvement 

of electric conductivity by about one order of magnitude), proving the superior electrical 

conductivity of the CNT-metal nanocomposites owing to the lack of insulating coating.  

Similarly, we evaluated the thermal properties of the CNT-metal composites by measuring the 

thermal resistance of the deposits when used as thermal interfaces. Figure 2-7a compares the 

values of the thermal resistance obtained with all three CNT-metal nanocomposites showing low 

thermal resistances of approximately 50 mm2K W-1, ~42% of that of PTFE-coated CNT-Cu, all 

at the same applied pressure of 60 psi. The high thermal conductivities of the reported CNT-

metal nanocomposites, in combination with their tunable wettability, have made them very 

promising in heat transfer applications such as evaporative cooling where surface wettability 

have been shown to greatly influence critical phenomena and parameters such as nucleation and 

critical heat flux.[5, 6] 
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The durability of the sample was also examined. The superhydrophobicity of the samples were 

observed to maintain after stored in ambient environment for over 9 months. They also did not 

show any sign of degradation after being soaked in boiling water for 30 minutes. The CNT-Ni 

and CNT-Zn samples are superhydrophobic even after keeping at up to 200oC in air for 12 hours. 

The CNT-Cu sample, however, remains superhydrophobic only up to 150 oC in air after a similar 

period of heating. The different behavior of the CNT-Cu deposits may stem from the easier 

oxidation of the co-deposited copper layer at relatively low temperature. These samples can 

retain their wetting characteristics after being heated and cooled back to room temperature.  

 

Figure 2-7 a) Thermal resistance of the CNT-metal nanocomposites as compared with PTFE-

coated samples as the control, which shows much higher thermal resistance than the proposed 

CNT-metal nanocomposites; b) Schematic sketch of the thermal interface resistance setup 

used to obtain thermal resistance values. 
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However, if the samples are further heated to higher temperature (e.g., 250 oC) and cooled down, 

a drop of water applied to the surface can completely damage the deposit and peel it off from the 

steel surface. This may be attributed to desorption of the adsorbed solvent molecules or 

premature thermal degradation of the acid treated CNT deposits. Nevertheless, the thermal 

stability of the superhydrophobic nanocomposites (i.e., 200oC for CNT-Ni or CNT-Zn and 150

oC for CNT-Cu), way beyond the boiling point of water, has made them especially attractive for 

thermal applications. The static contact angles of the deposits prepared at 550 V were also 

measured by using aqueous solutions with pH values ranging from pH 1 to pH 14, as shown in 

Figure 2-8. Data shown here was acquired from CNT-Ni samples. However, identical behavior 

was obtained from CNT-Zn and CNT-Cu deposits prepared at the same voltage. The 

superhydrophobic property remains unaffected over a wide range of pH (2-13) and a droplet rolls 

Figure 2-8 Static contact angle variation of superhydrophobic nanocomposites versus pH 

show that superhydrophobicity is maintained over a wide range of pH (2-13). At pH 1 and pH 

14, however, although initially high CAs are measured, the droplets soon spread and permeate 

the deposit to damage it irreversibly. 
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off quite easily with even slight tilting of the sample. With extreme pH values of 1 and 14, 

however, the droplet pins to the surface after a few seconds, eventually spreads and damages the 

deposit it contacts. This change in wettability under extreme pH values may be due to removal of 

the adsorbed low surface energy functional groups under these conditions. 

Patterning surfaces with different wettability[35] has also found many applications ranging from 

cell culture[54], microfluidics[36, 55] to heat transfer[56-58]. We have detailed a facile scalable 

method in SI utilizing xurography and a combination of organic solvent based and water based 

EPD to produce CNT coated surfaces with patterned wettability.  Details of the process flow are 

offered in SI. In addition, the optical transparency of the reported highly conductive CNT-metal 

thin films (deposited at 275V on transparent ITO glass) is demonstrated in Figure S2-8c, proving 

their potential for applications that need high optical transparency together with 

superhydrophobicity and high conductivity. The prominently darker deposit around the periphery 

of the ITO glass can be ascribed to what is known as the edge effect caused by material buildup 

around the edge due to field line concentration at the particular region. Strategies such as 

improved deposition chamber design, amended electrode configuration and pulsed voltages can 

help reduce it. The good optical transparency, subject to further improvement, has been ensured 

by the vertical alignment of CNTs and the very thin metal holding layer.  

2.4 Conclusions 

In conclusion, co-EPD of metal and CNTs, assisted by electric field-induced polarization, has 

been shown to be a facile, scalable and versatile method to deposit thin films of nanocomposites 

with tunable wettability under room temperature. By eliminating the polymer coating for 

wettability control, this single-step process has been demonstrated to achieve high 
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thermal/electric conductivity for potential applications in heat transfer and electrochemical 

devices. In contrast to most existing methods for superhydrophobic CNT coatings, the 

nanocomposites in this work achieve excellent conductivity due to the voltage-controlled vertical 

alignment and the reduction in contact resistance due to the co-deposited metal at the interfaces. 

Further, the ability to control wettability has been demonstrated in order to produce a wide range 

of contact angles and superhydrophobic surfaces with both high and low adhesion to water 

droplets. The wettability control has been attributed to hierarchical micro- and nanoscale 

roughness as well as the change of surface functional groups during deposition. The 

compatibility to micro-patterning technology, transparency of the surfaces and the thermal/pH 

stability of the deposits has been demonstrated to prove their potential for a broad range of 

applications. 

2.5 Methods and Materials 

Electrophoretic deposition: As-purchased carbon nanotubes (MER Corporation, Tucson, AZ) 

were acid-treated (refluxed) in 1:2 H2SO4 and HNO3 mixture at 90⁰C for 40 minutes.  After 

refluxing, the CNTs were filtered with distilled water to a neutral pH, dispersed in isopropanol 

(IPA) and then dried at 80 ⁰C. To perform EPD, CNTs were first dispersed in IPA 

(concentration: 0.02 mg.ml-1) for 15 minutes using a probe sonicator (Sonics and Materials Inc., 

Newtown, CT). NiCl2.6H20, Zn(NO3)2.6H2O or Cu(NO3)2.3H2O were then added to the CNT 

dispersions and further sonicated for 15 minutes. The final concentration of metal salts in all 

dispersions was 0.01 mg.ml-1. EPD was conducted on polished 316 stainless steel electrodes 

(McMaster, Elmhurst, IL) that had been cleaned by sonication in acetone, IPA and distilled water 

sequentially. Two of such electrodes were separated by a polycarbonate spacer of 1 cm and 
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placed in a beaker with 40 ml of dispersion added. Deposition voltages ranging from 50 V to 550 

V were applied using a high-voltage power source (Stanford Research Systems, Sunnyvale, CA). 

All depositions were carried out for 3 minutes.  

Characterization: A home-built contact angle goniometer with commercial optical components 

(Edmund Optics, Barrington, NJ) was employed to take images of 4 µL water droplets on the 

nanocomposite surfaces, that were then analyzed by using ImageJ software (National Institutes 

of Health, Bethesda, MD) with the LBDSA plugin[59] to obtain contact angle values. Three 

individual samples per deposition voltage for CNT-Ni, CNT-Zn and CNT-Cu were analyzed to 

ensure reliability of the results.  Contact angles were obtained from three separate locations for 

every sample. SEM images were obtained using a Hitachi S-4700 FE-SEM. High-resolution 

transmission electron microscope (HRTEM) images were obtained in a Hitachi H-9500 electron 

microscope operated at 300 KeV. FTIR analysis was carried out using a Jasco Fourier 

Transformed Infrared (FTIR) Spectrometer (JASCO, Japan)  using 64 scans over a range of 600 

to 4000 cm-1 at a resolution of 4 cm-1.   Raman spectra were collected from the deposits as 

prepared on SS substrates  using a Thermo Scientific DXRTM Raman Microscope system 

equipped with a 780 nm laser source. At least locations on two separate samples per deposition 

voltage were analyzed to ensure reliability of results. All spectra were collected under identical 

laser power (100 mW)  and exposure conditions.  

Transition pressures from Cassie to Wenzel mode of wetting were estimated by subjecting the 

superhydrophobic deposits to hydrostatic pressure by slowly immersing samples in deionized 

water to depths up to 120 cm. A transparent polycarbonate tube was utilized to construct the 

water column and to facilitate visualization. Reported transition pressure values are based on the 
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maximum pressure the samples could sustain for 300 s without wetting of the samples. The 

completely non-wetting Cassie state could be observed by viewing the samples at an angle where 

silvery air layer was visible. When transition pressure was reached, the plastron was typically 

seen to dissipate within 60 s. 

Electric and thermal characterization:  Electric resistances were measured with CNT-metal 

nanocomposite samples deposited on a polished copper substrate (1 cm x 1 cm) under 550 V 

deposition voltage. After deposition, cleansing and drying, they are placed in contact with a 

polished copper piece as the counter electrode. Efforts were taken to carefully deburr all 

substrates and ensure that only the deposit contacts the counter electrode. A 100g load was 

placed atop the copper plates to ensure proper contact between the surfaces. A linear voltage 

scan from -200 mV to +200 mV was then performed using a Versastat 4 potentiostat (Princeton 

Instruments, Trenton, NJ) to obtain the I-V curve. For comparison, a CNT-Cu nanocomposite 

sample dip-coated with PTFE were also tested. The PTFE solution was made by dissolving 0.5 

mg/ml PTFE powder in FC-72 solvent (Acros Organics, Pittsburgh, PA). 

Thermal resistances were measured by adopting methods similar to those previously reported by 

others.[60] Two copper pieces (2.5 cm x 2.5 cm) were first polished to less than 0.3 µm in average 

roughness. Four K-type thermocouples (Omega Engineering Inc., Stamford, CT) placed 1 cm 

apart were used to measure the thermal gradient along the copper pieces. Heating block was 

produced by inserting 150 W cartridge heater (OEM Heaters, St. Paul, MN) into an insulated 

aluminum block with only a 2.5 cm x 2.5 cm region in the center exposed. The aluminum heat 

spreader was insulated with a block of 3 cm-thick polydimethylsiloxane (PDMS) and wrapped in 

thermally insulating foam so as to prevent heat losses and ensure the unidirectional heat transfer 
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from the exposed region into the contacting copper block. The temperature of the aluminum heat 

sink was stabilized by continuously circulating tap water of ~17 ⁰C for all measurements. Steady 

state was considered achieved when temperature did not change by 0.2 oC for 10 minutes. The 

thermal resistance was measured by sandwiching a polished copper piece with CNT-metal 

nanocomposites coating between the two polished copper blocks. The samples are typically a 

piece of 1 mm-thick polished copper substrate whose one side is coated with CNT-metal 

nanocomposite. For comparison, a bare copper substrate and a CNT-Cu nanocomposite sample 

dip-coated with PTFE as previously described are also tested. A uniform load of 60 psi was 

applied for all measurements using a hydraulic ram arrangement. The thermal resistance between 

the polished copper surfaces was first derived by using the temperature drop across the interface 

when there was no sample present, and used as the base value of thermal resistance for the 

Cu/Cu interface. From the data obtained with the CNT-metal nanocomposite coating, a thermal 

resistance circuit was then used to calculate the thermal resistance of the deposit, by subtracting 

the thermal resistance of the Cu/Cu interface from the total thermal resistance of the Cu/coating 

and Cu/Cu interfaces. 
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2.8  Supporting Information 

Figure S2-1 Raman spectra of as deposited CNT-Ni samples deposited at 50, 150, 275, 400, 

550 V.   
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Figure S2-2 SEM top-views of CNT-Ni deposits made at 250V. Inset shows droplet adhered 

to the surface even when deposited surface is held vertically illustrating the highly adhesive 

nature of the surface. 

200µm 

250V 
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Figure S2-5 Representative images showing behavior of superhydrophobic CNT deposits 

under hydrostatic pressure. (a) A thin air layer immediately forms on the deposit preventing 

wetting of the surface representing the Cassie state.  (b) The encircled region shows the 

dissipation of the air layer when critical hydrostatic pressure is reached. Eventually, the entire 

air layer is displaced, leading to a loss of superhydrophobicity. 

Intact plastron air layer formed over 
superhydrophobic CNT deposit

Plastron air layer beginning to be 
displaced at transition pressure 

a. b.
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Figure S2-6 Tilted (40o) FE-SEM views of superhydrophobic CNT deposits prepared at (a) 

275 V and (b) 550 V,  at the same 450x magnification. While both deposits show a highly 

rough characteristics desirable for superhydrophobicity, the 550 V deposit shows a denser 

deposit with an almost honeycomb-like structure allowing for greater resistance to hydrostatic 

pressure. 

275 V 550 Va. b.

100 µm 100 µm
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Figure S2-7 HR-TEM images of CNT-Copper(a,b) and CNT-Zinc(c,d) nanocomposites 

showing deposits of nanoscale particles on the CNT surfaces. 
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Wettability patterning using electrophoretic deposition of CNTs 

Patterning surfaces with different wettability has found many applications recently[1-5]. Typically 

such patterning has been performed using standard lithographic techniques. A scalable, non-

lithographic technique to produce such conductive deposits with patterns of tunable wettability 

could be very useful. Craft cutters have been employed recently for microchannel fabrication by 

a few groups in a process known as xurography[6, 7]. Typically, patterns can be easily cut using 

sketches from generic CAD software or a manufacturer-provided interface, offering a relatively 

inexpensive microfabrication tool. In this work, a commercial craft cutter was employed to cut 

patterns in adhesive-backed vinyl from the same manufacturer as the mask to pattern CNT-metal 

nanocomposites with defined wettability. Figure S2-8a shows the process flow of our patterning 

technique. Once the patterns are cut out on the vinyl, it is applied to the substrate. The vinyl thus 

acts as a mask during the IPA-based EPD process, allowing for deposition of superhydrophobic 

CNTs only on the exposed regions of the substrate. After the deposition and removal of the vinyl 

mask, the copper surface is rinsed in acetone to remove any residual adhesive from the mask. 

The cleaned substrate with hydrophobic CNT-metal nanocomposites is then immersed into 

aqueous CNT dispersion to deposit hydrophilic CNTs as elaborated in the experimental details 

below. As the patterned substrate is immersed into the aqueous EPD medium, air bubbles 

spontaneously get trapped over the individual superhydrophobic patterns. The air bubbles thus 

serve as self-aligned masks to protect the hydrophobic islands and prevent deposition on them 

during this step. Consequently, the superhydrophobic patterns remain intact during the last step 

of the deposition (Figure S2-8a4), resulting in a surface with superhydrophobic micro islands 

surrounded by a hydrophilic coating. This deposit is shown in Figure S2-8b, imaged when 

immersed in deionized water. The spontaneously trapped air bubbles can be seen atop the 



65 

superhydrophobic regions while water wets the surrounding hydrophilic CNT region. Since the 

masking technology can be easily scaled up to much larger vinyl sheets, this simple method 

offers a scalable technique to fabricate large scale surfaces with patterned wettability for 

applications that do not require extremely high resolution. We are currently pursuing techniques 

to further improve achievable resolution and patterns through this technique. 

Figure S2-8 a) Process flow showing the patterning technique using a simple craft cutter to 

deposit superhydrophobic patterns surrounded by hydrophilic CNTs using EPD, b) Microscopic 

image of patterned substrate immersed in de-ionized water. Bubbles can be seen forming over 

the superhydrophobic regions because of their water repellent nature and the hydrophilic (black) 

regions are completely wet by water. c)  ITO glass coated with CNT-metal composite at 275V 

showing the transparent nature of the deposited composite 

Air bubbles trapped on 
superhydrophobic 

regions

b. c.

Wetted hydrophilic 
regions

a.

1) Mask copper surface
with patterned vinyl mask

2) Deposit
superhydrophobic CNTs 
using IPA based EPD 

3) Remove vinyl mask

4) Deposit hydrophilic
CNTs using water based 
EPD 

Substrate

Patterned vinyl 
mask

Superhydrophobic 
CNT-metal deposit

Hydrophilic CNT 
deposit
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Experimental details: Micropatterns of 600 µm in diameter were first cut into adhesive-backed 

vinyl tape using a commercially available craft cutter, Silhouette Cameo (Silhouette America 

Inc., Orem, UT). Patterned vinyl mask was adhered to the substrate, which is then employed as 

the deposition electrode. Deposition of superhydrophobic patterns was carried out using the 

previously detailed IPA based CNT-metal deposition technique. After evaporation of the solvent, 

vinyl mask was peeled off. This substrate was then immersed in aqueous CNT dispersion 

containing 0.5 mg.ml-1 of acid-refluxed CNTs to deposit at 40 V DC for 5 minutes. The deposit 

was then taken out and allowed to dry in air. 
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CHAPTER 3 

ENHANCED OXYGEN EVOLUTION REACTION ELECTROCATALYSIS 

VIA ELECTRODEPOSITED AMORPHOUS α–PHASE  

NICKEL-COBALT HYDROXIDE  

NANODENDRITE FORESTS 
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3.1 Abstract 

We demonstrate an electrodeposition method to rapidly grow novel three-dimensional (3-D) 

nanodendrite forests of amorphous α-phase mixed nickel-cobalt hydroxides on stainless steel foil 

toward high performance electrocatalysis of the oxygen evolution reaction (OER). The proposed 

hydrogen bubble-templated, diffusion-limited deposition process leads to the unprecedented 

dendritic growth of vertically-aligned amorphous metal hydroxides, induced by the controlled 

electrolysis of the tuned water content in the primarily alcohol-based deposition solution. The 

hierarchical nature of these binder-free, amorphous metal hydroxide deposits leads to their 

superhydrophilic nature and underwater superaerophobic behavior. The combination of all these 

qualities leads to exemplary catalytic performance. When directly grown on planar stainless steel 

substrates, these nanoforests show high OER activity with overpotentials as low as ~255 mV to 

produce a current density of 10 mA cm-2 over 10,000 accelerated stability test cycles. This work 

demonstrates a novel fabrication technique that can simultaneously achieve dendritic hierarchical 

structure, vertical alignment, superaerophobicity, amorphous crystal structure, and intimate 

contact with the substrate that leads to high catalytic activity with excellent durability.  
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3.2 Introduction 

Electrolytic water splitting has great potential to be a widespread and economically viable 

hydrogen production1-4 method towards a clean energy future. In order to efficiently harness this 

potential, however, improving the kinetics of the four-electron oxygen evolution reaction (OER)5 

process is critical. In practice, water electrolysis remains unattainable at the ideal 1.23 V. This is 

primarily due to huge activation losses (referred to as overpotential) on the OER side along with 

ohmic losses due to bubble coverage.1, 6 This has led to a surge in efforts to minimize OER 

overpotentials, a significant bottleneck, especially for sustainable electrochemical water splitting. 

Nevertheless, the challenge still remains to produce cost-effective catalyst systems that can 

achieve water splitting at current densities of 10 mA cm-2 at low overpotentials, the proposed 

Figure 3-of merit for water splitting powered by solar devices.5, 7 In order to make water splitting 

more economically feasible, non-precious OER catalyst alternatives are required that can 

supersede the performance of the benchmark platinum group element catalysts such as IrOx and 

RuO2.8 In this regard, alkaline electrolysis1 is particularly appealing. In recent years, several 

earth-abundant catalysts4 have been developed that consistently outperform the limited, 

expensive and unstable benchmark catalysts in terms of overpotential and durability. Among 

those, transition metal hydroxides9 and oxides2, 10 of various morphologies and compositions 

have emerged as front-runners. 

Nickel hydroxides, in particular, have been widely studied due to their excellent electrochemical 

performance in a variety of electrochemical applications.11-12 Beyond pure Ni(OH)2, mixed 

compositions containing nickel and cobalt, are generally known to have superior properties13-14 

to pure Ni(OH)2 or Co(OH)2 due to better conductivity, stability, and synergistic interactions. 

Several processes such as hydrothermal,15 wet chemical,16 and  sonochemical17 synthesis have 
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been reported to produce these metal hydroxide nanostructures in a wide range of morphologies  

(hollow nanospheres, nanoplates, nanobelts, etc.). However, the electrochemical performance of 

such materials suffers due to the need for polymeric binders1-2, 18 to prepare robust coatings and 

the inability to control their orientation during electrode assembly. This leads to underutilization 

of available catalytic sites as well as lack of control over surface wettability. In addition to the 

intrinsic activity and stability of the catalytic material, a practical consideration to reduce 

operating overpotentials is addressing the ohmic losses due to catalyst surface blockage between 

bubble nucleation and release.1, 3, 6, 19-20 Oxygen bubbles produced during electrolysis generally 

tend to be larger and have a slightly longer dwelling time on an electrode surface as compared to 

the hydrogen bubbles generated at the cathode.19, 21 Given the inherently unfavorable kinetics of 

the OER process, mitigating bubble related overpotential, is of vital importance. The most cost 

and energy efficient strategy to minimize bubble overpotentials, would be to engineer a catalyst 

surface that could rapidly and importantly, passively dissipate generated gas bubbles.  

