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I. Introduction, The Problem, and The Proposal 
 

 

Space missions represent a huge spectrum of possibilities where we can get in as 

scientists. Space race has developed several technological advances delivering mission 

success in the aerospace timeline,1, 2 and the number is still growing––demanding new 

materials and developments for extreme performing applications of fuel cells, batteries, 

supercapacitors, and safe sources of nuclear sources.1-10  

If we think about people living in space, they work, have food, take showers, 

generate waste, produce bacteria and viruses, and required novel sources of energy. In 

this sense, space missions need: life-support solutions, auto-sustainable closed-loop 

living environments, cleaning and sanitizing solutions against bacteria and viruses, and 

safe nuclear-based resources of energy––with fissile materials with well-controlled 

dimensions within the core fuel elements––.3, 7, 8, 11, 12 Likewise, to guarantee safety 

conditions,  reduce costs, and facilitate operational logistic, space missions must reduce 

their dependence on terrestrial resources and suitable nuclear fuel systems––,3, 7, 8, 12 

developing in-situ technologies or at least finding safe ways to transport resources from 

Earth. 

In this sense, secure-cleaned environments and nuclear-based energy sources 

systems represent ones of the several technological challenges faced by human closed-

loop living systems during space missions.3, 13 14, 15 Herein––H2O2 and U-based materials 

emerge as sterilization solution and nuclear source of energy, respectively––I proposed 

the design and development of electrochemical strategies for life support system in space 

missions––evaluating electrocatalytic developments for in-situ H2O2 production and 

producing stable U-based films as a first strategic approximation of fissile transportable 

films.  
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Hydrogen peroxide represents a clean oxidant that just produce H2O and O2 after 

its decomposition, is safe for direct skin contact at concentrations  below 5% w/w,13 and 

has exhibited sterilization capability.16 H2O2 is demanded in several fields of application 

such as manufacturing, chemistry, medicine, and cleaning and sanitizing solutions 

against exposures to bacteria and viruses, such as the COVID-19.11, 17 11, 18 However, H2O2 

production needs innovative, more efficient, and sustainable methods, due to the low 

efficient and unsafe industrial procedures that are currently implemented.19  

Cleaning requirements for space missions need to become auto-sustainable, 

allowing closed-loop living systems to be less dependent on earth resources. Innovative 

methods are emerging to develop an electrochemical direct production of H2O2, by 

controlling the oxygen reduction reaction (ORR)20  via two-electrons pathway.21 11, 13 22 23 

In aqueous systems, the ORR could occur either via two-electrons (Equation i.1) or via  

four-electrons (Equation i.2) pathways.24 

𝑶𝟐 + 𝟐𝑯" +	𝟐𝒆# → 𝑯𝟐𝑶𝟐		; 	𝐸$ = 0.6700	𝑉   (i.1) 

𝑶𝟐 + 𝟒𝑯" +	𝟒𝒆# → 𝟐𝑯𝟐𝑶		; 	𝐸$ = 1.229	𝑉   (i.2) 

Controlling the ORR via two-electrons pathway for in-situ electrochemical 

syntheses of H2O2, represents an alternative to the current industrial production of 

peroxide, avoiding unsafe and expensive transport procedures from Earth to space, 

preventing stockpiles of toxic precursors, just needing water supply onboard the 

spacecraft.3, 13 

Likewise, uranium-based technologies under atmospheric environments remain 

incomplete and require novel insights and experimental improvements. Uranium 

composites formation, with homogenous and stable composition is particularly useful 

for several applications under different atmospheric conditions.25-28 Stabilization of 

uranium compounds need solutions against non-inert environments to: (1) improve 

safety; (2) produce cost-effective processes; and (3) generate environmentally friendly 

systems for extraction, recycling and recovery, transportation and storage, and fuel 
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development.29-39 Lately, diverse techniques to control the uranium oxidation have been 

developed.40 Uranium oxides are used in catalysts,41, 42 semiconducting approaches,43, 44 

nuclear technologies,45 and neutron sensors based on fission-tagging neutron capture.46-48 

