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Abstract 
Roughly 40% of the world does not have access to appropriate sanitation 

of human generated waste water. Lack of infrastructure and poverty in developing 

nations has stymied the deployment of conventional sewage treatment practices. 

In helping to solve this global issue requires the development of an energy efficient, 

cost-effective, low-maintenance, and decentralized toilet system that can 

remediate human liquid waste, or, blackwater. Herein, electrochemical disinfection 

as a means of treating blackwater is investigated using degenerately boron-doped 

diamond and Magnéli-phase titanium sub-oxide electrodes. It is found that both 

can be operated in potentiodynamic modes to control surface chemistry and 

improve generation of biocidal oxidants such as hydrogen peroxide and chlorine 

in blackwater containing solutions. Use of a packed-bed electrochemical reactor is 

also studied in the treatment of blackwater using Magnéli-phase titanium sub-oxide 

granular electrodes. It is found that bed-height, flow-rate, and blackwater chemistry 

can greatly affect the effectiveness of electrochemical disinfection and stability of 

a packed-bed electrochemical reactor.  Overall, these results highlight how existing 

electrode materials can be modified or controlled in-situ to inhibit fouling, generate 

oxidants using less energy, and therefore disinfect blackwater pathogens more 

effectively.  
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1 Introduction 

 Motivation 

Water sanitation is a fundamental pillar of a healthy, functioning, and 

developed society. Yet, the World Health Organization (WHO) reports that the lack 

of appropriate water sanitation affects 2.5 billion people, or 1 in 3 people, world-

wide.[1], [2] While some of these effected populations may have access to toilets, 

there is lack of a functioning liquid human waste (LHW) disinfection system. 

Countries such as India that have large and growing urban populations are unable 

to afford the maintenance and construction costs of a centralized sewage 

system.[2], [3] Decentralized and onsite LHW sanitation is then a necessary 

objective to resolve the existing water sanitation crisis. As a result, funding 

agencies such as the Bill and Melinda Gates Foundation have initiated a push to 

reinvent the toilet and promote onsite disinfection of human waste.[4]  

Pathogens in LHW present the most difficult problem for appropriately 

sanitizing human waste. In treating LHW, good results for pathogen removal or 

inactivation have been obtained by membrane filtration, UV irradiation, and 

pasteurization.[5]–[9] However, such treatments have high investment costs and 

require maintenance that may not be feasible for developing countries. Other 

established and centralized disinfection techniques like chlorination and ozonation 

require storage of chemicals and generate harmful by-products, which present a 
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major drawback to safety and practical onsite waste treatment in developing 

regions.[5], [6] 

Electrochemical disinfection (ECD) presents an alternative technology that 

is effective, simple to operate, low cost, and energy efficient for disinfecting LHW. 

Some key benefits provided by this method include in-situ generation of 

disinfectants, no storage of chemicals, and a robust low maintenance process.[10], 

[11] This is especially the case for blackwater treatment. Blackwater refers to 

wastewater that is flushed from a toilet and may contain fecal matter, urine and 

flushwater. Urine present in blackwater contains salts such as NaCl and urea that 

provide sufficient electrical conductivity for electrochemical processes to be 

conducted without additional chemicals.[12] 

Despite the promises of ECD, there has been limited development and 

study of practical systems that can efficiently sanitize blackwater. Such systems 

require careful design and fabrication of the materials, geometries, and dynamics 

comprising the reactor cell and electrodes. For many applications, cell geometries 

are simplified, electrode kinetics are under-utilized and fluid dynamics ignored, 

leading to energy expenditures unsuitable for decentralized systems in developing 

regions. The potential to develop better understanding of the aforementioned 

areas by use of existing electrochemical and surface chemical literature coupled 

with applied experimentation in real blackwater has promise to improve the lives 

of a large portion of the world-wide population. Thus, contributions in helping to 
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develop better understanding and improvement of electrochemical, surface 

chemistry, cell geometry, and potentiometric methods applied to ECD serves as 

the prime motivator for the research projects described herein. 

 Fundamentals of Electrochemical Cells 

The ability to generate oxidants to disinfect LHW is the result of applying a 

sufficient potential across electrodes in an electrochemical cell.[13] The schematic 

of a simple cell is shown in Figure 1. This applied potential results in an 

electrochemical potential at the electrode-electrolyte interface which leads to redox 

processes between the electrodes and electrolyte. Deployed ECD systems are 

commonly 2-electrode systems comprised of a working electrode (WE) that 

typically generates the disinfectants and a counter electrode (CE) that enables the 

current to flow by completing the circuit in the electrolyte. For laboratory 

experiments and the study of singular electrodes that will be compared across 

different experimental set-ups, a 3-electrode system is preferred where a potential 

is applied across a WE and reference electrode (RE) with the CE acting as a 

current-sink for charge-balance in the electrochemical cell. The magnitude of cell 

current resulting from redox processes and occurring on the CE and WE is always 

equal such that no current flows through the RE and can be used as a stable 

potential reference. Herein, all potentials are established by a potentiostat, which 

applies and measures electrical signals between the electrodes and across the 

cell. In a 2-electrode configuration, the current is dependent on the limiting current 
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from either electrode such that one is always limiting the other in its electrode-

electrolyte kinetics. Usually, Pt, Ti or other stable metals are used as the CE due 

to their high heterogeneous rate constants and metallic nobility such that it does 

not limit the reactions occurring on the working electrode. An Ag/AgCl RE is 

commonly used in 3-electrode systems comprised of aqueous electrolytes and 

neutral to acidic pH.[14], [15]  

 

Figure 1: Example electrochemical disinfection (ECD) cell for 
treatment of LHW, or blackwater. In a 2-electrode cell, the potential on the 
WE is applied with respect to the CE. In a 3-electrode cell, the potential on 
the WE is applied with respect to the RE and current is sunk through the CE. 
Most deployed ECD systems for LHW use a 2-electrode configuration. 

Potentiostat

WE
(BDD)

Electrolyte
(LHW)

CE
(Pt)

RE
(Ag/AgCl)
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 Fundamentals of Electrochemical Oxidant Generation and 
Microbial Inactivation 

Inactivation of microbial species can be through direct or indirect oxidation. 

In direct oxidation, electron transfer occurs between microbial species to electrode 

resulting in its inactivation. This method is less effective at treating large volumes 

of LHW since it requires microbial species to attach to an electrode surface in order 

for them to be inactivated.[16] Therefore, the predominant means of oxidizing 

microbial species is by indirect oxidation.  

Indirect oxidation of microbial species occurs by first generating a biocidal 

oxidant at an electrode and then enabling that oxidant to be in contact with the 

microbial species for an extended period of time. The metric used to quantify 

indirect oxidation of microbial species is contact time (CT), or, concentration 

multiplied by time resulting in the unit mg L-1 min-1. The higher the CT the more 

likely microbial species will be inactivated. Higher CT can be created by increasing 

oxidant concentration or residence time of a microbial species in a given 

concentration.  

Biocidal oxidants are usually strong oxidants such as chlorine containing 

species (CCS) or reactive oxygen species (ROS). Select CCS and ROS reaction 

pathways pertinent to the present work are summarized in Table 1. Disinfecting 

CCS such as Cl2, OCl-, ClO2 and HOCl can be evolved from Cl- ions present in 

many chloride salt solutions following Reaction Pathway 1 seen in Table 1. Utilizing 
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CCS for indirect oxidation of microbial species, known as chlorination, is the 

predominate means of ECD; however, ROS offer better characteristics for ECD 

compared to CCS and can be generated from the water present in LHW.[16], [17]  

Table 1: Select electrochemical reaction pathways for generating CCS 
and ROS disinfecting species. E0 is the standard potential of the 
electrochemical reaction. 

 

The advantages of ROS over CCS come from such characteristics as 

higher reactivity, and thus shorter contact time and lower concentrations to 

disinfect microbial species. In addition, shorter lifetimes mean that… Reports 

Reaction Pathways Electrochemical Reaction 

Reaction Pathway 1 
Anodic Generation of CCS 

E0 = 1.358 V 

 

 
Reaction Pathway 2 

Anodic Generation of •OH and H2O2 
E0 = 1.77 V 

 
Reaction Pathway 3 (ORR) 

Cathodic Generation of H2O2 
E0 = 0.67 V 

 

 

Oxygen Evolution Reaction in Water  
(OER) 

E0 = 1.23 V 
 

 

Hydrogen Evolution Reaction in low 
pH Water (HER) 

E0 = 0 V 
 

 

2Cl− →Cl2 +2e−

Cl2 +2OH− →H2O+OCl
− +Cl−

Cl2 +4H2O→2ClO2 +8H+ +8e−

Cl2(aq)+H2O→HOCl +Cl− +H+

H2O→
•OH +H+ +e−

2•OH→H2O2

O2 +2e− +2H+ →H2O2

2H2O→4H+ +4e− +O2(g)

2H+(aq)+2e− →H2(g)
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indicate that needed oxidant CT for microbial inactivation are 105 shorter for ROS 

than CCS.[18], [19] ROS include •OH, O3, H2O2 and •O2-. Production of •OH occurs 

through a one-electron oxidation of water at anodic electrode potentials. The •OH 

can adsorb on the surface of the electrode or diffuse into solution if it does not 

react with the electrode material. If two •OH combine, they form H2O2 (hydrogen 

peroxide) as their product. This is summarized by Reaction Pathway 2 in Table 1. 

Another pathway to H2O2 production is the 2e- reduction of dissolved oxygen in 

solution following Reaction Pathway 3 (Table 1), also known as the oxygen 

reduction reaction (ORR). The onset potential and coulombic efficiency of these 

pathways are dependent on the electrode material, electrolyte, and the nature of 

their respective interface.  

In Chapter 2, we focus on understanding the the effect of surface chemistry 

of boron-doped ultrananocrystalline diamond (BD-UNCD) electrodes on the 

reduction of dissolved oxygen in acidic media to generate H2O2 (Reaction Pathway 

3). The 2e- reduction of O2 occurs at a relatively low standard potential, E0 = 0.67 

V. This indicates the ROS generation pathway has promise of being energy 

efficient and amenable for LHW disinfection. 

In contrast, the standard potentials for CCS and •OH generation at higher 

magnitudes of 1.358 V and 1.77 V, respectively. In practical conditions, these 

elevated potentials overlap with the onset of the oxygen evolution reaction (OER) 

which can become a parasitic reaction that diminishes coulombic efficiency. While 
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the standard potential is low for the ORR, in realistic conditions sufficient over-

potential is needed to overcome uncompensated resistances and allow for 2 

electron transfer from the electrode to the dissolved O2. Nonetheless, this 

increased overpotential does not usually approach or overlap with the onset of 

hydrogen evolution reaction (HER) in electrode-electrolyte systems used for ECD 

of LHW and therefore allows for high coulombic efficiencies. A major drawback to 

relying on ORR for ECD of LHW is that the concentration of O2 in solution at 

standard conditions in water is quite low (~0.5 mM). Thus, generation of H2O2 from 

the OER is limited by the availability of O2 to the electrode.  

In Chapters 3 and 4, surface chemistry and its impact on the generation of 

CCS and ROS is further explored in Cl- and blackwater containing electrolytes. 

While chapter 3 focuses on BD-UNCD electrodes, Magnéli phase titanium sub-

oxides (“Ebonex”) electrodes are investigated in Chapter 4. A 3D, particulate 

geometry is utilized for the Ebonex to increase the likelihood of ROS interaction 

with blackwater pathogens. Both diamond and Ebonex are reported to be inactive 

which means that the electrode should not exchange ions with solution and charge 

transfer is only through electrons. 

Depending on the electronic structure of a molecule in solution, the electron 

transfer can be an outer-sphere or inner-sphere process leading to electrode 

kinetics that are fast or slow, respectively. Outer-sphere electron transfer coincides 

with a high outer density of states (DOS) in the molecule that ease the charge 
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transfer process of an electron or hole from the electrode to the molecule. There 

is no need for an intermediate material to mediate the flow of charge in an outer-

sphere electron transfer process. For inner-sphere electron transfer processes, a 

lack of DOS in the molecule leads to the need for an intermediate material, such 

as a catalyst, to mediate the flow of charge. As such, inner-sphere processes such 

as all of those described in Table 1 require increased over-potential, catalysts, and 

binding sites on electrodes. 

Since electrode kinetics are invariably dependent on the molecule it is 

exchanging charge with, inner-sphere electron transfer processes always result in 

diminished electrode kinetics and efficiencies. In some cases, electrochemical 

reactions of interest are even eliminated as a result of electrode-molecule charge 

transfer kinetics. Moreover, the dissolved molecule participating in the generation 

of an oxidant must be within close vicinity (a few Å) of the electrode for the 

described kinetics to take place. If electrode kinetics are fast, depletion of reactant 

within this distance can occur, leading to a depletion layer extending from the 

electrode surface 1-2 molecular layers into solution. Mass-transport of more 

reactant in the bulk solution to the electrode surface through this boundary layer is 

then the limiting step in the generation of biocidal oxidants. The interplay of 

electrode kinetics and mass-transport result in the oxidant generation and 

subsequent disinfection energy efficiency we see in our experiments. 
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 Fundamentals of Boron Doped Diamond Electrodes 

BDD has gained considerable attention as an electrode due to its high 

oxygen evolution over-potential in aqueous environments.[20], [21] This property 

enables the formation of reactive oxygen species (ROS) such as hydroxyl radicals, 

ozone, and hydrogen peroxide.[20], [22]–[24] Jeong et. al.[17] compared para-

chlorobenzoic degradation at metal oxides (RuO2 and IrO2) and BDD electrodes. 

BDD was found to be more efficient due to its low electroactivity,[25] allowing 

generated hydroxyl radicals to react in the bulk solution.  

In contrast, on metal oxide electrodes, hydroxyl radicals generally react at 

the electrode surface to form a higher oxide surface with a weak oxidation 

capacity.[22] Schmalz et al.[26] showed that the bacterial inactivation of 

wastewater could be increased by a faster generation of electrochemical oxidants 

using BDD. Their study illustrated the energy efficiency of BDD electrodes over 

other conventional electrode materials. Despite the promise of BDD electrodes for 

application in sanitation technologies, there is little information in literature that 

details the optimal conditions for ROS generation, which would allow production of 

these species with higher efficiency and at lower cost. 

Thin-film BDD has been explored as an electrode material in 

electrochemical research and for water treatment applications.[21], [27]–[31] 

Though micro-crystalline diamond (MCD) (> 100 nm grain sizes), and 
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nanocrystalline diamond (NCD) (< 100 nm grain sizes) have been studied for water 

sanitation applications, there has been little published work on ultrananocrystalline 

diamond (UNCD) electrodes, a sub-category of NCD electrodes, despite their 

numerous electrochemical benefits.[32]–[34] UNCD differs from MCD and NCD 

because its grain size is exceptionally small (3-5 nm) allowing for a large relative 

surface area per grain volume.[31] The relative percentage of carbon atoms in a 

diamond grain that occur at a crystallite surface can be as high as 10%.[35], [36] 

This induces a high degree of disordered sp2 carbon bonding present at grain 

boundaries relative to MCD and NCD. As a result, roughly 5% of the total carbon 

present in UNCD films is disordered, sp2 bonded and at grain boundaries.[35], [36] 

Non-diamond carbon, such as sp2 carbon, forms at the grain boundaries of BDD 

crystallites during chemical vapor deposition (CVD). Subsequent removal of non-

diamond carbon increases the inertness and solvent voltage window of the BDD 

electrode.[21] The high degree of amorphous sp2 increases the electrochemical 

activity of the boron-doped UNCD (BD-UNCD) electrode.[21], [37] Surface 

treatments, such as annealing at high temperature or in situ direct current (DC) 

polarization, can lead to functionalization of the electrode surface at these sp2 

carbon sites.[38]–[40]  

Depending on the surface treatment and subsequent functionalization, the 

electrochemical characteristics of the BD-UNCD electrode can change drastically 
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from being active to inert, hydrophobic to hydrophilic, and even optically opaque 

to clear.[21], [30], [37], [41], [42] These surface treatments are typically carried out 

with the intent of removing non-diamond carbon. Interestingly, it was reported that 

functionalization of the non-diamond carbon, rather than removal, can enhance the 

production of ROS for carbon based electrodes.[43]–[45] Yano et. al. showed that 

carbon-oxygen functional groups created on sp2 carbon can greatly increase the 

reduction of dissolved oxygen gas in both acidic[27] and basic[46] aqueous 

electrolytes. Carbon-oxygen functionalities are present in quinone species, which 

are widely used in industrial processes for the production of hydrogen peroxide 

due to their catalytic behavior, and have been found on BDD electrodes.[40], [47]–

[49] These properties make BDD a suitable anode for use in ECD of LHW.  

 Fundamentals of Magnéli Phase Titanium Sub-Oxide Electrodes 

Magnéli phase titanium sub-oxide with the chemical formula of TinO2n-1 (4 ≤ 

n ≤ 9) is a robust material that has metallic conductivity despite being a ceramic 

synthesized from non-conductive TiO2. The tradename for Magnéli phase is 

Ebonex. The metallic conductivity arises from oxygen vacancies in an anatase 

TiO2 lattice at face sharing boundaries of octahedra which brings the Ti atoms 

closest together. The role of stoichiometry on conductivity and lattice effects can 

be seen in Figure 2 adapted from Ref. [50]. Of the stoichiometries synthesized, 

Ti4O7 has drawn the most attention due to its high conductivity. The family of 
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Magnéli phase titanium sub-oxides will be referred to as Ebonex in the remainder 

of this dissertation.  

 

Figure 2: Role of Magnéli Phase Titanium Sub-Oxide, or Ebonex, 
stoichiometry on A) conductivity, B) Oxygen sharing and C) lattice structure. 
Adapted from Ref.[50]  

Similar to BDD, Ebonex has a wide water window as a result of its quasi-inactive 

electrochemical behavior. This wide water window of Ebonex is compared to other 

common electrodes used in ECD in Figure 3 and can be seen to be even wider 

than diamond. The chemical inertness and robust mechanical behavior coupled 

with the suppression of HER and OER allow for potentially improved generation of 

higher order biocidal oxidants such as •OH and other ROS previously mentioned. 

Moreover, Ebonex is relatively inexpensive since it is derived from a commonly 

occurring material (e.g. TiO2) making it very appealing for use in ECD of LHW.[51] 

 

 

A B C
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Figure 3: Water window of select electrodes. Adapted from Ref.[50] 

Despite being reported as an electrochemically inactive electrode material, 

reports have indicated that the material loses conductivity over time due to surface 

oxidation.[51] The loss in conductivity usually arises from oxygenation of vacancies 

in the Ebonex lattice moving it to a TiO2 stoichiometry after prolonged anodic 

polarization in aqueous media.[52], [53] Reverse polarization at a cathodic 

potential can regain anodic performance,[54] but will leave hydroxyl groups on the 

surface.[55] For lower oxidation state Ebonex, the conductivity and activity of the 

electrode is usually greater. Geng et al.[56] showed that lower oxidation state 

Ebonex will have greater charging current and more pronounced peak shapes in 

CVs compared to those containing higher oxidation states.   
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Porosity of Ebonex has also been found to greatly influence electrochemical 

behavior. Kolbrecka and Przyluski found that the OER onset increases with 

increasing pore size.[57] Pouilleau et al. found that pores can also increase the 

current magnitude of the ORR by first trapping oxygen evolved from the OER 

before going to an overpotential beyond the onset of ORR.[55]  

The predominate use of Ebonex in wastewater remediation is as a catalyst 

support for more active materials. These materials include PbO2, C, Pt, Ru, RuO2, 

Co-Te-O, Pd, and Co to improve the decontamination of water from phenol, sulfur 

dioxide, heavy metals, organic load, trichloroethyelene and chloroform. One 

reason these catalysts are utilized is because Ebonex tends to passivate with 

use.[58] The passivation then eliminates charge-transfer between the Ebonex and 

electrolyte. However, when catalysts are present, this passivation increases the 

efficiency of electrolysis by minimizing side reactions that can occur on the support 

material.  

 Goals 

The principal goal of this dissertation was to investigate the impact of 

surface chemistry of select electrode materials - such as diamond and Magnéli-

phase titanium sub-oxide - on the energy efficient generation of biocidal oxidants 

for application in the disinfection of LHW, commonly called “blackwater.”  The 

following three areas are investigated: 
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1. In Chapter 2, the generation of hydrogen peroxide from a degenerately 

boron-doped diamond (BDD) electrode is investigated. Electrode history 

and use as an anode or cathode are compared to determine how evolving 

surface chemistry can impact the generation of hydrogen peroxide. From 

this, potentiodynamic methods of varied potential magnitude and periodic 

cycling are investigated to control the generation of hydrogen peroxide and 

achieve a desired electrode surface chemistry.  

2. In Chapter 3, the developed potentiodynamic method is then investigated 

in the disinfection of blackwater and compared to static potential treatment 

methods. To understand how surface chemistry of BDD can impact the 

generation of chlorine-containing species, potentiostatic and 

potentiodynamic methods are compared in their generation of biocidal 

oxidants in chloride-free and chloride-rich electrolytes.  

3. In Chapter 4, the development of a new potentiodynamic method to Magnéli 

phase titanium sub-oxide is then investigated with learnings from the 

previous chapters. The granular electrode material is then placed in a 

packed bed format and investigated to understand the impact of reactor and 

electrode geometry on the electrochemical disinfection of blackwater. 

Potentiostatic and potentiodynamic treatment methods were again 

investigated to determine their effectiveness in generating biocidal oxidants 

and controlling electrode surface chemistry of Magnéli phase titanium sub-

oxide.   
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2 Enhanced H2O2 Production at Reductive Potentials from 
Oxidized Boron-Doped Ultrananocrystalline Diamond 
Electrodes 

This chapter examines the production of hydrogen peroxide, H2O2, from a 

boron doped diamond (BDD) electrode, with the goal of determining how surface 

chemistry can be controlled to enhance efficiency and stability. The predominate 

use of BDD in wastewater treatment is to use it as a potentiostatic anode operated 

at high potentials to generate ROS. The findings reported here provide an 

understanding of how potential, time and reverse polarization can control the 

efficient generation of H2O2 from BDD by controlling its surface chemistry. Such 

an understanding is vital to utilizing BDD as an electrochemical disinfection (ECD) 

electrode for decentralized disinfection of LHW. There are 2 reasons why, i) 

prolonged service lifetimes of BDD require reverse polarization to remove foul from 

the electrode and maintain its active area and ii) improving the energy efficiency, 

or coulombic efficiency, of H2O2 is important in lowering the energy cost of ECD of 

LHW.  

The potential cycling and pre-anodization techniques described in this 

chapter were motivated by findings of Yano et al.[27], [46] and Ayers et al.[59]. 

Both manuscripts describe the catalytic effect of non-diamond carbon on the BDD 

surface in reducing oxygen. They further show how this catalytic effect could be 

correlated with to functional groups bonded to non-diamond carbon. BDD and 

other common disinfection electrodes possess surface chemical properties that 
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will influence the generation of oxidants. Potential cycling an electrode in service 

is only done to preserve oxidation processes at positive potentials by removing 

foul from the electrode, with little interest in what happens at negative potentials. 

This chapter highlights how potential cycling can increase the overall generation 

of H2O2 from an electrode by promoting catalytic generation of H2O2 at both positive 

and negative potentials. It also presents surface chemical results that are 

conducive to catalyzing oxygen reduction which is a topic of interest across all 

electrochemistry. Much of the findings of this chapter have been published by the 

author and collaborators in Ref. [60] which has been published open-access under 

Creative Commons Attribution (CC-BY) license. 