Recently, there have been excellent demonstrations of such nanostructured catalytic surfaces, 

termed superaerophobic,22-24 wherein generated gas bubbles experience minimal adhesion to the 

submerged electrode. Extreme states of wettability such as underwater superaerophobicity and 

superhydrophilicity arise from hierarchically textured hydrophilic surfaces.25 Since metal 

hydroxides are naturally hydrophilic, their hierarchical nanostructures could not only provide a 

high density of catalytic sites for OER, but also effectively dissipate generated oxygen bubbles, 

promoting mass transfer at the electrode-electrolyte interface. Another important factor that can 

influence performance is the crystallinity of the nanomaterial. Recent studies have reported 

superior performance of amorphous nanomaterials over their crystalline counterparts for 

applications such as supercapacitors12, 14 and OER catalysis.16, 26-30 For instance, Koza et al30 
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observed that amorphous electrodeposits of Co3O4 appeared to have more electrochemically 

active sites as compared to the crystalline deposits. While amorphous metal oxide deposits have 

been prepared by techniques such as photochemical metal-organic decomposition,26 spray-based 

techniques,31 chemical decomposition,32 methods to fabricate amorphous metal hydroxides 

directly on to electrode substrates have been relatively less reported and have generally utilized 

the same green electrochemistry technique.27-28, 33 Further, it has been noted more recently that 

the oxide phases are not thermodynamically stable in oxygen evolving regimes.34-35 

 Electrodeposition,18, 36 is an extremely versatile technique that lends itself to scalable 

nanostructuring of binder-free working electrodes with the ability to control the morphology, 

crystallinity and orientation of the produced structures. The challenge is to be able to fabricate a 

deposit with the desired amorphous crystal structure, hierarchical morphology, nanomaterial 

orientation so as to maximize catalyst accessibility along with intimate electrode contact. To the 

best of our knowledge, the direct growth of three-dimensional (3-D) nanodendritic amorphous 

metal hydroxides specifically via electrodeposition or even other means has never been reported 

previously. In fact, previously, Ni(OH)2 thin films have had to be electrodeposited over metal 

dendrite structures on account of the difficulty to directly achieve dendritic structures composed 

purely of the metal hydroxide.37  In this work, we demonstrate a dynamic hydrogen bubble-

templated electrodeposition process to concurrently produce binder-free, superaerophobic, 

vertically aligned, nanodendritic amorphous α-phase mixed metal hydroxide deposits.  

The growth of these nanodendrite forests is facilitated by tuning the water content in the 

primarily alcoholic deposition medium and use of high deposition voltage. After optimizing the 

deposition technique to achieve high activity nanodendritic Ni(OH)2 deposits, the method could 



73 

then be extended to similar deposits of Co(OH)2 and various mixed Ni-Co hydroxides. The 

resultant robust deposits on planar stainless steel foil exhibit extremely low overpotentials and no 

activity loss over 10,000 cycles of testing which can in part be attributed to the bubble repellent 

nature20 of the hierarchically rough deposit. The choice of stainless steel as the substrate is 

observed to profoundly enhance the activity of the deposits, establishing the importance of 

prudent substrate selection to optimize OER catalyst activity. The demonstrated single-step 

scalable fabrication process provides a technique for rapid direct growth of amorphous mixed α-

phase nickel-cobalt hydroxides with 3-D hierarchical nanodendritic morphology tailored for the 

OER process. 

3.3 Results and Discussion 

Traditionally, dendritic growth of metal electrodeposits in aqueous media is engendered by 

specific non-equilibrium38-39 conditions that control the growth rate and growth direction.39-41 

The deposition rate, controlled by applied potential or current density, serves to produce a 

diffusion-limited deposition regime.39, 42 Additives or species39 present in the deposition medium 

direct the growth towards higher electric field strengths. In order to specifically induce dendritic 

growth of the metal hydroxides, we avoided employing the primarily aqueous deposition media 

generally used in electrodeposition of nickel and cobalt hydroxides. Instead, we used a primarily 

alcohol-based medium made up of a mixture of equal parts of ethanol-isopropanol containing a 

low metal salt concentration (0.1 mg ml-1 in all cases). The use of alcohol-based electrolytes with 

low metal ion concentration allows for the use of a high electric field (~250 V cm-1) to produce 

diffusion-limited deposition. We modified this electrolyte by adding a small amount of deionized 

(DI) water. The water content served to induce the formation of metal hydroxide and direct the 
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bubble-templated growth of the dendritic structures. The references henceforth to 0%, 2%, and 

4% water indicate the amount of extraneous water content being introduced to the ethanol-

isopropanol electrolyte solution. 

 

Figure 3-1. Top- view FE-SEM images of different deposit morphologies of α-phase Ni(OH)2 

electrodeposits obtained by varying added water content in the deposition solution (a, d) 0% 

added water; (b, e) 2% added water;  (c, f) 4% added water.  Figures (a, b, c) and (d, e, f) are 

obtained at lower and higher magnifications respectively. (g) Cross-sectional image of Ni(OH)2 

nanodendrite forests obtained when electrolyte contains 2% added water. 
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The FESEM images in Figure 3-1 show that the quantity of water in the electrolyte seems to 

have a direct and significant effect on the morphology of the deposit. For the 0% water deposit, 

when the electrolyte lacks any extraneous water (besides the nominal amount incorporated via 

absorption of ambient humidity and the water of crystallization from the dissolved metal salt), a 

highly cracked, yet somewhat porous thick film of Ni(OH)2 is obtained (Figure 3-1a, d). The 

porosity (Figure S3-1a) is likely a result of extremely small hydrogen bubbles evolved during 

deposition. When 2% water is added to the electrolyte, however, a clear emergence of isolated 

structures can be observed (Figure 3-1b, 1e). The cross-sectional image (Figure 3-1g, Figure S3-

1b) further establishes the vertical orientation and unprecedented nanodendritic structure of the 

deposited material. The nanodendrites show similar structural characteristics to some copper 

electrodeposits influenced by bubble related microstreaming effects.43-44 Increasing the 

electrolyte water content further, to 4%, results in completely different overall deposit 

morphology Figure 3-1c, f. The structures now formed appear to be made up of islands of 

densely packed intertwined nanodendrites (Figure S3-1c). We attribute these structural 

differences to the increased rate of electrolysis of the additional water content added to the 

electrolyte solution.  

We propose that the growth mechanism here is hydrogen bubble-templated40, 42 and directly 

influenced by the rate and amount of electrolysis of the water contained in the electrolyte. A 

schematic of the growth mechanism is presented in Figure 3-2. Concomitant with the application 

of the electric field, several phenomena occur in rapid succession. The instantaneous electrolysis 

of the incorporated water generates hydrogen bubbles that result in the blockage of several 

sites40, 42, 45 on the substrate. Additionally, the consumption of protons to produce hydrogen 

bubbles causes relatively alkaline conditions46-47 localized at the electrode-electrolyte interface  
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due to the relatively high concentration of OH- ions therein. Thus, the metal ions in the 

electrolyte diffusing towards the electrode surface are forced to selectively nucleate in a high pH 

 

Figure 3-2. Schematic representation of the proposed growth mechanism of the vertically 

aligned 3-D nanodendrite forests (a) initial stages (b) later stages of deposition. 

(a)

(b)
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environment in the form of their corresponding metal hydroxides [M2++OH- → M(OH)2↓]46 in 

the regions lacking bubble coverage, leading to dendritic branching. The nucleation of miniscule 

hydrogen bubbles would continue to occur on the surface of these isolated metal hydroxide 

structures limiting further growth to only those regions on the deposits that are exposed. As the 

deposition proceeds, it would occur preferentially in regions of field concentration, i.e. the tips of 

the nucleated regions. If the rate of electrolysis is slow enough to not disrupt the diffusion-

limited deposition conditions existing at the electrode surface, the growth of the structures should 

result in being relatively vertically oriented, directed towards the electric field38 aided by the 

electrolyte microstreams induced by bubble collapse.47 This preferential electric field-directed 

growth caused by the dynamic hydrogen bubble templating leads to dendritic growth not seen 

previously in the electrodeposition of metal hydroxides.  

During the deposition process from the electrolyte containing 2% water, the hydrogen 

evolution was not clearly seen, with the bubbles being presumably too small to be visible to the 

naked eye. The rate of electrolysis in this case, also perhaps limited by diffusion would lead to 

the relatively slow nucleation and coalescence of hydrogen bubbles. For the 4% water sample, 

however, several extremely small bubbles could clearly be seen leaving the cathode surface 

during the deposition process. This increased rate of electrolysis leads to a rapid release of 

bubbles during the deposition causing a vigorous stirring effect at the electrode/electrolyte 

interface leading to a great increase of mass transport of metal ions to the electrode.42, 44, 47 The 

effect of this is evidenced by the loss of vertical orientation in the 4% water sample as opposed 

to the sample prepared with 2% water content. Under given deposition conditions, 2% water 

concentration, appears to facilitate optimal rate of electrolysis as well as deposition that can 

engender dendritic growth of vertically oriented Ni(OH)2 nanodendrite forests. Figure 3-3a 
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shows a HRTEM image of a Ni(OH)2 nanodendrite. The diffused rings seen in the selected-area 

electron diffraction pattern (Figure 3-3a inset) as well as a magnified HRTEM image (Figure S3- 

2) clearly illustrate its amorphous nature. The disorder arising from incorporated water and 

 

Figure 3-3. (a) HRTEM image of a Ni(OH)2 nanodendrite. Inset shows the selected-area 

diffraction patterns indicating the amorphous nature of the structure; (b) Tilted cross-sectional 

view of electrodeposited hierarchical 3-D Ni(OH)2 nanodendrite forests. Inset shows near 

spherical air bubble making contact with the deposited surface under water due to ultralow 

bubble adhesion. 
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chloride anions within the Ni(OH)2 structure probably hinders the origin of long-range 

crystalline order,48 thus leading to the formation of amorphous α-Ni(OH)2. As a result of the 

unique nanostructure in combination with the microscale roughness seen in Figure 3-3a, the 

Ni(OH)2 deposits are superhydrophilic in air and superaerophobic underwater. The inset of 

Figure 3-3b shows a near spherical air bubble in contact with an immersed nanodendritic forest 

surface, on account of these extreme wetting properties.  

The preparation method has been known to significantly influence catalytic activity of 

materials.6, 49 This could be on account of the variations in morphology or subtle differences in 

obtained material composition under different deposition conditions. We used thermogravimetric 

analysis (TGA) to further study the influence of the electrolyte water content on the composition 

of the deposited Ni(OH)2. The TGA curves (Figure 3-4) show that all the deposits exhibit 

similar thermal decomposition profiles with two distinct weight loss steps typical of α-

Ni(OH)2.50 The FTIR spectra of all three deposits (Figure S3-3) show features between 650-675 

 

Figure 3-4. Thermogravimetric analysis (TGA) curves of the three Ni(OH)2 deposits showing 

two distinct weight loss steps typical of α-Ni(OH)2. 
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cm-1 corresponding to α-Ni(OH)2 along with a broad O-H feature around 3380, seen only in the 

α-phase Ni(OH)2 and not β-Ni(OH)2.
48, 50-51

 The first weight loss step occurring at the lower 

temperature range stems primarily from the removal of physisorbed water as well as intercalated 

water molecules within the hydrated Ni(OH)2 crystal structure.51 It is these water molecules that 

distort the well-ordered layered structure characteristic of the more common β-Ni(OH)2 to give 

rise to the more electrochemically active α-Ni(OH)2 polymorph with lower crystallinity.51 

Comparing the weight loss of the three deposits within this temperature range, it is evident that 

the amount of intercalated water molecules in the hydrated Ni(OH)2 structure is directly related 

to the amount of water content initially present in the bath. Water content is present in the 

deposition bath from the water of crystallization of the dissolved NiCl2 salt even when 

extraneous water is not specifically introduced to the electrolyte This leads to formation of 

hydrated Ni(OH)2 in all three cases, even when extraneous water is not specifically introduced 

into the bath. Compared to the 19.6% weight loss in the non-dendritic α-Ni(OH)2 produced when 

0% water was added to the bath, the 2% and 4% water samples lose ~4% and 5% more water 

respectively at a nominal temperature of 250 °C. These differences in weight loss are likely on 

account of differences in adsorbed water. Beyond this temperature, the second and final weight 

loss step occurs representing the decomposition of Ni(OH)2 to NiO and loss of any anions.51 As 

demonstrated by the TGA curves, these metal hydroxide structures can be easily converted to 

their corresponding oxides by simple annealing process in air.  

The electrochemical characterization of Ni(OH)2 deposited on stainless steel (SS304) from 

electrolytes containing 0.1 mg ml-1 dissolved NiCl2.6H2O and three different amounts of added 

water: 0, 2 and 4%, are shown in Figure 3-5. The initial electrochemical behavior after ten 

stabilizing cycles at 5 mV s-1 is shown in Figure 3-5a. All three deposits show the characteristic  
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Figure 3-5. Comparison of cyclic voltammograms of three different α-Ni(OH)2 deposits 

prepared from electrolytes containing 0, 2 and 4% added water: (a) after 10 stabilizing cycles; (b) 

after 1000 cycles of accelerated stability testing in 1 M KOH at 5 mV s-1; (c) Electrochemical 

impedance spectroscopy (EIS) data represented as Nyquist plots for the three α-Ni(OH)2 deposits 

recorded potentiostatically at η = 370 mV after 1000 accelerated stability test cycles; (d) 

Comparison of total Faradaic resistance values the three α-Ni(OH)2 deposits after 1000 cycles.  
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anodic peak corresponding to the oxidation of Ni2+ to Ni3+ signifying the conversion from 

Ni(OH)2 to NiOOH followed by  a steep increase in the current density owing to the onset of the 

OER process. Initially, the 0% and 4% water deposit show similar electrochemical activity, 

consistent with the comparatively low exposed surface area of the compact cracked deposits as 

opposed to the well-distributed vertically aligned nanodendritic 2% water sample. Yet, both 

these deposits show a low overpotential value (η10mA) of 285 mV to achieve a current density of 10 

mA.cm-2
,
 the preferred Figure 3-of merit.7 This suggests that the deposited amorphous metal 

hydroxide deposited on steel possesses inherently high activity which is underutilized due to the 

deposit morphology. The 2% water deposit exhibits an even lower η10mA of 273 mV after 10 

cycles with a 15% higher current density at an overpotential of 370 mV (η370mV) as compared to 

the two other deposits. The superiority of this deposit is more apparent from the CV recorded 

after 1000 cycles of accelerated stability testing (Figure 3-5b). The vertically aligned 

nanodendritic deposit continues to outperform the 4% and 0% water deposits with excellent 

durability after accelerated cycling with no apparent loss in activity. These differences in 

performance are also clearly reflected in the Nyquist curves (Figure 3-5c) obtained 

potentiostatically at η370mV after 1000 cycles. Figure S3-4 shows the equivalent circuit used to 

analyze the electrochemical impedance spectroscopy (EIS) data and obtain values by fitting the 

EIS curves seen in Figure 3-5c.  

The equivalent circuit is made up of three resistances: solution resistance (RS), charge transfer 

resistance (RCT) and oxygen evolution resistance (ROER) coupled with two constant phase 

elements (CPE) related to double layer capacitance (CPEDL) and oxygen evolution (CPEOER).
52 

The Nyquist curves of all the three Ni(OH)2 deposits, under applied potential in the OER range, 

typically tend to show two depressed semicircles. The first semicircle in the high frequency 
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region is representative of the overall charge transfer resistance (RCT) of the electrode.53 

Generally speaking, the second semicircle in the low frequency region is indicative of the 

resistance to the oxygen evolution reaction (ROER) in terms of ease of formation of reaction 

intermediates.52-53 The diameter of this semicircle is overpotential dependent, being inversely 

proportional to the potential at which the curves are recorded, implying faster reaction kinetics. 

Figure 3-5d compares the total faradaic resistance53 (RCT + ROER) of each deposit. At η370mV, 

owing to its excellent charge transfer and lower overall Faradaic resistance, the 2% water deposit 

is able to sustain a higher current density than the two other deposits.  

We attribute this to the well distributed dendritic structures that are in intimate contact 

with the substrate, allowing for efficient ion diffusion, catalyst access and material utilization. 

The RCT values of 0 and 4% water deposits are higher given the rather condensed nature of those 

deposits that hamper charge transfer. A comparison of the total faradaic resistances of the 

deposits after 10 and 1000 cycles (Figure S3-5) shows that 2% and 4% water samples show a 

slight decrease in overall resistance. Such improvement in performance of Ni(OH)2 materials 

during cycling or aging in KOH is generally observed and typically attributed to incidental Fe 

incorporation54 from the electrolyte into the Ni(OH)2 matrix. The more pronounced loss in 

activity of the 0% water deposit upon cycling is reflected in the 15% increase in its total faradaic 

resistance. This deterioration is probably induced by the instability arising from the composition 

and morphology of the deposit. The low and stable faradaic resistance values of the 2% water 

sample establishes clearly that the overall structure and composition of the deposit is critical to 

long term durability and activity of the deposits. Particularly, the well-spaced and aligned 3-D 

nanodendritic amorphous Ni(OH)2 structures clearly appear to be the ideal morphology to 

maximize available catalytic sites and achieve durability. 
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The comparison of the electrochemical behavior of the α-Ni(OH)2 produced from deposition 

baths with different water content allows us to study the implications of their unique morphology 

on their catalytic performance. Specifically, the 0 and 2% water deposits allow for comparison 

between the cracked thick films obtained in the absence of added water to the vertically aligned, 

highly accessible dendritic structures obtained by 2% water addition. The morphological 

differences between 2% and 4% water samples allow for comparison between well distributed 

and oriented structures to the randomly oriented tightly packed dendritic structures both of which 

contain a high amount of intercalated water within the Ni(OH)2 structure. From the cyclic 

voltammograms at different scan rates between 5-100 mV s
-1

 for the three deposits, as shown in 

Figure S3-6, the anodic redox peak current densities (ip) of the Ni(OH)2 to NiOOH conversion of 

each of the deposits was plotted against the square root of the scan rates (√𝜈𝜈). The currents 

 

Figure 3-6. Raman spectra of amorphous α-phase Ni-Co hydroxides obtained at various Ni:Co 

ratios in deposition solutions. 
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increase linearly with the square root of scan rate, indicating that the electrode reactions are 

diffusion-controlled.55 Among the three deposits, the plot of ip vs √𝜈𝜈  for the 2% water sample 

shows the highest slope, illustrating the rapid diffusion and charge transfer facilitated by the 

superior electrochemical accessibility and intimate contact of the individual vertically aligned 

nanodendrites with the substrate as compared to the other two electrodeposited morphological 

structures.  

As mentioned previously, addition of elements such as cobalt has been known enhance 

electrochemical performance of nickel hydroxide due to synergistic interactions.11, 13 The 

synergy between nickel and cobalt in these materials often results in improved durability 

especially under prolonged cycling.13 This enhancement in electrochemical performance of 

nickel hydroxide with the addition of cobalt has been previously exploited for supercapacitors,13  

and catalysis.16 Similarly, we expected significant improvement in performance in deposits 

containing both nickel and cobalt. Various α-phase nickel-cobalt hydroxide nanodendrite 

deposits were prepared from deposition solutions containing different ratios of Ni2+ and Co2+ 

ions. The Raman spectra of dendritic structures prepared with varying Ni:Co ratios are presented 

in Figure 3-6. The Ni:Co 0:1 shows several broad vibrational bands at wavenumbers of 

approximately 460, 485, 519, 590 and 690 cm-1 corresponding to amorphous  Co(OH)2.33 The 

Raman spectrum of the Ni:Co 1:0 sample shows a broad band centered around 385 cm-1 and the  

band at ~455 cm-1 typically attributed to α-Ni(OH)2.48 The peak around 483 cm-1 is a feature of 

highly disordered Ni(OH)2.56 The three samples containing both nickel and cobalt have two 

broad vibrational bands at approximately 460 and 535 cm-1.57 The latter peak shows a redshift 

with increasing cobalt content within the structure. The XRD patterns of all the deposits (Figure 

S3-7) show broad, low intensity peaks owing to their lack of crystalline order. 
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 FTIR spectra (Figure S3-8) show that all mixed nickel-cobalt hydroxide deposits are also 

similarly α-phase with characteristic broad O‒H stretching peak around 3380 cm-1 and show 

various Ni and Co related features at lower wavenumbers below 1000 cm-1.33, 48 Elemental 

 

Figure 3-7. (a) Comparison of cyclic voltammograms of nanodendrite (1 min) deposits with 

varying Ni:Co ratios after 10 stabilizing cycles and (b) after 1000 cycles of accelerated stability 

testing. All CV curves were recorded at 5 mV s-1. (c) Chronopotentiometry curves for various 

Ni:Co deposits recorded at j=10 mA cm-2 showcase their excellent stability. (d) 

Chronopotentiometry curves of Ni:Co 3:1 compared to Ni(OH)2 and Co(OH)2 deposits recorded 

at current densities ranging from 10 - 100 mA cm-2. Current density values were stepped up by 

10 mA cm-2 every 0.5 h.  
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mapping of the various dendrites (Figure S3-9) carried out via energy-dispersive X-ray 

spectroscopy show the varying different nickel and cobalt content within their structures. It can 

be noted that the deposit morphology remains unaffected even when the deposition is carried out 

in the presence of Co2+ ions. The nickel and cobalt content within the mixed metal hydroxide 

deposits was determined using inductively coupled plasma atomic emission spectroscopy (ICP-

AES).  The Ni/Co atomic ratios for the Ni:Co 3:1, 1:1 and 1:3 deposits were estimated to be 

approximately 3.62:1 , 0.95:1, and 1:3.98 respectively. Figure S3-10 a, b shows magnified views 

of the CVs, clearly illustrating different redox peak shapes and positions as nickel and cobalt 

content changes within the deposit. This is further confirmation that different mixed nickel-

cobalt hydroxides with distinct electrochemical behaviors are formed by merely varying the ion 

composition in the deposition bath. Overall, addition of cobalt shifted the Ni(OH)2 redox peak 

cathodically. The pure Co(OH)2 after 10 cycles shows the highest  η10mA of 305 mV, among the 

tested samples. It is worth noting, however, this is among the lowest  η10mA values reported for 