Specifically for space applications, the used of HEU supported in aerogels for core 

fission fragment rocket engine, as advance propulsion solutions for interplanetary 

mission, has currently resumed for study.14, 15 U235 is one of the most practical fissile 

material due to uranium fission release more than 81% as kinetic energy.49 The idea is that 

fission fragments escape from the core of a nuclear reactor.50 The fuel elements in the core 

can consist of several parallel of fuel (uranium) plates.6, 51-53 Plate thickness affects the core 

power density generated due to it determine the ratio of fuel-volume to fuel-element 

surface area accessible for elimination of heat.5 Variations in plate thicknesses produce 

changes in peak power locations and magnitude increments of the peak power.54 In this 

sense, more homogeneous fuel element films with well-controlled thickness are needed 

to improve the efficiency of reactor reactors. 
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II. Hypotheses, Goals, and Specific Aims 
 

 

This dissertation comprehends the design, creation, and implementation of novel 

electrochemical approaches––for life support systems in space and nuclear applications. 

We hypothesized that (i) the introduction of sustainable elements––iron and nitrogen––

in a carbonaceous matrix would create anchoring functional groups which would control 

the ORR via two-electrons pathway, producing in-situ H2O2 in low conductivity water; 

(ii) a chronoamperometric electroplating in aqueous media––in a region with high 

competition of hydrogen evolution––would create homogenous and stable thin films of 

uranium-based materials free of voids or big particles of uranium precursor.  

Our hypotheses were investigated and tested by pursuing the following main 

goals: 

1. To design a novel non-precious metal catalyst, via the RoDSE method, to produce 

in-situ H2O2 in low conductivity water. 

2. To thermally synthesize a novel metal-free catalyst to produce in-situ H2O2 in low 

conductivity water. 

3. To create a chronoamperometric method to produce stable and transportable 

uranium-based thin films. 

In order to achieve our main goals, we pursued the following specific aims which were 

divided in four different projects. 

1. To design, built, and evaluate the performance-function our eml-II under terrestrial 

conditions (Project 1). 

2. To determine the optimal conditions of operation of our eml-II under terrestrial 

conditions (Project 1). 

3. To take the parabolic flight and evaluate the performance-function of our eml-II 

under µ-g conditions (Project 1). 
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4. To study iron electrochemistry and iron electroplating in 0.1 M KClO4 by using a 

cyclic voltammetry study (Project 2). 

5. To synthesize iron quantum dots onto Vulcan by using the RoDSE technique 

(Project 2). 

6. To prepare N-and C-based material by using thermal treatments (Project 3). 

7. To evaluate the H2O2 production on the Fe-, N-, and C-based catalysts by using the 

RDE and RRDE analyses (Project 2, Project 3). 

8. To evaluate the in-situ H2O2 production on the Fe-, N-, and C-based catalysts inside 

the eml-II (Project 2, Project 3). 

9. To design a chronoamperometric setup to create uranium-based films (Project 4). 

10. To synthesize uranium-based films through the designed chronoamperometric 

setup (Project 4). 

11. To evaluate reproducibility of the uranium-electroplating method by using XPS 

analysis (Project 4). 

12. To determine the chemical and physical properties of the novel material 

synthesized (Project 2, Project 3, Project 4). 
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CHAPTER 1. Electrochemistry on 1-g & µ-g: Fundamentals and In-Situ H2O2 
Production  
 
 

1.1 Introduction  
In a collaborative work with the National Aeronautics and Space Administration 

(NASA) and Faraday Technology, Inc. (FTI), and under the NASA Phase II SBIR Contract 

NNX16CA43P, we developed an electrochemical microgravity laboratory to produce in-

situ hydrogen peroxide for space applications. NASA required to produce in-situ H2O2 

under the water resource––with a conductivity of 2–3 µS/cm, a pH of 5.5–6.7, and a total 

organic carbon (TOC) content between 0.18 and 2.5 mg/L––available onboard the 

International Space Station (ISS). FTI proposed the use of the U.S. patent number 

6,254,762, for low conductivity water stream, a concept of our collaborator De Nora 

Technology, Inc. 