 Introduction 

The primary routes for human exposure to microbial pathogens from 

wastewater arise in agricultural settings.[61] Good results for pathogen removal or 

inactivation have been obtained by membrane filtration, UV irradiation, and 

pasteurization.[5]–[9] However, such treatments have high investment costs and 

require maintenance that may not be feasible for developing countries. Other 

established disinfection techniques like chlorination and ozonation require storage 

of chemicals and generate harmful by-products, which present a major drawback 

to small-scale treatment plant safety. [5], [6] 

Electrochemical disinfection presents an alternative technology that is 

effective, simple to operate, low cost, and energy efficient. Some key benefits 
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provided by this method include in situ generation of disinfectants, no storage of 

chemicals, and a straightforward low maintenance process.[10], [11] This is 

especially the case for blackwater treatment, as the presence of urine provides 

sufficient electrical conductivity for electrochemical processes to be conducted 

without additional chemicals.[12] Recent research in our group demonstrated that 

synthetic urine spiked with E. coli could be disinfected by means of 

electrochemically-generated chlorine at a boron-doped diamond (BDD) anode.[62]  

While many electrochemical disinfection studies utilize dimensionally stable 

anodes or mixed metal oxides,[17], [63] BDD has gained considerable attention 

due to its high oxygen evolution over-potential in aqueous environments.[20], [21] 

This property enables the formation of reactive oxygen species (ROS) such as 

hydroxyl radicals, ozone, and hydrogen peroxide.[20], [22]–[24] Jeong et. al.[17] 

compared para-chlorobenzoic degradation at metal oxides (RuO2 and IrO2) and 

BDD electrodes. BDD was found to be more efficient due to its low 

electroactivity,[25] allowing generated hydroxyl radicals to react in the bulk 

solution. In contrast, on metal oxide electrodes, hydroxyl radicals generally react 

at the electrode surface to form a higher oxide surface with a weak oxidation 

capacity.[22] Schmalz et al.[26] showed that the bacterial inactivation of 

wastewater could be increased by a faster generation of electrochemical oxidants 

using BDD. Their study illustrated the energy efficiency of BDD electrodes over 

other conventional electrode materials. Despite the promise of BDD electrodes for 
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application in sanitation technologies, there is little information in literature that 

details the optimal conditions for ROS generation, which would allow production of 

these species with higher efficiency and at lower cost. 

Thin-film BDD has been explored as an electrode material in 

electrochemical research and for water treatment applications.[21], [27]–[31] 

Though micro-crystalline diamond (MCD) (> 100 nm grain sizes), and 

nanocrystalline diamond (NCD) (< 100 nm grain sizes) have been studied for water 

sanitation applications, there has been little published work on ultrananocrystalline 

diamond (UNCD) electrodes, a sub-category of NCD electrodes, despite their 

numerous electrochemical benefits.[32]–[34] UNCD differs from MCD and NCD 

because its grain size is exceptionally small (3-5 nm) allowing for a large relative 

surface area per grain volume.[31] The relative percentage of carbon atoms in a 

diamond grain that occur at a crystallite surface can be as high as 10%.[35], [36] 

This induces a high degree of disordered sp2 carbon bonding present at grain 

boundaries relative to MCD and NCD. As a result, roughly 5% of the total carbon 

present in UNCD films is disordered, sp2 bonded and at grain boundaries.[35], [36] 

Non-diamond carbon, such as sp2 carbon, forms at the grain boundaries of BDD 

crystallites during chemical vapor deposition (CVD). Subsequent removal of non-

diamond carbon increases the inertness and operational voltage window of the 

BDD electrode.[21] The high degree of amorphous sp2 increases the 

electrochemical activity of the boron-doped UNCD (BD-UNCD) electrode.[21], [37] 
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Surface treatments, such as annealing at high temperature or in situ direct current 

(DC) polarization, can lead to functionalization of the electrode surface at these 

sp2 carbon sites.[38]–[40] Depending on the surface treatment and subsequent 

functionalization, the electrochemical characteristics of the BD-UNCD electrode 

can change drastically from being active to inert, hydrophobic to hydrophilic, and 

even optically opaque to clear.[21], [30], [37], [41], [42] These surface treatments 

are typically carried out with the intent of removing non-diamond carbon. 

Interestingly, it was reported that functionalization of the non-diamond carbon, 

rather than removal, can enhance the production of ROS for carbon based 

electrodes.[43]–[45] Yano et. al. showed that carbon-oxygen functional groups 

created on sp2 carbon can greatly increase the reduction of dissolved oxygen gas 

in both acidic[27] and basic[46] aqueous electrolytes. Carbon-oxygen 

functionalities are present in quinone species, which are widely used in industrial 

processes for the production of hydrogen peroxide due to their catalytic behavior, 

and have been found on BDD electrodes.[40], [47]–[49] 

The present work investigates the generation of hydrogen peroxide (H2O2) 

using as-grown BD-UNCD electrodes, and in situ surface modifications. Given the 

relatively short recombination time of ROS,[64], [65] electrogeneration of H2O2 was 

monitored indirectly using a colorimetric technique.[66]–[69] Combining 

electrochemical and physical characterization data, the evolving surface chemistry 

of BD-UNCD resultant from potentiometric testing was monitored. Static and 
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potential cycling methods of generating H2O2 are compared to determine the 

nature of surface chemistry of BD-UNCD and its effect on the generation of H2O2. 

These results build on an evolving understanding of the electrochemical 

generation of ROS, such as H2O2, from BDD electrodes, and include the effects of 

potential cycling methods. Furthermore, these results provide an enhanced 

understanding of the kinetic properties of BD-UNCD electrodes and form the basis 

of the phenomenological model presented herein.  

 Experimental 

2.2.1 Electrolyte 

To enable colorimetric detection of H2O2, 0.12 M Ti(SO4)2 was used as an 

electrolyte. The 0.12 M Ti(SO4)2 electrolyte was made following the procedure 

described by Eisenberg.[66] 1 g Ti(IV)O2 anatase powder (Sigma-Aldrich) was 

dissolved in 100 mL H2SO4 (J.T. Baker, UN 1830) by heating at 150 oC for 16 h 

and stirring at 350 rpm. The resulting solution was cooled to room temperature and 

left covered and unstirred for several hours until undissolved TiO2 settled out of 

solution. The supernatant was then filtered and diluted 1:39 with deionized water, 

resulting in an optically clear electrolyte with pH 0.5, and [Ti(SO4)2] of 0.12 M. 

Unless otherwise noted, the electrolyte was bubbled with ultra-high purity O2 gas 

(Airgas Inc., PN# OX UHP 300) for 20 minutes prior to each use to ensure 

saturation of oxygen content.  
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2.2.2 H2O2 Measurement 

Known concentrations of H2O2 (VWR, MK524002) were reacted with 0.12 

M Ti(SO4)2 (Section 2.1) to form H2TiO4, which strongly absorbs visible light.[64], 

[66] The absorbance of H2TiO4 at each concentration of H2O2 was measured using 

a monochromated light source at 420 nm (Newport Oriel 300W 87005 lamp 

housing, Newport Oriel 6258 ozone free xenon lamp, Newport Oriel 74004 1/8 m 

Cornerstone Monochromator) and a photodetector (Newport Oriel, 479). The 

absorbance was then plotted with respect to the H2O2 concentration to create a 

linear absorbance-concentration standard curve in accordance with Beer’s Law 

(Appendix A).  Electrochemically generated H2O2 concentrations reacted in 0.12 

M Ti(SO4)2 were then determined by comparing the experimentally obtained 

absorbance value to the standard curve, similar to the technique of Eisenberg[66] 

and Peralta et al.[64] 

2.2.3 Electrode Fabrication 

Boron-doped ultrananocrystalline diamond (BD-UNCD) films (thickness ~2 

μm) on SiOx/Si (500 μm) with geometric areas between 0.5 – 1.5 cm2 were cleaved 

from a 4 in. UL25 wafer purchased from Advanced Diamond Technologies 

(Romeoville, IL). Cleaved pieces from this wafer were then electrically connected 

to a thin copper wire using silver paste (Ted Pella, PN#16031). The contact was 

left to dry at room temperature for several hours. The copper wire and paste were 
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then isolated from the electrolyte using a glass tube and non-conductive epoxy 

(Loctite EA 9462 Hysol).  

2.2.4 Electrochemical Conditions 

Unless otherwise mentioned, electrodes were tested as the working 

electrode in a 3-electrode 40 mL cell of 0.12 M Ti(SO4)2 where Ag/AgCl sat. KCl 

(Biologic RE-1CP) and Pt wire were used as the reference and counter electrodes, 

respectively. All measurements were made using a SP-200 BioLogic potentiostat. 

Prior to testing, samples were thoroughly rinsed with deionized water and blown 

dry with ultra-high purity N2 gas (Airgas Inc, PN# NI UHP 300). The electrolysis for 

measurement of H2O2 (Section 3.3) was performed in a 2-electrode cell at varied 

voltages for 30 minutes in a 10 mL-solution of 0.12 M Ti(SO4)2. A 2-electrode cell 

was used due to space constraints. The Pt counter electrode was also used as a 

pseudo-reference electrode. In our conditions, its potential remains constant, and 

equal to ~0.5 V vs Ag/AgCl. Electrodes were anodized in acidic solutions prior to 

electrolysis, a method we refer to as “pre-anodization.” 

2.2.5 X-ray Photoelectron Spectroscopy 

Collection: X-ray photoelectron spectroscopy (XPS) was conducted using a 

Kratos Analytical Axis Ultra instrument with a monochromated Al Kα X-ray source 

(1486.69 eV) operated at 15 kV and 10 mA (150 W) in a 5 x 10-8 Torr chamber. 

Survey spectra were collected using an analyzer pass energy of 160 eV, and 

binding energies were collected from -5 to 1200 eV scanned at 1 eV increments. 
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Each step was integrated for 500 ms and the entire spectrum was averaged across 

5 sweeps. Regional C 1s spectra (276.9 – 300.0 eV) were collected using the same 

conditions as the survey spectra, except a pass energy of 20 eV (resolution of 0.4 

eV) was used.  

Analysis: Collected spectra were calibrated, analyzed, and deconvoluted 

using Casa XPS software following best practices as outlined in Briggs and 

Grant.[70] All data reported were the average result of 3 measurements per 

electrode sample. The XPS O 1s to C 1s ratios seen in Figure 1 were determined 

by normalizing the integrated O 1s peak intensity centered at a binding energy of 

532 eV to the integrated C 1s peak intensity centered at 285 eV. A Shirley fitted 

background subtraction was used for both peaks. The XPS C 1s regional spectra 

seen in Figure 2 were normalized against the bulk peak maximum located at 285 

eV, with background subtraction carried out using a Shirley background fit. 

Following a similar protocol as Ayers et al.,[59] peak assignments were made in 

reference to the characteristic sp3 diamond-like-carbon C-C bonding peak located 

at 285 eV. For non-diamond carbon bonds, the following assignments were made: 

sp2 C=C (graphitic carbon) was assigned to -1.1 eV, C-H (hydrocarbon) was 

assigned to +0.5 eV, C-OH (hydroxyls bonded to carbon) was assigned to +1 eV, 

C-O-C (ether groups) was assigned to +1.7 eV, C=O (carbonyl groups) was 

assigned to +3.4 eV, and COOH (carboxyl groups) was assigned to +4.1 eV. 

Deconvolution, and subsequent quantification of C 1s regional spectra, was carried 
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out using Gaussian-Lorentzian peak shapes and +/- 0.2 eV constraints for FWHM 

and peak position, respectively, where the FWHW was set to 1eV. The resulting 

deconvoluted peak area quantities (can be seen in Appendix A) were then 

summed to equal the relative amount of functional groups corresponding to the C-

H, C-OH, C-O-C, C=O, and COOH content for each electrode and plotted as seen 

in Figure 3A. For details not mentioned herein, XPS spectra were analyzed 

following best practices as outlined in Briggs and Grant.[70]  

 Results and Discussion 

2.3.1 Electrochemical Surface Pre-Treatment 

To better understand the role of surface chemistry and biasing history on 

H2O2 generation, electrodes were grouped and studied in three categories. Table 

2 summarizes these treatments and provides a guide for the reader in electrode 

sample naming assignment. The treatments were chosen to elucidate the effects 

that oxidation, or “pre-anodization” of BD-UNCD has when it is then followed by 

cathodic potentials with respect to the open-circuit potential (0.5 V vs Ag/AgCl sat. 

KCl). The first group consisted of electrodes that were reduced (at -0.5, -1.5, and 

-2.5 V vs. Ag/AgCl sat. KCl) for 20 minutes and then characterized. These are the 

“R” electrodes. The second group electrodes were oxidized (at 1.5, 2.5 and 3.5 V 

vs. Ag/AgCl sat. KCl) for 20 minutes and then characterized. These are the “O” 

electrodes. The third group, an extension of the second group, was first oxidized 

(at 1.5, 2.5 and 3.5 V vs. Ag/AgCl sat. KCl) before being reduced at -1.5 V vs. 
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Ag/AgCl sat. KCl. These are the “OR” (oxidized-reduced) electrodes. As a matter 

of comparison, an unpolarized control electrode was characterized, and results 

plotted along with the polarized electrodes. The effects of surface chemistry, and 

biasing history were studied by analysis of XPS and Raman spectra. 

Table 2: Surface pre-treatments of 3 groups of electrodes where R, O 
and OR prefixes designate electrodes that were tested at reductive, 
oxidative, or oxidative then reductive potentials, respectively. The Control 
electrode was left at open-circuit voltage in 0.12 M Ti(SO4)2, which was 
measured to be 0.5 V vs. Ag/AgCl sat. KCl.[60] 

Name Oxidation Voltage 
(V vs. Ag/AgCl sat. KCl) 

Reduction Voltage 
(V vs. Ag/AgCl sat. KCl) 

R2.5 - -2.5 

R1.5 - -1.5 

R0.5 - -0.5 

O1.5 1.5 - 

O2.5 2.5 - 

O3.5 3.5 - 

OR1.5 1.5 -1.5 

OR2.5 2.5 -1.5 

OR3.5 3.5 -1.5 

Control - - 

2.3.2 Surface Chemistry 

Comparison of surface chemistry across BD-UNCD electrodes as a result 

of an applied voltage can be found in Figure 4-Figure 6. Figure 4 shows the relative 

O 1s to C 1s peak area intensity collected from XPS survey spectra across 

electrode samples polarized at different potentials.  



 

 
28 

 

Figure 4: Oxygen content of each electrode given by the O 1s 
integrated peak area normalized to the C 1s integrated peak area. O 1s/C 1s 
values displayed were taken as the average of three measurements. The 
dashed line corresponds to the unpolarized control electrode oxygen 
content. The error bars correspond to the standard deviation of the 
measurements for each electrode.[60] 

From Figure 4, there appears to be an increase in oxygen content occurring on the 

BD-UNCD surface across all pretreatment potentials with respect to the control 

electrode. This implies that even slight polarization in strong acidic environments 

is enough to oxidize BD-UNCD. Oxygen has previously been shown to terminate 

BDD lattices when oxidized by electrochemical treatments of greater than 1.5 V 

Reduced
Oxidized then 

Reduced Oxidized



 

 
29 

vs. Ag/AgCl in aqueous-based electrolytes by bonding to amorphous sp2 content 

present at grain boundaries.[38], [39] At potentials < 1.5 V vs. Ag/AgCl, 

corresponding to the R2.5, R1.5 and R0.5 electrodes, there also appears to be an 

overall (but constant) increase in oxygen content which is independent of the 

applied voltage. Martin et al.[38] ascribed this increase to 2 possible mechanisms: 

i) adsorption of H2O to oxygen terminated sites on BD-UNCD crystallites after 

testing due to atmospheric effects, or ii) carbon bound oxygen functionalities 

created during reduction. However, the particular species leading to the increase 

in oxygen content was not investigated. Since the control electrode does not 

exhibit this increase in oxygen content, even though it was left in 0.12 M Ti(SO4)2 

for the same amount of time as the other electrodes, it seems likely that the second 

mechanism (ii) proposed by Martin et al. is the cause of increased oxygen content. 

 

Figure 5: Change in carbon bonding at surface of A) reduced (R), B) 
oxidized (O), and C) oxidized then reduced (OR) BD-UNCD electrodes 
compared to the control electrode indicated by change in C 1s regional 
spectra taken from XPS.[60] 
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The C 1s regional spectra in Figure 5 show an apparent difference in carbon 

bonding resulting from the A) reducing, B) oxidizing, or C) oxidizing then reducing 

test conditions. All the reduced (R) electrodes in Figure 5A show a substantial 

increase in carbon functionalization given by the widened shoulder of the C 1s 

peak shape at binding energies greater than 285 eV. This widened shoulder in the 

peak shapes is indicative of an increased presence of carbon-hydrogen (C-H), and 

carbon-oxygen (C-OH, C-O-C) bonding.[40] The R1.5 electrode has a more 

prominent shoulder at higher binding energies (> 285.5 eV) than the R2.5, R0.5 

and control electrodes. This is likely the result of a higher proportion of C-OH, C-

O-C, C=O and COOH bonding occurring on the BD-UNCD surface. This change 

in carbon-bonding for BD-UNCD electrodes can be correlated to the creation of 

carbon functional groups occurring on the surface.[37], [39], [40] The relative 

proportion of these functional groups across all the R electrode surfaces compared 

to the control electrode can be seen in Appendix A.  The maximum number of 

functional groups is seen in the R1.5 electrode. Since the electrodes were not 

exposed to oxidative potentials, it is unlikely that these functional groups are due 

to electrochemical oxidation of sp2 carbon bonds (C=C). Oxidation of non-diamond 

content on BDD is widely reported for BDD electrodes tested in aqueous 

electrolytes at oxidative potentials. However, it is less commonly reported for 

reductive potentials. [21], [37], [40], [59], [71]–[73] While the exact reductive 

reaction pathway is unknown, there is an increased amount of functionalization 
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beyond the control electrode seen across the R electrodes in Figure 5A,C that 

suggests an electrochemical mechanism.  

For the C 1s regional spectra seen in Figure 5B-C corresponding to the O 

and OR electrodes, respectively, there is an apparent creation of functional groups 

from oxidation that remain even after reduction. With increasing oxidation, 

formation of carbon-oxygen and carbon-hydrogen functional groups occurring at 

grain boundaries also increases, a trend that has been reported elsewhere.[39], 

[40], [59]  Comparison of the overall C 1s peak shape between the O2.5 and O1.5 

electrodes (Figure 5B) shows only a slight increase of functional groups at higher 

binding energies ( > 286 eV). In contrast, the O3.5 electrode appears to show a 

notable increase in this same region. The difference is likely due to an increased 

over-potential that is able to sufficiently oxidize the non-diamond content present 

on BD-UNCD grain surfaces. Figure 4 further confirms this hypothesis. In Figure 

5B, (also see Appendix A) there is an apparent component of the C 1s peak shape 

due to C-H, C-OH, C-O-C, and C=O functional groups bonded to surface carbon 

of which a significant proportion is C=C (sp2).[32], [35], [74] Figure 5B also 

indicates an increasing C-OH and C-H content with increasing voltage, while the 

other components appear to be constant. Hydroxyl groups created on a BD-UNCD 

surface within a certain oxidation potential range (2-3 V vs. Ag/AgCl sat. KCl) have 

been reported elsewhere.[75]–[77] However, an increasing hydrocarbon C-H 

content is not as widely reported. Raman spectroscopy of the oxidized electrodes 



 

 
32 

(also see Appendix A) did not give direct insight into a mechanism. This is likely 

because the functional groups are adsorbed on the surface and Raman 

spectroscopy is a bulk characterization technique. Chaplin et al.[78] indicated that 

at such elevated potentials in aqueous electrolytes, hydroxyl radicals can 

radicalize carbon. This usually results in the removal of bonded hydrogen, but in 

some instances leaves additional C-H behind. It is also possible that at such 

elevated potentials, sufficient oxidation of the electrodes leads to etching of the 

surface atoms to expose the underlying unoxidized C-Hx bonds created by CVD 

growth conditions. Since it is widely reported that sufficient oxidation of the BDD 

surface is irreversible by electrochemical methods,[39], [59], [79] reduction of 

these electrodes should give insight as to what species could cause the C-H 

signature and whether or not it is stable.  

Figure 5C provides greater understanding of functional groups created on 

the BD-UNCD surface during oxidation, which we refer to as “pre-anodization,” and 

how they respond upon reduction at -1.5 V vs. Ag/AgCl sat. KCl. Comparison of 

the C 1s regional spectra in Figure 5B with C show marked differences in functional 

groups present on the surface of the oxidized O1.5 and O2.5 electrodes compared 

to the oxidized then reduced OR1.5 and OR2.5 electrodes. Functional groups 

created on the O electrodes are largely reduced to C-O-C and C-H bonds on the 

OR electrodes. Due to the complexity of XPS spectra deconvolution, it is hard to 

definitively state the particular functional groups on the O, and OR electrodes. 
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Again, it can be stated that the functionalization of the BD-UNCD electrodes occurs 

only at the surface since Raman spectroscopy (Appendix A) showed little change 

across electrodes compared to the XPS data. Moreover, it appears that 

functionalization of the surface is proportional to the magnitude of the oxidation 

voltage. Upon reduction, these functional groups are either reduced, leading to 

reconstruction of the carbon bonds at the grain boundaries, or are removed 

entirely. 

Figure 6 shows the pre-anodization effect on the following: (A) the stability 

of functional groups on BD-UNCD surfaces and (B) the charge transferred upon 

subsequent reduction at -1.5 V vs. Ag/AgCl sat. KCl. The relative concentration of 

carbon bonds that are not C-C (sp3) or C=C (sp2), (i.e., functional groups on the 

surface), appear to remain constant or increase on the OR1.5 and OR2.5 

electrodes following reduction. In contrast to this trend, the OR3.5 electrode 

appears to lose functional groups compared to its O counterpart. Figure 6B 

indicates the charge transferred at discrete times for the OR and R1.5 electrodes 

during reduction at -1.5 V vs. Ag/AgCl sat. KCl. Clearly, the OR1.5 and OR2.5 have 

a greater amount of charge transfer compared to the R1.5 and OR3.5 electrodes. 

Comparison of all four electrodes in Figure 6B indicates that pre-anodization has 
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a proportional impact on the reducing current, which is optimal between pre-

anodized voltages of 1.5 and 3.5 V. 

 

Figure 6: (A) Comparison of relative concentration of functional 
groups between O and OR electrodes. The O electrodes were oxidized at the 
given oxidation voltage for 20 minutes. O electrodes that were subsequently 
reduced at -1.5 V vs. Ag/AgCl for 20 minutes are renamed OR electrodes. The 
relative concentration of functional groups before, and after reduction of the 
oxidized electrodes indicates presence, and stability dependent on the 
oxidation voltage. Oxidation voltage of 0.5 V corresponds to the relative 
concentration of functional groups on the control electrode. The green 
arrows indicate instability of the oxidized surface in reducing environment 
at the given voltages. (B) Charge transfer for the R1.5 and OR electrodes at 
discrete times during reduction at -1.5 V vs. Ag/AgCl sat. KCl for 20 minutes. 
The charge transferred for the OR1.5 and OR2.5 electrodes compared to R1.5 
indicates there is greater charge transferred during reduction if BD-UNCD is 
”pre-anodized” at either 1.5 or 2.5 V. However, OR1.5 and OR2.5 compared 
to OR3.5 shows that too high of an oxidation voltage during “pre-
anodization” removes this effect. Charge transfer is proportional to oxygen 
reduction, and therefore hydrogen peroxide production in acidic aqueous 
environments.[60] 

Since the R1.5 electrode was never oxidized, yet shows low charge 

transfer, it appears that oxidized functional groups on the OR1.5 and OR2.5 lead 

to the observed increase. Correlation of the C 1s peak shape of R1.5 in Figure 5A 
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with Figure 6B indicates that the functional groups must be oxidized to create the 

difference in charge transfer observed among the OR1.5, OR2.5, and R1.5 

electrodes. This relationship does not hold for the OR3.5 electrode (Figure 6B). In 

contrast, Figure 6A shows a decrease in the relative concentration of functional 

groups between the O3.5 and OR3.5 electrodes. This decrease can be ascribed 

to sufficient over-potentials that destabilize the observed catalytic functional 

groups leaving them more prone to reductive etching at negative potentials. 