Co(OH)2.58 All the other samples tested here show initial η10mA of ~275 mV after the first 10 

cycles between 1-1.6 V vs RHE. With prolonged accelerated cycling at 100 mV s-1, the deposits 

containing both cobalt and nickel show some performance enhancement with slight reduction in 

η10mA and a ~15% increase in current density obtained at η370mV after 1000 cycles as seen in 

Figure 3-7a, 7b.   This illustrates that the incorporation of cobalt ions to the deposition solution 

can produce α-phase nickel-cobalt hydroxide nanodendritic structures with significantly higher 

OER performance. This may be a result of the typically higher conductivity or higher degree of 

oxidation of Ni(OH)2 upon addition of cobalt to the structure.59  

While the performance of the Co(OH)2 sample appears to have deteriorated in the CV curve 

in Figure 3-7b, chronopotentiometry carried out at 10 mA cm-2 after the 1000 cycles of  
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accelerated stability testing shows that the Co(OH)2 sample  returns to the η10mA values exhibited 

before the harsh cycling process (Figure 3-7c). The apparent loss of performance seen in the CV  

after 1000 cycles may be a function of phase change caused by overcharging during the 

accelerated stability testing between 1.3-1.8 V vs RHE. All the other compositions show similar 

 

Figure 3-8. (a) Cyclic voltammograms of  Ni:Co 3:1 (3 min) deposits before (Cycle 10) and 

after (Cycle 10,000) cycles of accelerated stability testing. CV curves were recorded at 5 mV s-1;  

(b) OER overpotential values at j = 10 mA cm-2 of Ni:Co 3:1 (3 min) deposit versus accelerated 

stability test cycle number. The overpotential averages merely ~257 mV over 10,000 cycles.  
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high activity and stable behavior over the 6 hour tests with the Ni:Co 3:1 deposit showing the 

lowest η10mA of ~262 mV. After 1000 accelerated stability test cycles and 6 hours of 

chronopotentiometry at j = 10 mA cm-2 the same samples were immediately subjected to stepped 

chronopotentiometry from 10 to 100 mA cm-2 over a 5 h period. Current densities were stepped 

up by 10 mA cm-2 increments every 30 minutes. Ni:Co 3:1 outperforms plain Ni(OH)2 and 

Co(OH)2 with η10mA of 262 mV versus  278 and  304 mV  for the pure samples respectively. This 

difference in performance is further amplified at higher current densities with η100mA value of 417 

mV versus 475 and 508 mV respectively (Figure 3-7d).  Figure S3-10 c,d show the Tafel slopes 

of Ni:Co 3:1, 1:0 and 0:1 samples after 10 and 1000 cycles respectively. All deposits show low 

Tafel slopes of between 25-30 mV/dec indicating excellent OER catalysis. Visually, upon 

cycling, all the deposits (initially light colored) become a black color. FTIR spectra of the Ni:Co 

3:1 sample as prepared and after 1000 cycles is shown in Figure S3-11. The α–phase nickel-

cobalt hydroxide deposit appears to have converted to a γ-NiOOH phase upon the prolonged 

testing, providing further insight into the excellent stability of the deposits.9   

The deleterious effects of binders and carbonaceous additives on OER catalyst performance, 

especially with higher catalyst loadings, have been previously well documented.2, 18 The loss in 

performance despite higher catalyst loading has also been attributed to increased bubble related 

impedance and ohmic losses therein. Due to their direct growth on to the steel substrate, each 

nanodendrite in the deposit is intimately attached to the conductive electrode minimizing ohmic 

losses. This, along with the lack of binder, conductive carbon additives, and easy electrolyte 

access along with their superaerophobic nature, allow us to deposit a larger amount of material 

with improved performance. We tested the Ni:Co 3:1  sample deposited for 3 min, with an aim to 

increase catalyst loading, given its exemplary performance among all the samples deposited for 1 
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min. We subjected the deposit to 10,000 accelerated stability test cycles. Figure 3-8a shows the 

comparison of the CVs obtained after 10 and 10,000 accelerated cycles.  Despite the prolonged 

and harsh testing conditions, the deposit showed consistently low overpotentials of ~255 mV 

(Figure 3-8b) at j = 10 mA cm
-2

 and achieved higher current densities (~15% @ η370 mV) in the 

OER region compared to the 1 min deposit. Table S1 compares the performance of our 

nanodendritic deposits with a few other recently reported alkaline OER catalysts. 

Rapid strides have been made recently in terms of fundamental understanding the catalysis of 

the OER process especially with regard to first row transition metal based materials. Enhanced 

catalyst performance arising from synergistic interactions between some nanomaterials leading 

to catalytic activity exceeding that shown by the individual components of the composites60-62 

has been observed and exploited. Several examples exist in literature of such unique systems like 

Co3O4/graphene,63 Ni/NiO/CNT,62 MnOx on various noble metal nanoparticles61 etc. The 

interface between the two materials has been found to be important. In case of the noble metal 

support materials, their electronegativity serving to stabilize a higher valance state of the 

catalytic material and also the interfacial sites have been demonstrated to be critical to this 

phenomenon of synergistic enhancement.61, 64  

Another phenomenon that has been studied is the enhanced performance due to substrate-

catalyst interactions. This has been seen more explicitly in case of MnOx,60-61 CoOx,65 NiO64 

deposits on Au substrates. Beyond a certain monolayer thickness, the effects were seen to 

diminish. The interaction between deposits and substrates in the case of non-noble materials has 

been relatively less studied. There have been observations of particular deposits performing 

significantly better on specific substrates as well.66-68 McCrory et al. noticed a significant 
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difference in reported overpotential of electrodeposited NiCeOx on nickel versus that on glassy 

carbon electrodes.5 More recently, Ni deposits on steel showed significantly enhanced OER 

performance as compared to similar deposits on other substrate materials.36 As mentioned 

previously, the significant improvement of Ni(OH)2  and Co(OH)2 electrodeposits over 

prolonged voltage cycling or merely aging in electrolyte has been attributed to the incorporation 

of iron impurities present in the supporting KOH electrolyte.54 The OER enhancement results 

from the effect of the Fe3+ present in the NiOOH structure.69 This is in line with the highest 

performing transition-metal catalysts typically being combinations of nickel and iron.54, 68 The 

enhanced activity in our deposits, however, is apparent right from the first voltammetry cycle 

specifically after deposition on steel substrate immediately after being introduced into the 1 M 

KOH electrolyte. This is not seen when deposited on other substrates such as nickel, graphite, 

and copper. Thus, the enhancement effect due to of Fe incorporation54 from the electrolyte within 

the Ni(OH)2 structure during cycling is less likely to be the primary cause.  

 To avoid the effect of potential incorporation of Fe impurities within the deposits via cycling 

or aging in the KOH electrolyte, Figure S3-12 shows the first CV curve of pure Ni(OH)2, 

Co(OH)2, and Ni:Co 3:1 samples on several different substrates. It is readily apparent that using 

a steel substrate has a dramatic impact on the OER catalytic activity on all the deposits. This may 

indicate that the Ni/Fe or Co/Fe interactions at the deposit/steel interface may be synergistically 

amplifying the catalytic activity of the nickel, cobalt hydroxide deposits. There have been a few 

instances of reports of excellent OER catalytic activity of materials deposited on steel.36, 70 For 

further confirmation of the contribution of the deposit-substrate interface on the high activity, 

Ni(OH)2 nanodendrite samples on stainless steel and nickel foil were sonicated in KOH for an 

hour, in order to remove the nanodendrite deposits, after an initial CV scan (Figure S3-13 a, b 
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respectively) was recorded. In both cases, samples showed an inordinate decrease in oxygen 

evolution overpotential as compared to the bare substrate despite removal of the dendritic 

superstructures from the surface. This is likely due to a synergistic interaction between the Fe 

content on the steel surface and the electrodeposited metal hydroxide material. However, it is 

possible that the interactions are far more complex given the composition of stainless steel 

surface and worthy of detailed analysis in the future. Ultimately, such robust hierarchical 

nanostructures on synergistic 3-D substrates so as to maximize interfacial area along with their 

low bubble adhesion would be outstanding and durable OER catalysts. 

3.4 Conclusion 

In summation, electrodeposition of novel hierarchically structured α-phase nickel-cobalt 

hydroxides from a primarily alcohol-based solution has been made possible by introducing a 

small amount of water to the deposition bath. The high localized pH at the deposition 

electrode/electrolyte interface induced by the limited water electrolysis along with the rapid 

hydrogen bubble templated growth in a diffusion-controlled deposition regime, leads to the 

growth of dense 3-D nanodendrite forests of amorphous α-phase nickel-cobalt hydroxides. An 

optimal amount of water (~2% v/v) in the deposition solution was found to facilitate the 

deposition conditions required for the growth of vertically aligned nanodendrite structures. The 

resulting superaerophobic α-phase nickel-cobalt hydroxide deposits especially when deposited 

on a stainless steel electrode substrate, showed enhanced performance as an oxygen evolution 

reaction catalyst providing current densities of 10 mA cm-2 at overpotentials as low as 255 mV 

durably over 10,000 accelerated stability test cycles. These results demonstrate the importance of 

direct growth of hierarchical catalyst structures devoid of any polymeric binders onto synergistic 
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substrates in order to maximize electrochemical performance for practical OER catalysis 

applications. 

3.5 Methods and Materials 

Electrodeposition 

A mixture of ethanol-isopropanol (1:1) was used in all cases as the base electrolyte with 

additional DI water (0, 2, or 4 %) and dissolved metal salt (0.1 mg ml-1) being added for 

modification. The metal salts, NiCl2.6H2O and CoCl2.6H2O were obtained from Sigma-Aldrich 

(St. Louis, MO, USA). The electrolyte was sonicated for 5 minutes in an ultrasonic bath before 

deposition. All deposits were prepared by electrodeposition in a two electrode system. Typically, 

1 cm2 area of the electrodes were exposed to each other separated by a distance of 0.7 cm in 20 

ml of electrolyte. Stainless steel 304 foil and nickel for electrodes were obtained from 

McMaster-Carr (Elmhurst, IL, USA). The electrodes were typically subjected to degreasing in 

acetone and isopropanol, followed by thorough washing in deionized (DI) water. Prior to 

deposition, the foil was additionally dipped in 1 M HCl and rinsed with DI water to remove some 

surface oxides. A graphite foil (CeraMaterials, New York, USA) electrode was used as the 

counter electrode in all cases to avoid contamination of the electrolyte resulting from counter 

electrode etching. 200 V were applied to the electrodes using a Matsusada Precision high-voltage 

power source (Model EJ-2R100) typically for 60 seconds unless stated otherwise.  

Material Characterization 

Field emission scanning electron microscope (FESEM) images and elemental maps of the 

deposits were obtained using a Hitachi S-4800 FESEM at accelerating voltages of 5 and 20 kV 

respectively. High-resolution transmission electron microscope (HRTEM) images and selected 
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area electron diffraction patterns were obtained in a Hitachi H-9500 electron microscope 

operated at 300 kV. 

A Thermo Nicolet 6700 FTIR Spectrometer was used to record FTIR spectra (4 cm-1 

resolution; 256 scans). Thermogravimetric analysis (TGA) was carried with a TGA-51 

(Shimadzu Scientific Instruments) at a rate of 10oC min-1 in air from room temperature up to 

550°C. A Shimadzu ICPE-9800 Atomic Emission Spectrophotometer was used to measure 

Ni:Co ratio within the deposits.  

Raman spectra were collected using a Thermo Scientific™ DXR™ Raman imaging 

microscope utilizing a 532 nm laser excitation source operating at 0.5 mW to avoid sample 

heating effects. Spectra were averaged from 5 scans collected for 35 s each. X-ray diffraction 

(XRD) data was collected using a Bruker D-8 Advance diffractometer (40 kV; 40 mA) utilizing 

Cu Kα radiation with a step size of 0.04o at a rate of 1.8 s per step. A zero-background Si holder 

(MTI Corporation, Richmond, CA, USA) with a central cavity of 10 mm diameter and 0.2 mm 

depth was utilized for XRD and Raman in order to maximize signal and avoid substrate 

interference.  

Electrochemical testing 

All tests were carried out in 1 M KOH (pH 13.6). Potassium hydroxide was obtained from 

Sigma-Aldrich (St. Louis, MO, USA). All potentials were recorded against Ag/AgCl reference 

electrode. Recorded potentials were converted to the reversible hydrogen electrode (RHE) scale 

according to the equation (1): 
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ERHE= EAg/AgCl + 0.059*pH + Eo
Ag/AgCl (1) 

Where EAg/AgCl is the measured potential and Eo
Ag/AgCl is the standard electrode potential (0.20 V) 

of the Ag/AgCl electrode filled with 4 M KCl solution. 

All electrochemical testing was performed using a Gamry Reference 3000 potentiostat 

(Gamry Instruments, Warminster, PA, USA) and a standard glass three-electrode test cell with 

graphite rod as counter electrode. An Ag/AgCl reference electrode (Pine Research 

Instrumentation, Durham, NC, USA) with a ceramic frit was used as reference electrode in all 

tests. Overpotential (η) values mentioned, refer to the difference between the applied voltage 

value and 1.23 V. For brevity, overpotential value to achieve a current density of 10 mA.cm-2 is 

referred to as η10mA. Similarly, η370mV is used to refer to an applied overpotential of 370 mV. 

Cyclic voltammograms (CV) shown comparing OER activity were obtained between 0-0.6 V 

vs Ag/AgCl electrode i.e. ~ 1 - 1.6 V vs RHE. All CV data was iR corrected automatically by the 

instrument using the current interrupt method. Typically, 10 CV cycles were carried out to 

ensure stable redox behavior of the deposits. Anodic peak current was plotted against square root 

of scan rate from data obtained from CVs carried out at 5, 10, 20, 50, 75, and 100 mV s-1.  

Typically, after initial cycling to ensure stability, samples were subjected to accelerated 

stability testing by cycling between a voltage window between 1.3–1.8 V vs RHE at a relatively 

fast scan rate of 100 mV s-1 for 1000 cycles. CVs were recorded between 1-1.6 V vs RHE at 5 

mV.s-1 before and after accelerated cycling for comparison. After 1000 cycles, samples were 

further subjected to chronopotentiometry at current density of 10 mA cm-2. Finally, the samples 
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were subjected to chronopotentiometry from 10-100 mA cm-2 in 10 mA cm-2 increments every 

30 min.  

In the case of the prolonged accelerated stability testing of the Ni:Co 3:1 (3 min deposit for 

higher mass loading), the sample was subjected to 10,000 cycles of testing using the same 

accelerated testing protocol previously mentioned. Chronopotentiometry was carried out for 15 

min at current density of 10 mA cm-2 after every 1000 cycles to determine change in 

overpotential over extended cycle life. Electrochemical impedance spectroscopy of samples was 

carried out potentiostatically at 0.6 V vs Ag/AgCl between 100000-1 Hz with an AC 

perturbation of 10 mV. The EIS data was fit using EChem AnalystTM (Gamry Instruments, 

Warminster, PA, USA). 
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3.8 Supporting Information 

`  

Figure S3-1. (a) Magnified top-view of 0% water sample showing a dense yet somewhat porous 

structure; (b) Magnified cross-sectional view of the nanodendrite forest produced with 2% added 

water;  (c) Magnified top-view of 4% water sample showing a dense entangled nanodendritic 

structure. 
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Figure S3-2. Magnified HRTEM image of amorphous Ni(OH)2 nanodendrite. 
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Figure S3-3. FTIR spectra of α-Ni(OH)2 prepared with 0%, 2%, and 4% water added to the 

electrolyte. Peaks between 650-675 cm-1 correspond to α-Ni(OH)2 lattice mode vibrations while 

broad feature around 3380 cm-1 and others between 1300-1700 cm-1 are a feature of various O-H 

related vibrations.S1-2 
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Figure S3-4. The equivalent circuit model used to fit the electrochemical impedance 
spectroscopy (EIS) data obtained for the OER catalysts at oxygen evolving overpotentials. 
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Figure S3-5. Comparison of the total Faradaic resistances (RCT + ROER) of deposits made with 0, 

2 and 4% added water content in the deposition bath before and after accelerated stability testing. 

Values were obtained by fitting EIS data obtained potentiostatically at η=370 mV. 
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Figure S3-6. Plot of anodic peak current density (ip) obtained during cyclic voltammetry versus 
square root of the scan rate. CVs were recorded at scan rates of 5, 10, 20, 50, 75, and 100 mV s-1. 
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Figure S3-7. X-ray diffraction (XRD) patterns of the various amorphous Ni:Co hydroxide 
nanodendrite materials. All samples show broad and undefined peaks indicating the amorphous 
nature of deposited materials. A zero-background sample holder was used to avoid interference 
from the substrate. 
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Figure S3-8. FTIR spectra of mixed α-phase mixed nickel cobalt hydroxides prepared with 2% 

water added to the electrolyte. 
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Figure S3-9. X-ray elemental maps of nickel-cobalt hydroxide nanodendrites prepared with 

Ni:Co salt concentrations of approximately 3:1, 1:1 and 1:3 in the deposition electrolyte solution. 

Based on the inductively coupled plasma emission spectroscopy (ICP) results, the Ni:Co atomic 

ratio within the nanodendrites was estimated to be approximately 3.62:1, 0.95:1, and 1:3.98 

respectively.  
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Figure S3-10. Magnified views of cyclic voltammograms of (a) cycle 10; (b) cycle 1000, seen in 

Figure 3-6 a, b of the main manuscript, clearly illustrating different redox peak positions for 

deposits obtained by varying the metal ion composition ratio in the deposition bath. The 

oxidation peak of the deposits shifts to more anodic potentials with increasing nickel content. 

Tafel slopes of Ni:Co 1:0, 3:1, 0:1 deposits (c) after 10 CV cycles; (d) after 1000 accelerated 

stability cycles. 
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Figure S3-11. FTIR spectra of Ni:Co 3:1 deposit as prepared and after 1000 accelerated stability 

tests. The originally green colored α-phase Ni-Co hydroxide converts to a black colored γ-

NiOOH phase after cycling, signified by the prominent peak of Ni3+‒O vibration seen at ~575 

cm-1 after cycling.S3  
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Table S1. Comparison of OER overpotentials reported for other Ni/Co based catalysts 

 

 

Material Substrate Electrolyte 
η (mV) @ 10 

mA.cm-2 
Reference 

Amorphous α-phase Ni-

Co hydroxide 

Amorphous α-phase 

Ni(OH)2 

Amorphous α-phase 

Co(OH)2 

Stainless steel 

foil (planar) 
1 M KOH 

257 

 

273 

 

305 

This work 

CoNi(OH)x nanotubes 
Cu foil 

(planar) 
1 M KOH 280 S4 

α -Co4Fe(OH)x 
Glassy carbon 

(planar) 
1 M KOH 295 S5 

Amorphous Co(OH)2 Au (planar) 1 M NaOH 360 S6 

Amorphous NiCo2.7(OH)x 

nanocages 

Glassy carbon 

(planar) 
1 M KOH 350 S7 

Amorphous 

Ni0.71Fe0.29(OH)x 

Graphite 

(planar) 
0.1 M KOH 296 S8 

Amorphous Ni(OH)2 
Graphite 

(planar) 
0.1 M KOH 344 S9 

NiS nanosheets 
Stainless steel 

mesh 
0.1 M KOH 294 S10 

NiCoP Ni foam 1 M KOH 280 S11 

α -Ni(OH)2 Carbon paper 0.1 M KOH 331 S12 

NiCo LDH Carbon paper 1 M KOH 367 S13 
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Figure S3-12. Cyclic voltammograms of (a) Ni:Co 1:0 ; (b) Ni:Co 0:1 ; (c) Ni:Co 3:1 

nanodendritic deposits showing the synergistic enhancement of OER activity with stainless steel 

substrate as compared to nickel, copper and graphite foil substrates. 
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Figure S3-13. Cyclic voltammograms of Ni:Co 1:0, i.e. Ni(OH)2 nanodendrite deposit on (a) 

stainless steel; (b) nickel substrates before and after being subjected to 1 hour of ultrasonication 

to remove the deposited nanodendrites. 
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4.1 Abstract 

Alkaline water-splitting is a promising clean technology for hydrogen production. However, 

reducing the oxygen evolution reaction (OER) overpotential is critical to overall process 

efficiency and economic feasibility. To this end, we demonstrate novel 3D hierarchical α-

Ni(OH)2 nanoparticle decorated stainless steel nanoparticles (SSNP) catalyst deposits on Ni 

foam substrates. SSNP deposition along with simultaneous in-situ Ni(OH)2 decoration of the 

SSNP is facilitated via a facile single-step electrophoretic deposition (EPD) based co-deposition 

method. The enhanced OER catalytic activity of α-Ni(OH)2 owing to the synergetic SSNP 

support could sustain current densities of 10 and 125 mA cm-2 at overpotentials of 220 and 250 

mV respectively, in 1 M KOH. These robust deposits could survive accelerated cycling and 

prolonged oxygen generation at higher current densities despite the lack of any polymeric 

binders. In 10 M KOH, current density of 500 mA cm-2 could be maintained at an overpotential 

of 450 mV (iR-uncorrected).  
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4.2 Introduction 