In this Chapter we describe the electrochemical fundamentals that we took in 

consideration to solve the problems related to bubbles formation and low conductivity 

stream on Earth and under microgravity conditions, in order to achieve our aim focused 

on designing, building, and evaluating the performance-function of a pilot prototype for 

in-situ H2O2 generation. 

 

1.1.1 Electrochemistry under one-atmosphere (1-g) environments  

Electrochemistry, as a surface science require—for a properly microscopic 

understanding of electrochemical reactions and the electron relocation associated—an in-

depth study and control of the place where the electron transfer occur, the solid/liquid 

interface.55 Like in a movie, following current densities, we can monitor numerous 

electrochemical phenomena that occur in the solid/liquid interface. However, if the 

solid/liquid interface is blocked electron transfer is avoided, avoiding the redox process. 
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For example, bubbles formed during an electrochemical process––that involve evolution 

of gases––reduce mass transfer on the vicinity of the electrode.56 Size and rate of 

formation of bubbles are determined by several factors such as potential applied, current 

density generated, electrode material and surface, pH, and electrolyte affect the gas 

bubble size distribution.11, 57 Nucleation, growth, and detachment––the gas evolution 

phases––occur as follow: gas molecules nucleate on the electrode surface producing tiny 

bubbles, a posterior growing occurs by coalescency and diffusion of more molecules of 

gas, the formed bigger bubbles detach from the electrode when buoyancy overcome the 

surface tension force, or when external forces remove the bubbles.57 

To promote electron transfer in the vicinity of the catalytic active size, a water 

electrolysis reactor needs: water as fuel, conductive media (electrolyte), a gas diffusion 

layer as electron conduction pathway, a cationic exchange membrane as a proton 

conduction pathway, and a catalyst as an active electroactive site. However, bubbles 

formation and low conductivity restrictions for µ-g applications need to be solved to 

assure high efficiency of the reactor. If we have in consideration the strategies used in 

electrochemical reactors to improve the mass transport rate––forced electrolyte flow with 

external pumps, a mechanical movement of the electrode within the cell, or a use of three-

dimensional electrodes like porous carbon cloths––they can facilitate or help with the 

bubbles issues by increasing the bubble-flux and producing small bubble sizes. In 

addition, to solve the low conductivity of the water resource onboard the ISS, FTI 

proposed the use of the De Nora low conductivity water stream U.S. patent number 

6,254,762, filling the gap between anode and cathode with beads of a proton-exchange-

based material. More details are discussed in section 1.2.3.  
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1.1.2 Electrochemistry under microgravity (µ-g) environments 

Now, having understood how we can control bubbles and low conductivity 

stream on Earth, we need to considerate how µ-g influences electrochemical energy 

conversion phenomena that involves gases and bubbles.58 Bubbles represent a huge 

obstacle for electrochemical reactions under reduced gravity due to current density 

decreases with the formation of bubbles in µ-g.59 Several experiments have studied 

bubbles behavior under µ-g environments.  Ammonia oxidation currents, on platinum-

base catalysts, decreases to 63% under µ-g in comparison to experiments at 1-g.58, 60-62 The 

detachment of N2 from the platinum nanoparticles at microgravity conditions may be 

occurring between 5 to 10 seconds, whereas on ground bubbles detach in about 2 seconds. 