Reductive etching of BD-UNCD functional groups is commonly cited in literature, 

and brought upon by wide voltage window cycling.[21], [37], [38], [40], [59], [71], 

[72], [78], [80]  

As will be shown in the electrochemical section of this paper, the increased 

charge transfer shown in Figure 6B is quasi-reversible. Hence, surface bonded or 

adsorbed species on the electrodes oxidized at 1.5 and 2.5 V appear to possess 

catalytic properties. The surface sensitivity of XPS gives us detail as to how these 

functional groups are altering surface chemistry.   
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2.3.3 Electrochemical Characterization 

 

Figure 7: CV scans at 500 mV s-1 in oxygen-saturated H2SO4 (0.5 M): A) 
between-0.7 and 2.5 V, B) between - 0.5 V and an increasing anodic vertex 
potential.[60] 

Voltammograms performed at 500 mV s-1 in oxygen-saturated H2SO4 (0.5 

M) (Figure 7A) exhibit two anodic peaks, Pa1 and Pa2, at 1.85 and 2.15 V, 

respectively. The capacitive current at this scan-rate was measured to be 0.11 µA 

by taking the average current +/- 0.1 V from the open-circuit potential (0.5 V) in 

Figure 7A. SEM images (Appendix A) showed that the surface is well polished and 

therefore the capacitive current was found to be negligible throughout the 

electrochemical experiments. Pa1 and Pa2 are attributed to sp2 surface bonded 

carbon oxidation and the formation of oxygenated functional groups based on 

previous studies.[21], [27], [59], [81] A cathodic plateau, Pc, is observed during the 

reverse bias in the cathodic potential region between -0.35 and -0.6 V following a 

sufficient anodic over-potential. As a result, Pc is directly related to the anodic 
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vertex potential (i.e., the potential at which the CV scan is reversed), as highlighted 

in Figure 7B. In fact, no cathodic plateau is observed when the anodic vertex 

potential is lower than 1.0 V. Yano et. al. made a similar observation, both 

assigning Pc to oxygen reduction and ruling out the current contribution of 

functional groups during reduction.[27] In a control experiment, with no oxygen in 

solution, we did not see any cathodic peak between 0 and -1 V on voltammograms, 

which partially confirms the statement made by Yano et. al.[27] Additionally, as 

shown in Figure 7B, Pc intensity increases with the anodic vertex potential for three 

possible reasons: (i) more functional groups are generated anodically, and 

therefore can be reduced, (ii) an increased number of functional groups allow more 

oxygen to be electrocatalytically reduced, and (iii) the anodic sweep generates 

oxygen in the near electrode vicinity (i.e., in the electrode porosity), which leads to 

a locally increased O2 concentration.  However, when this anodic vertex potential 

is higher than 2.5 V, the subsequent reverse bias shows no cathodic peak between 

0.0 V and -0.5 V (Green curve, Figure 7B). It is believed that the oxygenated 

functional groups formed between 1.85 V, and 2.15 V can be irreversibly over-

oxidized.[21], [27], [38], [39], [78] Therefore, it can be concluded that both oxygen 

and oxygenated functional groups contribute to the reduction peak (Pc), consistent 

with the discussion in Section 2.3.2. 
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Figure 8: CV scans at 500 mV s-1 in oxygen-saturated H2SO4 (0.5 M). 
The anodic vertex potential is 2.5 V and the cathodic vertex potential is: A) 
and B) higher than -0.7 V and C) and D) lower than -0.7 V.[60]  

Thereafter, attention is drawn to the evolution of the aforementioned peaks 

over successive scans as a function of the cathodic vertex potential shown in 

Figure 8. When the cathodic vertex potential is more anodic than -0.7 V, 

successive cathodic peaks retain the same current intensity as seen in Figure 8A, 

while the successive anodic peaks exhibit an intensity decrease in Figure 8B. 

When the cathodic vertex is more cathodic than -0.7 V, Pc peak intensity increases 

over successive scans along with a similar increase of Pa2 intensity shown in 

Figure 8C-D. Pa1 appears to be less sensitive to the cathodic vertex potential than 
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Pa2. Potentials beyond -0.7 V correspond to the onset of hydrogen evolution shown 

in Figure 8C. It is hypothesized that hydrogen adsorption favors the reduction of 

additional oxygenated functional groups, which leads to an increase of Pc and Pa2 

intensity over successive CV scans. In order to successfully functionalize BD-

UNCD electrodes in situ and also repeatedly regenerate the catalytic oxygenated 

functional groups, the anodic potential has to be chosen between 1 and 3 V vs. 

Ag/AgCl, whereas the cathodic potential has to be more cathodic than -0.7 V vs. 

Ag/AgCl. 
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2.3.4 H2O2 generation 

 

Figure 9: A) H2O2 concentration produced and corresponding 
coulombic efficiency after 30 minutes of electrolysis at different static 
voltages in a two-electrode cell. B) H2O2 concentration produced using a 
potential cycling method for 30 minutes where the anodic cycle was constant 
at 100 s and the cathodic cycle, given by the horizontal-axis, was varied. 
When the cathodic cycle was equal to 1800 s, there was no anodic cycle. C) 
H2O2 concentration produced using a potential cycling method for 30 
minutes where the cathodic cycle was constant at 100 s and the anodic cycle, 
given by the horizontal-axis, was varied. When the anodic cycle was equal 
to 1800 s, there was no cathodic cycle.[60] 

As described in Sections 2.3.2 and 2.3.3, pre-anodization allows 

oxygenated functional groups to be present at the BD-UNCD surface. There are 

two primary electrochemical pathways to create H2O2 in oxygen-saturated water. 
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Equation (1) and Equation (2) below correspond to the two-step anodic generation 

process of H2O2 while Equation (3) corresponds to the direct cathodic generation 

of H2O2 from dissolved oxygen. Figure 9A shows an increase in H2O2 generation 

when the applied potential increases (for anodic generation) or decreases (for 

cathodic generation). Anodic coulombic efficiency (C.E.) decreases for higher 

voltages (Figure 9A, blue curves), likely because of the competition with oxygen 

evolution. Cathodic C.E. has a maximum at -2 V.  The decrease is due to 

competition with hydrogen evolution. However, the H2O2 concentration keeps 

increasing with more negative cathodic voltages as a result of the regeneration of 

oxygenated functional groups, highlighted in the electrochemical characterization 

Section 2.3.2. 

   

Equation (1) Equation (2) Equation (3) 

To study the influence of potential cycling, experiments in the same 

electrolyte as before were performed by cycling the voltage between 2 V and -2 V 

vs Pt. In the first series of experiments, the anodic cycle time was kept constant at 

100 s and the cathodic time was increased from 100 s to 800 s. Additionally, one 

electrode was not cycled and was kept at -2 V for 1800 s without cycling. From 

Figure 9B, one can see that decreasing the cathodic cycle time increases the 

amount H2O2 produced. With electrolysis time held constant, a longer cathodic 

polarization time implies a shorter anodic polarization time. As a result, less O2 is 

H2O→
•OH +H+ +e−

•OH + •OH→H2O2

H2O→
•OH +H+ +e−

•OH + •OH→H2O2 O2 +2H+ +2e− →H2O2
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generated in the electrode vicinity and the chemical oxidative regeneration of 

oxygenated functional groups is shortened. Figure 9A highlights the higher C.E. at 

-2 V compared to 2 V. It is expected that the longer the cathodic polarization time 

(-2 V) and the correspondingly shorter the anodic polarization time (2 V), the higher 

the CE (Figure 9B, blue curve). 

In a similar manner, the influence of the anodic cycle time on the overall 

H2O2 generation was studied. From Figure 9C, one can see that cycling the 

potential between 2 and -2 V increases both the generation of H2O2 and the 

corresponding C.E., compared to anodizing at 2 V for 1800 seconds without 

cycling. These results suggest that reverse biasing allows for the reduction of 

surface accumulated oxygen nano-bubbles formed in the electrode pores from 

water oxidation. Creation of nano-bubbles on nano-textured electrodes from 

electrolysis has been previously reported.[82], [83] A long anodization time allows 

a substantial formation of oxygenated functional groups and oxygen nano-bubbles, 

which increase the current and H2O2 generation during the cathodic polarization. 

Figure 10 confirms that the longer anodic cycle time correlates to a more gradual 

saturation of the total current during the cathodic step (i.e., due to greater 

availability of functional groups at the surface and oxygen in the electrode 

proximity) and leads to a higher overall current (i.e., greater reduction kinetics). As 

a result, more H2O2 can be generated from the reduction of dissolved oxygen.  
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Figure 10: Chronoamperometric curves recorded at different time of 
the electrolysis during the cathodic step. The cathodic step lasted 100 s 
while the anodic step lasted either 100 s (dash line) or 800 s (solid line).[60] 

From Figure 10, it can be seen that 100 s of anodic polarization is not long 

enough to regenerate all the catalytic oxygenated functional groups. 

Consequently, the cathodic current plateaus (between 30 and 85 s), and 

corresponding current intensity decreases with time (Figure 10, dashed line). For 

longer anodization, the cathodic plateaus either superimpose or are no longer 

present as a result of higher currents (Figure 10, solid line). This confirms that the 

oxygenated functional groups (OFG) (i) can be regenerated anodically and (ii) 

catalyze reduction processes[81] including H2O2 generation as shown in Figure 

9C.  
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Figure 11: A) Proposed schematic of current vs. time curve profiles 
during oxygen reduction. B) Suggested mechanism for oxygenated 
functional group enhancement of H2O2 generation.[60] 

A description of the current versus time profile is proposed in Figure 11A. It 

is suggested that 4 successive steps occur during the reduction step: (i) the current 

decreases due to the reduction of oxygen concentration in close vicinity to the 

electrode surface. (ii) While the oxygenated functional groups generated 

anodically are reduced, part of them are regenerated by dissolved oxygen. The 

regeneration process of these groups is schematized in Figure 11B. This leads to 
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a steady-state evidenced by a quasi- plateau. (iii) Once oxygen is fully depleted in 

the electrode vicinity, oxygenated functional groups are then reduced, which leads 

to a current intensity decrease. (iv) Finally, a plateau is observed because of the 

constant electrolysis of the supporting electrolyte.   

In controlled-potential electrolysis, the current decreases over time as a 

result of oxygen depletion in the electrode vicinity, which results in decreasing 

rates of H2O2 generation. Cycling to an anodic potential allows oxygen to be 

produced again, where long anodization coupled with short reduction times seems 

to be the optimal solution for increased H2O2 generation. 

 Summary and Conclusions  

We have shown that anodic functionalization, or “pre-anodization” of an as-

grown BD-UNCD electrode can enhance the cathodic production of H2O2 in a 

strong acidic environment (pH 0.5). It is proposed that the electrogeneration of 

functional groups at anodic potentials allows for an increase of current density 

during reductive potentials, resulting an increased production of H2O2. Through the 

proper choice of potential cycling conditions, it is shown that these functional 

groups can be stabilized and used to continuously produce H2O2 more efficiently 

than static potential methods. Surface characterization measurements before and 

after testing of the BD-UNCD electrodes determined that sp2 carbon occurring at 

BD-UNCD grain boundaries can be oxidized into carbon-oxygen or carbon-

hydrogen functionalities that influence the electron-transfer kinetics to catalyze the 
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production of H2O2. Two important aspects of BD-UNCD surface chemistry and its 

response to an applied voltage in an acidic aqueous environment are proposed. 

First, sp2 and non-diamond content present at BD-UNCD grain boundaries serve 

as bonding sites for carbon-oxygen and carbon-hydrogen functional groups when 

an oxidative or reductive potential is applied. Second, there is a voltage window (-

2.5 ≤ V vs. Ag/AgCl sat. KCl ≤ 3.5) at which these functionalities can remain 

bonded to the surface before being destabilized by sufficient over-potential. Thus, 

it follows that there exists redox cycling conditions at which these functionalities 

are both optimized and stabilized in their redox processes. Moreover, it is likely 

that they can be oxidized and reduced repeatedly so long as they are not exposed 

to excessive over-potentials (lesser than -1.5 V; greater than 2.5 V). Future work 

will look at how these functional groups can enhance the production of other ROS 

species to more efficiently sanitize wastewater.  
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3 Improved Blackwater Disinfection Using Potentiodynamic 
Methods with Oxidized Boron-Doped Diamond Electrodes 

Successful ECD of microbial species in LHW, or blackwater, is dependent 

on many factors. The most important factors are; (i) the availability of reagents to 

make oxidants at the electrode surface, (ii) susceptibility of microbial species to 

the generated oxidants and (iii) the ability of the electrode to generate biocidal 

oxidants. In this chapter, we study the disinfection of dilute blackwater mixed with 

chloride-containing and chloride-free electrolytes and determine the effect 

potential cycling on the generation of oxidants as well as the inactivation of 

microbial species. We then compare these potential cycling results to 

potentiostatic methods of treatment. ECD of microbial species is often correlated 

with chlorine generation as a result of oxidation of available chloride in LHW ([Cl-] 

~ 0.15 M).[84]  However, ROS have recently been shown to both lead to more 

effective generation of chlorine and disinfection of microbial species. This chapter 

discusses how potential cycling and pre-treatment in H2SO4 can lead to improved 

generation of chlorine and ROS from BDD due to creation and continued 

reactivation of catalytic oxygenated functional groups on the surface. These 

functional groups are found to catalyze electron transfer processes between the 

BDD electrode and electrolyte as well as serve as adsorption sites for inner-sphere 

processes, such as chlorine and ROS generation. It also presents how potential 

cycling can stabilize the current density of BDD in concentrated blackwater by 
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inhibiting fouling. Much of the findings of this chapter have been published by the 

author and collaborators in Ref. [85] which has been published open-access under 

a Creative Commons Attribution (CC-BY) license.  

 Introduction 

Approximately 40% of the world population does not have access to 

appropriate sanitation.[4] Limited infrastructure and poverty in developing areas 

has hindered use of suitable blackwater treatment practices. Microbial species 

such as E. coli, helminths, and other excreted pathogens are commonly present in 

untreated blackwater and lead to a range of illnesses including gastroenteritis. 

Over 1.4 million people die each year as a result of diarrheal illness caused by 

poor sanitation or insufficient treatment of wastewater, with 43 % of the deaths 

being children 5 and under.[1], [86] While methods such as membrane filtration, 

UV irradiation, pasteurization, chlorination, and ozonation have been studied for 

the treatment of wastewater, these treatment practices have seen limited adoption 

in developing countries due to high investment costs, high energy requirements, 

complex maintenance, dependence on supply and storage of chemicals, and 

generation of harmful by-products.[5]–[9]  

Electrochemical disinfection (ECD) provides a scalable, low cost, low 

maintenance and energy efficient alternative to current disinfection methods.[10], 

[11] Strong oxidants, such as chlorine containing species (CCS) and reactive 

oxygen species (ROS), can be generated in blackwater without the addition of 
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chemicals. CCS and ROS are effective at inactivating harmful microorganisms 

such as E. coli.[10], [87]–[91] While CCS, such as HClO, Cl2, and ClO-, can be 

efficiently generated and can effectively treat wastewater,[62], [92] ROS have been 

reported to have greater pathogen inactivation efficiency, higher reactivity, and no 

hazardous long-term effects.[17], [22], [93] For instance, H2O2, an ROS, will 

decompose into water upon exposure to sunlight. Similarly, •OH, O2-, and other 

ROSs will also decompose to water if not used for pathogen inactivation or other 

reactions. Conversely, CCSs will often linger in solution when unreacted, leading 

to potentially harmful environmental and physiological side-effects.[94], [95] 

Several electrode materials have been reported to efficiently produce CCS 

and ROS. Chlorination of blackwater using CCS is a fundamental method of ECD. 

Mixed metal oxides (MMOs), BDD, and Pt have been shown to be effective 

chlorine generators for ECD at oxidative potentials.[96], [97] MMOs have been a 

focus of ECD.[17], [63] However, the electrochemical properties of these materials, 

such as electroactivity and low over-potentials for water electrolysis, lead to 

oxidant production with diminished coulombic efficiency.[17], [63] Boron-doped 

diamond (BDD) is a potential electrode material that does not have these 

deficiencies. Previous papers have shown that BDD electrodes have low 

electroactivity, a wide solvent window, mechanical robustness, resistance to 

corrosion in challenging chemical environments, and ability for polarity reversal 

without degrading the performance of the electrode.[20], [21], [29], [98]–[101] 
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Application of BDD as electrochemical electrodes to generate CCS and ROS in 

aqueous environments has also been studied.[17], [22], [102] Particularly 

important is the ability of BDD to generate ROS with improved efficiency over other 

electrode materials due to the large over-potential needed for water splitting.[25] 

Less expensive and non-sp3 carbon-based materials, such as activated carbon or 

carbon nanotubes, have also been explored as ECD electrodes.[16] While these 

materials are easy to synthesize and hold promise as oxygen reduction catalysts 

[93] to form H2O2, they are often unsuitable for use as anodes in ECD systems as 

they have low oxygen evolution over-potentials (1.7 V) leading to diminished CCS 

and •OH generation efficiencies compared to other conventional anodes, such as 

BDD. 

Despite the promise of BDD, there is limited literature investigating its use 

as an energy efficient electrode for microbial inactivation. Jeong et al. compared 

BDD to other anodes and found that it was the most efficient in generating ROS to 

inactivate E. coli and investigated bacterial inactivation using specific ROS.[17], 

[22], [102] It was shown that •OH generated at a constant oxidative current density 

could disinfect E. coli with greater efficiency than CCS and other ROS. However, 

the mechanism of ECD of blackwater using BDD anodes is unclear. It may be from 

chlorination, or from production of •OH, H2O2, •O2-, and O3. Jeong et al.[17], [22] 

attempted to determine the mechanism using multiple disinfection studies by 

varying the electrolyte and using scavengers. They determined that while 
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chlorination can often be the cause for disinfection when using a BDD anode, the 

most kinetically favorable electrochemical pathway to producing CCS is likely 

indirect oxidation of Cl- anions mediated by •OH. It should be mentioned that these 

studies did not include reductive generation of H2O2, which is possible from BDD 

with surface non-diamond content, such as boron-doped ultrananocrystalline 

diamond (BD-UNCD).[60]  

ECD of microorganisms has commonly been studied through constant 

current oxidative methods, although potentiometric methods promise greater 

coulombic efficiency due to targeted ROS generation.[97] In constant current 

methods, the potential of the cell increases with time to maintain the applied 

current-density, often moving the cell potential well beyond the onset of ROS 

generation and into the oxygen evolution reaction (OER) and/or hydrogen 

evolution reaction, sacrificing efficiency for time savings.[96], [97] Unlike constant 

current and potentiostatic methods, potentiodynamic methods provide potentially 

increased efficiency by keeping the electrode from fouling through reverse 

polarization and controlling the potential.[21]  

In contrast to other BBD electrodes, BD-UNCD electrodes have a unique 

ability to generate ROS in aqueous environments at both anodic and cathodic 

potentials. Recently, our group reported on generation of oxidants and energy 

efficient disinfection of E. coli using BD-UNCD electrodes.[60], [62], [92] We 

previously demonstrated that oxidative functionalization of sp2-bonded carbon 
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present on the BD-UNCD surface can catalyze the reductive generation of H2O2 

from dissolved oxygen following the oxygen reduction reaction (ORR).[60] 

Subsequent potential cycling was shown to create and stabilize these ORR 

catalysts through a potentiodynamic-controlled process. Similar correlations of sp2 

and defective carbon structures have been cited to catalyze the ORR for H2O2 

production.[21], [93]   

Here we report on the benefits of potential cycling, a potentiodynamic 

method, for sanitizing blackwater and compare it to potentiostatic methods. We 

focus on potentiometric operation rather than constant current operation to ensure 

preservation of catalytic functional groups on the surface of BD-UNCD electrodes 

by not over-oxidizing or over-reducing them.[60] Moreover, we demonstrate that 

potential cycling between targeted potentials using functionalized BD-UNCD 

electrodes in diluted blackwater can decrease the energy needed for disinfection 

of microbial species. Functionalized BD-UNCD electrodes are shown to provide 

binding sites for improved electrochemical processes. Subsequent potential 

cycling of the functionalized BD-UNCD electrodes serves the dual purposes of 

maintaining the binding sites and keeping the ORR catalysts active. Through a 24-

hour study in undiluted blackwater, the potential cycling of BD-UNCD is 

demonstrated to yield an electrode surface with less fouling and with higher current 

efficiency compared to potentiostatic methods. This work adds to the continuing 

investigations of ORR catalysts using functionalized carbon materials that have 
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the potential to bring a cost-effective, energy efficient, and practical solution to the 

problem of disinfecting blackwater.  

 Methods 

3.2.1 Electrode Fabrication 

BD-UNCD films (thickness 2 μm) on SiOx/Si (1 μm/500 μm) with geometric 

areas between 0.5 – 1.5 cm2 were cleaved from a 4 in (10.16 cm) UL25 wafer 

purchased from Advanced Diamond Technologies (Romeoville, IL). The wafer has 

a reported surface roughness of <10 nm rms, with grain sizes on the order of 3-5 

nm and electrical resistivity of 0.1 Ω-cm. Cleaved pieces from this wafer were 

electrically connected to a thin copper wire using silver paste (Ted Pella, 

PN#16031) and front contact made to the BD-UNCD surface. The contact was left 

to dry on a hot plate at 80 oC for several hours. The copper wire and paste were 

then isolated from the electrolyte solution using a glass tube and non-conductive 

epoxy (Loctite EA 9462 Hysol).  

3.2.2 Electrochemical Measurements  

All measurements were made using a SP-200 BioLogic potentiostat. Prior 

to testing, samples were thoroughly rinsed with deionized water and blown dry with 

ultra-high purity N2 gas (Airgas Inc, PN# NI UHP 300). Unless otherwise noted, all 

electrochemical measurements were made in a 2-electrode, 100 mL cell where the 

BD-UNCD wafer and a Pt-wire were the working and counter electrodes, 

respectively. A 2-electrode cell was used due to space constraints with all indicated 
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potentials being the total cell potential. The positive or negative sign indicates 

whether BDD-UNCD was used as an anode or a cathode, respectively. The Pt 

counter electrode was also used as a pseudo-reference electrode. In our 

conditions, its potential remained constant at 0.5 V vs Ag/AgCl in 0.2 M KH2PO4 

with and without tert-butyl alcohol (t-BuOH) and 0.5 M H2SO4, and 0.4 V vs. 

Ag/AgCl in 0.154 M NaCl. Further information about use of pseudo-reference 

electrodes can be found in [103] and is common when electrolyte conditions may 

impair standard reference electrodes as is the case when working with blackwater. 