Water splitting is an extremely promising route to sustainable and clean hydrogen production.1 

The present challenge is to economically minimize the overpotentials required to facilitate the 

two electrode reactions: the hydrogen evolution reaction (HER) and the oxygen evolution 

reaction (OER). The overall system overpotential, however, is typically dominated by the OER 

side due to its comparatively sluggish kinetics.2 Thus, reducing OER overpotentials is a crucial 

component in the economic viability of electrolytic water splitting.3 From a practical viewpoint, 

the improved OER kinetics and the remarkable performance of non-precious catalysts in 

reducing OER potentials in alkaline media makes alkaline water splitting particularly attractive.4 

Nickel based catalysts such as Ni(OH)2,2 Ni2P/NiOx,5 Ni-Co hydroxide,6 especially Ni-Fe 

hydroxide7 etc. in various nanostructured morphologies have been found to perform 

exceptionally well. More recently, the excellent catalytic activity observed in the cases of pure 

Ni(OH)2,8  NiO,5 Ni,9 Co(OH)2 structures10, has also been attributed primarily to the inadvertent 

Fe doping via contaminants present in the KOH electrolyte.11 Catalytic activity has also been 

found to be significantly influenced by the deposit substrate and support materials.9, 12-14 

Generally, noble metal substrates and supports have been observed to greatly enhance catalytic 

activity of OER catalysts.15-20 However, more interesting from a commercial perspective, have 

been reports of high activity of such Ni-based deposits on relatively inexpensive stainless steel 

(SS) substrates.3, 9, 21  

Presumably, in these instances, the unintended doping of the deposit with trace iron via the 

substrate during the fabrication process,9 greatly amplifies the OER activity of the catalyst. For 

scalability, consistent production of such high activity deposits as a serendipitous consequence of 

synergistic interactions naturally engendered during electrode fabrication is very appealing. For 
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example, co-deposition of desired Ni-Fe materials requires precise monitoring and control of the 

deposition conditions such as potential, pH, Ni and Fe ion concentrations within the 

electrodeposition bath etc. to correct for anomalous deposition rates of one species over another 

during deposition.22-24 However, when the steel substrate itself acts as the dopant source by its 

mere presence, only the relatively facile deposition of Ni(OH)2 needs to be controlled. In our 

work, we observed a similar enhancement in Ni(OH)2 catalyst performance for OER when 

deposited on SS substrates. We hypothesized that utilizing steel nanoparticles (SSNP) as the 

Ni(OH)2 catalyst support could provide greatly increased SS/Ni(OH)2 interfacial area and 

improve performance due to nanostructuring effects.25 Additionally, the stability of stainless 

steel in OER conditions makes an excellent choice for support material.26 

Thus, to realize a truly hierarchical 3D structure with maximized SS/Ni(OH)2 interface, we 

prepared a deposit comprised of Ni(OH)2 nanoparticle decorated SS nanoparticles deposited on a 

3D Ni foam substrate. With scalability in mind, the widespread use and relatively inexpensive 

nature of Ni foam would make it an obvious candidate for the substrate. We electrophoretically 

co-deposited SS nanoparticles (SSNP) while simultaneously decorating them with Ni(OH)2 in-

situ on the Ni foam in a single-step process requiring no pre or post-treatment. The decoration of 

individual nanoparticles along with the intimate contact between all the deposit components can 

facilitate excellent electrochemical performance. We expect the SSNP to behave as an 

conductive pathway from the Ni(OH)2 to the Ni foam backbone helping improve charge transfer. 

Especially for higher current density applications, it is necessary to produce deposits with low 

internal resistance and the robustness to survive the rigors of violent gas evolution. EPD allows 

us to achieve these results while avoiding polymeric binder materials that typically hamper 

performance27, 28 and can lead to increased internal resistances due to bubble coverage.29 This 
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highly accessible 3D Ni foam structure coated with the unique binderless SS/Ni(OH)2 

nanocomposite rendered a highly active OER catalyst deposit. 

4.3 Results and Discussion 

First, to illustrate the effect of deposition substrate on electrochemical performance, particularly 

on the OER, we first deposited Ni(OH)2 on planar nickel and stainless steel foil. For consistency, 

both substrates were cleaned for 10 minutes in 6 M HCl prior to deposition. The Ni(OH)2 was 

then deposited via electrodeposition potentiostatically at 200 V for 2 min  from a 1:1 solution of 

ethanol and isopropanol with 0.2 mg ml-1 of dissolved NiCl2.6H2O. High localized pH at the 

electrode-electrolyte interface30 during deposition causes Ni2+ to deposit in the form of nickel  

hydroxide. Thermogravimetric analysis (TGA) of the deposit (Figure S4-1) confirms the 

characteristic two step weight loss associated with α-Ni(OH)2,31 the hydrated phase of Ni(OH)2 

containing water molecules intercalated within the Ni(OH)2 crystal. Figure 4-1a shows the iR-

 

Figure 4-1. Comparison of OER performance of Ni(OH)2 deposits on planar Ni foil and SS foil 

substrates: (a) Cyclic voltammetry (CV) curves recorded at 5 mV s-1; (b) Nyquist curves of the 

deposits recorded at an oxygen evolving overpotential of 370 mV. 
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corrected cyclic voltammograms (CV) of these α-Ni(OH)2 deposits made on stainless steel (SS) 

and nickel foil substrates under similar deposition conditions. These CV curves were recorded at 

5 mV s-1 in oxygen purged 1 M KOH. Both the Ni(OH)2 deposits shows anodic peaks signifying 

a conversion to NiOOH. However, there is a clear anodic shift of the redox peaks of the Ni(OH)2 

on the SS substrate. The anodic peak and cathodic peaks of Ni(OH)2 deposited on SS shift 

anodically by ~70 and 45 mV respectively. This anodic shift of the redox peaks of suggests Fe-

doping of the Ni(OH)2 crystal8, 32, 33 which is known to play a critical role in OER overpotential 

reduction. It is readily apparent that the deposit on SS foil shows a greatly enhanced OER 

performance as witnessed by the steep increase in current density around 1.45 V vs RHE, 

associated with oxygen gas evolution, after the oxidation of Ni(OH)2. At the Figure 4-of merit 

typically considered for OER applications i.e. the overpotential required to evolve oxygen at a 

current density of 10 mA cm-2, the SS requires merely 275 mV, over 50 mV lesser than the 

Ni(OH)2 deposit prepared on the nickel substrate.  

Electrochemical impedance spectra (EIS) obtained at an oxygen evolving overpotential of 370 

mV (Figure 4-1b) clearly show the lower Faradaic resistances34 associated with the deposits on 

SS as opposed to nickel. The smaller size of the first semicircle is an indicator of easier charge 

transfer between the deposit and substrate. The smaller diameter of the second semicircle35 

signifies improved OER kinetics related to easier formation of intermediates,34 critical to 

efficient OER catalysis. Clearly, the deposit on SS has a significantly lower overall faradaic 

resistance and greatly superior OER kinetics enabling excellent OER catalysis. The 

electrochemical behavior seen in Figure 4-1 clearly suggests that Ni(OH)2 deposits on SS are 

clearly superior OER catalysts than similar deposits on Ni. We attribute it to the well-studied 
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interaction of Fe and Ni(OH)2 leading to excellent OER catalysis.8, 11 As mentioned previously, 

while typically Fe incorporation induced OER catalysis performance enhancement of Ni(OH)2  

 

 
Figure 4-2. (a,b,c) Scanning electron microscope images of hybrid SSNP/Ni(OH)2 deposits on 

Ni foam substrate; (d,e,f) HRTEM images of co-deposited SSNP/Ni(OH)2 nanocomposite; (g) 

Thermogravimetric analysis (TGA) curves comparing thermal behavior of as-purchased SSNP to 

the nanocomposite SSNP/Ni(OH)2 deposit; (h) Raman spectra of SSNP and SSNP/Ni(OH)2 

recorded using 532 nm laser source (3 mW laser power). 
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occurs due to incidental iron incorporation from within the alkaline electrolyte used in 

electrolysis, use of steel substrate during our electrodeposition allows for immediate exploitation 

of this synergy. To maximally harness this activity enhancement observed while utilizing a 

planar steel and significantly lower the overpotential further, it is imperative to somehow 

increase the interfacial surface area between the deposit and substrate. An approach that allows 

for nanostructuring while enabling thicker deposits and higher loading without compromising on 

performance would be highly beneficial. An EPD based co-deposition strategy would greatly 

simplify the controls required during deposition as compared to traditional Ni/Fe 

electrodeposition systems.  

EPD allows for facile voltage induced deposition of a wide range of nanoparticles when 

optimally suspended within a suitable dispersion medium.36 Additionally, EPD was selected as 

the method to deposit the hybrid SS/Ni(OH)2 given its ability to produce high performance and 

robust deposits that can withstand the demands of electrochemical applications.37, 38 A particular 

advantage of using electrophoresis based co-deposition, as we do here, is that it facilitates 

deposition of SSNP onto the Ni foam electrode while simultaneously decorating those deposited 

SSNP with Ni(OH)2 in-situ during a single-step deposition process. Briefly, 0.25 mg ml-1 SS 

nanoparticles (SSNP) were suspended in an ethanol-isopropanol (1:1) solution containing 0.2 mg 

ml-1 nickel chloride. A schematic of the deposition working mechanism is provided in Figure S4-

2. Upon application of an electric field, the SSNP charged positively on account of adsorbed Ni2+ 

ions, migrate towards and deposit upon the negatively polarized Ni foam electrode. Upon contact 

with the Ni foam electrode, given the high localized pH at the electrode-electrolyte interface, the 

Ni2+ get deposited in the form of Ni(OH)2 nanoparticles on the SSNP surface, following a 

mechanism similar to the case with the planar substrate previously discussed. 
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The electron micrographs (Figure 4-2) of the resultant SSNP/Ni(OH)2 deposit on Ni foam 

substrate show the dense deposit on SSNP on the Ni foam decorated by smaller Ni(OH)2 

nanoparticles. Figure 4-2 d, e show high-resolution transmission electron microscope (HRTEM) 

images indicate some nanoparticle decoration on the surface of SSNP. The X-ray diffraction 

(XRD) data obtained (Figure S4-3) show no obvious Ni(OH)2 peaks with only sharp well defined 

SS related peaks visible.  This may be attributable to the generally disordered and small particle 

size of the Ni(OH)2 on the SSNP. However, Figure 4-2f shows lattice spacing of 0.29 and 0.248 

nm attributable to α-Ni(OH)2.39, 40 Further confirmation of formation of a SSNP/Ni(OH)2 hybrid 

was attained via TGA as seen in the curves in Figure 4-2g obtained under air flow at a ramp rate 

of 10 oC min-1. As-purchased SSNP show only a gradual increase in weight as the temperature 

increases due to the oxidation of the SS surface. The SSNP/Ni(OH)2 hybrid on the other hand 

show three distinct features, the two weight loss steps as seen previously in Figure 4-1, 

associated with Ni(OH)2 and an additional feature of weight increase after the complete 

conversion to NiO that is attributable to the previously observed oxidation of the exposed SSNP 

surfaces. The Raman spectra of as-purchased SSNP and the hybrid deposit are shown in Figure 

4-2h. Due to the low Raman scattering intensities obtained from Ni(OH)2, no clear signal of 

Ni(OH)2 could be obtained at lower powers of the 532 nm laser source.  Higher Raman 

intensities could be obtained at slightly higher laser powers (≥ 3 mW), however laser induced 

heating appears to convert the hydroxide into the corresponding oxide,41 NiO showing a broad 

feature around 508 cm-1.42 Both bare SSNP and SSNP/Ni(OH)2 deposits show a similar feature 

around 690 cm-1 attributable to FeCr2O4 spinel phase in the SS.43 The material characterization 

data in Figure 4-2 supports the formation of a SSNP/Ni(OH)2 hybrid during the electrophoretic 

co-deposition process. 
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 All the OER performance characterization was performed in O2 purged 1M KOH. Figure 4-3 

shows the SSNP/Ni(OH)2 comprehensively outperform two control samples -electrophoretically 

Figure 4-3. Comparison of OER performance of electrophoretically co-deposited SSNP/Ni(OH)2 

nanocomposite, electrophoretically deposited SSNP, electrodeposited Ni(OH)2 and bare Ni foam 

control sample in 1 M KOH: (a) Cyclic voltammetry (CV) curves recorded at 2 mV s-1; (b) 

Nyquist curves recorded at 1.6 V vs RHE; Comparison of various SSNP/Ni(OH)2 deposits (c) 

CV curves recorded at 2 mV s-1
. EPD was performed either 1, 3, or 6 times consecutively, 

corresponding to designations of 1x, 3x and 6x respectively. (d) Chronopotentiograms (iR-

uncorrected) recorded at 10 to 100 mA cm-2 in 10 mA cm-2 increments every 30 min. 
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deposited bare SSNP as well as electrodeposited bare Ni(OH)2- deposited under similar 

conditions at 200 V for 2 min. The hybrid deposit requires an ultralow overpotential of ~255 mV 

required for a current density of 10 mA cm-2. The overpotential required by the hybrid at all 

higher current densities is significantly lower than the individual SSNP and Ni(OH)2 deposits. In 

part, the nanostructuring of the Ni(OH)2 surface would increase electrochemically active area. 

Yet again, the Ni(OH)2  redox peaks in the hybrid SSNP/Ni(OH)2 deposit show an anodic shift 

seen previously suggesting some Fe infiltration within the Ni(OH)2. This indicates the significant 

influence of the intimate interface formed between the SSNP/Ni(OH)2 during deposition on the 

greatly enhanced OER catalysis properties of the deposit. The EIS data acquired at an oxygen 

evolving overpotential of 370 mV, seen in Fig 3b, corroborates the trends seen in the cyclic 

voltammograms. The composite deposit shows the lowest total Faradaic resistances than both the 

exclusively SSNP and Ni(OH)2 deposits leading to excellent OER performance characteristics.  

The inordinate reduction in resistance to OER as represented by the greatly diminished second 

semicircle is indicative of the synergy of the SSNP and Ni(OH)2 within the hybrid deposit to 

facilitate facile oxygen evolution. 

To further lower OER overpotentials, thicker deposits were produced by performing multiple 

depositions of SSNP/Ni(OH)2 on Ni foam substrate using the same deposition parameters (200 

V; 2min) and fresh deposition dispersion was used after every deposition step. The deposits were  

designated 1x, 3x and 6x, corresponding to a single, three and six consecutive deposits i.e. 2, 6 

and 12 total minutes of deposition respectively. Figure 4-3c shows the CV of the 1x, 3x and 6x 

deposits. The overpotential to achieve 10 mA cm-2 decreases by ~35 mV to merely 220 mV for 

the 6x sample. Since typically hydrophobic binders are avoided in these EPD produced deposits, 

improved performance is witnessed even at higher overall mass loadings. Generally the binders  
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Figure 4-4. (a) Comparison of CV of SSNP/Ni(OH)2 recorded at 2 mV s-1 and (b) Nyquist 

curves recorded at 1.6 V vs RHE nanocomposite recorded before and after 1000 cycles of 

accelerated stability testing in 1 M  KOH; (c) Chronopotentiograms (iR-uncorrected) recorded at 

100 to 500 mA cm-2 in 100 mA cm-2 increments every 30 min in 1 M and 10 M KOH. 
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 and carbonaceous support can cause severe drops in performance due to increased bubble 

trapping, especially at higher loadings.29 The chronopotentiograms for the three samples 

performed in 10 mA cm-2 increments from 10 to 100 mA cm-2 every 30 min are shown in Figure  

4-3d. Similar to the trends in the CV curves, the thicker deposits outperform the 1x deposit and 

significantly lower the onset potential of OER. At higher current densities there appears to be a 

slightly lower disparity in performance between the lower and higher loading samples, likely 

owing to mass transport limitations.3 Most significantly, the samples prove to be robust, able to 

survive the conditions of vigorous bubble generation without damage as seen from the stability, 

Prior to recording the chronopotentiograms seen in Figure 4-3d, the deposits were also subjected 

to accelerated stability testing protocol by cycling 1000 times between a voltage window of 1.3-

1.8 V vs RHE at 100 mV s-1. Figure 4-4a shows iR-corrected CV curves of the 6x deposit. It is 

observable that there is no loss in performance even after being subjected to the harsh testing 

protocol. The EIS curves recorded at 370 mV similarly show near identical curves before and 

after accelerated cycling confirming the durability of the deposits. The same deposit was then 

tested for higher current density applications in 10 M KOH. Figure 4-4c compares the iR- 

uncorrected chronopotentiograms recorded in 1 M and 10 M KOH solutions. The current 

densities were stepped up from 100 to 500 mA cm-2 in 100 mA increments. It is evident that 

performance is significantly improved in the more concentrated KOH electrolyte. In 10 M KOH, 

the deposit only requires only (iR uncompensated) 290 mV @ 100 mA cm-2 and 450 mV @ 500 

mA cm-2. Most significantly, Even at these high current densities, the SSNP/Ni(OH)2 deposit 

proves to be highly durable with no apparent increase in overpotential over time.  
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4.4 Conclusions 

In conclusion, by electrophoretically co-depositing Ni(OH)2 nanoparticle decorated SS 

nanoparticles onto a 3D Ni foam substrate, we were able to maximize the synergistic interactions 

between the two components in the deposit. The performance of the composite deposit far 

exceeds the individual components, likely owing to some Fe doping of the Ni(OH)2 in the 

deposit induced during the deposition process itself. The engineered 3D nanostructuring of the 

SS/Ni(OH)2 interface (i.e. Ni(OH)2 nanoparticle decoration of the nanoscale SS particles) onto 

the 3D Ni foam support allows for greater exposed catalyst surface. These robust deposits 

produced by EPD are able to sustain high current electrolysis despite the lack of typically used 

binder materials. This allows the entire deposit to be available for the catalytic action with 

improved wettability and catalyst accessibility. In typically studied 1 M KOH, merely 220 mV 

and 250 mV are required to sustain 10 and 125 mA cm-2 respectively. This allows for 

overpotentials as low as  450 mV (iR uncorrected) to generate 500 mA cm-2 in 10 M KOH. 

4.5 Materials and Methods 

Nanomaterial Deposition: Electrodeposition of Ni(OH)2 was performed from an 

ethanol/isopropanol (1:1) electrolyte containing 0.2 mg ml-1 dissolved NiCl2.6H2O (Sigma-

Aldrich, St. Louis, MO, USA). Deposition was carried out under applied potential of 200 V 

using a  high voltage power source (Matsusada Precison, Model EJ-2R100) for 2 min each on 

stainless steel and nickel foil substrates (McMaster-Carr, Elmhurst, IL, USA). 20 ml of 

dispersion was used in each deposition with 1 cm-2 exposed area on the substrate. Substrates 

were cleaned in 6 M HCl for 10 minutes, rinsed thoroughly in deionized water and dried prior to 

deposition. 
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Electrophoretic deposition (EPD) was performed using the same ethanol:isopropanol solution as 

the dispersion medium. Ni foam substrates (MTI Corporation, Richmond, CA, USA) were also 

cleaned using a similar protocol as the planar substrates. Stainless steel 316L nanopowder (40 -

100 nm) was purchased from US Research Nanomaterials, Inc., Houston, TX, USA. SS 

nanoparticles (SSNP) were dispersed in the dispersion medium using an ultrasonic probe 

sonicator for 5 minutes. The Ni foam substrate (1 cm2 projected area) was suspended in between 

the two graphite foil counter electrodes, spaced 1.5 cm from each other in a beaker containing 20 

ml of dispersion. EPD was then performed by applying 200 V for two minutes. Pure Ni(OH)2 

was deposited as described before. Pure SSNP deposition was performed using a dispersion 

containing only 0.25 mg ml-1 suspended SSNP with no additional surfactants added to the 

dispersion. The SSNP/Ni(OH)2 nanocomposite was deposited from a dispersion containing 0.25 

mg ml-1 suspended SSNP and 0.2 mg ml-1 of dissolved NiCl2.6H2O. Typically, SSNP were 

dispersed first for 10 minutes, after which appropriate amount of NiCl2 dissolved in ethanol was 

introduced into the dispersion and further sonicated for 10 minutes. For multiple depositions, 

after every 2 min deposition, fresh 20 ml of dispersion was used and deposition process repeated. 

The deposit was not allowed to dry in between steps. 

Material Characterization: Hitachi S-4800 field emission scanning electron microscope was 

used to obtain secondary electron images of the nanocomposite deposits on Ni foam. Hitachi H-

9500 HRTEM operated at 300 KeV was used to record transmission electron images of the 

SSNP/Ni(OH)2 deposits. Deposits were removed from foam substrate via sonication in 

isopropanol and then drop cast on to TEM grid for imaging. 

Thermogravimetric analysis (TGA) curves were recorded using a TGA-51 (Shimazu Scientific 

Instruments). Samples were heated in air flow (10 ml min-1) at a ramp rate of 10 oC.min-1. Raman 
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spectra were recorded using a Thermo Scientific™ DXR™ Raman imaging microscope. A 532 

nm laser excitation source operated at 3 mW power was used to record the spectra (average of 5 

exposures; 45 s each). XRD was performed using Bruker D-8 Advance diffractometer (40 kV, 

40mA; Cu Kα radiation). A zero-background Si holder (MTI Corporation, Richmond, CA, USA) 

was used to avoid substrate interference.  