63-65 Thermo-mechanically, the migration of a bubble under microgravity can be generated 

by a thermal gradient on the system.66 Geometry and dimensions affect bubbles 

interaction with the surface of the electrode, the higher the active geometrical area,  the 

strongest anchoring of the bubble to the surface, making detachment more difficult.67 

Evaluating the mass transfer phenomena68 in a µ-g environment, convection 

disappears when buoyant force is cero and migration turns inappreciable by using an 

inert electrolyte, leaving diffusion to govern the movement of redox molecules away 

from the electrode surface.  In summary, microgravity is a buoyancy free environment 

that promotes motionless in the components within a liquid. Surface tension is the 

driving force for the bubble detachment in the absence of gravity,69 but at higher electrical 

fields better detachment of the bubbles can be obtained.70 

 

1.1.3 The µ-g systems  

Several systems allow the development of experiments under microgravity 

conditions.  Table 1.1 shows a comparative approach of some platforms. Satellites offer 

high accuracy in results due to a constant level of microgravity for long periods of time 
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(years), although satellite missions are highly expensive, require complicate logistics, and 

experiments cannot return to earth. ISS and Foton capsule offer reduced disturbances in 

the microgravity conditions during several days of microgravity, however experiments 

must be miniaturized and confined to reduced volume and missions have human 

spaceflight restrictions. Sounding rockets offer intermediate costs and minutes of 

microgravity, but human restrictions and motor vibrations can affect the experiments. 

Drop towers offer high repeatability, but short loops of microgravity and volume and 

mass of experiments allowed are small. Even though parabolic flights also have short 

periods of microgravity (~20 s), allow high mass and volume to design the experiments, 

and the most important, offer a laboratory-like environment.71 Based on the exposed 

above and on our experience developing experiments in parabolic flights, we decide to 

use the parabolic flights as the system to reproduce microgravity environments. 

 
Table 1.1. Comparison of different microgravity systems. 71 

 
 

1.2 The Cabrera’s Lab – NASA – FTI collaborative work  

Here, we present a descriptive work developed during my internships in 

collaboration with the research team at FTI. We needed to design and select appropriate 

parts for the eml-II to optimize performance in terms of peroxide production efficiency, 

operating current density, and stability. After several online meetings with FTI, working 

from Cabrera’s Lab and traveling to FTI, we developed the following contributions to the 

final configuration of the eml-II system. To protect the confidentiality of the project, just 

part of the results that has been published are presented in this Chapter.  

 

System t a res  (go) m max  (kg) V max  (m3) amax  (go) Observation
Satellite 5-10 years ≤ 10-7 >> 1000 180 10 High costs

ISS 30 d ≤ 10-6 704 1.2 10 Human spaceflight restrictions

Foton capsule 12-18 d ≤ 10-5 650 1.6 10 High costs

Sounding rocket 750 s ≤ 10-5 800 4.9 13 Intermediate costs

Drop tower 9.3 s ≈ 10-6 161.5 1.54 18 High repeatability

Parabollic flights 20 s ≤ 10-3 >> 1000 >> 250 2.5 Laboratory-like environment
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1.2.1 The Electrochemical Microgravity Laboratory II (eml-II) Setup – A descriptive 

approach 

We sent our electrochemical microgravity laboratory (eml) to Faraday Technology 

Inc, in Dayton Ohio, and I was traveling for about three years to redesign and reassemble 

the double contained MakrolonTM box previously developed in Cabrera’s Lab following 

the NASA guidelines for parabolic flights.60-62 The NASA approved Electrochemical 

Microgravity Laboratory (eml) was disassembled, cleaned, and redesigned internally to 

adapt it to the new configuration for H2O2 sensing in microgravity conditions, see in 

Figure 1.1.  

 
Figure 1.1. First containment configuration of the NASA approved Electrochemical Microgravity 
Laboratory (eml): disassembled, cleaned and redesigned to adapt the new configuration for in-situ H2O2 
production. 
 