In our previous publication, the indicated potentials in a 2-electrode cell at pH 0.5 

were found to be sufficient to produce H2O2 via combination of anodic generated 

•OH or cathodic reduction of dissolved O2 as determined through colorimetry.[60] 

When possible, a 3-electrode system comprised of a standard reference electrode 

(such as Ag/AgCl) is preferred and enables more precise measurement of the 

working electrode potential on a standard scale. However, in our cell conditions 

and when working with blackwater in particular, there are 2 reasons why use a 

pseudo-reference electrode is preferred. First, particulate matter from blackwater 

collecting in the frit of a reference electrode may obstruct accurate measurement 

of the applied potential. Second, disinfection studies using a 2-electrode cell 

configuration, rather than a 3-electrode cell configuration, highlights the 

applicability of the described potential switching methods herein to real-world 

systems that do not use a 3-electrode configuration. The cell was stirred at a 
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constant 350 rpm throughout the measurements to improve mixing of generated 

oxidants and microbial species. A schematic of the cell can be found in Appendix 

B. Details regarding a control experiment to validate use of the Pt-wire as a 

pseudo-reference electrode can be found in Appendix B. Unless otherwise noted, 

BD-UNCD was anodized at + 2 V in 0.5 M H2SO4 for 20 min prior to each 

measurement.  

3.2.3 Diluted Blackwater Measurements 

Diluted blackwater experiments discussed here were the result of 3 

experiments per treatment method per electrolyte solution.  

Blackwater Collection and Use: Blackwater was collected from a prototype 

toilet system that processes human waste at RTI International. The details of the 

toilet prototype and composition of blackwater have been described 

previously.[104], [105] Blackwater was used within 3 days of its collection to stay 

within the 1 week time-frame that bacterial concentrations were found to be stable 

in ambient lab conditions.  

Dilution of Blackwater in Electrolytes: To shorten the timescale of the 

experiments and decrease electrode size, blackwater was diluted 1:501 in 3 

different supporting electrolyte solutions, with each chosen for controlled study of 

different oxidizing species. This was done by adding 1 mL of well-stirred 

blackwater to 500 mL of the bulk electrolyte. The solution was then stirred for 

several minutes and bubbled with ultra-high purity O2 (Airgas) for 10 min prior to 
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the experiment to ensure oxygen saturation in the solution.  The 3 electrolyte 

solutions used were 0.154 M NaCl (Sigma Aldrich), 0.2 M KH2PO4 (Sigma Aldrich), 

and 0.05 M t-BuOH (Alfa Aesar) in 0.2 M KH2PO4. The solvent water used was 

dispensed from a Milipore Q water system. In a control study, these solutions were 

found to have no effect on bacterial stability outside of electrochemical 

experiments. All solutions using diluted blackwater were found to have a pH 7.  

Experimental Procedure: A static (+ 2 V or – 2 V) or dynamic (+ 2 V followed 

by – 2 V) potential was applied to a BD-UNCD electrode with respect to a Pt-wire 

in diluted blackwater solutions for 45 minutes. The same electrode was used 

across treatment methods. When the electrolyte solution used in the blackwater 

dilution was changed, a new electrode was then used. This was done to allow for 

equal comparison of each treatment method while also limiting the complications 

of electrode history when changing electrolytes. For the potentiodynamic treatment 

method, + 2 V was held first for 13 min 20 s followed by – 2 V for 1 min 40 s to 

complete a 15 min cycle. This method was optimized to more efficiently produce 

H2O2 compared to potentiostatic methods in our previous publication [60]. Three 

total cycles were completed within the 45 min treatment time-frame. The Pt-wire 

was separated from the cell by a nylon membrane (0.2 µm, Sigma Aldrich #58060-

U) to limit the effects of Pt on disinfection. The cell was continuously stirred at 350 

rpm to ensure mixing of microbial pathogens and oxidizing species. 1 mL samples 

of the diluted solution were taken to measure bacterial concentrations prior to 
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treatment (t = 0) and at t = 2, 4, 6, 8, 12, 14.5, 20, 30 and 45 min. Most probable 

number (MPN) measurements of the samples were then made within 12 h using 

refrigerated samples.[106] Lysogeny broth (LB) agar substrates were used to 

obtain a total (non-specific) bacterial count from the MPN assay. When 

refrigerated, 1 mL samples were found to have stable bacterial concentrations for 

several days. Free chlorine was measured using N,N Diethyl-1,4 

Phenylenediamine Sulfate (DPD) (HACH method 8167) and a HACH DR 890 

colorimeter (HACH, Loveland, CO). Samples were run per the manufacturer’s 

instructions. Blanks consisting of the diluted blackwater and electrolyte solutions 

without the addition of the DPD reagent were run before each measurement with 

no free chlorine found. 

3.2.4 Microbial Enumeration 

Microbial enumeration measurements using MPN were made according to 

Sellgren et. al.[104] Reported values are the average of 3 trials and normalized to 

the initial MPN, with each independent trial presented in Appendix B. The bars at 

each data point indicate the standard deviation of the 3 measurements. Reported 

values for energy required to disinfect were taken as the average of 3 

measurements and indicate the energy used to reach the Sanitation Technology 

Platform (STeP) disinfection threshold (< 5 MPN mL-1), or the resultant bacterial 

concentration at the end of each measurement in the case that the STeP 

disinfection threshold was not reached. These values are shown normalized to the 
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cell suspension volume (100 mL) and log reduction of bacteria for comparison 

between electrolyte solution and experiment. 

3.2.5 X-ray Photoelectron Spectroscopy (XPS)  

Collection: X-ray photoelectron spectroscopy (XPS) was conducted using a 

Kratos Analytical Axis Ultra instrument with a monochromated Al Kα X-ray source 

(1486.69 eV) operated at 15 kV and 10 mA (150 W) in a 5 x 10-8 Torr chamber. 

Survey spectra were collected using an analyzer pass energy of 160 eV, and 

binding energies were collected from -5 to 1200 eV scanned at 1 eV increments. 

Each step was integrated for 500 ms and the entire spectrum was averaged across 

3 sweeps.  

Analysis: Collected spectra were calibrated and analyzed using Casa XPS 

software following best practices as outlined in Briggs and Grant.[70] All data 

reported were the average of 3 measurements per sample. The XPS Cl at. % 

values were determined by normalizing the integrated Cl 2p peak intensity 

centered at a binding energy of 200 eV to the integrated C 1s and O 1s peak 

intensity centered at 285 eV and 532 eV, respectively. Shirley background 

subtraction was used for all peaks. 

3.2.6 Undiluted Blackwater Experiments 

Unless otherwise mentioned, procedures described in Section 3.2.3 were 

followed for the undiluted blackwater experiments. Three BD-UNCD electrodes 

were held at + 2 V, -2 V, or switched between these two potentials (+/- 2 V 
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treatment method) versus a Pt wire counter electrode for 24 h in a 20 mL cell of 

blackwater. The cell was stirred at 350 rpm throughout the 24 h. Change in current 

density measurements reported for each electrode were made at the first 100 s 

and last 5 s of treatment (23:59:55 of the format HH:MM:SS) for the + 2 V and – 2 

V methods. This measurement was used to signify a decrease in electrode 

performance resulting from electrode fouling or catalyst depletion. For the +/- 2 V 

treatment method, the change in anodic current density was taken as the 

difference between current density measured at 100 s and at 5 s before the last 

reduction half-cycle (23:58:15). The change in cathodic current density was taken 

as the difference between the current measured at 100 s after the start of the first 

cathodic half-cycle (00:15:00), which was just before the start of the 2nd 

potentiodynamic cycle and at 5 s before the end of 24-hour treatment (23:59:55). 

Further information regarding the selection of these time points can be found in 

Appendix B. 

 Results and Discussion 

3.3.1 Comparison of Potentiostatic and Potentiodynamic Methods in the 
Disinfection of Diluted Blackwater 

Generation of reactive oxygen species (ROS) and chlorine containing 

species (CCS) by potentiostatic (+2 V and -2 V) and potentiodynamic (+/- 2 V) 

methods were compared with different electrolyte solutions as summarized in 

Table 3. The effect of electrolyte solution, generation of CCS and ROS from BDD 
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and microbial inactivation mechanisms was previously described by Jeong et 

al.[17], [22], but will now be briefly summarized. NaCl (0.154 M) electrolyte solution 

studied disinfection of blackwater when Cl-, H2O, and O2 were present in solution 

to create CCS and ROS. In this case, microbial inactivation was caused by direct 

redox, CCS, and ROS. KH2PO4 (0.2 M) provided the similar conductivity as 0.154 

M NaCl but studied disinfection of blackwater without addition of Cl-, other than 

that naturally contained in urine which is 8 mg L-1 NaCl,[84] leaving only reactants 

for ROS (H2O and O2) present. In this case, microbial inactivation was 

accomplished by direct redox and ROS. Addition of t-BuOH (0.05 M) to the KH2PO4 

solution allowed for the study of disinfection in the absence of Cl- and •OH. In this 

case, t-BuOH scavenged •OH such that microbial inactivation happened from 

direct redox and ROS while the effect of •OH oxidation of microbial species was 

largely suppressed. Each of these cases are discussed in more detail below. 

Table 3: Summary of diluted blackwater treatment methods and 
expected oxidant species generation in different electrolytes.[85] 

Method Electrolyte Generated 
Oxidants 

+ 2 V 
NaCl CCS + ROS 

KH2PO4 ROS 
KH2PO4 + t-BuOH  

- 2 V 
NaCl H2O2 

KH2PO4 H2O2 
KH2PO4 + t-BuOH H2O2 

+/- 2 V 
NaCl CCS + ROS 

KH2PO4 ROS 
KH2PO4 + t-BuOH H2O2 
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Figure 12 shows the bacterial inactivation of diluted blackwater in 0.154 M 

NaCl. The – 2 V treatment has little impact on the reduction of bacterial 

concentration in the diluted blackwater. Since the – 2 V electrode is only able to 

generate ROS, such as H2O2 and •O2- from dissolved O2, it is likely that the 

concentration of dissolved oxygen in solution is too low and that O2 absorption rate 

in the setup tested is too slow to result in significant disinfection. The overpotential 

of the – 2 V treatment was well beyond the onset of the ORR (found to be ~ - 0.7 

V vs. Ag/AgCl in our conditions), so it is unlikely the absence of disinfection was 

due to insufficient overpotential. Still, it may be related to diminished electrode 

kinetics since BD-UNCD is a poor ORR electrode when the non-diamond content 

at the surface is not appropriately functionalized.  

3.3.1.1 Disinfection in Chloride Containing Solutions 
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Figure 12: Bacterial inactivation from 3 methods of potentiometric 
testing. Two potentiostatic methods (+ 2 V and - 2 V) were compared to a 
potentiodynamic method (+/- 2 V) in blackwater diluted 1:501 with 0.154 M 
NaCl. The error bars are the standard deviation from 3 trials. Dashed lines 
indicate the beginning of the indicated potentiodynamic cycle for the +/- 2 V 
treatment and the horizontal dotted line indicates the STeP disinfection 
threshold ( < 5 MPN mL-1).[85] 

For the + 2 V and +/- 2 V treatments, the disinfection was rapid, both 

reducing bacterial concentrations by 3 orders of magnitude in the first 2-6 min of 

treatment. The disinfection required little energy per log reduction of microbial 

concentration with both the + 2 V and +/- 2 V treatment methods using only 57 

((µW h)/(L log(N0/N))). From our previous work,[60] pre-treatment of BD-UNCD 

electrodes in 0.5 M H2SO4 was hypothesized to have been responsible for the 
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rapid and energy efficient disinfection of the anodic methods by improving the 

generation of disinfecting CCS seen in Figure 12. Reaction pathways of forming 

disinfecting CCS from reaction of •OH with CCS from BDD anodes is well reported 

in literature with a great overview of the potential reaction pathways presented in 

[107]. As described in [107], BDD anodes in chloride containing electrolytes can 

generate HClO directly, or can generate ClO2, ClO3-, ROS by secondary reaction 

with •OH. All of the species are strong oxidizers and disinfecting species. To test 

the hypothesis that pre-treatment of BD-UNCD can improve the generation of 

CCS, different pre-treatments of BD-UNCD electrodes were made and the 

resultant chlorine content on each electrode was measured using XPS to indirectly 

quantify the adsorbed CCS content present on the surface. It was found that CCS 

are only present on the electrode when a positive voltage is applied to the BD-

UNCD electrodes in a 0.154 M NaCl solution (Figure 13A). Pre-treatment of BD-

UNCD in 0.5 M H2SO4 for 20 min at anodic potentials was found to further increase 

CCS adsorption in 0.154 M NaCl by partially oxidizing surface sp2 carbon bonds, 

leading to functional sites at the surface of BD-UNCD electrodes that serve as 

adsorption sites. As previously mentioned, BD-UNCD has a significant amount of 

surface sp2-bonded carbon. BD-UNCD that is free of non-diamond content (i.e., 

sp2) is effectively unable to adsorb surface chemical species.[21], [108] Proper 

oxidation at + 2 V vs. Pt of the non-diamond surface carbon can create an optimal 

concentration of oxygenated functional sites. We previously showed how such 
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functional groups can be created and maintained for catalysis of the ORR.[60] As 

seen in Figure 13A, a lesser or greater potential than +2 V vs. Pt diminishes this 

adsorption effect. This is likely due to under-oxidation of the non-diamond carbon 

in the 1 V experiments and removal of the non-diamond carbon in the 3 V 

experiments.[37], [59], [60] On the one hand, under-oxidation (< 2 V vs. Pt-wire) of 

non-diamond carbon on BD-UNCD electrode surfaces diminishes adsorption by 

leaving the surface in its native H-terminated surface which is hydrophobic.[21] On 

the other hand, over-oxidation ( > 2 V vs. Pt-wire) of the non-diamond carbon will 

create an O-terminated surface that is hydrophilic, but has less-conductive double-

bonded carbon-oxygen functional groups at the surface or has removed the non-

diamond carbon entirely.[21], [31], [109] In both 1 V and 3 V experiments, this 

results in diminished CCS adsorption compared to the 2 V because there is a 

lesser concentration of appropriately oxygenated functional groups on the BD-

UNCD electrode surface. 
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Figure 13: A) Chlorine containing species (CCS) adsorbed on BD-
UNCD electrodes as a function of pre-treatment conditions. Where no 
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voltage is indicated, the electrode was left in the indicated electrolyte without 
bias for the same amount of time as those electrodes that were polarized (20 
min in 0.5 M H2SO4 and 45 min in 0.154 NaCl). The color of each point 
indicates the magnitude of anodic polarization in 0.5 M H2SO4. B) Free 
chlorine generation versus treatment method after 45 minute electrolysis in 
0.154 M NaCl.[85]  

Further study revealed that potential cycling significantly increased the 

generated concentration of CCS by maintaining an increased concentration of 

adsorbed Cl- on the BD-UNCD surface. This is shown in Figure 13B where the +/- 

2 V potential cycling method produced more free chlorine per electrode area than 

the + 2 V and – 2 V potentiostatic methods. The increased free chlorine generation 

from the +/- 2 V method indicated that reverse polarization and continued 

regeneration of the functional groups significantly increased the generation of 

CCS. As stated in the methods section, no residual chlorine was found in solution 

prior to electrolysis. Moreover, the pH for all diluted blackwater solutions was pH 7 

so volatilization of free-chlorine should be minimal as has been reported previously 

in literature.[110]  

A proposed mechanism of increased CCS generation resulting from 

appropriate pre-treatment and potential cycling is shown in Figure 14. Pre-

treatment of the BD-UNCD electrode surface in 0.5 M H2SO4 plays a vital role in 

how well Cl– adsorbs, summarized as follows. Step 1: Oxidation in H2SO4 creates 

oxygenated functional groups on non-diamond content on the BD-UNCD 

surface.[60] Step 2: Anodic polarization of the functionalized electrode in Cl--

containing solutions (in this work 0.154 M NaCl) leads to the adsorption of Cl- 
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anions on the oxygenated functional groups created in Step 1. Step 3: Continued 

anodic polarization at sufficient over-potentials in aqueous solutions will generate 

•OH that reacts with the adsorbed Cl-, yielding CCS. Step 4: Reverse polarization 

to a cathodic potential discharges CCS from the electrode surface and reactivates 

oxygenated functional group catalysts.  

Since •OH radicals are short lived with very short diffusion lengths, the 

generation rate of CCS is much higher with Cl- ions in close proximity and high 

concentration near the electrode surface than if Cl- ions were not adsorbed (i.e., 

dispersed in solution). BD-UNCD without appropriately functionalized non-

diamond carbon on the surface is unable to adsorb Cl- due to lack of adsorption 

sites. This is evidenced by the +3 V H2SO4, +2 V NaCl method in Figure 13A. 

Potential cycling, more specifically reverse polarization, increases CCS generation 

as shown in Step 4 of Figure 14. There are two possible reasons for the increased 

CCS generation. First, adsorbed CCS content that is discharged from the electrode 

surface during the negative half-cycle of the potential cycling method. The CCS 

are then dispersed into solution, leading to a higher free-chlorine concentration. 

Second, reverse polarization of the BD-UNCD electrode surface regenerates the 

functionalized non-diamond carbon catalyst for increased free-chlorine generation.  
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Figure 14: Proposed surface chemical processes of BD-UNCD 
electrode with non-diamond content on surface. Step 1) oxidation in 0.5 M 
H2SO4 at + 2 V leads to oxygenated functional groups at surface. Step 2) 
anodic polarization in 0.154 M NaCl leads to Cl- adsorption on to functional 
groups. Step 3) Continued anodic polarization in water leads to oxidation of 
adsorbed Cl- from generated •OH and formation of CCS. Step 4) 
Reverse/cathodic polarization in H2O desorbs CCS content for dispersal into 
solution and regenerates non-diamond functional groups on BD-UNCD 
surface.[85] 

While these results were promising, the data gave neither direct insight into 

the role of ROS in disinfection of blackwater, nor did they highlight key differences 

between potentiostatic and potentiodynamic methods. Since there was a 

significant concentration of CCS generated and disinfection was rapid, comparison 

with a Cl--free electrolyte solution was needed to give mechanistic insight. 

Moreover, the time-scale of disinfection was too rapid to distinguish potentiostatic 

and potentiodynamic methods. By removing Cl-, the role of ROS on disinfection 

from potentionstatic versus potentiodynamic methods could be more directly 

studied.  
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3.3.1.2 Disinfection in Chloride Free Electrolytes 
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To determine the effect of ROS generated and their rate from the 

potentiodynamic compared to potentiostatic methods, KH2PO4 was employed to 

provide a chlorine free electrolyte solution. Figure 15 shows the disinfection of 

diluted blackwater in 0.2 M KH2PO4. As can be seen in Figure 15, the 

potentiodynamic method (+/- 2 V, red circles) was able to reach the Sanitation 

Technology Platform (STeP) disinfection threshold and decrease microbial 

species concentration by 1.5 orders of magnitude below the potentiostatic method 

(+ 2 V, blue squares and – 2 V, green triangles) during the 45 min treatment. At + 

2 V in an aqueous electrolyte, •OH is generated by a BD-UNCD electrode, which 

can lead to indirect generation of other ROS, such as H2O2, O3, and •O2-.[22] These 

second order ROS were considered responsible for inactivation of microbial 

species in the + 2 V and +/- 2 V treatment methods. Jeong et al. demonstrated that 

H2O2 is the only second order ROS generated from BDD at anodic potentials to 

have an impact on bacterial reduction.[17], [22] At – 2 V, there is only the 

generation of H2O2 via reduction of dissolved oxygen. In the +/- 2 V treatment 

method, H2O2 is not only generated at a cathodic potential, but also at an anodic 

potential via combination of •OH. The + 2 V treatment method also generates H2O2 

at an anodic potential through combination of •OH, but does not reduce dissolved 

oxygen for formation of H2O2. Despite the different reaction pathways in generating 

H2O2, the potentiostatic methods (+ 2 V and – 2 V) seen in Figure 15 resulted in 

very similar disinfection curves, suggesting H2O2 was largely responsible for the 
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disinfection as it was the only ROS shared by the two methods. The impact of H2O2 

on disinfection is further demonstrated by the +/- 2 V treatment method which both 

reaches the disinfection-threshold (Figure 15) and does so more efficiently (Table 

4) than the other methods. Among other reasons described in the proceeding 

paragraphs, the generation of H2O2 from the +/- 2 V treatment method was 

previously shown to be higher and more efficient than the other static methods (+ 

2 V and – 2 V) with coulombic efficiencies approaching 23 % and 50 % for the + 2 

V and – 2 V potentials, respectively.[60] Conversely and under different conditions, 

Jeong et al. have shown that •OH is likely responsible for the disinfection of E. coli 

when using anodic potentials on BDD,[17], [22] and ruled out the contributions of 

H2O2 from BDD at anodic potentials by adding H2O2 to an E. coli solution as part 

of a control experiment. Since blackwater was treated instead of E. coli in this 

study, this difference as well as other cell conditions that differ with Jeong et al., 

could explain why we found H2O2 to be an effective oxidizer of microbial species. 
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Figure 15: Disinfection of diluted blackwater in 0.2 M KH2PO4 (1:501) 
using 3 different treatment methods. The error bars are the standard 
deviation from 3 trials. The vertical dashed lines indicate the end of the 
indicated potentiodynamic cycle for the +/- 2 V treatment. The horizontal 
dotted line indicates the STeP threshold of disinfection ( < 5 MPN mL-1).[85] 

The potentiodynamic method (+/- 2 V, red circles) seen in Figure 15 shows 

improved disinfection over the potentiostatic treatment methods for three possible 

reasons. First, potential cycling leads to the continuous charging and discharging 

of the electrode-electrolyte double layer. This leads to an increased number of 

adsorbed species on the electrode surface over time, which can result in a higher 

probability of direct reduction-oxidation (redox) of microbial species and generation 

of oxidants compared to potentiostatic methods. Second, the anodic over-potential 
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in water creates O2 in high concentration at the electrode surface. This O2 is likely 

to adsorb at non-diamond carbon functional groups created by oxidative pre-

treatment in 0.5 M H2SO4. When the electrode is cycled to a reducing potential, 

the O2 is readily available at the electrode for reduction to H2O2 following the 

oxygen reduction reaction. This process is similar to that proposed in Thostenson 

et al.[60] and to that of the electrochemical advanced oxidation process (EAOP) 

which require O2 injected at the electrode surface for reduction to H2O2 at higher 

efficiencies.[96] Third, potential cycling of BD-UNCD between – 2 V and + 2 V vs. 

Pt-wire creates and maintains catalytic functional groups for the reductive 

generation of H2O2 from dissolved oxygen. We previously described this catalytic 

process.[60] 

 

Figure 16: Proposed Electrochemical Advanced Oxidation Process 
(EAOP) from potential cycling. Step 1) Oxidation in 0.5 M H2SO4 at + 2 V leads 
to oxygenated functional groups at surface. Step 2) Oxidation in 0.2 M 
KH2PO4 at + 2 V leads to water splitting and with O2 adsorption on to 
functional groups. Step 3) Reverse polarization and subsequent reduction in 
water leads to reduction of adsorbed O2 and formation of H2O2. Step 4) 
Reverse/anodic polarization in H2O regenerates non-diamond functional 
groups on BD-UNCD surface and evolves O2 from water oxidation that 
adsorbs again onto the surface beginning the process again following step 
2.[85] 
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A proposed new EAOP process from potential cycling of BD-UNCD in water 

based electrolytes is illustrated in Figure 16. Diamond does not have the binding 

sites needed for the ORR, while non-diamond and functionalized carbon do, as 

indicated by their adsorption properites.[21] Pre-treatment of the non-diamond 

carbon in 0.5 M H2SO4 at + 2 V functionalizes the non-diamond carbon present at 

the BD-UNCD surface (Step 1, Figure 16). Proper functionalization of the BD-

UNCD surface was shown earlier in this paper to improve adsorption of Cl- and 

subsequently improve CCS generation. In the case of a Cl--free electrolyte, the 

functional groups adsorb O2 rather than Cl- at + 2 V (Step 2, Figure 16). Cathodic 

polarization at – 2 V in H2O reduces the O2 to form H2O2 (Step 3, Figure 16). 