Electrochemical testing: All electrochemical characterization was performed using a basic 

three-electrode setup (graphite rod counter electrode; Ag/AgCl  (4 M KCl) reference electrode) 

and a Gamry Reference 3000 potentiostat (Gamry Instruments, Warminster, PA, USA). The 1 M 

KOH electrolyte (pH 13.6) was first saturated with oxygen by bubbling oxygen gas for 20 

minutes. Voltages versus RHE are reported as follows: ERHE(V) = Evs Ag/AgCl+ 0.20 + (0.059*pH).  

95% iR correction was applied manually to all cyclic voltammograms based on the 

uncompensated solution resistance measured prior to testing. Electrochemical impedance spectra 

(EIS) data was recorded from 105-0.1 Hz under an AC perturbation of 10 mV at an applied 

voltage of ~1.6 V vs RHE. All deposits on Ni foam were stabilized by cycling 10 times at scan 

rate of 5 mV s
-1

 in 1 M KOH. Scan rates used (5 mV s-1 or 2 mV s-1) are specified appropriately 

within the manuscript. For the accelerated stability test, the deposit was cycled 1000 times 

between 1.3-1.8 V vs RHE electrode at 100 mV.s-1. 

Chronopotentiograms were recorded with applied current densities of 10-100 mA cm-2 

incremented by 10 mA.cm-2 every half hour. For higher current density testing (both in 1 M and 

10 M KOH), current was stepped from 100-500 mA cm-2 in 100 mA cm-2 increments every 30 

min. No iR correction was performed on any chronopotentiometry curves. 
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 Figure S4-5. Representative TGA curve of electrodeposited α-Ni(OH)2 
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Figure S4-2. Schematic sketch of electrophoretic co-deposition of Ni(OH)2 nanoparticle 

decorated stainless steel nanoparticles. 
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Figure S4-3. Representative X-ray diffraction (XRD) data of as-purchased stainless steel 

nanoparticles (SSNP) and electrophoretically deposited SSNP/Ni(OH)2 nanocomposite. No α-

Ni(OH)2 peaks are apparent owing to disordered structure or small particle size. 
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CHAPTER 5 

 

 

 ADAPTABLE ELECTROPHORETIC DEPOSITS OF AMORPHOUS  

METAL HYDROXIDE DECORATED CARBON NANOTUBES  

FOR OVERALL WATER SPLITTING 
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5.1 Abstract 

A catalyst that could optimally catalyze both, the oxygen evolution reaction (OER) as well as the 

hydrogen evolution reaction (HER) to split water at low overall overpotentials would be highly 

beneficial to the widespread applicability of electrolytic water-splitting. However, performance 

compromises on one or both sides of the reaction are typically encountered when using a single 

bifunctional water-splitting catalyst material. To overcome this issue, we propose electrophoretic 

deposition (EPD) as an effective technique to produce CNT-metal hydroxide based deposits that 

serve as an adaptable platform in order optimize both sides of the water splitting reaction in 

alkaline water electrolysis. Synergistic substrate/deposit interactions were exploited by 

electrophoretically depositing binder-free amorphous Ni(OH)2, Co(OH)2, and mixed Ni-Co 

hydroxide nanoparticle decorated carbon nanotubes (CNT) deposits directly onto inexpensive 

metal mesh substrates. As prepared, the CNT-metal hydroxide deposits on stainless steel mesh 

could generate oxygen at overpotentials as low as 245 mV @ 10 mA.cm-2. The metal hydroxide 

present in the deposits allowed for subsequent modification to optimize the HER performance. 

To minimize the HER overpotentials, the same deposits were further decorated with platinum 

nanoparticles via a simple galvanic replacement process. The resultant novel hybrid nickel-cobalt 

metal hydroxide/platinum decorated CNTs could generate 10 mA.cm-2 of hydrogen at ~50 mV.  

The optimized OER/HER combination could split water at the specified current density at ~1.55 

V stably for a period of 24 hours. This work provides basis for the use of EPD to produce 

conductive, binderless, and high activity deposits amenable to subsequent application specific 

modification.  
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5.2 Introduction 

Alkaline water-splitting via renewable sources could be a viable sustainable solution for 

emission-free hydrogen production.1, 2 Cost-effective catalyst electrodes that maximize system 

efficiency by lowering operating overpotentials for the hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER) are key to widespread implementation.3 Ideally, a truly 

bifunctional OER/HER catalyst that can catalyze both, HER as well as OER at modest 

overpotentials would be highly beneficial to the cost effectiveness of electrolytic hydrogen 

production by reducing overall electrode manufacturing costs and reducing system complexity.4, 

5 Various transition-metal selenides,6 phosphides,7-9 sulfides,10 nitrides11 etc. have emerged as 

popular materials for this application. In practice, however, there tends to be a compromise in 

performance on one or both sides of the water-splitting reaction when using a single catalyst 

material to facilitate water-splitting.2 For instance, a material such as NiFe layered double 

hydroxide shows extremely low OER overpotentials but as an HER catalyst, it required 210 mV 

to produce 10 mA.cm-2, ~100 mV higher than the benchmark platinum catalyst.5 Therefore, 

another and perhaps more effective approach might be utilizing a material that has been 

optimized for OER (or HER) and a modification thereof which can ensure optimal catalytic 

performance for the reaction on the other side as well. Metal hydroxides (M(OH)2) such as nickel 

hydroxide, cobalt hydroxides and especially bimetallic nickel-cobalt hydroxides are excellent 

candidates to enable such a strategy. Despite their excellent performance catalyzing alkaline 

OER, these hydroxides by themselves tend to be mediocre HER catalysts.5 This limits their 

direct use as bifunctional HER/OER catalysts. Nevertheless, these metal hydroxides could serve 

as precursors that can be subsequently transformed or adapted using some kind of post-synthesis 

procedure into a more active phase for HER catalysis. For instance, nickel and cobalt hydroxides 
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have previously served as precursors for subsequent conversion into metal/metal oxide 

hybrids,12, 13 chalcogenides,14 phosphides,15 nitrides16 etc. using thermal, vapor phase or 

electrochemical treatments geared towards more efficient HER catalysis.  

Thus, if a highly active metal hydroxide based deposit fine-tuned towards efficient OER catalysis 

could first be produced, with some post deposition treatment, a similarly high performance HER 

catalyst could also be obtained. Extracting maximum catalytic performance requires 

simultaneously harnessing several factors that individually contribute to improved 

electrochemical performance. Decoration of active nanomaterials on graphitic materials such as 

carbon nanotubes (CNTs) and graphene has been known to improve their electrocatalytic 

performance due to hierarchical nanostructuring, improved conductivity and synergistic 

interactions between the nanoparticles and the carbon based nanomaterials.2, 17-20 Another factor 

that influences performance is crystallinity. More recently, amorphous phases have been found to 

outperform crystalline counterparts.21-23 Non-participating electrode binder materials used during 

electrode assembly that tend to increase impedances and decrease surface wettability tend to 

significantly hinder performance.4, 24 Additionally, the loss of intimate substrate/deposit contact 

due to the presence of binder in the assembled electrode may also significantly hamper 

synergistic enhancement effects.25, 26 However, preparing such hydrophilic, robust yet binderless 

deposits of amorphous metal hydroxide decorated CNTs intimately attached to the substrate 

using traditional material and electrode fabrication techniques is quite challenging.   

Electrophoretic deposition (EPD)27, 28 has been shown previously to be a versatile deposition 

method that can maximize electrochemical performance from carbonaceous nanomaterial 

deposits by eliminating polymeric binder, facilitating in-situ active nanoparticle decoration,27 

offering control over orientation27, 28 etc. Avoiding binders is especially prudent as they could be 
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incompatible with the post-treatment procedures, generally high temperature treatments in 

special atmospheres,12, 29 used to transform the metal hydroxides to other phases. EPD has been 

previously shown to produce Ni(OH)2 decorated CNT and graphene deposits with excellent 

electrochemical performance for applications such as supercapacitors and glucose detection.30-32 

Therefore, we first adopted a facile, versatile and scalable single-step electrophoretic deposition 

(EPD) process that could rapidly produce robust amorphous nickel, cobalt and nickel-cobalt 

hydroxide decorated CNTs deposits on synergetic metal mesh electrodes without need for any 

extraneous binders.  

Our deposition process involving simultaneous metal hydroxide nanoparticle decoration and 

deposition of CNTs may be viewed as a combination of EPD and electrodeposition. As prepared, 

their binder-free, hydrophilic nature as well as low Faradaic resistances due to intimate contact 

with the stainless steel substrate, ensures extremely high electrochemical activity toward OER in 

alkaline medium.  In order to optimize the HER catalysis and illustrate the adaptability of our 

deposits, we performed a simple galvanic replacement procedure wherein the M(OH)2 decorated 

CNT coated mesh were further decorated with platinum nanoparticles. Using a process like 

galvanic replacement to produce such catalysts is very appealing due to the low energy 

expenditure involved. Previously, Pt nanoparticle decorated Ni(OH)2 nanoflakes have been 

shown to greatly reduce HER overpotentials in alkaline medium.33 This metal hydroxide/Pt 

combination provides optimal conditions for water dissociation, adsorption of intermediates and 

eventual recombination to form H2, overcoming the deficiencies of either material when used 

individually for alkaline HER.33, 34 To the best of our knowledge, there have been no such prior 

studies of hybrid carbon nanotube deposits decorated with both platinum and Ni/Co hydroxides 



153 
 

or even carbon-free Co(OH)2/Pt or mixed Ni-Co hydroxide/Pt deposits for  HER. All three 

resulting hybrid deposits in this work show high HER catalytic activity.  

These Pt enhanced CNT/M(OH)2 deposits could have a wide range of electrochemical 

applicability beyond the HER studied here. As-prepared, the CNT/M(OH)2 deposits would easily 

lend themselves to these various downstream processes for subsequent conversion into more 

active noble metal-free compositions, if required. The best OER performance was obtained when 

using stainless steel mesh as a substrate while nickel derived the best HER performance. Among 

our deposits, CNTs decorated with a mixed nickel-cobalt hydroxides were determined to be the 

best candidate to employ to achieve optimal OER and subsequent hybridization for HER. 

Ultimately, the best OER/HER catalyst combination was able to durably split water at 10 

mA.cm-2 at as low as 1.55 V.   

5.3 Results and Discussion  

Electrophoretic deposition or EPD,35-38 is a versatile technique known for its ability to deposit 

virtually any suspended nanomaterial given the right combination of surface charge and 

deposition voltage. The deposition process hinges on first producing a dispersion of a sufficiently 

charged nanomaterial in a liquid medium, followed by the electric field induced deposition on an 

electrode (substrate) with the opposite charge. The charge on a nanomaterial may stem from 

native surface charges or foreign ionic species introduced into the medium. Ideally, the co-

deposited charging agent should enhance the performance of a deposit and at the very least not 

hinder the intended application. In the case of CNTs, the presence of weak negative charges on 

their surface from dissociated functional groups (introduced during preliminary acid 

treatment/purification), allows for facile adsorption of positively charged metal ions, when 

available in the medium. Upon exposure to an electric field, they tend to migrate to and 
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flocculate on the negatively charged electrode, as previously described. A schematic sketch of 

the deposition mechanism is shown in Figure S5-1.When the deposition conditions induce high 

localized pH at the electrode/electrolyte interface,39 the metal ions in the electrolyte tend to take 

the form of corresponding hydroxides on the CNT surface upon deposition.31, 40 Unlike typical 

electrodeposition, however, the concentration of metal ions in the deposition bath is extremely 

limited, leading to nanoparticle decoration on the CNT surface rather than embedding the CNTs 

in a metal hydroxide matrix. Briefly, the electrophoretic deposition process was carried out as 

follows. A metal mesh working electrode (1 cm2 projected area) was typically sandwiched 

between two similarly sized graphite counter electrodes 14 mm apart. This electrode assembly 

was then immersed in a CNT-metal salt dispersion and a voltage of 200 V was applied for 3 

minutes. 

 

Figure 5-1.  Representative thermogravimetric analysis (TGA) curves of plain CNT and the 

three hybrid metal hydroxide decorated CNT deposits: CNT-Ni, CNT-NiCo, and CNT-Co. 
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We have previously reported metal hydroxide decorated CNT deposits prepared by depositing 

CNTs with metal ions via EPD in a purely aqueous medium.31 While those deposits performed 

well under the relatively benign test conditions of non-enzymatic glucose sensing, their adhesion 

was found lacking when utilized in highly challenging environments encountered in gas evolving 

reactions such as water-splitting.  The deposits would rapidly peel off the substrate when 

subjected to even relatively mild bubble generation. The interfacial conditions during the 

deposition process at the substrate/deposit interface, owing to significant electrolysis in a purely 

aqueous deposition medium may have played a significant role in compromising the deposit 

adhesion. We found that this problem could be alleviated by replacing the exclusively water 

based deposition medium to an alcohol based one. We found that metal hydroxide decorated 

CNTs, when deposited from an ethanol-isopropanol solution containing nickel and/or cobalt 

ions, were robust enough to survive the harsh conditions of oxygen and hydrogen generation. 

The small amount of water content inherent in the deposition bath via water of hydration 

associated with the dissolved metal salts allows for localized deposition conditions forcing metal 

hydroxide deposition on the CNT surface. At the same time, the significantly lower availability 

of water ensures that the electrolysis during deposition is limited enough to not violate the 

structural integrity of the deposit as in the case of a purely aqueous medium.  

For the sake of brevity, the CNT-M(OH)2 deposits containing nickel hydroxide, cobalt hydroxide 

and nickel-cobalt hydroxide will be referred to as CNT-Ni, CNT-Co and CNT-NiCo respectively 

henceforth. Thermogravimetric analysis (TGA) was first used to confirm the deposition of metal 

hydroxides on the CNT surface. As expected, the TGA curves (Figure 5-1) provide a clear 

indication that the co-deposited nanoparticles on the CNT are α-phase of the corresponding metal 

hydroxides. The removal of large amount of intercalated water within the hydrated Ni(OH)2 
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crystal structure at temperatures lower than 200 
o
C is characteristic of the α-M(OH)2 phase.41 The 

TGA curves of all the deposits show multiple weight loss steps corresponding the loss of 

adsorbed and intercalated water, dehydration of the hydroxides to oxides, and the eventual 

decomposition of CNTs. The derivative thermogravimetric analysis (DTG) curves are presented 

in Figure S5-2. The pure refluxed CNTs as prepared completely decompose by ~625 
o
C.  

However, the nanoparticles on the decorated CNTs, promote their decomposition at lower 

temperatures42 with all three deposits reaching a stable final weight by ~525 
o
C. CNT-Ni 

contained the largest amount of intercalated water at ~15% with Co(OH)2 containing 10%. At 

900 
o
C, approximately 25% weight in the form of metal oxides remain in the samples after the 

removal of the CNTs. 

  

Figure 5-2. (a, b) FE-SEM images of stainless steel 80 x 80 mesh coated electrophoretically 

with Ni(OH)2 nanoparticle decorated carbon nanotube (CNT) (c) HR-TEM image of Ni(OH)2 

nanoparticle decorated CNT, (designated CNT-Ni); (inset) electron diffraction pattern. 

Given the similar deposition mechanism for all the samples, CNT-Ni deposits were chosen to be 

representative samples for imaging. Figure 5-2 a, b show secondary electron micrographs of 

representative Ni(OH)2 decorated CNT deposits on 80 x 80 SS mesh at low and high 
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magnifications respectively. The deposited nanoparticles are not readily apparent on the CNT 

surface from the FE-SEM images. The HRTEM image, along with the diffused rings seen in the 

electron diffraction pattern (inset) confirms the presence of deposited amorphous nanoparticles 

(generally <5 nm) on the CNT. Although the two weight loss steps seen in the TGA results 

confirm that the deposited nanoparticles are the hydrated α– polymorph of the Ni(OH)2, when 

observed in the HRTEM, under electron irradiation, the nanoparticles tended to dehydrate  

and rapidly transform into NiO with lattice spacing of 0.21 nm (Figure S5-3). This phase 

transformation of α-Ni(OH)2 under electron beam irradiation has been previously documented by 

others.43, 44 

 

Figure 5-3. (a) Representative Raman spectra of the hybrid metal hydroxide decorated CNT 

deposits obtained at 10 mW; (b) Magnified view of the low wavenumber region. The metal 

hydroxides experience laser heating induced phase transformation into their corresponding 

oxides as shown. 
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The Raman spectra of the as-deposited CNT-M(OH)2 samples did not show any distinct peaks of 

the metal hydroxide materials at lower laser powers (< 2 mW). This is likely a consequence of 

the absorption from CNTs as well as low Raman scattering of the metal hydroxides. As laser 

power was increased, however, localized heating induced a phase transformation45 of the metal 

hydroxides into their corresponding oxides that were easier to detect. Figure S5-4-6 show the 

influence of laser power on the Raman spectra acquired from the deposits. Figure 5-3 shows the 

Raman spectra of the deposits acquired using a 532 nm laser at a power setting of 10 mW. All 

the deposits showed peaks at ~1580 and ~1345 cm-1 typical of multi-walled CNTs.46 A broad 

feature at round 508 cm-1 corresponding to nickel oxide,47 three bands at 467, 508, and 651 cm-1 

corresponding to NiCo2O4
48 and 192, 475, 515, 612, and 681 cm-1 are seen in the case of Co3O4

49 

respectively upon laser induced phase transformation. 

For further confirmation of metal hydroxide deposition, deposits devoid of CNTs were prepared 

by depositing from electrolyte containing only 0.2 mg. ml-1 metal salts, similar to the electrolyte 

used during CNT-M(OH)2 co-deposition. The Raman spectra of the pure metal hydroxide 

deposits are shown in Figure S5-7. Spectra for cobalt hydroxide and nickel-cobalt hydroxide 

were obtained at 2 mW, while nickel hydroxide was collected at 10 mW laser power to improve 

quality of the Raman signal. Higher Raman intensities could be obtained due to the lack of 

absorption from the CNTs. These deposited materials were more resistant to phase 

transformation under laser irradiation as compared to the smaller nanoparticles decorating the 

CNTs. Those deposits were produced using the exact sample deposition conditions but without 

CNTs in the deposition solution.  The peak at ~465 cm-1 is assigned to Ni(OH)2 while the feature 

at ~481 cm-1 is attributed to Ni(OH)2 with high degree of disorder.50 The bands at ~465 and ~528 

cm-1 are assigned to mixed nickel-cobalt hydroxides51 where the band of 528 cm-1 tends to reflect 
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the degree of disorder within the Ni(OH)2 structure owing to the presence of the cobalt ions. 

Bands at 463, 480, 521 and 580 cm-1 confirm Co(OH)2.
52  

 

Figure 5-4. Cyclic voltammograms of CNT-Ni, CNT-NiCo, and CNT-Co deposits (a) before and (b) after 

1000 cycles of accelerated stability testing protocol. All CV curves were recorded in 1 M KOH at 2 mV s
-1
. 

(c) Chrononopotentiometry curves recorded after the accelerated stability testing for 6 h at 10 mA. cm
-2
 

indicate excellent durability of the OER catalysts. (d) Chronopotentiograms of the CNT-M(OH)2 deposits 

obtained at various current densities. Current densities were incremented in steps of 10 mA. cm
-2
 every 30 

minutes. 
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The three variants: CNT-Ni, CNT-NiCo and CNT-Co deposits on stainless steel mesh were 

tested to determine electrochemical OER performance and durability. Stainless steel mesh was 

chosen as the substrate for OER due to the significantly lower overpotentials and higher current 

densities obtained with the steel as opposed to nickel substrate, as seen in Figure S5-8. We 

hypothesize that a small amount of Fe from the substrate dopes the metal hydroxide during the 

deposition process, leading to this higher activity.26 The anodic shift of the oxidation peak seen in 

the deposit on SS as opposed to that on nickel substrate, seems to indicate some addition of Fe to 

the deposit.53 This is consistent with previous reports of Fe incorporation in Ni(OH)2 and 

Co(OH)2 leading to improved OER performance.53, 54  The deposits were first stabilized by 

electrochemical cycling 10 times at 5 mV. s
-1

 between 1 - 1.6V vs RHE. Subsequently, the 

deposits were subjected to an accelerated testing protocol which involved rapid cycling (100 mV. 

s
-1

) between 1.3 – 1.8 V versus RHE for a 1000 cycles. Figure 5-4a and b show the cyclic 

voltammograms recorded at 2 mV.s
-1 

obtained initially and after 1000 cycles respectively. The 

differing redox peak positions of the three samples confirms the formation of three different 

metal hydroxides on the CNTs during the electrophoretic deposition process with the sample 

containing pure Ni(OH)2 showing the most anodic redox peak position representing the 

conversion to the corresponding oxyhydroxide. In terms of OER overpotential, the CNT-Ni and 

CNT-NiCo show the best performance indicated by the low overpotentials of ~245 mV at 

nominal current density of 10 mA.cm
-2

, the Figure 5-of merit typically considered.55 This high 

level of performance remains unaffected even after the accelerated stability testing indicating 

high durability of the catalyst deposits. The CNT-Co sample shows comparatively lower 

performance with η10 mA of ~275 mV and ~25% lower current density at an overpotential of 370 

mV at the end of a 1000 cycles. However, the overpotential is still one of the lowest obtained for 
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pure Co(OH)2 based OER catalyst in alkaline medium. The durability and performance of the 

same catalyst deposits under steady state operation at 10 mA.cm
-2 

was tested immediately after 

the accelerated potential cycling tests. Figure 5-4c shows the chronopotentiograms obtained at 

η10mA. The durability of the deposits is further evidenced by the negligible change in 

overpotential over 6 hours of operation. The deposits were further subjected to stepped current 

increased from 10-100 mA.cm
-2

 in increments of 10 mA.cm
-2

 every 30 min. The potentials 

recorded at every current density for each sample appear to be consistent with previously 

obtained cyclic voltammetry data and show no significant degradation in performance over the 

entire electrochemical testing process. The low overpotentials of all the deposits and their 

durability are a testament to the excellent synergy between the CNTs and the decorating 

amorphous metal hydroxide nanoparticles and the robustness of the deposits. 