A custom-made triple containment configuration was modified for the µ-g 

experiment. The first containment barrier for the liquid is shaped by the reactor and water 

lines, see Appendix 1.1. All the devices were in three different safety second containments 

with dimensions of 14” x 10” x 9” made of polycarbonate as is shown in Figure 1.1. These 

three second containments were framed in a third polycarbonate containment of 47” x 

14” x 12”. All boxes were bolted to an aluminum base plate with dimensions of 50” x 22” 

x ½” that will be bolted to the aircraft through AN-6 Steel Bolts (3/8” diam.). 

Aluminum and stainless-steel supports, rails and braces were designed, cut, and 

ended to belt each device and artefact, like pumps, oxygen gas cylinder, RO water 

reservoir, fuel cell, UV detector, etc.  Subsequently, these were assembled over aluminum 

blocks as can be observed in Figure 1.2. 
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Figure 1.2. Designed, cut, and ended aluminum and stainless-steel supports, rails, and braces to belt devices 
and artefacts within the eml-II. 
 

Each device and artefact, assembled over aluminum blocks, were mounted inside 

devices were in three different safety second containments with dimensions of 14” x 10” 

x 9” made of polycarbonate as shown as can be observed below, see Figure 1.3. 

 
Figure 1.3. Devices without electrical connections inside of three different safety second containments with 
dimensions of 14” x 10” x 9” made of polycarbonate. 
 

The three second containments were mounted inside the third polycarbonate 

containment. All boxes were fastened to an aluminum base plate. The main base was 

disposed with six AN-6 Steel Bolts and 3/8” of diameter to bolt it to the aircraft through, 

see Figure 1.4. 
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Figure 1.4. Final configuration without electrical connections of the new Electrochemical Microgravity 
Laboratory II (eml-II). 
 

As shows Figure 4, after incorporating the peroxide generation system within the 

eml-II, pressure regulator and oxygen cylinder were placed in the containment on the left, 

the central containment hold the PGU, UV-Vis, and back pressure system, and the pumps 

were placed in the containment on the left.  

 
Figure 1.5. Schematic representation of the eml-II final configuration without electrical connections.72 
 

Internal electrical installations and oxygen and water connections were developed 

inside the eml-II as shown in figure 1.6. Diagram of electrical load and components 

arrangement is shown in figure 1.7. 
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Figure 1.6. Final configuration of the eml-II with electrical connections and control software. 
 

 
Figure 1.7. Diagram of electrical load and components arrangement of the eml-II (Standard Safety and 
Operating Procedures at FTI). 
 

1.2.2 The reactor parts – A brief description 

The gas diffusion electrode (GDE): After an exhaustive evaluation of several carbon 

cloth gas diffusion electrodes (GDEs) with microporous layer (MPL)––and based on its 

best performance within the PGU in terms of wettability, GDL/MPL structure, and 

catalytic activity for hydrogen peroxide production––the CeTech carbon cloth GDE MPL 

was selected as our GDE to stablish the base-line of our experiments.13  Furthermore, we 

developed and evaluated a range of catalysts that will be presented in next Chapters. 

Proton conductive beads: After testing ionic conduction pathways, ion exchange 

capacity, and packing densities of several acidic cation exchange resins,13 AmberLiteTM 

IR120 H, with an ion exchange capacity of 1.8 meq/mL by wetted bed volume, was 
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selected as our solid electrolyte to facilitate electrolyte ionic conductivity in low 

conductivity water feed streams.  

Back-pressure regulator: The back pressure on the catholyte was balanced using the  

Equilibar LF Series Precision Back Pressure Regulator N0 LF2SNN12-

NSMP10T100F5VVB. This regulator equilibrates pressure with the same source of oxygen 

used for the ORR, avoiding that the RO water diffuses––across the hydrophobic GDE––

from the cathode chamber into the oxygen compartment.  

The micropumps: Geared micropumps were selected––among other tested pumps–

–and used to control the flow in the catholyte chamber and in the anode. This kind of 

micropumps prevent oscillator pressure waves in the catholyte chamber, and therefore 

facilitates the back pressure balancing across the GDE, reducing formation of bubbles 

inside the catholyte chamber. 