Applying an anodic potential at + 2 V again generates oxygen that adsorbs onto 

the functional groups. As described previously,[60] oxygenated functional groups 

occurring on non-diamond carbon (such as sp2 bonded carbon on the surface of 

BD-UNCD) provide enhanced oxygen reduction kinetics.  

The energy savings resulting from this EAOP process in Cl- free electrolyte 

solutions can be seen in Table 4, which reports the energy required to disinfect 

diluted blackwater. Potential cycling has a net energy savings of 24% and 124% 

compared to the + 2 V and – 2 V treatment methods, respectively, when •OH is 

present (Table 4, middle column). 

Table 4: Energy for bacterial reduction for the + 2 V, - 2 V, and +/- 2 V 
treatment methods. Energy is given normalized to the logarithmic magnitude 
of bacterial reduction and cell volume. These figures of merit indicate the 
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efficient utilization of energy of each particular treatment method in 1 L of 
each respective electrolyte for the remediation of 1 order of magnitude of 
microbial species.[85] 

Method 
Energy for Bacterial 

Reduction in 0.2 M KH2PO4 
(µW h / (L Log(N0/N))) 

Energy for Bacterial 
Reduction in 0.2 M KH2PO4 

+ 0.05 M t-BuOH 
(µW h / (L Log(N0/N))) 

+ 2 V 325 4860 
+ / - 2 V 262 3450 

- 2 V 588 NA 
 

To determine what effect •OH had on disinfection, 0.05 M t-BuOH was 

added to a 1:501 dilution of blackwater in 0.2 M KH2PO4. t-BuOH is a well-known 

•OH scavenger that will quickly react with •OH in solution to mitigate the role of •OH 

in disinfection.[17], [22] Table 4 (right column) demonstrate the detriment of 

removing •OH as a disinfecting ROS. The 3 treatment methods showed diminished 

inactivation efficiency of microbial species in diluted blackwater. This result 

indicates a strong dependence on the anodic generation of ROS and their 

dispersal into solution for disinfection. There are two reasons this is the case. First, 

anodically generated ROS such as •OH or the further reaction of •OH to form H2O2, 

O3 and •O2- is largely suppressed by the t-BuOH which will scavenge •OH. This 

results in a diminished concentration of ROS in the bulk solution for disinfection of 

microbial species. In addition, scavenging •OH likely inhibits the oxidation of 

functional groups on the BD-UNCD surface (Figure 16, Steps 2 and 4), which is 

important to the effectiveness of the +/- 2 V potential cycling method. As previously 
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discussed, oxygenated functional groups serve as adsorption sites for O2 and 

catalysts for O2 reduction to H2O2 upon cathodic polarization (Figure 16, Step 3). 

Second, direct redox of microbial species is a small part of the overall disinfection 

seen in Figure 12 and 4. Direct redox is the only uninhibited inactivation 

mechanism when t-BuOH was added to the KH2PO4 and blackwater solution. 

Table 4 (right column) indicates that removing •OH as a direct oxidant of microbial 

species has a detrimental effect on disinfection energy efficiency and largely limits 

the ability to disinfect blackwater (as can also be seen in Appendix B). Taken 

together, these data support the conclusion of Jeong et al.[17], [22] that bacterial 

inactivation by •OH is energy efficient and effective.  

3.3.2 Comparison of Electrode Fouling Effects from Treatment Methods in 
Undiluted Blackwater 

The potentiostatic and potentiodynamic methods were used to treat 

undiluted blackwater for 24 h so that their performance over time could be 

compared. Potentiostatic electrolysis commonly leads to diminished electrode 

current densities due to the accumulation of a resistive film on the electrode 

surface, known as fouling.[26] Through reverse polarization, the film can be 

removed and the electrode returned to its original current density. BDD electrodes 

have been cited to be stable under reverse polarization.[21], [31], [111] Following 

24 h electrolysis, no reduction in microbial species was measured (See Appendix 

B for disinfection curves) likely resultant from high concentrations of chemical 
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oxygen demand and the electrolysis period being too short. However, differences 

in current densities before and after 24 h electrolysis between the treatment 

methods were found and are summarized in Figure 17. As shown in Figure 17, the 

potentiostatic (+ 2 V and – 2 V) methods result in current densities at the end of 

the treatment that are roughly 70% less than their initial steady state current 

density. The anodic and cathodic current density of the +/- 2 V treatment decreases 

only 40% during the 24 h treatment, much less than the potentiostatic methods.  

The difference between the potentiostatic methods compared to the 

potentiodynamic method lies in the fact that the continued potential cycling of the 

of the +/- 2 V treatment reverse polarizes the electrode and discharges the 

accumulated film. The higher anodic and cathodic current densities for a given time 

and potential means improved electrolysis efficiency compared to the 

potentiostatic treatments. As mentioned before, these energy saving benefits are 

important to ECD of blackwater. Moreover, frequently servicing an electrode in an 

operating environment can be problematic and impractical. Minimizing fouling of 

an electrode surface decreases electrode maintenance and allows for a more cost-

effective and long-term solution. Thus, the proposed potentiodynamic method has 

direct benefits to improving ECD of blackwater across the evolving field of 

decentralized wastewater treatment. 
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Figure 17: Change in anodic (triangles) and cathodic (squares) current 
densities of the indicated potentiometric treatment from 24 h electrolysis of 
undiluted blackwater. The + 2 V and – 2 V treatment methods were 
potentiostatic while the +/- 2 V treatment method was potentiodynamic (1 
cycle was + 2 V for 13 m 20 s and – 2 V for 1 m 40 s, and there were 96 cycles 
made in 24 h).[85] 

 Conclusions 

Here we report on the benefits of potential cycling, a potentiodynamic 

method, in sanitizing blackwater, and compared it to two potentiostatic methods. It 

was demonstrated that potential cycling of functionalized BD-UNCD electrodes in 

diluted blackwater can save on energy expenditure required for disinfection of 

microbial species. Functionalization of BD-UNCD electrodes through potential 
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cycling is shown to provide binding sites for improved electrochemical processes. 

Subsequent potential cycling of the functionalized BD-UNCD electrodes serves the 

dual purpose of maintaining these binding sites, which can become fouled with 

time, as well as keeping their catalytic properties active. Through a 24-hour study 

in undiluted blackwater, the potential cycling of BD-UNCD is demonstrated to yield 

a more energy efficient disinfection process compared to two other potentiostatic 

methods. This work adds to the continuing investigations of oxygen reduction 

reaction (ORR) catalysts and electrochemical advanced oxidation processes 

(EAOP) using functionalized carbon materials that have the potential to bring a 

cost-effective, energy efficient and practical solution to the problem of treating 

blackwater for decentralized wastewater treatment.  
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4 Improved Understanding of Ebonex Surface Chemistry 
Through Potential Cycling and Use in a Packed Bed 
Electrochemical Reactor 

In the previous chapters, the use of BDD as a polished planar electrode has 

been examined for both the production of oxidants and ECD. The use of 

potentiodynamic methods was employed to both control BDD surface chemistry 

and improve oxidant generation for improved disinfection in a cell operated in a 

batch processing mode. This chapter utilizes the understanding generated during 

that work on BDD to examine another non-active electrode material, Magnéli 

phase titanium-suboxide, or Ebonex. This material has a wider water window than 

BDD which is needed to more effectively produce higher order oxidants, such as 

ROS. Moreover, Ebonex is a robust, chemically stable and low-cost material. 

Large volumes of particulate Ebonex can be made with ease such that millimeter 

diameter granules can be utilized to construct a packed bed. The conductivity of 

these granules further enables them to be electrically connected in the packed bed 

format such that a high surface area with a flow-through geometry ECD reactor 

may be realized. This device is referred to as a packed bed electrochemical reactor 

(PBER). Packed bed geometries constrain the influent LHW such that diffusion 

distances for oxidants generated at electrode granules to reach microbial species 

are much shorter than those in a planar geometry. This is important for lowering 

the disinfection energy since ROS and highly reactive biocidal oxidants will often 

quickly decompose in solution if not reacted with a microbial species. Thus, this 
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chapter focuses on developing understanding of potentiodynamic oxidant 

generation from Ebonex electrodes as a result of controlling its surface chemistry. 

It then looks at how this understanding and electrode material may be applied to a 

PBER for improved ECD of LHW. Further understanding about PBER 

characteristics and resultant oxidant generation are then studied in the context of 

both model electrolytes and blackwater. 

 Introduction 

For the 2.5 billion people who do not have access to suitable sanitation of 

liquid human waste, or blackwater, there is a need for a low-cost, energy efficient 

and sustainable waste water treatment system.[4] In such a system, 

electrochemical disinfection (ECD) using indirect oxidation of pathogens from 

generation of chlorine containing species (CCS) or reactive oxygen species (ROS), 

has shown promise in meeting these needs.[16], [104], [105], [112], [113] While 

direct oxidation of pathogens can occur on an anode, it has been shown that 

generation of CCS and ROS are the predominate means of disinfection.[16], [17], 

[102] Therefore, a number of anodes and cell geometries have been proposed and 

studied for oxidation of targeted pathogens based on indirect oxidation. 

Anode materials with high selectivity for generation of CCS or ROS over 

oxygen evolution have been widely studied. Dimensionally stable anodes (DSA) 

based on mixed metal oxides (MMO) are the predominant anodes used in the 

generation of CCS due to their selectivity and stability.[114], [115] While generation 
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of CCS from MMO based anodes is good, the generation of higher order oxidants, 

such as ROS, for improved disinfection is poor due to the low overpotential of MMO 

for oxygen evolution in aqueous electrolytes.[116]  

PbO2 and boron-doped diamond (BDD) have also been shown to be 

effective anode materials due to their generation of ROS and stability in waste 

streams. However, worries of Pb contamination in the treated effluent has limited 

interest in the deployment of PbO2 as an wastewater anode.[117] BDD is perhaps 

the most widely cited anode for ROS generation and treatment of organic 

pollutants.[16], [17], [22], [85], [102] While it has superb ability to generate ROS 

and treat pathogens such as E. coli,[17], [26], [107] development of a large-scale 

cell is cost prohibitive for developing countries since BDD is often manufactured 

using chemical vapor processes yielding minor amounts at high production 

costs.[21]  

Magnéli phase titanium sub-oxides (TinO2n-1, 4 ≤ n ≤ 9) which has the trade-

name Ebonex, offer similar properties to BDD at much lower cost (~$1.4 USD g-1). 

Since Ebonex is a ceramic, it possesses a wide water-window with superb 

chemical stability making it a promising electrode material for blackwater 

disinfection.[52], [53] The carbon-like conductivity of Ebonex is the result of oxygen 

vacancies occurring at every nth layer of face sharing octahedra.[50] Ti4O7 is the 

most widely studied electrode material of the sub-oxides since it exhibits the 
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highest conductivity. As n increases, vacancies are filled and the material becomes 

less conductive eventually resulting in anatase TiO2.  

While un-modified Ebonex has been studied for the oxidation of 

trichlorethylene[118] and remediation of foul water[50], more effort has been on 

using Ebonex as a catalyst support for a number of wastewater treatment 

applications (see Ref.[50] for a complete list). As was discussed with MMO 

anodes, the catalysts are often expensive (Pt, IrO2, and RuO2) and focus on 

generation of CCS rather than ROS. The reason Ebonex is often decorated with 

catalysts is not only to improve CCS generation but also to improve its activity as 

an anode over time.[50] With prolonged anodic polarization, a higher oxide at the 

surface develops and eventually active sites are passivated leading to diminished 

current densities.[52], [58] El-Sherif et al. demonstrated that periodic reverse 

polarization could maintain Ebonex electrode activity and oxidize sulfide ions in 

solution at ~50% current efficiency.[54]  

Packed beds offer a high through-put and constrained geometry to improve 

the treatment of wastewaters. While adsorption onto bed media or chemical 

reaction with catalysts decorated on bed media are often responsible for 

remediation of wastewaters, packed bed electrochemical reactors (PBER) offer 

the added ability to electrochemically generate oxidants from bed media.[119] This 

advantage is further heightened since influent waste streams are constrained close 

to the bed media thus decreasing diffusion distances of electrogenerated oxidants, 
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improving contact time oxidants with pathogens and increasing the probability that 

pathogens in solution are inactivated.[120]–[123] For utilizing highly reactive 

oxidants, such as ROS which live on the nanosecond time-scale, decreasing 

pathogen to electrode distance is of paramount importance.  

While granular Ebonex has been used in a PBER as a working electrode 

(WE) material previously, for reasons previously mentioned it has always been 

decorated with a catalyst.[50], [124], [125] Tennakoon et al.[125] showed that 

SnO2 doped with Sb2O3 and coated on Ebonex could sanitize the human waste 

produced by 1 person across 24 hr using 11.4 kW h of energy. While their results 

are promising, they simulated human waste using E. coli spiked urine solution and 

measured disinfection based on evolved CO2 gas rather than bacterial 

enumeration. Moreover, the simulated waste was sonicated prior to experiment 

further obscuring the ability of their PBER to treat real human waste.  

Despite the large amount of literature on both Ebonex and PBERs, no one 

has reported on eithers ability to i) generate chlorine in potential cycling conditions, 

or ii) disinfect actual human generated blackwater. In light of the previous work by 

El-Sherif et al.[54] who reported on the improved activity of Ebonex from periodic 

reversal, and by our group on the improved generation of ROS and CCS from BDD 

due to periodic cycling, the first item is of particular interest.[60], [85] Regarding 

the second item, disinfection of actual human generated blackwater is much 

different than simulated human liquid waste.[104] Sellgren et al.[104] and Hawkins 
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et al.[105] highlighted the peculiarities and differences of blackwater compared to 

simulated waste streams in electrochemical disinfection systems.   

Herein, we report on the effect of potential cycling an Ebonex electrode and 

its generation of chlorine. Surface chemical and electrochemical characterization 

is employed to determine the effect of potential and solution on electrode kinetics 

for chlorine generation. Ebonex granules in a PBER cell geometry are then studied 

for the disinfection of human generated blackwater. The effects of bed height, 

potential, time, flow rate and blackwater concentration are then studied to 

determine the viability of a proposed PBER geometry and its usage of Ebonex as 

an oxidant generation electrode material.    

 Methods 

4.2.1 Fabrication of Ebonex Granules and Electrodes 

Ebonex cylinders purchased from Vector Corrosion Technologies (10 mm 

x 100 mm Anodes) were crushed between a 316 stainless steel sheet and 

hammer. The resulting granules were sieved to be between 0.5 to 1 mm in 

diameter. No contaminants from the steel were found on the Ebonex granules. The 

granules were then connected to a copper wire using silver paste (Ted Pella, 

PN#16031) and epoxy (Loctite EA 9462 Hysol). The epoxy was allowed to dry 

before a glass tube was inserted over the wire and sealed to the granule with 

additional epoxy. Geometric surfaces were made on the surface of the granule 
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with epoxy and measured using photogrammetry and Image J following 24 hr of 

curing. Prior to each experiment, electrodes were sonicated in DI water.  

4.2.2 Standard Cell Conditions with Ebonex Electrodes 

Unless otherwise mentioned, the following cell conditions were used in the 

characterization of Ebonex electrodes. A 500 mL beaker filled with 0.1 M NaCl was 

used as the cell and electrolyte, respectively, where the 0.1 M NaCl was made with 

NaCl from Macron (Batch No. 173069) and de-ionized water generated in-house. 

A Ag/AgCl saturated KCl (ALS, RE-1CP) and Ti Wire (Vector Corrosion, 10mm x 

100 mm Anodes) were used as reference electrode and counter electrode, 

respectively. Unless otherwise mentioned, a 3-electrode cell was always used. 

Electrodes were connected to a BioLogic SP-300 potentiostat with measurement 

of the counter electrode potential vs. reference electrode enabled. The cell was 

stirred at 100 RPM using a magnetic stir bar and plate. New electrodes were used 

for each experiment to ensure electrode hysteresis did not impact results.   

4.2.3 Physical Characterization 

 

Scanning electron microscopy (SEM) images were taken using a FEI XL30 

SEM-FEG and in-lens detector. The accelerating potential was 30 kV and spot size 

4.  

 

4.2.3.1 Scanning Electron Microscopy 

4.2.3.2 Micro-Computed Tomography 
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Ebonex granules were placed in a plastic conical tube and scanned using 

a Micro-computed tomography (Micro-CT) instrument (Nikon XTH 225 ST). X-rays 

were generated from a W target with incident electron-beam set to 180 kV at 136 

µA to optimize penetration depth, contrast and dynamic range. A 0.125 mm Cu 

filter was used to decrease beam-hardening artifacts commensurate with strongly 

attenuating material. An amorphous Si 2000 x 2000 pixel detector was set to an 

exposure of 354 ms and captured 1500 projects in the full rotation of the scanned 

object. The resultant data was reconstructed using Nikon’s 3D Pro software with 

the generated volume processed using Avizo 9 to determine particle sizes of the 

Ebonex granules. Ebonex granule diameters were measured using a similar 

method as described by Vallejo-Heligon et al.[126] with the diameters calculated 

by approximating a spherical shape of the granules. Further details can be found 

in Appendix C.  

 

Collection: X-ray photoelectron spectroscopy (XPS) was conducted using a 

Kratos Analytical Axis Ultra instrument with a monochromated Al Kα X-ray source 

(1486.69 eV) operated at 15 kV and 10 mA (150 W) in a 5 x 10-8 Torr chamber. 

Survey spectra were collected using an analyzer pass energy of 160 eV, and 

binding energies were collected from -5 to 1200 eV scanned at 1 eV increments. 

Each step was integrated for 500 ms. Regional spectra were collected using an 

4.2.3.3 X-ray Photoelectron Spectroscopy 
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analyzer pass energy of 20 eV with 0.1 eV step size and 750 ms dwell time for 

each regional spectrum.  Three spots per sample were analyzed.  

Analysis: Collected spectra were calibrated and analyzed using Casa XPS 

software following best practices as outlined in Briggs and Grant.[70] All data 

reported were the average of 3 measurements per sample. The XPS Ti, O and C, 

at. % values were determined by normalizing the integrated Ti 2p, O 1s and C 1s 

peak intensities to all other present at.% above 0.5 %. Shirley background 

subtraction was used for all peaks. Energy calibration of all spectra to the Ti 2p3/2 

peak was completed and set to 459.2 eV for better comparison of O 1s spectra.  

4.2.4 Water Chemistry Measurements  

Free (Hach, PN# 1407099) and total (Hach, PN# 2105669) chlorine was 

measured using N,N Diethyl-1,4 Phenylenediamine Sulfate (DPD) (HACH method 

8167) and a HACH DR 890 colorimeter (HACH, Loveland, CO). Samples were run 

per the manufacturer’s instructions. Blanks consisting of the blackwater, electrolyte 

or mixture thereof without the addition of the DPD reagent were run before each 

measurement with no residual chlorine found. Chemical oxygen demand (COD) 

(Hach, PN# TNT 822) and NH3-N (Hach, PN# 2606945) were measured per the 

manufacturer’s instructions using a Hach DR 900 colorimeter (Hach, Loveland, 

CO). For solutions above the range of detection in each method, samples were 

diluted with deionized water and the colorimeter zeroed using the diluted sample 

prior to addition of reagent. Conductivity and pH were measured using a Myron L 
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6PFCE Ultrameter II (Myron L Company, Carlsbad, CA, USA) with sensor wells 

rinsed 3-times with deionized water prior to solution measurement.  

4.2.5 Packed Bed Electrochemical Reactor Experiments 

 

A packed bed electrochemical reactor (PBER) was constructed from low-

cost materials such as acrylic, rubber, Ti wire and Ebonex. A 3 in OD acrylic 

cylinder (McMaster Carr, 8581K82) was cut into discs of either 1 in to serve as the 

entrance, exit and working electrode (WE) bed compartment, or 0.5 in to serve as 

compressive substrates using through-bolts around the WE. Each disc was lathed 

to have an ID of 1.5 in and to have eight 0.5 in holes evenly placed long the middle 

of the toroid structure. The entrance and exit discs were lathed to have dilation and 

erosion, respectively, of the ID to match a 0.75 in bolt. Flat rubber gaskets were 

cut in the toroid shape from a 0.25 in rubber sheet to serve as seals between the 

discs. Holes to fit an 8 in wire were drilled into the sides of the WE, counter 

electrode (CE) and reference electrode (RE) compartment. Two 12 in Ti wires 

(Vector Corrosion, 10mm x 100 mm Anodes) with 0.125 in OD were then inserted 

into the WE and CE acrylic discs and coiled to serve as the current collector for 

the WE and as the CE. Ebonex granules were used as electrodes (see section 

below) or in the PBER by sandwiching a measured amount between nylon plastic 

meshes (McMaster Carr, 9318T41) ontop of the Ti-wire. A peristaltic pump 

(McMaster Carr, 4049K88) and 0.5 in Tygon PVC tubing (McMaster Carr, 

4.2.5.1 Construction and Description 
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6516T26) were used to pump solutions from a 1 L flask through the PBER and 

back at a desired flow rate.  

 

Unless otherwise mentioned, the same cell conditions used for 

characterization of Ebonex granule electrodes were used for characterization of 

the PBER. The bed height of the working electrode was controlled by measuring 

the mass of the Ebonex granules before adding them ontop of the Ti wire current 

collector. In our PBER, we found that 12.5, 25, 37.5 and 50 g corresponded to a 

bed height to width ratio of 1:6, 2:6, 3:6 and 4:6, respectively. Flow rates of the 

PBER were measured by setting the pump speed to a desired RPM and measuring 

the time it took 200 mL to pass through the system. Experiments were repeated 

when it was found that bubbles resided in the bed media or near the reference 

electrode. A 750 mL electrolyte solution was used for all experiments, unless 

otherwise mentioned, to ensure adequate volume was available for continuous 

fluid flow throughout the PBER and its apparatus. Prior to each experiment, a cyclic 

voltammogram between -2 and 3 V vs. Ag/AgCl at 100 mV s-1 and a 

chronoamperogram at 4.5 V vs. Ag/AgCl for 10 min were recorded at 7 L hr-1 and 

compared to previous measurements to ensure fair comparison of the PBER 

results across experiments.   

4.2.6 Blackwater Disinfection 

 

4.2.5.2 Standard Cell Conditions of PBER  

4.2.6.1 Collection of Blackwater 
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Human feces and urine were collected through a voluntary donation 

program at Duke University. Procedures for collection and usage of human urine 

and feces were reviewed and approved by the internal review board of Duke 

University. Blackwater was created by running the collected urine and feces 

through a Duke toilet prototype previously installed at RTI International. Complete 

details of the prototype and composition of blackwater have been described 

previously.[104], [105] 

 

Complete details of bacterial enumeration can be found in our previous 

work.[85], [104], [105] For the disinfection results reported herein, triplicate sample 

dilutions across 8 dilutions were made for each collected time point. The dilutions 

were made by placing 100 µL of each time point in a 1 mL well filled with 900 µL 

of lysogeny broth (LB). 100 µL of this mixture was then pipetted out of the well and 

placed in an adjacent well filled with 900 µL. This was repeated 8 times for each 

individual triplicate. The energy for each time point was calculated using the 

following equation 𝐸(𝑡) = 	∫ 𝑉(𝑡) ∗ 𝐼(𝑡)𝑑𝑡,
- , where E, t, V and I are the energy, time, 

cell potential and current, respectively. The energy was then normalized to the cell 

volume for appropriate comparison with values reported in literature.  

4.2.6.2 Bacterial Enumeration and Energy Calculation 
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 Results and Discussion 

4.3.1 Characterization of Ebonex Electrodes 

Ebonex electrode samples polarized at; (i) anodic, (ii) cathodic, and (iii) 

anodic followed by cathodic, potentials were characterized using XPS and CA. 