 

Figure 5-5. (a, b) FE-SEM images of 80 x 80 mesh copper wire cloth coated with a hybrid deposit of CNT 

decorated with Ni(OH)2/Pt nanoparticles (CNT-Ni/Pt); (c) HR-TEM image of CNT-Ni/Pt; (inset) diffused 

rings in the electron diffraction pattern shows the amorphous nature of the nanoparticles. 

In order to test the HER catalysis ability of the deposits, chronopotentiograms were recorded at 

10 mA.cm-2 while generating hydrogen gas (Figure S5-9). As prepared, on SS mesh, the HER 

overpotential is almost -400 mV. The HER overpotential further deteriorated when deposited on 
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copper mesh. There was a significant reduction in HER overpotential, however, when nickel 

plated copper mesh was utilized as the substrate. When deposited on nickel, the CNT-Ni deposits 

exhibited an overpotential of ~300 mV, making it the most suitable substrate for all subsequent 

HER tests. As mentioned previously, by themselves, Ni(OH)2 and Co(OH)2 are known to not be 

especially good HER catalysts. Providing Pt metal sites near the metal hydroxide is known to 

eliminate the bottleneck in intermediates on M(OH)2 recombining to form molecular H2.33, 34 

Hence, in order to optimize the HER side performance so as to make overall water-splitting 

viable, we adopted a simple galvanic replacement method. Galvanic replacement typically is 

self-sustained and does not require additional energy input. It allows for preparation of unique 

material combinations with intimate interfacial contact, critical especially in catalytic 

applications.56 Galvanic replacement,57 in and of itself, is extremely facile and versatile. It 

involves immersion of the target material or deposit in a solution of ions, typically, although not 

limited to noble metal ions such as Pt, Au, Ru etc. The difference in electrode potentials of the 

target as opposed to the free ions, provides the necessary impetus for the spontaneous deposition 

of the noble metals on to the target. Previously, galvanic replacement has been used to 

spontaneously decorate CNTs with noble metal nanoparticles,58 prepare metal/metal oxide 

hybrid structures,59 prepare core-shell structures,57 etc. In the case of our deposits, the galvanic 

replacement could occur at the expense of the substrate, oxidation of the metal hydroxide 

nanoparticles or surface functional groups on the CNTs. The exact mechanism at work in our 

deposits is worth further study. After soaking overnight in platinum chloride solution, the 

samples were allowed to dry for an hour at 100 
o
C in a heated oven.  Nickel plated (25 mA.cm-2 

projected area; 60s) copper mesh 80 x 80 was used for all HER tests unless specified otherwise.  
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Secondary electron micrographs of CNT/Ni-Pt deposits on nickel plated copper mesh (80 x 80) 

are shown in Figure 5-5 a,b. The nanoparticles are more apparent on the surface of the CNT as 

opposed to the as-prepared only metal hydroxide decorated CNT electrophoretic deposits. The 

HRTEM images (Figure 5-5c) clearly show the nanoparticle decoration on the CNT. Similar to 

the CNT/Ni samples seen previously, the electron diffraction pattern shows diffused rings 

suggesting amorphous deposits. The presence of Pt nanoparticles is confirmed by the lattice 

fringes (Figure S5-10) corresponding to crystalline Pt and NiO that can clearly be seen. Similar 

to the M(OH)2 nanoparticles, the crystalline phases for Pt and NiO seem to appear under electron 

beam irradiation.  This transformation under the beam of amorphous Pt has also been recently 

reported.60 Representative TGA curves for CNT-Ni/Pt, CNT-NiCo/Pt, and CNT-Co/Pt are shown 

in Figure 5-6a. All three curves show the two initial weight loss steps stemming from 

dehydration from the hydrated metal hydroxide to corresponding metal oxide similar to those 

seen in the case of the original deposits devoid of platinum. This further indicates that the 

deposits contain both Pt nanoparticles as well as hydrated metal hydroxide after the galvanic 

replacement process. 

Two significant differences were noted in the TGA curves of the hybrids when compared to the 

originally prepared pure CNT-M(OH)2 deposits. Firstly, the onset of CNT decomposition is 

delayed significantly with the addition of Pt to the hybrid as illustrated by the DTG curves in 

Figure S5-11 a, b, and c. Secondly, the initial water weight loss is lower than the as-prepared 

CNT/M(OH)2 deposits seen previously in Figure 5-1. This appears to primarily result from the 

drying process (100 
o
C for an hour) after the immersion in platinum ion solution. This is 

corroborated by the TGA curves in Figure S5-12. CNT-Ni control samples were immersed in 

pure DI water for a similar duration as the CNT-Ni/Pt deposits and dried either at room 
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temperature or at 100 
o
C. At a nominal temperature of 225 

o
C, the sample dried at elevated 

temperature loses 8.6 % weight in the form of intercalated and adsorbed water as opposed to 14.6 

% lost by the sample dried at room temperature. The weight loss experienced by the latter sample 

is similar to that of the as-prepared CNT-Ni. The delay in onset of CNT decomposition also 

appears to be on account of the Pt in the hybrid, not the drying process. Further evidence of the 

formation of a CNT/M(OH)2/Pt hybrid was obtained from the Raman spectra of the three 

deposits .The Raman spectra seen in Figure 5-6b further confirm the presence of the 

corresponding metal oxides61-64 in the deposits as seen in the original CNT-M(OH)2 samples due 

to laser heating.  

 

 

Figure 5-6. (a) Representative TGA curves of the hybrid CNT-Ni/Pt, CNT-NiCo/Pt and CNT-

Co/Pt deposits; (b) Raman spectra of CNT-Ni/Pt, CNT-NiCo/Pt and CNT-Co/Pt deposits after 

galvanic replacement procedure. 
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Figure 5-7. Electrochemical characterization of alkaline HER performance of the various as-

deposited and post-galvanic replacement samples: (a) Chronopotentiograms acquired at 10 

mA.cm-2; (b) Chronopotentiometry curves obtained in 10 mA.cm-2 increments every 0.5 h; (c) 

LSV curves comparing HER performance of CNT-Ni/Pt to CNT-Ni at 2 mV.s-1.   
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In terms of HER performance (Figure 5-7), at 10 mA.cm
-2 

all three as-prepared deposits lacking 

platinum showed similar behavior with overpotentials of ~260 mV recorded after 12 hours at 

constant current density. In comparison, samples containing platinum showed exemplary 

behavior with an approximately 200 mV reduction in overpotential to generate hydrogen at the 

same current density. Among the three hybrids produced, CNT-NiCo/Pt clearly outperformed the 

samples containing only Ni(OH)2 and Co(OH)2 in combination with platinum. CNT-NiCo/Pt 

only required an average overpotential 50 mV at 10 mA.cm
-2

 as opposed to the 60 mV and 70 

mV required by the CNT-Co/Pt and CNT-Ni/Pt deposits respectively over 12 h of testing. The 

difference between the three variants was more apparent in subsequent testing where the current 

density was incremented by 10 mA.cm
-2

 up to 40 mA.cm
-2 

every 30 min. The overall superior 

catalytic ability of the CNT-NiCo/Pt deposit is evident from Figure 5-7b as it outperforms the 

other two deposits by approximately 50 mV at current density of 40 mA.cm
-2

. The deposits 

devoid of platinum, however, show no real disparity in terms of performance even at the higher 

current densities. This indicates the favorable kinetics in the presence of the unique combination 

of the nickel-cobalt hydroxide along with platinum which amplifies the catalytic performance as 

opposed to the platinum loaded deposits of CNTs decorated with either pure Ni(OH)2 or 

Co(OH)2. The LSV curve performed at 2 mV.s
-1

 shown in Figure 5-7c also illustrates the 

superiority of the CNT-NiCo/Pt sample over CNT-NiCo as prepared over the entire swept 

voltage range. At -250 mV vs RHE, the platinum loaded sample was able to sustain 70 mA.cm
-2

 

as opposed to the 20 mA.cm
-2

 managed by its platinum-free counterpart.  

Given the excellent performance of the CNT-NiCo (on SS mesh substrate) on the OER side and 

CNT-NiCo/Pt (on nickel plated mesh substrate) towards HER, the combination was utilized to  
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Figure 5-8. Overall water-splitting curves obtained using combinations of the hybrid deposits for 

OER and HER catalysis. CNT-NiCo is used as OER catalyst in both combinations (Bold font is 

used here to indicate HER side catalyst; regular font indicates OER side catalyst) : (a) 

Chronopotentiometry curves recorded for 24 hours at 10 mA.cm-2. CNT-NiCo/Pt // CNT-NiCo 

combination splits water at ~1.55 V at the given current density; (b) LSV curves recorded at a 

scan rate of 1 mV.s-1
. 

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2

0 3 6 9 12 15 18 21 24

Po
te

nt
ia

l (
V

)

Time (h)

CNT-NiCo // CNT-NiCo

CNT-NiCo/Pt // CNT-NiCo   

HER // OER
10 mA/cm2

0

10

20

30

40

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Potential (V)

CNT-NiCo //  CNT-NiCo

CNT-NiCo/Pt //  CNT-NiCo

10 mA/cm2

(a)

(b)

CNT-NiCo/Pt // CNT-NiCo

CNT-NiCo // CNT-NiCo



168 
 

 facilitate overall water splitting in a two-electrode configuration in 1 M KOH (13.6 pH). The 

chronopotentiometry curves obtained at 10 mA.cm
-2

 for 24 h are presented in Figure 5-8a. The 

CNT-NiCo/Pt:CNT-NiCo combination is able to split water at an average of  ~1.55 V over a 

period of 24 hours. The combined overpotential of this hybrid electrode system is ~280 mV 

lower than the 1.82 V required to achieve the same current density using a combination of 

platinum-free CNT-NiCo on SS and Ni plated mesh to catalyze OER and HER, respectively. The  

LSV of the two electrode combinations shows the platinum-free system was consistently 

outperformed by ~250 mV at all current densities owing to the superior HER catalysis ability of 

the hybrid CNT-NiCo/Pt deposit. These metal hydroxides can be converted easily to 

corresponding oxides when heated in air. Fine tuning the Pt/Ni(OH)2 or Pt/NiO interface on the 

CNT surface could further enhance the HER performance. It is worth noting that we utilized the 

noble metal here as a demonstration of the how our deposits lend themselves to further 

modification. The deposited metal hydroxide in these deposits could serve as precursors to other 

noble metal-free active forms as reported elsewhere in published literature9, 12, 29, 65, 66 which 

eliminate need for noble metals completely. Using 3D stainless steel or nickel foams for OER 

and HER respectively instead of mesh could further boost the obtained current densities at given 

overpotentials. 

5.4 Conclusions 

By careful selection of deposition medium and substrate, we were able to produce highly 

electrocatalytically active, robust and durable hydrophilic metal hydroxide decorate CNT 

deposits. These binder-less deposits when coupled with a synergistic stainless steel mesh 

substrate could generate oxygen at 10 mA.cm
-2

 at overpotentials as low as 245 mA.cm
-2

. To 
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overcome the modest HER performance of the as-prepared deposits, the deposits were further 

subjected to a room temperature galvanic replacement method to additionally decorate them with 

platinum nanoparticles. These CNT/mixed metal hydroxide/Pt hybrids deposits on a nickel-

plated copper mesh could produce hydrogen at 10 mA.cm
-2

 at as low as ~50 mV. Our results

indicate further reduction of the overpotential could be achieved with substrate optimization. The 

combination of the as-produced and modified electrodes can durably catalyze overall water 

splitting at merely 1.55 V. These highly conductive electrophoretically deposited metal 

hydroxide deposits could serve as efficient precursors to other application specific post-synthesis 

modifications.  

5.5 Materials and Methods 

Deposition: Multi-walled CNT (10-20 nm diameter; 5-15 μm length) were purchased from 

Nanostructured and Amorphous Materials Inc., Houston, TX, USA. Prior to deposition, the 

CNTs were acid treated using a 3:1 mixture of H2SO4:HNO3 at 90 oC for 90 min. Typically, 60 

ml of total acid was used per gram of CNT. After acid refluxing, CNTs were vacuum filtered 

through glass microfiber filter (Sterlitech Corporation, Kent, WA, USA) down to neutral pH with 

deionized (DI) water. The final product was dispersed in a small amount of water and allowed to 

dry at 90 oC overnight. Typically the process yield was around 45-50%.  

For electrophoretic deposition, an ethanol:isopropanol (1:1) mixture was used as the suspension 

medium for the refluxed CNTs. 0.1 mg.ml-1 CNTs were dispersed for 5 minutes using an 

ultrasonic probe sonicator. Then, NiCl2.6H2O or CoCl2.6H2O (Sigma-Aldrich, St. Louis, MO, 

USA) was added to the suspension and further sonicated for 10 minutes. In all cases, total salt 

content in the dispersion was maintained at 0.2 mg.ml-1. For the CNT-NiCo samples, 0.1 mg.ml-1 
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of the two metal salts were added to the suspension within 5 minutes of each other, with the 

nickel salt being introduced first.   

Electrophoretic deposition was carried out on 1 cm2 exposed projected area of 80 x 80 metal 

mesh immersed in 20 ml of dispersion by applying a voltage of 200 V using a high-voltage 

power source, high-voltage power source (Matsusada Precison, Model EJ-2R100). Stainless steel 

(SS) 304 and copper mesh were purchased from McMaster-Carr (Elmhurst, IL, USA). Meshes 

were typically cleaned sequentially in ethanol, isopropanol and water prior to use. Typically, the 

mesh was sandwiched between two parallel graphite foil (CeraMaterials, New York, USA) 

counter electrodes, separated by 7 mm on either side.  

For nickel plating of the copper mesh, a nickel chloride plating bath containing 300 g.L-1 

NiCl2.6H2O and 40 g.L-1 boric acid was used. Nickel foil counter electrodes were used and 25 

mA.cm-2 of projected area was applied of 60s. After deposition, the mesh was thoroughly rinsed 

in DI water prior to further use. 

Platinum decoration was done by simply immersing 1 cm2 (projected area) of the metal mesh 

after CNT/M(OH)2 deposition in 5 ml of PtCl4 solution (0.2 mg/ml) for ~18 hours. The mesh 

was then gently rinsed and dried for an hour at 100 oC.  

Material Characterization 

Secondary electron images of the deposits were obtained using a Hitachi S-4800 field emission 

scanning electron microscope (FESEM). Transmission electron images and diffraction patterns 

were obtained in a Hitachi H-9500 high-resolution transmission electron microscope operated at 

300 kV. Deposits were removed from the mesh by sonicating in isopropanol and drop cast on to 

a carbon supported copper grid for imaging.  



171 
 

Raman spectroscopy: A Thermo Scientific™ DXR™ Raman imaging microscope was used 

with a 532 nm laser excitation source. Spectra were collected at various laser power settings 

between 1-10 mW as mentioned in the manuscript. Spectra were averaged from 5 scans collected 

for 60 s each. 

Thermogravimetric analysis (TGA): A TGA-51 (Shimazu Scientific Instruments) was used for 

thermogravimetric analysis at a rate of 10 oC.min-1 in air flow of 10 ml.min-1 from room 

temperature up to 900 °C. Multiple deposits on planar substrates were manually scraped off to 

produce adequate quantities of sample for TGA and XRD analysis. A Bruker D-8 Advance 

diffractometer operating at 40 kV (Cu Kα radiation) was used to obtain X-ray diffraction data. 

Substrate interference was avoided by using a zero-background Si holder (MTI Corporation, 

Richmond, CA, USA) to avoid interference . Scans were obtained with a step size of 0.04 o at a 

rate of 1.8 s per step.  

Electrochemical testing 

For all three-electrode tests, a graphite rod was used as the counter electrode along with an 

Ag/AgCl reference electrode (4 M KCl). iR correction was applied automatically by the 

potentiostat using the current interrupt method. OER test samples were subjected to the 

following test protocol similar to a previous publication. Briefly, samples were first stabilized 

with 10 cycles between 0-0.6 V vs Ag/AgCl at 5 mV.s
-1

 in oxygen purged 1 M KOH (pH 13.6). 

After repeatable cycles were obtained, samples were accelerated stability tested by cycling 

between  0.3 - 0.8 V vs Ag/AgCl electrode at 100 mV.s-1. Cyclic voltammograms were recorded 

periodically at 2 mV.s
-1

. After 1000 accelerated cycles, 6 h of chronopotentiometry at 10 mA.cm
-

2
 was performed to evaluate steady state durability. Finally, stepped chronopotentiograms were 
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recorded with applied current densities of 10-100 mA.cm-2 incremented by 10 mA.cm-2 every 

half hour. 

HER performance of samples was evaluated using the following test protocol: All tests were 

performed in 1 M KOH purged with nitrogen for 20 min. The as-prepared deposits were 

subjected to 12 h chronopotentiometry at 10 mA.cm
-2

. Thereafter, chronopotentiometry was 

performed at 10, 20, 30 and 40 mA.cm
-2

 in 30 min increments.  Finally, linear sweep 

voltammetry (LSV) curves were obtained at 2 mV. s
-1

. 

Two electrode overall water-splitting tests were performed using CNT-M(OH)2 deposits on steel 

mesh for OER side and CNT-M(OH)2/Pt nickel plated copper mesh for HER side. 

Chronopotentiometry was performed 24 hours at 10 mA.cm
-2

. LSV was then obtained at a sweep 

rate of 1 mV.s-1 from 1 - 1.85 V.  

For all three-electrode tests, a graphite rod was used as the counter electrode along with an 

Ag/AgCl reference electrode (4 M KCl). iR correction was applied automatically by the 

potentiostat using the current interrupt method. OER test samples were subjected to the 

following test protocol similar to a previous publication. Briefly, samples were first stabilized 

with 10 cycles between 0-0.6 V vs Ag/AgCl at 5 mV.s-1 in oxygen purged 1 M KOH (pH 13.6). 

After repeatable cycles were obtained, samples were accelerated stability tested by cycling 

between 0.3 - 0.8 V vs Ag/AgCl electrode at 100 mV.s-1. Cyclic voltammograms were recorded 

periodically at 2 mV.s-1. After 1000 accelerated cycles, 6 h of chronopotentiometry at 10 mA.cm-

2 was performed to evaluate steady state durability. Finally, stepped chronopotentiograms were 

recorded with applied current densities of 10-100 mA.cm-2 incremented by 10 mA.cm-2 every 

half hour. 
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HER performance of samples was evaluated using the following test protocol: All tests were 

performed in 1 M KOH purged with nitrogen for 20 min. The as-prepared deposits were 

subjected to 12 h chronopotentiometry at 10 mA.cm-2. Thereafter, chronopotentiometry was 

performed at 10, 20, 30 and 40 mA.cm-2 in 30 min increments.  Finally, linear sweep 

voltammetry (LSV) curves were obtained at 2 mV. s-1. 

Two electrode overall water-splitting tests were performed using CNT-M(OH)2 deposits on steel 

mesh for OER side and CNT-M(OH)2/Pt nickel plated copper mesh for HER side. 

Chronopotentiometry was performed 24 hours at 10 mA.cm-2. LSV was then obtained at a sweep 

rate of 1 mV.s-1 from 1 - 1.85 V.  
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5.8 Supporting Information 

 

 

 
  

 

Figure S5-1. Schematic sketch of the CNT-M(OH)2 nanocomposite deposition process. 
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Figure S5-2. Representative differential thermogravimetry (DTG) curves of plain CNT and the 

three hybrid metal hydroxide decorated CNT deposits: CNT-Ni, CNT-NiCo, and CNT-Co. 
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Figure S5-3. (a) HR-TEM image of Ni(OH)2 nanoparticle decorated CNT after being exposed to 

the electron beam for a few minutes. Electron beam irradiation induced dehydration of Ni(OH)2 

leads to conversion to NiO. (b) Magnified view of selected region show lattice fringes 0.21 nm 

apart corresponding to (200) of NiO. 
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Figure S5-4. (a) Representative Raman spectra of the amorphous nickel hydroxide decorated 

CNT deposits obtained at laser powers of 1, 2, 3.5, and 5 mW. Increasing laser power eventually 

leads to heating induced conversion to of the Ni(OH)2 to NiO (b) Magnified view of the low 

wavenumber region shows NiO band around 508 cm
-1

. 
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Figure S5-5. (a) Representative Raman spectra of the amorphous nickel-cobalt hydroxide 

decorated CNT deposits obtained at laser powers of 1, 2, 3.5, and 5 mW. Increasing laser power 

eventually leads to heating induced conversion to from the metal hydroxide to the corresponding 

oxide phase; (b) Magnified view of the low wavenumber region shows nickel-cobalt oxide 

related bands around 467, 508, and 651 cm
-1

. 
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Figure S5-6. (a) Representative Raman spectra of the amorphous cobalt hydroxide decorated 

CNT deposits obtained at laser powers of 1, 2, 3.5, and 5 mW. Increasing laser power eventually 

leads to heating induced conversion to from the metal hydroxide to the corresponding oxide 

phase; (b) Magnified view of the low wavenumber region shows Co3O4 related bands around 

192, 475,515, 612, and 681 cm
-1

. 
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Figure S5-7. Representative Raman spectra of the pure metal hydroxide deposits obtained via 

deposition from deposition electrolyte containing only dissolved metal salts (No CNT present). 

Pure nickel hydroxide shows peak at 465 cm-1 and 481 cm-1. Co(OH)2 shows features at 463, 

480, 521, and 580 cm-1. The mixed metal hydroxide shows distinct peaks at 465, 481 and 528 

cm-1.  
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Figure S5-8. Cyclic voltammograms showing OER performance of CNT-Ni deposits on 

stainless steel and Ni substrates. Electrolyte:1 M KOH; Scan rate 2 mV.s
-1
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Figure S5-9. Effect of substrate on HER performance of the deposits on stainless steel (SS) 

mesh, copper mesh and nickel plated copper mesh substrates: Chronopotentiometry curves 

recorded at 10 mA.cm
-2 

in 1M KOH. 
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Figure S5-10. (a) HR-TEM image of CNT-Ni/Pt after a few minutes of electron beam exposure. 

Electron beam irradiation induces conversion of Ni(OH)2 to NiO and amorphous Pt nanoparticles 

to crystalline. (b) Magnified view of selected region show lattice finges spaced at 0.24, 0.23, and 

0.19 nm corresponding to NiO (111), Pt(111) and Pt (100) respectively. 
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Figure S5-11. DTG curves of (a) CNT-Ni and CNT-Ni/Pt; (b) CNT-NiCo and CNT-NiCo/Pt; (c) 

CNT-Co  and CNT-Co/Pt. 
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Figure S5-12. TGA curves of CNT-Ni control samples dried at room temperature and 100 
o
C 

after overnight immersion in DI water. The curves indicate the difference in intercalated water 

content is a function of the drying temperature. The drying process does not appear to have any 

effect on the delay in onset of CNT decomposition. 
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CHAPTER 6 

 

 

SCALABLE FABRICATION OF VERTICALLY ALIGNED 
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6.1     Introduction 

Self-wound nanomembranes based on rolled-up nanotechnology1 with multilayer, ultrathin 

materials have been reported as a promising approach in several applications such as 

supercapacitor,2 lithium ion batteries,1 sensors3 etc. In electrochemical applications where 

significant volumetric changes can occur during phase transformation, the released energy due to 

rolling usually lends more stability to the structure.4 Importantly, it allows for decreasing footprint 

area as compared to a planar situation.4-5 Typically, demonstrations of such self-wound membranes 

have relied on microfabrication processes such as evaporation and sputtering have to deposit 

ultrathin films onto a sacrificial material. Significant internal stresses arise within the thin films 

due to factors such as lattice mismatch between substrate and deposited film.5-6 Upon etching of 

the underlying sacrificial layer, in a bid to minimize the intrinsic stress, the released nano-

membranes spontaneously roll up forming compact structures.  A simple, scalable inexpensive 

method to produce such rolled nanomembranes would be especially beneficial for several 

electrochemical applications. It is proposed that electrodeposition could be effectively employed 

in order to produce self-wound metal rolls by controlling the stresses in the deposited metal thin 

films.  

Electrodeposition, as mentioned previously, offers great versatility in terms of the kinds of 

materials (metals, metal hydroxides, metal phosphides etc.) that can be deposited in a relatively 

rapid and facile manner. Further, electrodeposition allows for morphological control of deposited 

materials.7-10 Electroplating, specifically, has now been a well understood and popular industrial 

scale fabrication process to deposit pure metal coatings for several decades.11 Given our motivation 

towards high surface area hierarchical structures geared toward electrochemical applications, 

electroplating a conductive layer to form the backbone of our desired rolled-up structure is the 
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most viable scalable technique. One of the challenges lies in the fact that typically electroplaters 

have strived to obtain deposits with minimal stress to maximize deposit life and performance.12 

Hence, typically a heavy emphasis has generally been laid on stress mitigating strategies via bath 

composition and plating conditions optimization. Our unique situation dictates that we maximize 

the amount of stress achieved within the electroplated film to enable stress-induced spontaneous 

rolling with minimum possible diameter, upon release. Electroplating offers a variety of control 

parameters such as pH, temperature of the plating bath, impurities, current density, bath 

composition etc. that can influence the properties such as intrinsic stress of a deposit.11 Thus, it 

can be safely assumed that manipulation of these factors could yield sufficient stress gradients 

within the deposits to facilitate spontaneous rolling upon release from the substrate. In addition, 

when ultrathin films are deposited on dissimilar substrates, the lattice mismatch in the case of 

epitaxial films, different thermal expansion coefficients between the deposit and the underlying 

substrate, dislocations, voids and other factors can contribute significantly film stress.6, 13  

While micro/nanoscale hierarchical nanostructures are excellent in terms of providing increased 

surface area, broadly speaking, the overall active area available for electrochemical applications 

still remains limited when grown or deposited on 2D planar substrates. To be able to further exploit 

the properties of hierarchical nanomaterial deposits, introducing another level of hierarchy is 

critical to maximize the areal electrochemical performance. This has motivated several researchers 

to utilized high surface area metal foams, most popularly made of nickel, as the substrate for 

nanomaterial deposition. Another strategy was attempted here to convert originally 2D planar 

substrates to 3D surfaces amenable to subsequent nanomaterial deposition. As conceived, the idea 

was to first deposit the desired hierarchical nanostructures on planar substrate coated with a 
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metallic thin film. Thereafter, the thin films could be released from the substrate along with the 

attached nanomaterials and assembled in some sort of 3D configuration.  

If these films could be rolled up into a more compact form and then assembled vertically aligned, 

the nanomaterial loading per footprint area could be greatly increased. Several challenges exist 

with regard to this approach. However, if fully realized, such an approach could greatly improve 

utilization. While the metal film and nanomaterial deposition in and of themselves are not 

challenging, the subsequent release, roll up, and assembly require effort. It is critical for the 

nanomaterial to not affect the roll up characteristics of the underlying metal film. The nanomaterial 

must be compatible with the etchant utilized to release the underlying metal film. If a mask needs 

to be used to protect the nanomaterial coating, it too needs to survive the etching, the assembly 

process, be easily removable in a manner compatible with the deposited nanomaterial coating 

while not having a negative effect on the metal film rolling process.  

6.2     Results and Discussion 

The scalability of every stage of the fabrication was the driving motivation behind the design of 

this process. First, eliminating the need for the use of a mask (generally lithographically defined) 

to obtain films of appropriate dimensions would greatly minimizes processing time and effort.  

Nickel and copper plating are extremely well understood and widely utilized industrial scale 

processes and are extremely amenable to scalable fabrication.11 Interestingly, the spontaneous 

rolling up of nickel electrodeposits was reported even as early as 1909 by Stoney.14 As mentioned 

earlier, to truly maximize the increase of areal density with the self-would rolls, it is critical to 

align them vertically on a substrate. Besides the ubiquity of nickel electroplating and scalability, 

the rationale for selection of nickel as the conductive self-wound backbone of the structure was 
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driven by the aim to eventually assemble the nanomaterial coated roll in a vertically aligned 

configuration in the final electrode structure. Magnetophoretic assembly15-16 offers a facile 

technique to collect self-would rolls to the deposition electrode. Alignment of nickel nanowires by 

magnetic field has been reported recently.16 When exposed to the magnetic field produced by a 

strong neodymium magnet, it was found that the self-wound Ni rolls aligned themselves along 

their length in direction of the field.  The magnetic field would further serves to align the rolls 

parallel to the magnetic field i.e. vertically aligned on the deposition electrode.  

Now, based on the selection of nickel, the sacrificial layer would have to be one that could be 

selectively etched while nickel would remain unaffected in the etching solution. Copper plating11 

is relatively simple and several possible formulations of liquid etchants with selectivity of copper 

over nickel already exist. The nickel nanomembranes can be easily released by wet chemical 

etching of the underlying copper sacrificial layer. Methods like supercritical drying and further 

handling for electrode assembly would add unnecessary complexity to the process. In order to 

avoid stiction17 induced collapse of the released structures, all processing needed to occur in liquid. 

In order to etch the sacrificial layer, a selective etchant (acetic acid : hydrogen peroxide : water :: 

1:1:18) was selected.18 Unlike ammoniacal copper etchants, this etchant does not saturate rapidly 

and allows for highly controlled and reproducible etching. The etching process takes around 10-

15 minutes to completely release the rolls. Upon release the rolls must be carefully collected and 

rinsed several times in water until neutral pH is reached. Again, it is critical to make sure the rolls 

always remain in liquid so as to avoid collapse of the rolls due to surface tension effects. Figure 1 

b, c, d show images of various stages of the etch/release process. 
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The influence of the electroplating parameters to optimize the current density and the film 

thickness to minimize rolling diameter of the nickel rolls were first established. Considering roll 

diameter to be an indicator of residual stress, it was determined that current densities of above 100  

 

Figure 1. (a) Process flow diagram for self-wound nickel micro-roll fabrication utilizing 

scalable techniques; Representative optical microscope images of various stages of the 

etch/release process; (b) Influence of sacrificial Cu layer thickness on self-wound nickel roll 

diameter; (c) Optical micrographs of patterned substrate introduced into etchant, (the bubbles 

are a result of the etching process), (d) Intermediate stage of etch/release process: ripples can be 

seen to appear in the nickel thin films as etching proceeds. The blue hue of the image is a result 

of the increased concentration of dissolved copper ions (e) Completely released self-wound 

nickel rolls can be seen as copper layer is completely etched. Rolls seen here are ~500 μm long 

. 

(e)(a)

(b) (c) (d)
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mA cm-2 did not yield significant roll diameter reduction (Figure S6-1). Crucially, other than the 

bath composition, plating current density, and nickel layer thickness the critical factor for roll 

diameter reduction was determined to be the sacrificial layer thickness (Figure 1e). A potentiostat 

was utilized to apply precise and accurately timed and current densities during electroplating. One 

of the most salient features of the developed processes is the rapid processing times involved in 

 

Figure 2 Schematic representation of self-wound nickel micro-roll assembly: (a) Nickel micro-

rolls will be magnetophoretically assembled onto copper substrate. Rolls spontaneously align 

vertically to the substrate in response to the magnetic field; (b) A nickel holding layer is then 

electroplated over the nickel rolls to permanently fix them in vertical orientation even after 

removal of magnetic field. Additionally, the holding layer thickens the walls of the rolls, 

reinforcing them against stiction when dried (c) Schematic of intended final hierarchical 

structure consisting of vertically aligned nickel micro-rolls coated with hierarchical 

nanomaterial. Hierarchical nanomaterials can be grown on the nickel backbone using scalable 

electric field-directed deposition processes such as electrophoretic deposition and 

electrodeposition. 

Substrate
Magnet

(a)

Substrate
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the deposition stages.  Based on the studies performed, the copper plating step (@33 mA cm-2) 

lasting typically between 10-30 sec and nickel plating duration (@ 100 mA cm-2) determined to 

be 250 ms was determined to be optimal. At 10s or lower copper deposition time, film release was 

very difficult, if not impossible without significant damage to their structure. To summarize, with 

the use of chloride bath and post deposition xurography based patterning, we were able to 

consistently obtain high aspect ratio self-wound nickel nanomembranes in ambient conditions with 

relatively inexpensive equipment and no requirement of a clean room environment or 

microfabrication techniques. This is a significant advantage making it viable for high throughput 

processing. 

The influence of the nickel chloride content in the plating bath on the process was also briefly 

studied. It is known that the chloride concentration in plating baths significantly affects deposit 

stress.19  Typical chloride baths operate with nickel chloride content within the range of 225-300 

g L-1.11, 19  This is primarily to minimize the high stresses induced by the presence of chloride, the 

effects of which are catastrophic in typical plating applications. To maximize the residual stresses, 

the use of higher nickel chloride contents well beyond the standard operating range was explored. 

Specifically, the behavior of the deposits with baths containing 300, 450 and 600 g L-1 nickel 

chloride were studied. Firstly, the 600 g L-1 NiCl2 plating bath was highly viscous and corrosive. 

Further, the deposits were too highly stressed to adhere to the substrate upon deposition. The 

deposits were seen to peel in several locations even before being removed from the plating bath 

(Figure S6-2). Further deposition of nanomaterials was unviable on such deposits given the 

spontaneous damage due to peeling during and after the plating. This was however a positive 

indication of stress levels being increased when chloride content increased. When using a 450 g L-

1 NiCl2 bath, rolling was reliably achieved upon release with no spontaneous rolling/peeling as in 
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the case of 600 g L-1 baths. However, since no major reduction in roll diameter was observed when 

using 450 g L-1 bath, the 300 g L-1 NiCl2 bath was chosen for subsequent use to minimize waste 

and avoid other potential issues when using solutions with high chloride concentrations. 

 

 

 

Figure 3. (a) Micrograph of a self-wound nickel micro-roll after magnet induced vertical 

alignment and nickel  holding layer deposition; (b) Magnified view of an individual nickel 

micro-roll after nickel holding layer deposition.  The holding layer deposition process 

reinforces the walls of the roll, preventing stiction related collapsing when dried; (c) Nickel 

micro-roll coated with electrophoretically deposited CNT; (d) Magnified view of CNT coated 

nickel micro-roll. 
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For the final stage of the process, although it was initially intended to deposit nanomaterial onto 

the nickel film prior to release and rolling, significant hurdles were faced on account of 

incompatibility between nanomaterial and etchant. Additionally, it was impossible to avoid the 

 

Figure 4 (a, b) Micrograph of a 3D, vertically aligned nickel micro-roll substrates after growth 

of Ni(OH)2 nanodendrite forests on the roll surface. Nanodendrites were grown using the 

electrodeposition method developed during this project; (c) Magnified view of an individual 

nickel micro-roll deposited with Ni(OH)2 nanodendrite; (inset) the hierarchical dendritic 

structure of the deposits; (d) Comparison of cyclic voltammograms of Ni(OH)2 nanodendrite 

decorated 3D nickel micro-roll substrate and planar substrate. The 3D Ni(OH)2 shows superior 

performance due to the larger available  surface area. 
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over deposition of nanomaterial layer by the holding layer during final assembly of the electrode.  

Attempts to mask the nanomaterial with a non-conductive polystyrene layer for protection during  

etchant exposure and final electroplating step were largely unsuccessful. Coatings sufficiently 

thick to achieve both tasks were generally too thick to allow for any rolling of the nickel. Briefly, 

upon etching, the released self-wound nickel micro-rolls were magnetophoretically assembled and  

aligned vertically to a copper substrate using a neodymium magnet. The decision was made to first 

assemble electrodes with vertically aligned uncoated nickel rolls with subsequent coating of 

hierarchical nanomaterials being applied by the field-directed nanomaterial assembly techniques 

developed thus far (Figure 2). These rolls were then fixed in place by an electroplated layer of 

nickel. The wall thickness of nickel rolls typically increased from ~20 nm to 1 μm making them  

strong enough to overcome stiction effects upon drying (Figure 3 a, b).  

The 3D vertically aligned nickel micro-roll based substrate could then be subjected to 

electrodeposition or EPD for nanomaterial deposition. This type of unique 3D hierarchical 

structure should be able to offer high surface area electrode structures for several electrochemical 

applications with excellent electrolyte penetration within the structure, intimate contact between 

nanomaterial and substrate and consequently minimized path lengths for ion diffusion and electron 

transport. Figure 3c, 3d show images of the final hierarchical structures produced after 

electrophoretic deposition of a layer of CNT/Ni(OH)2.  Figure 4 shows FESEM images and 

electrochemical characterization of a hierarchical nickel micro-roll based substrate with the 

previously demonstrated electrodeposited H2 bubble templated Ni(OH)2 nanodendrites grown on 

them using electrodeposition. As expected, the 3D substrate developed outperforms deposits on a 

planar substrate owing to the salient features of the structure. Further improvements to 

performance can be achieved by strategies such as increasing the packing density of the rolls on 
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the substrate, increasing the length of the rolls, increasing the nanomaterial loading. This work 

seeks to be a foundation for further refining and optimization of the overall fabrication process to 

prepare such electrode structures.  

Finally, in order to further illustrate the versatility of all the processes explored in this work, 

CNT/Ni(OH)2 as well as MnO2 nanorods were also deposited on the aligned nickel structures using 

EPD. The unique structure of the substrate should allow for increased nanomaterial loading 

without as much of the typical increase in internal resistance accompanying thicker deposits on  

 

planar substrates because of the presence of the nickel backbone. Figure 5 a-c shows one such 

scenario with a nickel micro-roll based substrate heavily overcoated with a thick CNT/Ni(OH)2 

 

Figure 5. (a, b, c) 3D nickel micro-roll substrate with a very thick coating of electrophoretically 

deposited CNT. The CNTs are further decorated by Ni(OH)2 nanoparticles as seen in Figure 8c; 

(d, e, f) 3D nickel micro-roll substrate coated with vertically aligned α-MnO2 nanorods deposited 

via HVEPD at various magnifications . 
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electrophoretic deposit. Figure 5d-e show α-MnO2 nanorods20 vertically aligned to the nickel 

micro-roll surface.  This alignment is relatively simple given the manner in which the field lines 

distribute around the rolled structures during the HVEPD process. This demonstrates the versatility 

of the field based deposition processes, developed during this project, allowing for orientation 

control of a wide variety of nanomaterials during assembly/deposition. Most importantly, every 

aspect of the process developed here should lend itself to scalable and rapid fabrication with no 

need for complex instrumentation or any cumbersome microfabrication techniques.  

6.3      Conclusions 

A highly facile and scalable fabrication process to produce genuinely 3D hierarchical electrodes 

for electrochemical applications has been developed. The influence of the deposition parameters 

such as bath composition, plating current density, sacrificial layer thickness, nickel layer thickness 

etc. on the final roll diameter of the nickel micro-rolls was studied. The thickness of the sacrificial 

Cu layer on the stainless steel substrate was critical to minimizing roll diameter.  The process is 

rapid with the deposition time of the nickel nanomembranes lasting merely 250 ms. Furthermore, 

we have completely eliminated to need for the use of a mask to obtain patterned films. 

Significantly, micro-rolls as small as 10-20 µm diameter, 250+ µm long were consistently obtained 

within a few minutes upon selective etch/release in a simple acetic acid/hydrogen peroxide based 

etchant. Since the entire process occurs in ambient conditions, this is a major advantage over the 

traditionally used microfabrication techniques making high throughput processing feasible. Thus, 

by combining the various scalable processes such as electroplating with HVEPD and 

electrodeposition to fabricate electrodes with unique 3D architecture across several length scales 

as originally envisioned. 
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6.4     Methods and Materials 

Electrodeposition: All chemicals were purchased from Sigma-Aldrich.  To ensure adhesion of 

the copper to the stainless steel, it was first pretreated with a nickel Wood’s strike at 100 mA cm-

2 for 2 min.11 The bath composition was as follows: NiCl2.6H2O-240 g L-1, HCl-125 ml L-1. The 

copper plating solution was formulated as follows: CuSO4- 200 g L-1, H2SO4 5 g L-1, Rochelle’s 

salt 0.5 g L-1. The all-chloride nickel plating bath contained- NiCl2.6H2O 300-600 g L-1 and boric 

acid- 38 g L-1. All plating was carried out at room temperature with no external agitation in a 

plastic container with electrodes spaced at ~7 cm. Nanomaterial coating with CNT and Ni(OH)2 

was carried out as described in previous chapters and α-MnO2 was prepared and deposited as 

described by Santhanagopalan et. al.20 

A potentiostat (Gamry Reference 3000) was used to accurately apply 250 ms pulse (@100 mA 

cm-2) for the deposition step critical to obtain the strained ultrathin nickel layer. Other plating 

requiring less precision was carried out using a Techtronix PWS2721 power source. The Ni 

deposits were patterned using a commercial craft cutter (Silhouette Cameo) by replacing the 

traditional cutter blade with a commercially available engraving tip.  Etching was performed in a 

1:1:18 solution of H2O2: acetic acid: water. A diamond scribe coupled with the craft cutter could 

also be used to pattern the nickel deposit into appropriately sized sections before introducing into 

the etchant. Stainless steel 304 substrates, copper foil and nickel sheets, neodymium magnets were 

all purchased from McMaster-Carr, IL. 

Electrode assembly: First, a magnet was used first to agglomerate the released nanomembranes 

within the etching solution. Then, the rolls were moved to a water bath from the etchant using a 

micropipette. The ‘washed’ rolls were transferred to a nickel plating bath, a 2.5 cm x 2.5 cm plastic 

container (Ted Pella). A copper substrate was placed at the bottom of the container for deposition 



205 

of the rolls. A neodymium magnet was placed below the deposition substrate to facilitate 

aggregation of the vertically aligned rolls on it. A nickel layer, a few microns thick, was then 

deposited at 25 mA cm-2 for a minute in order to hold the rolls in place and also reinforce the 

structures to prevent surface tension induced collapse upon removal from the plating bath and 

subsequent drying. The choice of using nickel as the holding layer was made keeping in mind the 

electrochemical applications where nickel is typically used. Electrochemical testing (cyclic 

voltammetry) was performed using a Gamry Reference 3000 potentiostat using a three electrode 

configuration electrochemical test setup. 1 M KOH was used as the electrolyte and an Ag/AgCl 

reference electrode was used. A graphite rod was counter electrode in all three cases.  
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Figure S6-1 Influence of nickel plating current density on nickel roll diameter. All deposits 
performed on ~1.6 μm thick copper sacrificial layer. 
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Figure S6-2 Spontaneous peeling and failure of nickel deposited from high chloride (600 g L-

1) plating bath. 
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CHAPTER 7 

CONCLUSIONS 
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In summation, several studies employing field-directed assembly/deposition techniques were 

developed and demonstrated. Material and electrode performance was extensively characterized. 