Table 5 provides an overview of the electrode naming scheme and potentials 

applied to each electrode in this section. In the case of the O4R2, O3R2, and O2R2 

electrodes, the anodic potential was applied for 30 min followed by the cathodic 

potential for 30 min.  

Table 5: Electrode sample naming designations for electrodes 
polarized at the indicated potential for 30 min in 0.1 M NaCl and then analyzed 
in XPS.  

Electrode 
Sample 

Anodic Potential 
(V vs. Ag/AgCl) 

Cathodic Potential 
(V vs. Ag/AgCl) 

O4 +4 - 
O3 +3 - 
O2 +2 - 

O4R2 +4 -2 
O3R2 +3 -2 
O2R2 +2 -2 

R2 - -2 
Control - - 

 

Figure 18A-D shows the electrochemical response and resultant surface 

chemistry of Ebonex electrodes at different anodic potentials. In the O2 electrode 

sample, the current density follows a typical profile for double-layer charging 

leading to near zero current after the first few seconds (Figure 18A, O2) where 
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water oxidation was not observed. The current-time response of the O3 electrode 

sample possesses both double layer charging plus a faradaic component resulting 

in a steady-state current of ~4 mA cm-2. Bubbles emanating from the electrode 

surface indicated that oxygen evolution from water oxidation was occurring at this 

potential. The O4 electrode appears to add an additional faradaic mechanism 

beyond water oxidation to the CA profile giving rise to a local maximum at 10 min 

and subsequent deviation from traditional mass-transport limited and steady-state 

CA profiles. This difference will be discussed in the following paragraphs.  

Figure 18B indicates that this change in response is likely due to a change 

in bonding state of the O 1s electrons. Compared to the O 1s spectra of the O2 

and control electrode samples, the O4 and O3 electrode samples appear to have 

an increased OH- peak intensity. Pouilleau et al.[55] demonstrated that at both 

anodic and cathodic polarizations, Ebonex will generate hydroxyl functional groups 

on the surface rather than TiO2. They determined this by analyzing the O 1s 

spectra and noting that the oxidation states of Ti in the Ti 2p spectra remained 

largely unchanged. Li et al.[127] have indicated that prolonged anodic polarization 

of Ebonex (360 h) will result in a passivated TiO2 surface evidenced by a shift to 

lower binding energies in the Ti 2p spectra. They however did do not analyze the 

O 1s spectra. Likely, the difference in CA shape between the O4 and O3 

electrodes, is due to surface passivation and growth of a TiO2 layer on the O4 

electrode sample not seen in the O3 electrode. Reverse polarization was 
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investigated to provide better insight into the nature of this change in Ebonex 

behavior. 

Figure 18C-D shows the electrochemical response and resultant surface 

chemistry of Ebonex electrodes from a cathodic potential of -2 V vs. Ag/AgCl for 

30 min. All electrodes in Figure 18C have an increasing current density magnitude 

with time contradictory to traditional mass-transport limited CA curves. Prolonged 

anodic polarization of Ebonex has been previously reported to passivate electrode 

surfaces and require polarity reversal.[50], [53], [54], [58] The polarity reversal of 

the O2R2, O3R2 and O4R2 electrode samples appears to increase cathodic 

current density magnitude with time and slowly bring activity of the electrode closer 

to that for the O2R2 electrode despite a stable degree of OH- remaining on the 

electrode surfaces (Figure 18C and F). Even the R2 electrode sample has an 

increasing cathodic current density with time despite never seeing an anodic 

potential. The increasing magnitude of current density in these electrodes is 

indicative of an increasing electrochemically active area brought upon by OH- 

functionalization of the surface.  Li et al.[127] proposed that the ORR on Ebonex 

surfaces generates OH- at the surface by reduction of O2- or HO2- intermediates. 

Figure 18D shows that OH- functionalization of all electrode surfaces occurred 

following reduction at -2 V. OH- functionalization was predominate in the O3R2 and 

O4R2 electrode samples that were previously polarized above +2 V vs. Ag/AgCl. 

Moreover, for the O3R2 and O4R2 electrode samples, the presence of H2Oads 
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occurs with greater prominence in the former sample suggesting a stability for 

improved adsorption. Improved adsorption properties are needed for improving 

inner sphere electron transfer kinetics such as those for the ORR, HER, OER and 

chlorine generation. 

As has been reported in literature, [54], [55], [128] Ebonex is oxidized at 

sufficient and prolonged anodic potentials to anatase TiO2 leading to poor OER 

and HER kinetics. These kinetics can be regained by prolonged cathodic potentials 

that reduce the TiO2 back to TinO2n-1 (4 ≤ n ≤ 9). What has been unreported to the 

knowledge of these authors, is the importance of OH- functionalization on electron-

transfer kinetics. As shown in Figure 18C, reductive current density will be greater 

over time for the OR electrodes compared to an electrode that was not anodically 

polarized. This suggests that functionalization of the Ebonex surface with OH- 

groups can improve the reductive current of Ebonex electrodes. Moreover, the 

impact of OH- concentration in solution likely has an impact on the electron transfer 

kinetics of Ebonex electrodes beyond just cathodic current density and may impact 

anodic current densities as well. The impact of OH- on the electrochemical 

response of Ebonex will be investigated in the following paragraphs. 



 

 
95 

 

Figure 18: Characterization and comparison of Ebonex electrodes 
polarized at an A-C) anodic or D-F) anodic then cathodic potential. A) shows 
the anodic CA curve of the O2, O3 and O4 electrode samples resulting in the 
subsequent B) Ti 2p and C) O 1s XPS regional spectra compared to an 
untested Ebonex electrode sample. D) shows the subsequent CA curve of 
the same electrodes upon reverse polarization to –2 V resulting in the E) Ti 
2p and F) O 1s XPS regional spectra. 

4.3.2 Peak Dependence of Ebonex Electrodes 

To determine the onset of Ebonex oxidation and other redox processes 

occurring on the electrode surface, CV techniques were employed. Figure 19A 

shows an Ebonex electrode that was cycled between a constant anodic potential 

vertex of +3 V and a varied and decreasing cathodic potential vertex beginning at 

-1.25 V and ending at -2.5 V. In each of the 5 cycles, the cathodic vertex potential 

was held for 5 min to exhaust reductive processes and improve acuity of oxidative 

processes. The first cycle started from OCV (~300 mV) went to the anodic vertex 
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followed by the cathodic vertex. The following cycles went between the anodic and 

cathodic vertices. The CV curves shown in Figure 19 are of the 5th cycle of each 

cathodic vertex. With the cathodic vertex of -1.25 V, a reductive peak at ~ -0.65 V 

can be seen that likely correlates to the ORR. This peak is greatly diminished in 

the successive CVs (lower cathodic vertex) due to the prolonged periods at 

cathodic potentials. At lower cathodic vertices, a broad oxidation peak develops 

and increases in magnitude centered at ~ -1 V with decreasing cathodic vertex. 

This peak likely correlates to the desorption of H2 following its generation via the 

HER and indicating its onset at or above -1.75 V. 

When the cathodic vertex decreases below -1.25 V, an anodic peak at ~2 

V can be seen. To study the pH dependence of this peak, CVs were performed in 

pH 2.8, 7 and 10.8 (Figure 19B). The anodic peak at +2 V increases in magnitude 

with increasing pH (e.g. increasing [OH-]). Moreover, the window for water splitting 

was observed to narrow at elevated pH indicating the improved kinetics of Ebonex 

for water splitting at elevated pH. Based on the results described in Section 4.3.1, 

the concentration of OH- at elevated pH likely leads to an OH- functionalized 

surface which was previously described to increase current density magnitudes. 
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Figure 19: CVs of Ebonex electrodes cycled at 100 mV s-1 in 0.1 M NaCl 
A) across a decreasing cathodic potential indicated in the legend that was 
held for 5 min each cycle before sweeping to the anodic vertex of +3 V. B) 
CVs of Ebonex electrodes at 100 mV s-1 between +3 and -2 V vs. Ag/AgCl in 
0.1 M NaCl titrated to the pH indicated in the legend using H2SO4 and KOH. 
The black arrow shows the direction of the CV scan.  

Three cathodic peaks can also be seen in Figure 19B at ~ -0.4, ~ -0.8 and 

-1.5 V with increasing magnitude with increasing pH. The peak at ~ -0.4 is likely 

due to ORR as previously stated, while those at more cathodic potentials are to 

now be determined. At pH 10.8, it can be seen that the anodic oxidation peak at ~ 

-1.4 V is maximized and occurs at a potential between the two peaks in question. 

This peak was already labeled as H2 desorption, so the cathodic peak at -1.5 V is 

H+ adsorption which precedes the HER and will occur at a lower potential than the 

H2 desorption peak at -1.4 V. The cathodic peak at ~ -0.8 V is due to reduction of 

Ebonex surface states which are re-oxidized at ~ -0.75 V  similar to what has been 

previously described[53] and indicated by a minor peak. 
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Figure 20: CVs of Ebonex electrodes analyzed in acidic (A, D), neutral 
(B, E), and basic (C, F) electrolytes using 0.1 M NaCl (pH 7, neutral) and 
titrated with H2SO4 and KOH to a pH of 2.8 and 10.8, respectively. A-C) are 
CVs collected across sweep rates 500, 250, 100, 50 and 20 mV s-1 showing 
the 5th cycle in each while D-F) are CVs at 100 mV s-1 showing each cycle 
from 1-5. The black arrow in each shows the direction of the scan. 

Figure 20 shows the electrochemical response of Ebonex electrodes cycled 

in differing different pH values of 0.1 M NaCl. As was previously mentioned, greater 

current density magnitudes are achieved with increasing pH illustrating the 

dependence of Ebonex electrode kinetics on [OH-]. At higher sweep rates when 

mass transport limitations are more noticeable, it can be seen that two oxidation 

peaks occur in the electrode cycled in neutral pH at cathodic potentials of -1.25 V 

and -0.5 V. The former peak occurs in basic pH and the later peak occurs in acidic 

pH. The peak at lower potential (~-1.25 V) is confirmed as H2 desorption since it 
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can be concluded from comparison of Figure 20A and C that the peak only occurs 

once an electrode goes further into the HER (e.g. more cathodic potential). The 

peak at higher potential (~0.5 V) is therefore the oxidation of Ebonex surface states 

which appears to be dependent on [H+] since it becomes more apparent with 

decreasing pH. 

Figure 20D-F show the cycling stability of Ebonex electrodes across the first 

5 cycles in different pH. At pH 2.8 and 10.8, the overlap of CV shape shows stability 

and repeatability in electrode processes. In pH 7, this is not the case. With 

increasing cycles, the current density of the HER and OER appears to increase 

with cycles indicating higher rate constants with every cycle. Moreover, the area 

of the CV appears to be increasing which indicates an increasing electrode area.  

Since OH- groups were already determined to have a marked impact on the 

electrode kinetics leading to increased current densities and decreased water 

window, it is proposed that cycling in a neutral pH will increase current densities 

by slowly creating more OH- groups on the Ebonex surface. This is understood by 

the following. In low pH, the lack of [OH-] can be seen to diminish overall current 

density at the potential vertices and to also diminish peak intensities (Figure 19B 

and Figure 20A and D). In high pH, the current densities are highest suggesting 

improved kinetics with increasing [OH-] (Figure 19B and Figure 20C and F).  In 

neutral pH, the surface begins oxidized with minimal OH- functionalization (Control 

in Figure 18B and D). However, potential cycling of the surface between sufficient 
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anodic and cathodic potentials will allow OH- groups to functionalize the surface 

and inhibit surface passivation. As the electrode is further cycled, the presence of 

OH- groups on the surface will increase leading to increasing current densities until 

OH- groups have saturated electrode surface area.  

4.3.3 Free Chlorine Generation and Potential Cycling Effects 

To determine the chlorine generation characteristics of Ebonex electrodes 

in 0.1 M NaCl, electrodes were polarized for 30 min and the generated free chlorine 

measured. The results are shown in Figure 21. Free-chlorine generation begins at 

potentials >1 V vs. Ag/AgCl with the maximum mass of free chlorine generated 

normalized to energy expended occurring at between 1-3 V. At higher anodic 

potentials than 2 V, the chlorine concentration continues to increase, but the mass 

generated normalized to energy decreases suggesting parasitic reactions such as 

OER or electrode passivation. The previous discussion regarding Figure 18 

concluded that electrode passivation occurs at prolonged and high anodic 

potentials and requires reverse polarization to reduce the surface back to a 

conductive state.    

There then exists a trade-off in using Ebonex as a chlorine generator, or 

more broadly speaking, disinfection anode. Operating at or below 2 V may be less 

energy intensive and may deter electrode passivation, but the generation of 

chlorine will be low and subsequent disinfection of blackwater will be prolonged or 

even unseen. Operating above 2 V will lead to higher concentrations of chlorine 
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within a shorter time-frame and potentially shorter blackwater disinfection, but the 

production will be more energy intensive and the anode will become passivated. 

The passivation and eventual stoppage in production of oxidants has been before 

reported.[51], [54], [128] Since either situation is impractical to actual disinfection 

of blackwater, potential cycling and the interdependent relationship of surface 

passivation, free-chlorine generation and reduction of the electrode surface back 

to an active state will next be investigated. 

 

Figure 21: Free chlorine concentration (black squares) and mass 
generated normalized to energy (blue triangles) from Ebonex electrodes 
polarized for 30 min in 0.1 M NaCl at the indicated anodic potential. 

Since cycling Ebonex has been shown here and in prior art[54] to improve 

current densities over time, an Ebonex electrode held at +3 V for 2 hr was 

compared to one that was cycled between +3V and -2 V for 2 hr. For the cycled 

electrode, the anodic half-cycle took 25 min and the cathodic half-cycle took 5 min 

(e.g. 1 cycle was 30 min). The electrode held at a constant potential will herein be 

1 2 3 4 5 6
0

5

10

15

20

Potential (V vs. Ag/AgCl sat. KCl)

Fr
ee

 C
hl

or
in

e
C

on
ce

nt
ra

tio
n 

(m
g 

L-
1 )

0

5

10

15

20

25

30

M
as

s 
of

 F
re

e 
C

hl
or

in
e 

G
en

er
at

io
n 

(µ
g 

J-
1 )

0.1 M NaCl
30 min
Ti-Wire CE
0.5 L



 

 
102 

referred to as the static electrode while the electrode that was cycled will be 

referred to as the dynamic electrode. Figure 22A shows the anodic current density, 

J, of each electrode normalized to the measured current density at 5 min, J0. Time 

points were selected to coincide with the beginning and end of the anodic cycles 

of the dynamic electrode. Two points per cycle were selected such that the 1st was 

taken 5 min after the start of the anodic half-cycle when double-layer charging was 

largely completed and the 2nd taken at the last time-point before the start of the 

cathodic half cycle.  

As can be seen, the static electrode has a decreasing current density across 

the 2 hr brought upon by gradual passivation of the surface. In contrast, the 

dynamic electrode in Figure 22A is seen to have fluctuations in its current density 

with the majority of points staying above 0.9. The maintained current density 

results in improved mass generation of free chlorine in the dynamic electrode 

compared to the static electrode across the 2 hr as shown in Figure 22B.  

The mass generation rate in the static electrode appears to increase in the 

first 45 min. There are 2 possible reasons for why this is the case: i) diffusion of 

free chlorine into the bulk electrolyte is lagged despite the cell being under constant 

stirring, ii) free chlorine generation from the Ebonex surface improves with time. 

Since the cell was stirred and the difference in time points was 15 min, it seems 

unlikely that i) would explain the difference. Therefore, ii) is likely the cause of 

initially increasing free chlorine mass generation and indicates that the Ebonex 
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surface can maintain a stable generation of free chlorine in the investigated 

conditions for up to 1 hr despite a continuously decreasing current density. 

 

Figure 22: A) Change in anodic current density and B) free-chlorine 
mass generation rate for an Ebonex electrode operated under a static 
potential of +3 V vs. Ag/AgCl (black squares) compared to an Ebonex 
electrode operated under a potentiodynamic potential of +3 V and -2 V vs. 
Ag/AgCl for 25 min and 5 min periods, respectively (red circles). Dashed 
lines correspond to the initial measured values. 

The mechanism for this result can be understood by relation to those results 

previously described. Upon polarization in sufficient [OH-], Ebonex will generate 

OH- functional groups on its surface[55] that improve electrode kinetics. This 

results in an initial increase in free chlorine mass generation as OH- diffuses to the 

surface and into the pores. As free chlorine and other strong oxidizers, such as 

•OH, H2O2 and •HO2, are generated, they will oxidize the surface leading to less 

active electrode surface (e.g. TiO2) and diminished oxidant generation. After 60 

min of electrolysis, functionalization of the electrode surface and pores is largely 

completed while the passivation of these functionalized sites from generated 

0 20 40 60 80 100 120
0.6

0.7

0.8

0.9

1.0

1.1

J/
J 0

Time Point (min)

 Static
 Dynamic

Initial 
Current
Density

A B

0 20 40 60 80 100 120

0.8

0.9

1.0

1.1

1.2

1.3

M
as

s 
G

en
er

at
io

n 
R

at
e 

(
/

0)

Time Point (min)

 Static
 Dynamic

Initial 
Generation
Rate



 

 
104 

oxidants continues and will eventually oxidize the Ebonex to a point that little to no 

free chlorine is produced.  

In the case of the dynamic electrode, the passivation of the surface can be 

undone and free chlorine generation rate returned. As described in the preceding 

sections, potential cycling of the electrode can reduce the oxidized surface back 

to its conductive state leaving OH- groups present on the surface and permitting a 

means to utilize the Ebonex electrode for use as an oxidant generation anode for 

disinfection of liquid human waste, or, blackwater.  

4.3.4 Construction and Description of the Packed Bed Electrochemical 
Reactor  

The structural properties of Ebonex and relative low-cost with which large 

amounts can be synthesized make it an ideal granular electrode for use in a 

packed bed electrochemical reactor (PBER) for the disinfection of LHW. Previous 

studies have utilized Ebonex as a conductive substrate for decoration of catalysts 

citing poor free-chlorine generation from Ebonex without them.[50], [51], [125], 

[128] While the selectivity for chlorine generation from Ebonex is poor[58], the 

previous sections demonstrated that potential cycling and functionalization with 

OH- groups can greatly improve the electrode kinetics and promote free chlorine 

generation. Moreover, the wide water window of Ebonex and similar 

electrochemical properties to boron-doped diamond (BDD) facilitate generation of 
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ROS oxidants that have improved disinfection properties over chlorine containing 

species (CCS).[129]  

To enable cost-effective scalability and independence from expensive metal 

catalysts, we constructed a PBER based on uncoated granular Ebonex as a 

packed bed working electrode (WE) on top of a coiled Ti-wire current collector. 

Images of the overall apparatus and PBER can be seen in Figure 23. Here, 

electrolyte is pumped from the reservoir via a peristaltic pump through the PBER 

and returned to the reservoir. As seen in Figure 23B, the electrolyte first 

encounters the WE in the PBER before then flowing past a Ag/AgCl reference 

electrode (RE) followed by a coiled Ti-wire counter electrode (CE) and finally then 

returning to the reservoir. Figure 23C-E show the WE electrode and its 

components which were Ebonex granules (D) that were placed atop a coiled Ti-

wire (E) and pressed onto the Ti-wire using a plastic mesh and the acrylic housing.  
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Figure 23: A) Overview of PBER and apparatus where the reservoir 
was constantly stirred at 200 RPM and the red arrows indicate the direction 
of fluid flow. B) PBER composed of a WE, RE, and CE which were ebonex 
granules, Ag/AgCl sat. KCl reference electrode, and Ti-wire, respectively. 
Electrolyte and blackwater solutions were flowed from bottom to top against 
gravity to maintain packing and contact of Ebonex granules. C) WE 
compartment showing top-down view and plastic mesh used to pack D) 
Ebonex granules against E) coiled Ti-wire. 

Figure 24 shows the approximation of Reynolds number (Re) versus linear 

and volume flow rate of the PBER. Re was approximated by measuring the 

average particle diameter of Ebonex granules (dEbonex) from the histogram shown 

in the lower right inset of the figure and using the equation and constants provided 

in the upper left inset. Across these flow rates and subsequent Re numbers, mixed 
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phase flow is expected. On the one hand, with Re > 10, the flow cannot be purely 

laminar. On the other hand, with Re << 2300, the flow will not be purely turbulent 

and so adverse effects of cavitation on inter-granule bed connectivity is expected 

to be largely suppressed. 

 

Figure 24: Approximation of Reynolds number (Re) vs. linear and 
volumetric flow rate of the PBER. Top left inset shows Reynolds equation 
used where v, d, ρ, and µ are the linear flow rate (cm s-1), characteristic 
diameter (cm), fluid density (g cm-3) and dynamic viscosity (kg cm-1 s-1), 
respectively. Lower right inset shows the distribution of particle sizes as 
approximated using Micro-CT.  
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4.3.5 Electrochemical Characterization of the PBER and Correlation to 
Ebonex Electrode 

Since differences between a planar electrode and PBER are expected, 

electrochemical characterization of the PBER was undertaken for understanding 

how Ebonex electrochemistry can change when operated in a packed bed 

geometry. In this section, we look at how WE bed-height, potential, time and flow 

rate can impact the electrochemical performance of the PBER.  

 

To ensure residence time and throughput of wastewater in a packed bed is 

high, column or bed heights are often maximized. In the case of a PBER, increased 

bed heights in the WE will rely on sustained and intimate electrical connectivity of 

Ebonex granules from the current collector to the top of the bed. For the 

constructed PBER previously described, measurements of current, resistance and 

capacitance were made using CA and EIS at OCV to understand how these 

performance indicators change as a function of bed height. Figure 25 show the 

results of these measurements as a function of bed height to width ratio to facilitate 

scale-up of this PBER design. Figure 25A shows the current measured at 7.5 V 

vs. Ag/AgCl for the PBER across 4 min. With no Ebonex granules in the WE 

compartment, the steady-state current is lowest across all investigated ratios 

indicating that the Ti-wire current collector has minimal contribution to the effective 

WE current. When the ratio is increased to 1:6 (height:width), the steady-state 

current is maximized at ~58 mA across all investigated ratios. Further increasing 

4.3.5.1 Effect of WE Bed-Height  
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the height to width ratio of the WE leads to decreasing steady-state currents with 

the minima occurring at 4:6.  

 

 

Figure 25: Effect of Ebonex granule bed height vs. width on A) current 
applied at 7.5 V vs. Ag/AgCl and 7 L hr—1 as well as B) series resistance, C) 
bed capacitance and D) bed bulk resistance. The schematic illustrates how 
the bed height was varied while the bed width was fixed leading to an aspect 
ratio of height:width. Insets of B-D) give both the equivalent circuit the EIS 
spectra were fitted against as and the frequency range in an example Nyquist 
plot over which each parameter was fitted. 

To understand this behavior, EIS at OCV was employed and fitted to 

determine series resistance, capacitance and bed resistivity of the PBER. Figure 

25B-D show the results of the fittings across height:width ratios from 1:6 to 4:6. 

With increasing height, the series resistance is found to be decreasing (Figure 
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25B). This is understood by the fact that the top of the WE bed is getting closer in 

distance to the RE which should lead to higher currents but in our conditions it 

does not. Figure 25C and D provide the reason for why this is not the case.  

With increasing height, the overall bed capacitance decreases while bed 

bulk resistivity increases. These trends are correlated to poor inter-granule 

connectivity brought upon by Ebonex granule surface resistivity. As discussed in 

Section 4.3.1, prolonged anodic polarity results in passivation of the Ebonex 

surface and diminished anodic current densities. For an Ebonex packed bed WE, 

the poor surface conductivity of the granules not only leads to no current increase 

with bed height increase above 1:6, but also decreases the effective cell current. 