The following list briefly summarizes the several conclusions from the previous chapters: 

1) By utilizing low nanomaterial and metal salt concentrations in a purely isopropanol-based

deposition solution, the wettability of CNT deposits could be controlled by the deposition

voltages being utilized. Metal decorated CNT deposits with wettability ranging from

hydrophilic all the way up to superhydrophobic could be prepared by manipulating amount

of material being deposited and the micro/nanostructure of the overall deposit. Owing to

adsorbed hydrophobic groups and the induced hierarchical deposit structure, wettability

could be controlled without further need for any hydrophobic polymer additives. By using

a combination of xurography-based patterning in conjunction with either isopropanol or

water based EPD of CNTs, surfaces with patterned extreme wettability could be prepared

in a facile two-step process.

2) For better electrochemical performance in gas evolving reactions, in this case oxygen

evolution during water-splitting, novel 3D hierarchical vertically aligned mixed metal

hydroxide nanodendrite forests were prepared. By avoiding the typically used aqueous

electrolyte, this unprecedented unique morphology could be engendered by a H2 bubble

templated method in an alcohol-based deposition medium with limited water content and

field-directed diffusion limited growth mechanism. Owing to the hierarchical

micro/nanostructure, the superhydrophilic deposits exhibited superaerophobicity when

under water. The bubble repellence, amorphous crystal structure of the individual

nanodendrites, synergistic steel substrate/deposit interactions, intimate binder-free and

individual contact of the nanodendrites with the substrate produced highly active OER



212 
 

catalyst deposits with overpotentials (@ 10 mA cm-2) as low as 255 mV on planar 

substrates. 

3) Having observed the positive influence of the stainless steel on the OER catalytic activity 

of the Ni(OH)2 deposits, an EPD based single-step co-deposition method was used to 

deposit SS nanoparticles onto 3D nickel  foam substrates, while simultaneously decorating 

the SSNP in situ with Ni(OH)2 nanoparticles. Owing to Fe doping of the Ni(OH)2 either 

during deposition or during actual electrode operation in electrolysis, ultralow 

overpotentials were required to generate oxygen in 1 and 10 M KOH from the robust 

binder-free deposits. Merely 220 and 250 mV were required to sustain 10 and 125 mA cm-

2 respectively. A higher current density of 500 mA cm-2 could also be robustly maintained 

at only 450 mV (iR- uncorrected) overpotential in 10 M KOH. 

4) By combining insights of synergistic substrate and/or support interactions with the active 

material, adaptable CNT/metal hydroxide deposits were produced for overall water 

splitting. Nickel-cobalt hydroxide decorated CNTs when deposited on SS mesh could 

produce 10 mA cm-2 of oxygen at an overpotential of 245 mV. The key feature of these 

deposits was their adaptability. By depositing the same material on nickel mesh and 

subjecting them to a galvanic replacement process in platinum chloride solution, hybrid 

CNT/nickel-cobalt hydroxide/Pt deposits requiring only 50 mV overpotential to generate 

hydrogen @ 10 mA cm-2 could be produced. These electrodes could split water at that 

current density with an applied potential of 1.55 V. These adaptable CNT/M(OH)2 deposits 

could potentially be used for similar post-deposition modification processes to convert 

them into HER active forms devoid of any noble metal, making them even more 

commercially viable for wide-spread use. 
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5) By using magnetophoretic assembly of self-wound strain engineered nickel 

nanomembranes along with various other scalable field directed assembly techniques, truly 

3D hierarchical structures could be produced containing components ranging from 100s of 

microns to a few nanometers in dimension. The study demonstrates the versatility of field-

directed methods in terms of building functional hierarchical structures by growing 

micro/nanostructures in-situ or assembling nanomaterials produced via more convenient 

ex-situ means or a combination of both. 

Various materials such as CNTs, stainless steel nanoparticles, MnO2 nanorods, metals, mixed 

metal hydroxides etc. were deposited successfully. The unique hierarchical structures produced 

had extreme wetting properties in some cases. The hierarchical structuring also led to excellent 

electrochemical performance of the deposits owing to the large surface area characterized by the 

short diffusion length for reactive species as well as rapid charge transport due to intimate 

electrode/deposit contact. Several areas of interest worthy of further exploration have emerged in 

the course of this work. 

Most notably, the interaction between the steel substrate and our metal hydroxide deposits. 

Although the idea of Fe doping during deposition or operation seems viable, more insight into the 

actual process, actual active phases during OER, incorporated iron content etc. would help 

elucidate the enhanced performance and help produce more active catalysts making water-splitting 

more viable commercially on a large scale. Finally, the 3D hierarchical structures nanomaterial 

coated self-wound nickel roll deposits produced showed a scalable fabrication technique of 

production and assembly. However, due to incompatibility between etchant and deposited metal 

oxide/hydroxide active material deposits, the nanomaterial deposition was limited to post-

magnetophoretic assembly of the bare rolls. Due to the field-directed nature of the subsequent 
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nanomaterial deposition and mass transport limitations, there tends to be an underutilization of Ni 

roll area. Ideally, future work would be able to produce masks that can resist the etchant, thus 

protecting the nanomaterials. The mask would need to be thin enough so as to cover the 

nanomaterial, protect it from the etchant itself as well as the rigors of the etching process, and 

subsequent assembly. Just as important is that the mask has minimal effect on the self-winding 

characteristics of the rolls.  Finally, the masking material should be able to be removed post-

assembly via a simple technique that is compatible with the active nanomaterial deposit beneath.  

The work in this dissertation aimed to present a case for use of field-directed techniques as a viable 

means to produce functional deposits for next generation electrochemical devices. 
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APPENDIX A 

NICKEL-COBALT DOUBLE HYDROXIDE DECORATED CARBON NANOTUBES 

VIA AQUEOUS ELECTROPHORETIC DEPOSITION 

TOWARDS CATALYTIC GLUCOSE DETECTION 

Balram, A.; Jiang, J. C.; Hernández Fernández, M.; Meng, D. D. Nickel-Cobalt Double Hydroxide Decorated 

Carbon Nanotubes Via Aqueous Electrophoretic Deposition Towards Catalytic Glucose Detection. Key 

Engineering Materials 2015, 654, 70-75 
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A.1 Abstract 

In this work, we present a facile technique based on electrophoretic deposition (EPD) to produce 

transition metal hydroxide decorated carbon nanotubes (CNT) for electrochemical applications. 

We specifically explore the performance of nickel-cobalt hydroxides given their high activity, 

conductivity and stability as compared to the individual hydroxides. We exploit the high local pH 

at the negative electrodes during water-based EPD to form nanoparticles of nickel-cobalt 

hydroxides in situ on the CNT surface. We focus our work here on obtaining functional and 

conductive deposits on CNTs. The hydrophilic binderless deposits of Ni-Co double hydroxide 

decorated CNTs obtained here are used for non-enzymatic glucose detection.  XPS data and 

electrochemical testing reveal difference in the deposited double hydroxide based on chronology 

of charging salt addition even at the same ratio. When cobalt and nickel salts are sequentially added 

at a ratio of 1:1, the deposited double hydroxides show excellent glucose sensitivity of 

~3300µA/mM.cm2 at applied potential of 0.55V vs. Ag/AgCl reference electrode. 
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A.2 Introduction 

Reliable and sensitive glucose sensing is of great value in health and industrial applications. 

While the traditional glucose oxidase based enzymatic sensors are widely used, their instability and 

interfering species have led to the interest in non-enzymatic sensors that show greater stability and 

sensitivity. Transition metal based hydroxides and oxides have been primarily studied on account 

of their low cost, high stability and good electrochemical activity for catalytic oxidation of 

glucose[2-4]. For example, both Ni(OH)2 and Co(OH)2 have received a lot of attention for various 

electrochemical applications ranging from batteries, supercapacitors, to sensors. However, sensors 

based on transition metal oxides and hydroxides are typically limited by their poor conductivity 

which undermines their electrochemical performance. Additionally, the use of binders such as 

Nafion during the pasting or drop-casting methods could further block electrochemically active 

sites, hampering the performance further. The poor conductivity of oxides and hydroxides can 

usually be alleviated by either growing them electrochemically or hydrothermally on the surface of 

conductive materials. It has also been established that both the conductivity and electrochemical 

activity can be improved by employing double hydroxides or oxides [5]. However, there have not 

been many reports on a suitable fabrication approach to combine the two efforts for synergistic 

effects. 

Electrophoretic deposition (EPD)[6] has been used recently by a few groups to produce high 

performance nano carbon-Ni(OH)2 electrodes[7, 8], which demonstrated the superiority of EPD 

over some alternative electrode preparation techniques. These well-adhered deposits can be 

produced in a single-step process under mild conditions, completely eliminating the need for 

non-contributing binders. In this work, we employ EPD to form CNT deposits decorated by 

nickel-cobalt hydroxides as highly sensitive electrodes for non-enzymatic glucose detection. Both 
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nickel and cobalt are earth-abundant and low-cost transition metals. We utilize ions of nickel and 

cobalt to charge carbon nanotubes so that they can be stabilized in the dispersion and deposited by 

an applied electric field. The precipitation  of adsorbed metal ions on the CNT surface under 

conditions of high local pH at the cathode surface leads to metal hydroxide decorated CNT 

deposits [9]. Such an approach is proposed to co-deposit double hydroxide of nickel and cobalt in a 

highly conductive CNT network to take advantage of their synergistic effects for high-performance 

electrochemical sensors. At the same time, a key of the study is on process control, such as tuning 

of the double hydroxide composition/property and obtaining desirable wettability. 

A.3 Results and Discussion 

In this work, we attempt to move beyond the use of metal salts as mere charging agents during 

EPD and attempt to use their products after EPD as the active material towards glucose detection. 

As outlined in other sections, acid-refluxed CNTs were dispersed in water before addition of nickel 

and/or cobalt charging salts to the solution. The deprotonation of the functional groups on the 

treated CNT surface in aqueous media has been known to render a net negative charge to CNTs in 

aqueous dispersion. Metal ions introduced to this solution are thus adsorbed onto the CNTs, 

rendering them net positive charges. Under the influence of the applied voltage, the positively 

charged CNTs move towards and eventually get deposited onto the negatively charged electrode. 

Given the voltages applied, the hydrogen evolution at the negative electrode gives rise to a highly 

alkaline condition at the electrode interface. This leads to the conversion of the charging metal ions 

to their corresponding hydroxides. The deposited hydroxide as produced tends to show poor 

crystallinity.  
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Fig. 1 (a)Representative FE-SEM  image of CNT-metal hydroxide deposit; (inset) HR-TEM image 

of Co:Ni(1:1) sample showing nanoparticle decoration of CNT ; (b)Cyclic voltammograms of the 

various deposits in 0.1M NaOH at a scan rate of 50mV/s. 

Fig. 1a shows a FE-SEM image and HRTEM image (inset) of a sample produced with cobalt 

salt added first and then nickel salt (at a ratio of 1:1) represented as Co:Ni (1:1). It must be noted 

that all deposits showed similar porous nature and the nanoparticles or precipitates were 

successfully attached to the CNT. The CNT-Co(OH)2 samples, however, tended to show 

precipitates in the form of thin sheets within the CNT matrix that could be studied further. The high 

surface energy of the hydroxide and acid treated CNTs in combination with its porosity makes 

these deposits especially hydrophilic. This is critical for adequate utilization of available active 

material as compared to the use of binders which tend to not only physically block active sites, but 

also reduce electrolyte penetration due to their hydrophobic nature, in most cases.  

The redox behavior of the samples is often a good indicator of performance. Basic comparisons 

of the electrochemical activity, therefore, were made using cyclic voltammetry between the voltage 

window of 0-0.6V against a Ag/AgCl counter electrode. Fig. 1b shows the comparison between the 
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various samples that were tested for their electrochemical behavior in 0.1M NaOH solution after 

50 cycles at 50mV/s. All samples show well defined and distinct redox peaks indicating the 

electrochemical activity of the co-deposited hydroxides.  The deposits produced with the 

combination of the nickel and cobalt salts show a single pair of peaks indicating the formation of a 

single mixed nickel-cobalt hydroxide. They show far superior electrochemical activity as opposed 

to the pure CNT-nickel (or cobalt) hydroxide samples. The better performance of the Co:Ni sample 

can be attributed to the differences in composition as shown by the XPS results in Fig.2.  
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Fig. 2 XPS of (a) Ni 2p (b) Co 2p of Co:Ni (1:1) and Ni:Co(1:1) samples. 

XPS analysis of the Co:Ni(1:1) and Ni:Co(1:1) samples show a clear difference in composition 

of the hydroxides depending on the chronology of the charging salt addition. The data was 

calibrated to the common low energy C peak at 285eV.  Fig.2a shows the two Ni 2p peaks [7] 

separated by 17.7eV corresponding to nickel in Ni(OH)2 centered around 856 for Ni 2p3/2 and 

874eV for Ni 2p1/2 for the Co:Ni(1:1) sample. Binding energy values are observed of around 856 

and 873.5eV in the case of Ni:Co(1:1). Correspondingly, in the case of XPS peak Co2p [10, 11] of 



221 

Ni:Co(1:1) shows Co 2p3/2 and Co 2p1/2 peaks shift from around 781.5eV and 798eV to 781eV and 

797eV respectively in the Co:Ni(1:1) sample implying a decrease in the Co3+/Co2+ ratio when the 

cobalt salt is added first[12]. The peak separation decreases from 16.5 to 16eV as seen in Fig. 2b in 

the Ni:Co(1:1) and Co:Ni(1:1) cases respectively. Based on the XPS data, the chronology of 

charging salt addition into the solution is believed to influence the valence of nickel and cobalt ions 

in the corresponding hydroxides. Several factors may influence this such as the time of contact 

between specific ions and CNTs, electrostatic interactions between oxygen containing functional 

groups, the availability of functional groups for adsorption. The mechanism involved in this 

phenomenon requires further exploration. 

Fig.3a shows the cyclic voltammograms of the Co:Ni (1:1) deposit over the first 50 cycles. The 

redox potentials can be seen to move to less positive values over the first few cycles and eventually 

stabilize whereas the peak current shows slight increase with every scan. This shows the 

enhancement of activity with electrochemical cycling indicating the excellent stability and activity 

of the deposit. This enhancement of activity was shown by all our samples. Although additional 

cycling could potentially further improve the performance, all the glucose detection tests are 

performed right after 50 cycles as the standard stabilization procedure. Fig.3b shows the influence 

of scan rate on the peak current and redox potential. The inset of Fig.3b shows the linear trend of 

peak current ip versus the square root of the scan rate establishing that the reaction is diffusion 

controlled.  

Glucose detection tests were run by using chronoamperometry to study the influence of the 

current upon addition of various concentrations of glucose periodically. Fig.4a shows  
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Fig. 3 (a) Selected cyclic voltammograms from the first 50 cycles of  Co:Ni (1:1) sample in NaOH 

showing the enhancement of current with cycling; (b) Cyclic voltammograms of the sample 

obtained at various scan rates, inset shows linear behavior of ip vs. Square root of scan rate 

indicating diffusion controlled process. 

chronoamperometric curves of various samples obtained at an applied potential of 0.55V. All 

samples show the characteristic stepwise increase of current. Glucose sensor measurements were 

typically begun after allowing about 150s for the sensor to achieve a stable background current. 

The sensitivity of the CNT-Co(OH)2 is the lowest among the samples being compared while the 

Co:Ni (1:1) sample is consistently better than the Ni:Co (1:1) sample, showing the highest 

sensitivity.  

Fig.4b shows the calibration curves obtained from chronoamperometric data of the Co:Ni (1:1) 

deposits under the applied voltages of 0.5 and 0.55V. While up to 1.5mM of glucose, there is a 

sensitivity difference of ~120µA/mM.cm2 between the performance at 0.5V and 0.55V, it is clearly 

seen that higher sensitivity is obtained at 0.55V. Inset in Fig.4b shows the calibration curve in the 

linear range between 0.1-1.5mM at 0.5 and 0.55V. At 0.55V, the Co:Ni sample shows an excellent 

sensitivity of ~3300 µA/mM.cm2  up to a concentration of 1.5mM. A relatively lower sensitivity of 
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~1900 µA/mM.cm2  is obtained for a second linear range between 1.5mM and 5.5mM which is 

quite high compared to values seen in literature for typical Ni(OH)2-based glucose sensors [2]. 
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Fig. 4 (a) Comparative chronoamperometric curves of various samples, performed at an applied 

voltage of 0.55V vs. Ag/AgCl reference. Between 100-650s, 0.1mM was added every 50s , thereafter 

0.5mM glucose was added at every step; (b) Calibration curves for Co:Ni (1:1) sample. Inset shows 

the boxed region showing linear between 0.1-1.5mM glucose concentration. 

A.4 Conclusions 

EPD was carried out in aqueous medium in order to produce nickel-cobalt double hydroxide 

decorated CNT deposits.  The double hydroxides made with 1:1 ratio of cobalt and nickel charging 

salts show  highest sensitivity for non-enzymatic glucose detection. The order of addition of 

charging salt to the dispersion has been seen to influence the properties of the deposits and their 

performance. The best performance was achieved by the sample in which cobalt salt was 

introduced first into the dispersion after which nickel salt was added at a 1:1 ratio. At 0.55V, the 

sensor showed an excellent sensitivity of ~3300 µA/mM.cm2  in the linear glucose concentration 

range of 0.1-1.5mM. The proposed EPD-based deposition method is thus proved effective to 
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obtain nanostructured electrodes with high electrochemical activities under mild conditions, 

paving the way for its adoption in both sensing and other applications.   

A.5 Methods and Materials 

Preparation of deposits: Multiwalled CNTs (Nanoamor, Houston, TX,USA) were acid 

refluxed at 90oC using 1:3 ratio of HNO3 and H2SO4 for 90 minutes, vacuum filtered through glass 

fiber filters (Sterlitech, Kent, WA,USA) to a neutral pH and dried thereafter in an oven at 80oC 

overnight. The refluxed CNTs (0.5mg/ml) were dispersed in deionized water using a probe 

sonicator along with various salt concentrations of NiCl2.6H20 and CoCl2.6H20. The total salt 

concentration was always maintained at 0.25mg/ml. Since the atomic mass of cobalt (58.93) and 

nickel (58.63) are very similar, the same total weight concentration of the salts can be taken as the 

same total molar concentration of them. The metal salt solutions were either added to the CNT 

dispersion 10 minutes apart from the addition of the other. The deposits were named based on the 

order in which the charging salts were introduced to the CNT dispersion with the numbers 

appearing after representing the ratio of the salts in the dispersion. For clarity, Ni:Co (1:1) 

represents a sample made with NiCl2 solution(0.125mg/ml) added first to the CNT dispersion, 10 

minutes after which CoCl2 solution(0.125mg/ml)  was added. Depositions were performed at 

15V/cm for 30s on gold coated silicon wafer and stainless steel electrodes (for material 

characterization) or glassy carbon electrode (for electrochemical testing) and a stainless steel 

SS316 counter electrode. After deposition, the electrodes were transferred to a vacuum oven 

preheated at 90oC and dried under house vacuum for 3hours. All chemicals used were acquired 

from Sigma-Aldrich (St.Louis, MO, USA). 
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Material Characterization: Material deposited on SS316 electrodes were used for Field 

emission scanning electron microscopy (FE-SEM) visualization. Secondary electron images of 

deposits were obtained using a Hitachi S-4800 FE-SEM at an accelerating voltage of 15kV. 

High-resolution transmission electron microscope (HRTEM) images were taken in a Hitachi 

H-9500 electron microscope (300 keV). X-ray photoelectron spectroscopy (XPS)data was 

obtained with a Perkin-Elmer ESCA/SAM Phi 560 system using an Al Kα excitation source with a 

step size of 0.5eV. Gold sputtered silicon substrates were used for the XPS samples. 

Electrochemical testing: All electrochemical measurements were performed using a Gamry 

Reference 3000 (Gamry Instruments, Warminster, PA, USA) potentiostat. All electrochemical 

testing was done in fresh 0.1M NaOH using a standard three electrode configuration. Deposits 

were made directly onto the glassy carbon working electrode (3mm diameter) and dried as 

previously mentioned. The glassy carbon electrode was thoroughly polished with 0.5µm alumina 

slurry, washed with DI water and sonicated in DI water before every fresh deposit. An Ag/AgCl 

reference electrode (Pine Research Instrumentation, Durham, NC, USA) with 4M KCl was used 

along with a graphite counter electrode. Cyclic voltammetry (CV) was performed between 0-0.6V 

vs. Ag/AgCl reference electrode. All tests were carried out after cycling the deposits for 50 cycles. 

CV was carried out at different scan rates from 20,35,50, 75, and100mV/s. Chronoamperometric 

testing was done at applied voltages as specified, while glucose solution was introduced  every 50s 

to the NaOH solution. The solution was continuously stirred during chronoamperometric 

measurements in order to rapidly homogenize the glucose concentration in the solution. 
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