In other words, the added granules beyond 1:6 screen or block decreased surface 

area that was active at lower bed heights. In the next sections, a bed height to 

width ratio of 1:6 will be used since this aspect ratio results in the greatest effective 

use of Ebonex granules and maximized cell characteristics.  

 

Figure 26 shows free chlorine generation characteristics of the PBER 

operated at different potentials, time periods and flow rates. Generation of free 

chlorine begins above + 1 V with the its generation increasing with increasing 

potential (Figure 26A). At 3 V, the mass of generation normalized to cell energy 

expended is optimized and beyond this potential, this value decreases. At negative 

potentials, free chlorine is produced, but at much lower concentrations. Since free 

4.3.5.2 Free Chlorine Generation vs. Operating Parameter 
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chlorine is formed from oxidation, the generated chlorine at negative potentials is 

from the Ti-Wire counter electrode.  

The generation of free chlorine at 3 V across 240 min (4 hr) is shown in 

Figure 26B. While the free chlorine concentration continues to increase, the rate 

at which it is generated changes across time. Initially, the rate increases to a 

maximum of ~2 mg min-1 from 45 min to 60 min, but then begins to decrease. This 

correlates with what was observed and discussed using a planar electrode in 

Section 4.3.3.  

Figure 26C shows the generation of free chlorine as a function of volumetric 

flow rate. With decreasing flow rate, the generated chlorine increases. When the 

flow rate is ~ 2 L hr-1 the mass of free chlorine generated and normalized to the 

cell energy expended is maximized. This demonstrates the balance of residence 

time versus mass transport of chloride ions to the granular electrodes. Too fast of 

a flow, and the transport of chloride ions to the granules will be increased, but 

residence time and ability to generate free chlorine at higher concentrations will be 

decreased. Too slow of a flow, and chloride transport to the granules will be 

decreased leading to oxidation of water and wasted energy with diminished 

throughput of influent.  
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Figure 26: Free chlorine concentration and mass generation 
normalized to energy expenditure from PBER vs. A) potential of the WE held 
for 30 min at 7 L hr-1, as well as B) electrolysis time at 7 L hr-1and C) flow rate 
at +3 V vs. Ag/AgCl. B) shows the rate of free chlorine generation rather than 
mass normalized to energy. 

 

To understand the impact of Ebonex and the PBER on the treatment of 

blackwater, disinfection experiments with increasing concentrations of blackwater 

in 0.154 M NaCl dilutions were studied. The NaCl concentration was chosen to 

ensure that any dilution of blackwater would not change [Cl-] or conductivity of the 

solution. The [Cl-] and subsequent NaCl molarity was calculated following 

characterization of human urine from Putman et al.[84] The PBER was operated 

at a constant potential of 4.5 V vs. Ag/AgCl to increase chlorine generation across 

time and provide enough over-potential to help mitigate any voltage drop across 

the bed which was expected to occur at all anodic potentials that generated free 

chlorine.  
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Figure 27: PBER blackwater disinfection of A) 1:500, B) 1:10 and C) 
undiluted blackwater concentrations in 0.154 M NaCl vs. energy into the 
system. The dashed line indicates the disinfection threshold as defined by 
STeP (≤ 5 MPN mL-1).  

Figure 27 show the results of disinfection of increasing concentrations of 

blackwater using the PBER versus the total cell energy expended. As can be seen, 

disinfection of diluted blackwater in concentrations as high as 1:10 require minimal 

energy (< 1 kJ L-1). This is a remarkable result and is an order of magnitude 

improvement for energy used to reduce MPN below disinfection threshold from the 

previous work by our group.[105]  

However, this result holds only for diluted blackwater. In the case of 

undiluted blackwater, the MPN falls rapidly across the first 2 kJ L-1 expended but 

levels off beyond this energy. This drop correlates to inactivation of 99.9999% of 

the microbial species in solution using only 2 kJ L-1 of energy. However, despite 

expending another 10 kJ L-1 of energy, the disinfection threshold is not reached 

and therefore the concentrated blackwater is not appropriately sanitized. 
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Following measurement of MPN, which takes 24-48 hr, electrolysis of the 

partially disinfected solution was continued. After expending over 100 kJ L-1 of 

additional energy, the MPN was remeasured and it was found that not only had 

the MPN increased back to its initial level (~108 MPN mL-1), but no meaningful 

disinfection had resulted despite the large amount of energy expended. While 

regrowth of bacteria that are not completely disinfected is common, the inability to 

decrease the MPN even after several kJ were expended is not easily understood. 
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Figure 28: Effect of blackwater concentration on Ebonex anode and A-
B) its generation of total chlorine compared to A) NH3-N and B) COD. 
C)Comparison of CV curves of Ebonex electrodes at 100 mV s-1 across 
blackwater dilutions. D) Comparison of XPS measured atomic percentages 
of new Ebonex granules versus those polarized for 24 hr at 4.5 V vs. Ag/AgCl 
in concentrated blackwater. 

To understand why the PBER was unable to disinfect concentrated 

blackwater, even when weak dilutions of blackwater were very easily disinfected, 

we studied the generation of total chlorine across decreasing dilutions of 

blackwater and compared it to the initial amount of ammonia (NH3-N) and chemical 

0.1
 M

 N
aC

l
1:5

00
1:1

00
 

1:1
0 1:1

Blac
kw

ate
r

0

5

10

15

20

25

30

Blackwater to NaCl Dilution

0

200

400

600

800

1000

1200

1400

N
H

3 -N
 (m

g L
-1)

To
ta

l C
hl

or
in

e 
(m

g 
L-
1 )

0.1
 M

 N
aC

l
1:5

00
1:1

00
 

1:1
0 1:1

Blac
kw

ate
r

0

5

10

15

20

25

30

Blackwater to NaCl Dilution

0

400

800

1200

1600

2000

2400

2800

C
O

D
 (m

g L
-1)

To
ta

l C
hl

or
in

e 
(m

g 
L-
1 )

BA

New

Afte
r 2

4 h
r

0

20

40

60

80

100

At
om

ic
 P

er
ce

nt
 (%

)

 Other
 C 1s
 Ti 2p
 O 1s

-2 -1 0 1 2 3
-10

-8
-6
-4
-2
0
2
4
6
8

10

C
ur

re
nt

 D
en

si
ty

 (m
A 

cm
-2

)

Potential (V vs. Ag/AgCl)

 0.1 M NaCl
 1:500
 1:100
 1:10
 1:1
 Blackwater

C D



 

 
116 

oxygen demand (COD) present in the solutions, as well as the change in surface 

chemistry of the Ebonex from prolonged polarization in concentrated blackwater. 

The results of this investigation are shown in Figure 28.  

For increasing concentrations of blackwater, NH3-N (Figure 28A) and COD 

(Figure 28B) in solution increase in concentration while total chlorine generated 

across the 30 min time period decreases. Since total chlorine is not just a measure 

of free but also expended chlorine, the results show that either COD, presence of 

ammonia, or a combination of both in blackwater stymies the generation of chlorine 

from Ebonex.  

The most likely reason for no generation of total chlorine in concentrated 

blackwater is that the oxidation of nitrogen containing species (NCS), such as 

ammonia, urea, and uric acid dominate. The oxidation of NCS have been found to 

have greater selectivity than chlorine formation from Ebonex.[51], [130] In fact, 

oxidation of ammonia in the presence of chloride from Ebonex is an effective way 

of removing ammonia.[51]  

From Figure 28C, it can be seen that the addition of blackwater, which has 

large concentrations of urea (~0.2 M)[84] and other NCS to 0.1 M NaCl has a 

marked impact on the CV shape of Ebonex electrodes. While the peaks in the CVs 

have been previously identified and discussed in Section 4.3.2, the effects of 

blackwater on these peaks has not. The anodic peak assigned to OH- 

functionalization seen at 2 V shows decreasing magnitude with increasing 
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blackwater concentration. This trend is also true for current density at the anodic 

vertex of +3 V. Likely, the addition of blackwater leads to both fouling of the 

electrode surface as well as obstruction of the previously described OH- 

functionalization of the surface which was shown to both stabilize and improve 

electrode kinetics for chlorine generation. This is further evidenced by the fact that 

the cathodic peaks in more concentrated blackwater solutions, such as 1:1 and 

concentrated blackwater, neither show oxygen reduction (~-0.5 V) nor H+ 

adsorption (~-1.25 V) peaks. The former indicates little oxygen is evolved at anodic 

potentials, while the later indicates lake of adsorption sites.  

Figure 28D shows the resultant atomic percentage of Ebonex surface prior 

to and following 24 hr electrolysis at 4.5 V vs. Ag/AgCl in concentrated blackwater. 

As can be seen, the percentage of C on the Ebonex surface increases substantially 

following 24 hr electrolysis when compared to the new electrode while the 

presence of Ti completely disappears. Moreover, the O content decreases 

following 24 hr. Since XPS is surface sensitive (~2-3 nm), this result indicates that 

several nm, if not more, of carbon rich species were deposited onto the Ebonex 

surface as a result of anodic polarization in blackwater. This likely occurred through 

oxidation processes with carbon containing NCS (e.g. amines) and other carbon 

species in blackwater that are encompassed by COD.  

Figure 29 shows distinct change in surface morphology of Ebonex granule 

electrodes prior to and following 24 hr electrolysis in concentrated blackwater at 
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+4.5 V. While the new Ebonex surface possesses similar morphology to that 

described for porous Ebonex electrodes,[51], [128] the morphology shown in 

Figure 29B is different. Overall the spaces between crystallites appear smoother, 

less defined and darker with the tips of crystallites appearing brighter compared to 

the new Ebonex.  

These differences suggest 2 things. First, the Ebonex accumulates foul 

across 24 hr that is largely carbon based and non-conductive (see Figure 28D). 

Second, the Ebonex undergoes non-homogeneous phase transformation across 

the 24 hr. The contrast across the grains in Figure 29B show whiter gray values 

near edges and patterned across smoother surfaces of the grains. This is 

commensurate with phase change of the electrode material since the morphology 

of these patterns do not take on a smoother less intricate pattern as would be 

expected with foul. Such contrast is not apparent in Figure 29A further confirming 

that 24 hr electrolysis in blackwater leads to both fouling and phase change of the 

Ebonex. 
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Figure 29: SEM images of A) new and B) after 24 hr Ebonex electrodes.  

 Conclusion 

Ebonex, a commercially available Magnéli phase titanium sub-oxide 

(TinO2n-1, 4 ≤ n ≤ 9) which has similar electrochemical properties to boron-doped 

diamond, was investigated in the generation of chlorine and its disinfection of 

human generated blackwater from a donor program. Potential cycling was studied 

and correlated to controlled hydroxylation of functional groups on the Ebonex 

surface to generate chlorine with greater stability and prevent Ebonex passivation. 

Ebonex granules were then implemented into packed bed electrochemical reactor 

(PBER) as the working electrode. The PBER bed height was found to produce the 

highest current with a height to width ratio of 1:6 which was correlated to inter-

granular surface conductivity. Operating conditions of the PBER, such as potential, 

time and flow rate were studied to determine the optimal conditions for chlorine 

generation and subsequent blackwater disinfection. It was found that concentrated 
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blackwater electrochemistry both stymies the generation of chlorine and 

passivates the Ebonex electrodes, even when they are potentially cycled. This was 

determined to be due to fouling of the surface and phase change of the Ebonex 

brought on by prolonged residence in blackwater. While the chlorine generation 

performance of Ebonex in model electrolytes and diluted blackwater is promising, 

its deployment as an undecorated anode in concentrated blackwater requires 

further investigation.  

5 Conclusions 

The following are the main conclusions from the research described in this 

dissertation: 

1. Potential cycling of boron-doped diamond was investigated and found to 

enhance the production of hydrogen peroxide in acidic electrolytes. This 

highlighted the importance of controlling electrode surface chemistry for 

efficient production of oxidants in aqueous solutions.  

2. Potential cycling was then demonstrated to promote functional group 

chemistry that promoted chlorine and hydroxyl radical generation from 

boron-doped diamond in diluted blackwater. This was shown to reduce 

disinfection energy compared to similar static potential methods due to 

surface chemical processes.  

3. Translation of the understanding gained by potential cycling of BDD to 

Magnéli phase titanium sub-oxide electrodes was also investigated and was 
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found to both improve and maintain chlorine generation. These results 

demonstrated the importance of hydroxylation of the Ebonex surface in 

promoting charge-transfer processes at both positive and negative 

potentials. 

4. A packed bed electrochemical reactor using Magnéli phase titanium sub-

oxide as a working electrode was constructed and investigated in both the 

generation of chlorine and disinfection of blackwater. Chlorine generation 

and disinfection from the packed bed electrochemical reactor was effective 

at lower concentrations of blackwater but became less effective at higher 

concentrations. 

Each of the conclusions is described in more detail in the following four 

subsections within 5.1. 

 Summary and Conclusions 

5.1.1 Potential Cycling of Boron Doped Diamond for Enhanced Generation 
of Hydrogen Peroxide in Acidic Electrolytes 

This work investigated the surface chemistry of H2O2 generation on a boron-

doped ultrananocrystalline diamond (BD-UNCD) electrode. X-ray photoelectron 

spectroscopy was used to identify functional groups on the BD-UNCD electrode 

surfaces while the electrochemical potentials of generation for these functional 

groups were determined via cyclic voltammetry, chronocoulometry, and 

chronoamperometry. A colorimetric technique was employed to determine the 
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concentration and current efficiency of H2O2 produced at different potentials. The 

results showed that pre-anodization of an as-grown BD-UNCD electrode can 

enhance the production of H2O2 in a strong acidic environment (pH 0.5) at 

reductive potentials. It was further proposed that the electrogeneration of functional 

groups at oxidative potentials allows for an increased current density during the 

successive electrolysis at reductive potentials that correlates to an enhanced 

production of H2O2. Through potential cycling methods described in this chapter, 

and by optimizing the applied potentials and duty cycle, the functional groups can 

be stabilized allowing continuous production of H2O2 with greater efficiency 

compared to static potential methods. These findings offer greater insight into how 

inactive electrodes may be appropriately modified to permit more efficient 

generation of oxidants, such as hydrogen peroxide, for use in disinfection or 

industrial processes.   

5.1.2 Improved Oxidant Generation and Disinfection of Blackwater from 
Potentially Cycled Boron-Doped Diamond Electrodes 

The effects of potential cycling a BD-UNCD electrode on the disinfection of 

blackwater compared to potentiostatic treatment methods in chloride-containing 

and chloride-free solutions of blackwater were investigated. Potentiodynamic 

treatment was found to improve utilization of energy for disinfection of blackwater 

by 24% and 124% compared to static oxidation and reduction methods, 

respectively. The result was shown to be caused by electrochemical advanced 
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oxidation processes (EAOP) and regeneration of sp2-surface-bonded carbon 

functional groups that serve the dual purpose of catalysts and adsorption sites of 

oxidant intermediates. Following 24-hour electrolysis in blackwater, electrode 

fouling was found to be minimized by the potential cycling method when compared 

to equivalent potentiostatic methods. The potential cycling current density is 40% 

higher than both the static oxidative and reductive methods. These results add to 

the increasing understanding of oxygen reduction catalysts using functionalized 

carbon materials and electrochemical disinfection anodes, both of which have the 

potential to bring a cost-effective, energy efficient, and practical solution to the 

problem of disinfecting blackwater and generating biocidal oxidants such as CCS 

and ROS. 

5.1.3 Translation of Potential Cycling Understanding to Magnéli Phase 
Titanium Sub-Oxide Electrodes  

Magnéli phase titanium sub-oxide, or Ebonex, and its use as an unmodified 

electrochemical disinfection electrode were studied. Anodic and cathodic potential 

magnitudes were shown to strongly influence Ebonex surface chemistry. By 

controlled and maintained hydroxyl functionalization of the Ebonex surface, 

chlorine generation was found to be both catalyzed and maintained resulting from 

improved electron transfer. Surface chemical data was further analyzed to 

demonstrate how potential cycling of Ebonex can maintain activity of the electrode 

material by keeping hydroxyl functional groups on the surface active through both 
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reduction and oxidation. Such information is important in the use of Ebonex and 

titanium oxide materials as electrodes to promote service lifetimes.  

5.1.4 Investigation of Packed Bed Electrochemical Reactor using Magnéli 
Phase Titanium Sub-Oxide as a Working Electrode 

Granular Ebonex placed in a packed bed electrochemical reactor (PBER) 

as a working electrode was investigated for stability and generation of biocidal 

oxidants. It was found that the PBER has a maximized current when the ratio 

between bed height and width of the working electrode compartment is 1:6. This 

was shown to be due to inter-granule resistances and screening of active area of 

Ebonex granules. The PBER was then studied in its generation of chlorine across 

potential, time and flow rate. Using the optimal parameters found from these 

studies, the PBER was applied to the disinfection of different concentrations of 

blackwater. It was found that the energy of disinfection of blackwater was ~ 1 kJ L-

1 when blackwater was diluted with similar conductivity and chloride concentration 

NaCl (0.154 M) to more dilute concentration than 1:10. It was found that 

disinfection of concentrated blackwater was hindered due to surface fouling and 

the passivation of Ebonex granules due to reaction with species present in 

blackwater. These results demonstrate the ability of Ebonex to be used in a PBER 

format for the generation of chlorine and disinfection of diluted blackwater. 
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 Direction for Future Work 

5.2.1 Modelling of Packed Bed Electrochemical Reactor  

A number of operational variables can be controlled in the packed bed 

electrochemical reactor (PBER) described and studied in Chapter 4. While flow 

rate, potential and time were studied in the generation of chlorine from the existing 

PBER, the number of additional variables are so numerous that modelling of the 

PBER requires further investigation. Of key interest will be to determine how 

packing of granule working electrode media, PBER geometry and solution 

conditions can influence the generation of oxidants. In particular, generation of 

higher order oxidants, such as ROS, should be investigated as they have 

extraordinary oxidizing potential but suffer from instability which limit their practical 

application. Using a packed bed, solution and therein microbial species are 

constrained to be close to the working electrode surface which may improve 

utilization of ROS. The following section details preliminary modelling work that 

has been completed towards understanding this potential effect. 

 

Contact time (CT) of CCS and ROS with simulated microbial species flowing 

through the PBER will be the figure of merit focused on during modeling. To 

determine CT from the model, requires consideration of the geometrical 

concentration profiles of oxidants around packed bed media. When the packed 

5.2.1.1 Description of PBER Model 
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bed media are in close proximity, these concentration profiles will overlap resulting 

in a heightened concentration of oxidants between bed media.  

A concept of this expected interaction is illustrated in Figure 30. Here, a 

concentration of oxidants (Cox) decreases with increasing radial distance from bed 

media. Beyond an extended radial distance, Cox will be so low that microbial 

species will stay alive regardless of CT. Below this radial distance microbial 

species will be expected to be inactivated as a result of a sufficient CT that is 

dependent on the packing and working potential of the bed as well as the path of 

microbial species through the PBER. This radial distance is termed the “sphere of 

inactivation” and is illustrated in Figure 30. 

 

Figure 30: Theory of microbial inactivation in an PBER. Decomposing 
oxidants and fluid flow create a contact time (CT) that microbial species 
experience as they flow through the PBER. Careful control of electrode 
potential and fluid flow rate can improve CT. Proximity or “packing” of bed 
media is expected to play the most critical role in creating an effective CT for 
ECD of LHW.  
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A computational model of the physical PBER and a complementary parallel 

plate reactor (PPR) has begun using COMSOL®. The PBER model is expected to 

contrast with the PPR model in both 1D and 3D simulations. Parametric study of 

independent variables will be completed while other independent variables are 

kept constant. Such independent variables include: working-counter electrode 

distance, packed bed packing, applied potential, flow rate, electrode kinetic 

parameters and oxidant decomposition rate. Current work is being done to 

optimize the meshing of the 3D PBER model and ensure appropriate boundary 

conditions are in place for accurate results among both PBER and PPR 1D and 

3D models. 

 

A preliminary 1D simulation of the PBER versus a complementary PPR 

model has been conducted. The simulation was run using parameters of 

importance summarized in Table 6. To simplify and test the boundary conditions 

of the 1D model, only Cl2 was electrochemically generated from 0.154 M NaCl. 

The OER and HER equilibrium standard potentials were also imposed to simulate 

the decreasing efficiency of generating oxidants when sufficient overpotential 

begins splitting water.  

Table 6: Parameter settings for preliminary model data of 1D 
comparison between PPR and PBER. 

Setting Modeling 
Assumptions 

Numerical Data 

5.2.1.2 Preliminary Results of PBER Model 
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Species in 
Solution 

Na+, Cl-, HO-, H+, H2O2, O2, 
Cl2 

[Na+] = [Cl-] = 9 g L-1 and pH 
= 7 

Reaction 
Pathways & 

Their 
Standard 

Potentials 

2𝐻0𝑂 = 4𝐻(34)5 + 𝑂0(7) + 4𝑒
9

  
2𝐻0𝑂 = 𝐻0𝑂0(34) + 2𝐻(34)

5

+ 2𝑒9 
2𝐶𝑙(34)9 = 𝐶𝑙0 + 2𝑒9  

E°1 = + 1.23 V 
E°2 = + 1.78 V 
E°3 = + 1.36 V 

Electrode 
Features 

Ebonex particles with smooth 
& spherical shape. 

Sigma = 1000 S m-1 
R = 0.5 mm and bed height = 
25.4 mm 
CDL = 0.2 F m-2 

Electrolyte 
Current 
Density 

Butler-Volmer equation with 
concentration dependent 
kinetics 

𝑖(𝑡) = 𝑖- =
𝐶>(0, 𝑡)
𝐶>ABCD

∗ 𝑒9EFG

−
𝐶I(0, 𝑡)
𝐶IABCD

∗ 𝑒(J9E)FGK 

Effective 
Surface Area 

Sum of the surface areas of 
the bed assumed spherical 

A = 1170cm² from cyclic 
voltammetry in batch 

 Generation of Cl2 from applying + 2 V versus the standard potential in the 

PPR and PBER is given in Figure 31A and B, respectively. Here, the PBER WE 

(Figure 31A) is modeled as a porous electrode set by a double-layer capacitance 

(see Electrode Features in Table 6). From Figure 31, some key results can be 

noted. First, Cl2 concentration evolved increases with time in both the PPR and 

PBER. Second, the magnitude of Cl2 concentration in the PBER is ~2.5x higher 

than in the PPR. Third, with time the Cl2 diffuses away from the electrode. In the 

case of the PPR (Figure 31A), this is away from the working electrode. In the case 

of the PBER (Figure 31B), this is outside of the packed bed. These findings obey 
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expected behavior from fundamental electrochemical principles of concentration 

and diffusion and indicate the model is working on a fundamental level. 

 

Figure 31: Preliminary results of Cl2 generation across time and 
distance from 1D A) PPR and B) PBER models. 

While the 1D model shows promise, there are numerous additions to the 

existing model that need to be made. First, decomposition of CCS and ROS must 

be implemented such that concentrations reach steady-state. Second, flow rate 

will need to be implemented to determine how convection can add to diffusion of 

oxidants into solution. Third, correction of reactant depletion seen in Figure 31. 

The third item stems from the finite [Cl-] entered into the model (see Table 6) which 

can be depleted to 0 when enough Cl2 is evolved. Further investigation into this 
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matter is needed. Fourth, double-layer capacitance as a surrogate for packed bed 

porosity should be investigated.  

Following these additions, the 3D model should be explored and simulated 

using appropriate boundary conditions determined in the 1D model of the PPR and 

EPBR. Further refinement and study of the model is needed before it can be 

applied to modeling of ROS generation, packing density and CT of simulated 

microbial species. 

5.2.2 Potentiodynamic Methods using Surface Modified Carbon 
Electrodes 

 

While Chapters 2 and 3 aimed at developing an efficient and practical ECD 

of LHW system from BD-UNCD, the motivation of the work within this project 

focuses on developing a novel carbon electrode material that efficiently produces 

ROS and CCS. The goal is two-fold: 1) translate the understanding of previous 

potentiodynamic surface modification work with BD-UNCD electrodes to other 

carbon materials, 2) develop a novel carbon electrode material that is cost-

effective and efficient at ROS and CCS generation. BDD electrodes hold many 

benefits but are difficult to synthesize leading to higher materials cost making the 

electrode material less-ideal for deployment in developing regions. For instance, 

replacement of a BDD electrode in a decentralized toilet is difficult. Sourcing 

nearby materials to replace the BDD is unlikely since the toilet is likely distant from 

5.2.2.1 Introduction 
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sophisticated vapor deposition systems as required for BDD synthesis. The high 

cost of such synthesis may also be prohibitive.  

However, the work presented in the Chapters 2 and 3 using BD-UNCD 

electrodes has many findings that are tangential to other carbon-based electrodes. 

For example, in Chapter 2, it was shown that proper functionalization of the non-

diamond content on the BD-UNCD electrode surface was responsible for the 

increased generation of H2O2.[60] In Chapter 3, it was shown that potential cycling 

of BD-UNCD electrodes can improve the ROS generation for ECD of  blackwater 

due to the continued activation of functionalized non-diamond carbon catalysts at 

the surface. These sites were also shown to increase O2 and Cl- adsorption leading 

to improved generation of ROS and CCS, respectively. The non-diamond content 

of BD-UNCD is largely sp2 bonded and occurring at the surface.[131] Therefore, 

selection of a carbon based electrode high in sp2 or “graphitic” bonded carbon 

should mimic, if not improve, the results found herein regarding BD-UNCD 

electrodes. Such carbon-based electrode materials include activated carbon, 

glassy carbon, highly oriented pyrolytic graphite (HOPG), graphite paper, multi-

wall carbon nanotubes and carbon fiber.  

Indeed, recent research has shown that porous carbon-based materials 

with high amounts of surface sp2 defects are exceptional ORR catalysts for 

generation of H2O2.[93], [132]–[138] Chen et al.[93] further demonstrated that 

through use of a highly defective and mesoporous carbon catalyst called (CMK-3) 



 

 
132 

decorated on graphite paper, electrochemical advanced oxidation processes 

(EAOP) could be employed to produce H2O2 from the 2e- ORR at coulombic 

efficiencies of 90-100% in alkaline environments. EAOP involves the injection of 

molecular O2 close to the electrode surface to ensure the ORR is not limited by the 

amount of oxygen. Beyond the heightened efficiency of EAOPs, the impressive 

efficiency of CMK-3 was correlated to its surface chemical and morphological 

properties. The latter property was correlated to the large surface area resultant 

from CMK-3’s high mesoporosity; the former property was correlated to a broad 

π* intensity observed in the near-edge x-ray absorption fine structure (NEXAFS) 

spectra, which indicated the presence of a large variety of sp2 carbon sites. The 

absence of a core-hole exciton was inferred to be representative of a broken long-

range sp2 network and large density of defect states therein.[93] 

 To increase the defect density of porous carbon-based sp2 rich materials, 

there are myriad methods available during growth and post-growth. N-doping 

during or post-growth is the most commonly employed method. N-doping of 

graphene and carbon nanotubes is well studied. Recently, Guo et al.[139] showed 

that N-doped HOPG can also improve the 2e- ORR efficiency. Through careful 

electrode design, they were able to prove that pyridinic N creates Lewis basic sites 

on HOPG that serve as the active sites for oxygen reduction. [139] Since pyrydinic 

N can be created on any sp2 bonded carbon, this finding paves the way for creating 

highly efficient ORR catalysts from a large variety of carbon materials.  
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Our work focuses on the understanding of surface chemical kinetics and 

design of novel carbon electrodes to efficiently generate H2O2 from 

potentiodynamic methods. Specifically, we aim at translating our knowledge of BD-

UNCD potentiodynamic charge-transfer kinetics to more cost-effective and 

abundant graphitic carbons that have defective structures. We first investigate the 

electronic structure of BD-UNCD as a result of pre-treatment in 0.5 M H2SO4 and 

characterize its surface chemical properties. From this investigation, we then aim 

to imprint these properties onto novel sp2-rich carbon materials such as 

granularized activated carbon (GAC).  

NEXAFS spectroscopy involves the measurement of the X-ray absorption 

spectrum of a material close to one of its constituent element’s absorption edge 

energies. Spectral features at energies near the edge arise due to specific 

excitations into unoccupied molecular orbitals, thus yielding insight into the local 

bonding environment of that given element. By collecting surface-sensitive 

NEXAFS spectra through a collaboration with the Advanced Light Source (ALS) 

synchrotron at Lawrence Berkeley National Laboratory (LBNL), we have identified 

striking differences in the electronic structure near the surface of BD-UNCD 

electrodes pre-treated at 3 separate voltages in 0.5 M H2SO4 compared to a 

control. Figure 32 shows the differences in x-ray absorption across the C-1s K-

edge, where 1A) is a broad scan over the diamond absorption edge and 1B) 

5.2.2.2 Preliminary Results 
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focuses in on the near-edge region. From Figure 32B, it can be seen that most of 

the differences between electrodes oxidized in 0.5 M H2SO4 below + 3 V are subtle. 

However, at + 3 V, there is a drastic change in the overall near edge region (i.e., 

spanning from 287-289 eV), which is correlated to oxidation and reconstruction of 

sp2 carbon bonds leading to C-H and COOH forming on the surface[140], [141] 

and corroborates the results reported in Chapters 2 and 3. At 283.8 eV, there 

appears to be an increasing absorption of the gap states below the π* sp2 edge 

with increasing voltage. This trend holds until a potential above + 2 V is applied at 

which point the + 3 V sample exhibits a diminished π* sp2 resonance intensity 

below all other electrodes, including the control.  

This behavior can also be correlated to the discussion in Chapters 2 and 3. 

Namely, at sufficient overpotential oxidation of sp2 bonded carbon leads to 

reconstruction of the grain boundaries and filling of the π* sp2 unoccupied state. 

As shown in Chapter 2, the + 2 V (OR2.5 electrode) exhibited optimal ORR current 

and H2O2 generation which can now be linked to the increased abundance of π* 

unoccupied states occurring at the BD-UNCD surface. This can therefore be 

correlated to an electronic structure conducive to ORR. While these results show 

promise in elucidating the surface chemical processes and kinetics resulting in 

good sp2 carbon ORR catalysts, further investigation utilizing NEXAFS and other 

synchrotron capabilities is needed. Such capabilities as in-situ or operando 
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investigations could shed light on the underlying mechanism of these catalysts by 

probing their evolving valence fine structure and molecular structural properties.  

 

Figure 32: NEXAFS data collected of the C-K edge where A) distinct 
absorption is observed at the 289-290 eV indicating sp3 bonded carbon 
(diamond) and B) magnified spectra of lower absorption edges show non-
diamond carbon bonds.  

The overarching goal of this project in going forward will be to understand 

the important properties for creating ORR sp2 carbon catalysts. To do so, in-situ or 

operando synchrotron radiation will be needed to observe electrode material 

properties during the ORR. Hence, future work on this project will look to 

accomplish the following goals: 1) Study surface chemical processes of electrode 

material with response to potential cycling and efficiency in generating H2O2 via 

the 2e- ORR. 2) Determine tunability and scalability of these processes potentially 

using surface modification techniques. 3) Determine viability of material for use as 

a 2D or 3D packed bed electrode. 4) Develop 2D or 3D electrode using material 

alone or in a composite structure for ECD of LHW. Successful completion of these 
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4 goals will result in a cost-effective and scalable electrode material for ECD of 

LHW. Such result would have marked impact on improving disinfection of LHW. 
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Appendices 
Appendix A: Supplementary Material for Chapter 2 

 

Figure 33: H2O2 absorbance-concentration curve which follows Beer’s 
Law at concentrations less than 20 mg•L-1 and greater than 0.5 mg•L-1. Here, 
ε = 767 L•mol-1•cm-1 for 420 nm incident light. 

Figure 33 is the absorbance-concentration curve generated using known 

concentrations of H2O2 in 0.12 M Ti(SO4)2. The absorbance-concentration 

relationship follows Beer’s law when H2O2 concentrations, c, are 0.5 ≤ c ≤ 20 mg•L-

1 and absorption, A, is 0.04 ≤ A ≤ 0.45. Using 420 nm light, an absorbance-
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coefficient, ε, of 767 L•mol-1•cm-1 was found within the aforementioned ranges 

using a cuvette with an optical path-length, l, of 1 cm.  

BD-UNCD Morphology 

Scanning electron microscope (SEM) images were collected using a FEI 

XL30 SEM-FEG. Accelerating voltages between 20-30 kV were used at a working 

distance between 6.6-6.8 mm, and magnification of 80 kX. Brightness and contrast 

of the shown 16-bit images were digitally adjusted using ImageJ at which 0.4 % of 

the brightest pixels were saturated at a gray-value of 65,535 to better visualize the 

crystallite morphology.   

 

Figure 34: Scanning electron microscope (SEM) images showing grain 
size and morphology of BD-UNCD A) before and B) after 30 minutes of 
testing in 0.12 M Ti(SO4)2 at 2.5 V vs. Ag/AgCl sat. KCl 

BD-UNCD possesses a high surface area, and a significant concentration 

of non-diamond carbon as a result of the small grain size.[33], [36], [142] Grain 

sizes of BD-UNCD are on the order of 3-5 nm, which equates to roughly 15 % of 

A B

500 nm 500 nm
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the grain volume existing at the surface leading to a relative increase in dangling 

carbon bonds, and lattice defects in comparison to MCD and NCD.  The dangling 

bonds and lattice defects manifest as non-diamond carbon content on the surface. 

As a result, it has been shown that roughly 5 % of the BD-UNCD grain volume is 

non-diamond carbon.[32], [35], [74] Previous reports have indicated that elevated 

potentials (> 1.5 V vs. Ag/AgCl sat. KCl) in an aqueous acidic electrolyte can 

remove non-diamond carbon content at the boundaries of BDD grains, potentially 

altering the overall morphology of the BDD crystals.[37]–[39] Thus, the 

electrochemical studies from -2.5 to 3.5 V vs. Ag/AgCl sat. KCl presented here 

may etch the non-diamond carbon. However, since the removal is selective of just 

the small fraction of the non-diamond content on the surface (< 0.75 % of the grain 

volume),[30], [33] the changes to the grain size, and overall morphology will be 

small. Figure 34 displays minimal change in the overall grain size, and morphology 

after 30 minutes of polarizing at 2.5 V vs. Ag/AgCl sat. KCl in 0.12 M Ti(SO4)2. 

Therefore, observed differences across the polarized electrodes are attributed to 

alterations of surface chemistry, and not gross crystallite morphology. 

BD-UNCD X-ray Photoelectron Spectroscopy Analysis of Regional Spectra 

Collected spectra were calibrated, analyzed, and deconvoluted using Casa XPS 

software following best practices as outlined in Briggs and Grant.[143] All data 

reported were the average result of 3 measurements per electrode sample. The 
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XPS C 1s regional spectra seen in Figure 35 were normalized against the bulk 

peak maximum located at 285 eV, with background subtraction carried out using 

a Shirley background fit. Following a similar protocol as Ayers et al.,[59] peak 

assignments were made in reference to the characteristic sp3 diamond-like-carbon 

C-C bonding peak located at 285 eV. For non-diamond carbon bonds, the following 

assignments were made: sp2 C=C (graphitic carbon) was assigned to -1.1 eV, C-

H (hydrocarbon) was assigned to +0.5 eV, C-OH (hydroxyls bonded to carbon) 

was assigned to +1 eV, C-O-C (ether groups) was assigned to +1.7 eV, C=O 

(carbonyl groups) was assigned to +3.4 eV, and COOH (carboxyl groups) was 

assigned to +4.1 eV. Deconvolution, and subsequent quantification of C 1s 

regional spectra, was carried out using Gaussian-Lorentzian peak shapes and +/- 

0.2 eV constraints for FWHM and peak position, respectively, where the FWHW 

was set to 1eV. The resulting deconvoluted peak area quantities seen in Figure 36 

were then summed to equal the relative concentration of functional groups 

corresponding to the C-H, C-OH, C-O-C, C=O, and COOH as well as relative C=C 

(sp2) content for each electrode and plotted as seen in Figure 6A. For details not 

mentioned herein, XPS spectra were analyzed following best practices as outlined 

in Briggs and Grant.[143] 
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Figure 35: Deconvoluted C 1s regional spectra collected for each 
tested electrode in 0.12 M Ti(SO4)2, where A-C) correspond to the 
deconvoluted spectra for the O electrodes, D-F) correspond to the 
deconvoluted spectra for the R electrodes, and G-I) correspond to the 
deconvoluted spectra for the OR electrodes. 
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Figure 36: Deconvoluted C 1s peak area quantification for the A) R B) 
O and C) OR electrodes compared to the Control electrode. Integration of the 
C-H, C-OH, C-O-C, C=O and COOH carbon bonded functionalities for the D) 
R E) O and F) OR electrodes compared to the Control electrode. 

Raman Spectroscopy  

Experimental 

A Horiba Jobin Yvon LabRam ARAMIS Raman spectrometer with a 633 nm 

excitation He-Ne laser, 100 X objective was used with a 1 μm x 2 μm lateral and 

axial spatial resolution, respectively. Survey spectra were collected across 50-

2000 cm-1 from which regional spectra across 1100-1600 cm-1 were extracted 

which coincide with sp3 and sp2 carbon bonding vibrational modes. Each spectrum 

was the result of 5 accumulations using a collection time of 5 s. Three spectra from 

each electrode sample at different spots were collected, and then averaged for use 
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as a representative spectrum of each electrode. These spectra were then 

normalized against the sp3 carbon resonant, T, peak intensity at 1296 cm-1, and 

background subtracted by a linear fit between the spectra points at 1100 and 1600 

cm-1. These spectra can be seen in Figure 37. Peak assignments were made 

following Ferrari and Robertson. [144]–[146] 

Analysis 

R Electrodes O Electrodes OR Electrodes 
A

 

B

 

C

 
Figure 37: Raman spectra of BD-UNCD tested electrodes in 0.12 M 

Ti(SO4)2 for the A) R B) O and C) OR electrodes 

Since Raman spectroscopy is largely considered a bulk characterization 

technique,[147] spectra shown in Figure 37A further confirm that the functional 

groups occur at the BD-UNCD crystallite surface. Despite the employed visible 

excitation wavelength (l = 633nm) preferring sp2 vibrational modes (G peak),[148] 

there is little change in the relative intensities between the T (sp3 bonded carbon) 

and G peaks at 1296 and 1537 cm-1, respectively. There is a slight decrease in the 

intensity of the peak centered at 1225 cm-1 which is coincident with a decreasing 

minima at ~1404 cm-1. A similar trend was observed by Ferrari and 
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Robertson.[146] They ascribed peaks near these wavenumbers to 

transpolyacetlylene segments present at grain boundaries resultant from an 

alteration of disordered sp2 bonded carbon at the surface.[42] These effects tend 

to couple and decrease proportionally with increasing hydrogenation, similar in 

manner to what is illustrated in Figure 36. However, the differences are minor 

compared to those aforementioned and shown in the deconvoluted spectra of 

Figure 35 and Figure 36. 

  Thus, it is hard for one to draw conclusions as to the physical or chemical 

meaning of these slight trends. For BD-UNCD, the peak at 1225 cm-1 has been 

one of great discussion with some proposing that it is due to boron incorporation 

in the diamond lattice which causes phonon vibrational modes, while others have 

begun to argue that it is actually the result of perturbed diamond lattice phonons, 

such as disordered carbon.[149]–[152] When compared to the Control electrode, 

it appears that Raman spectra in Figure 37A indicate that even slight polarization 

of the BD-UNCD electrodes in the strongly acidic environment is enough to 

decrease this vibrational mode including a potential second peak in this region 

centered at ~1200 cm-1. Comparison with Figure 4 seems to indicate that this 

decrease is correlated to the adsorption of oxygen. It is therefore possible that 

such adsorption corresponds to the creation of the aforementioned surface bound 

functional groups which are able to diminish the amount of disordered carbon at 

the surface, and therefore lead to a decreased intensity at 1200 cm-1.  
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Appendix B: Supplementary Material for Chapter 3  

Experimental Cell Configuration and Validation of Pt-Wire Pseudo Reference 

Electrode 

For all oxidant generation and disinfection experiments described in 

Chapter 3, a divided cell apparatus was used. A schematized version of this cell 

can be seen in Figure 38. Note, the nylon membrane was found to be sufficient in 

mitigating oxidant leakage from the Pt-wire into the characterized cell volume.  

 

Figure 38: Schematic of cell configuration used for electrochemical 
disinfection experiments 

During the + 2 V potentiostatic treatment method, a current of - 150 µA 

passes through a Pt-wire pseudo-reference electrode. In a control experiment, - 

150 µA was applied to the same Pt-wire in a 3-electrode cell configuration while 

the potential was measured. When steady state is reached after 2 min (see Figure 
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39A), the potential remains stable and constant around - 0.84 V vs. Ag/AgCl. The 

slight potential fluctuation (+/- 2 mV) observed (Figure 39A inset) is likely to arise 

from hydrogen gas evolution. In a similar manner, 40 µA was applied to the Pt-wire 

in a 3-electrode measurement to simulate the – 2 V experiment. The potential 

stabilizes around 1.150 V after 2 min (Figure 39B. These experiments indicate that 

the Pt-wire electrode can maintain a steady potential when small current densities 

are applied, and therefore can be used as a pseudo-reference electrode in our cell 

conditions. 
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Figure 39: Usage of Pt-wire as a pseudo-reference electrode validation 
study with Pt-wire under A) -150 µA and B) 40 µA corresponding to the 
current produced by the Pt-wire pseudo-reference electrode during the + 2 V 
and – 2 V potentiostatic treatment methods, respectively. Inset in A shows 
minor (+/- 2 mV) fluctuations of current during electrolysis. Measurements 
were made in a 275 mL 0.154 M NaCl 3-electrode cell, with a Ag/AgCl 
(saturated KCl) reference electrode and Pt-mesh counter electrode. 
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Measurement Methodology of Change in Current Density for 24 hr 

Electrolysis in Undiluted Blackwater  

Points in time during a 24 hr experiment in undiluted blackwater presented 

in Section 3.3.2 were chosen to measure how the anodic and cathodic current 

densities of the BD-UNCD electrodes decreased over time. The first time-point 

was chosen at 100 s to minimize the effect that double-layer charging might have 

on the steady-state current density of the + 2 V, - 2 V and +/- 2 V treatment methods 

and also to enable proper comparison of changes in current density between these 

treatment methods. In the case of the +/- 2 V treatment method, the anodic half-

cycle lasted 800 s, and the cathodic half-cycle lasted 100 s. Thus, 100 s after the 

initial applied potential was chosen for appropriate comparison between all 

methods. The last time-point, 5 s before the last cathodic half-cycle, was chosen 

to give the ending steady-state current of all treatment methods and their 

respective anodic or cathodic current densities.  

XPS Spectra 
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Figure 40: A) Survey and B) Cl 2p regional spectra of the XPS data 
taken of the BD-UNCD electrodes pretreated in 0.5 M H2SO4 at different 
voltages before than being polarized in 0.154 M NaCl at + 2 V. The indicated 
potentials are cell potentials vs. a Pt-wire. The spectra have been 
background subtracted. 

Figure 40 shows the Survey and Cl 2p XPS spectra of electrodes that were 

cycled in 0.5 M H2SO4 followed by electrolysis in 0.154 M NaCl at +2 V.  The 

spectra demonstrate that while peak positions largely remain the same (Figure 

40A), the Cl 2p peak area is maximized in the +2 V H2SO4, +2 V NaCl electrode. 

This was correlated to functionalization of the BD-UNCD surface as described in 

Sections 2.3.1 and 2.3.2. 

Additional Bacterial Inactivation Measurements 

Diluted Blackwater 

The following are a collection of individual disinfection curves. For each 

electrolyte and potential treatment method pair, an average was taken with a 

reported standard deviation in Section 3.3.1  

Individual 0.154 M NaCl Disinfection Curves 

600 500 400 300 200 100 0
0

2000
4000
6000
8000

10000
12000
14000
16000 C 1sC 1s

Cl 2p

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 + 3 V H2SO4, + 2 V NaCl
 + 2 V H2SO4, + 2 V NaCl
 + 1 V H2SO4, + 2 V NaCl
 Control

O 1s

210 205 200 195 190
0

200

400

600

800

1000

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 + 3 V H2SO4, + 2 V NaCl
 + 2 V H2SO4, + 2 V NaCl
 + 1 V H2SO4, + 2 V NaCl
 Control

Cl 2p

A B



 

 
150 

 

Figure 41: Individual disinfection treatments of diluted blackwater in 
0.154 M NaCl (1:501) 

Individual 0.2 M KH2PO4 Disinfection Curves 

 

Figure 42: Individual disinfection treatments of diluted blackwater in 
0.2 M KH2PO4 (1:501) 

Individual 0.2 M KH2PO4 + 0.05 M t-BuOH Disinfection Curves 
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Figure 43: Individual disinfection treatments of diluted blackwater in 
0.2 M KH2PO4 + 0.05 M t-BuOH (1:501) 

Undiluted Blackwater 

Figure 44 shows the disinfection curves for 20 mL of undiluted blackwater 

using a BD-UNCD electrode (1.72 cm2) and the methods described in Section 

3.3.2. 
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Figure 44: 24-hour treatment of undiluted blackwater showed no 
meaningful disinfection likely due to high COD and nitrogen containing 
species.  

Appendix C: Supplementary Material for Chapter 4 

To appropriately measure the sizes of Ebonex granules following their 

synthesis, Micro-CT combined with image processing was employed. Following 

scanning and reconstruction, the 3D volume was loaded into Avizo Fire® where it 

was aligned with a 3D coordinate system and the voxel size set according to the 

Micro-CT resolution setting. The loaded volume was then volumetrically rendered 

for interactive thresholding such that only gray values related to the Ebonex 
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material were visible. Next, small spots (between 1,000-1,000,000 voxel cluster 

size) to reduce noise in the image. The Ebonex granules were then separated 

using Avizo’s Separate Objects and Label Analysis functions into their colored 

identities seen in Figure 45A. The resultant volume will be herein referred to as the 

Ebonex granule volume.  

Next, the thresholded volume with small spots removed was then dilated 

using a cubic geometry, 26 voxel neighborhood search and 7-20 voxel expansion 

to fill in the gaps between granules. The dilated volume was then eroded using the 

same settings described in the dilation step such that the Ebonex granule and 

spaces in between the granules was filled but no other void space was included in 

the volume. The resultant volume will herein be referred to as the total volume 

which includes the volume of the Ebonex granules and the void spaces between 

them. The subtraction of the Ebonex granule volume from the total volume results 

in only the pore space being accounted for which is termed the void volume. The 

void volume can be seen in Figure 45B as the blue spaces surrounding the Ebonex 

particles. These volumes can then be utilized to calculate % porosity, packing 

density, and in the case of Chapter 4, the average diameter of bed media to 

calculate the Reynold’s number of a packed bed electrochemical reactor.  
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Figure 45:Micro-CT measurement of Ebonex granule sizes showing A) 
the reconstructed 3D volume with separated Ebonex particles and B) an XY 
plane cross-section illustrating the image thresholding and segmentation.  
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