The Anode: A mixed metal oxide (MMO) coated Ti mesh, assembled to a Ti based 

plate, was used as anode to reduce weight and improved electrical performance. Based 

on a collaboration with DeNora, the MMO anode titanium plate was designed, machined, 

and assembled to the titanium plate. Previously, graphite and stainless steel 316 (SS316) 

blocks were tested as anode, however, high cell overpotential produce damages in the 

flow field area of the blocks.  

Polymer-electrolyte membrane (PEM): NAFION 117 was used as PEM and was 

assembled to the MMO anode as shown in Figure 1.8. Initial trials were done using 

NAFION 115, NAFION117, Sustainion™, and Selemion™, coated with 3 mg/cm2 of IrRuOx, 

however, these coated membranes presented insufficient support, folding, and losing 

electrical contact with other components during operation.  



 18 

 
Figure 1.8. Polymer-electrolyte membrane (PEM) and mixed metal oxide (MMO) anode configuration in 
the PGU.13 
 

The detector: The Faraday Technology Inc UV absorption-based in-line detector 

(FTI-UV) was used for a continuous determination of the hydrogen peroxide that is 

formed in the reactor. The H2O2 quantification was done applying the Beer-Lambert Law, 

see equation 1.1, 

𝐴 = log(𝐼% 𝐼⁄ ) = 𝜀𝑏𝑐,    Equation 1.1 

where: A is absorbance, Io is the initial light intensity, I is the light intensity, ε is the molar 

extinction coefficient of H2O2 which is 43.6/M.cm at 240 nm,73, 74 b the path length of 0.01 

cm, and c is the molar concentration. A transportable FLAME-CHEM UV-Vis 

Spectrometer Systems from Ocean Optics Inc. was assembled to the PGU. Quartz cuvettes 

from Starna Cells, see Figure 1.9, were used to reduce the pressure changes in the 

catholyte chamber.  

 
Figure 1.9. UV-Vis spectrometer and back pressure regulator assembled to the PGU.13  
 

Anode

½O2

PEM

2H+

H2O

(g)

Catholyte
H2O
(drag)

M
ixed M
etal O
xide



 19 

A calibration curve––set measuring absorption at 240 nm of H2O2 standards, 

prepared with commercial 3% w/w hydrogen peroxide––was used to determinate the in-

situ H2O2 formation. Concentration profile is shown in Figure 1.10. 

 
Figure 1.10. Calibration curve of hydrogen peroxide based on UV absorption spectra, with molar extinction 
coefficient of H2O2 which is 43.6/M.cm at 240 nm.13 
 

The oxygen source:  A 14L oxygen cylinder and a digital Alicat pressure regulator 

were used as source of oxygen and as gas regulator, respectively. 

The recording process: We install tree webcams in the eml-II central compartment to 

follow the performance of the experiment and the stability of the setup.  

The control center: an external rack with all the electronics components was used to 

remotely control all the devices inside the eml-II. A power supply, controlled by computer 

software and external shutdown signals from a programmable logic controller, was used 

to manage the PGU, micropumps, oxygen pressure, video cams, and the UV detector 

during the eml-II operation under 1-g and µ-g environments.  

The catholyte chamber: A polyether ether ketone (PEEK) block was used as the 

container for the catholyte chamber due to its durability and less brittleness. The 

catholyte chamber––a constant 2.5 cm x 2.5 cm working area and controlled electrode to 

PEM gap of ⅜” with total volume of 4.7 mL. Other chambers with different sizes were 

built and tested with acrylic, plexiglass, polycarbonate; however, all these materials 

shown brittleness and lack of flatness, cracking and leaking the catholyte. This final 

configuration requires 42.3 mL/min as flowrate to achieve 3 catholyte volume turnovers 
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in a twenty-seconds-loop at µ-g––used was. Flowrates was determined without 

AmberLiteTM IR120 H. The beads were retained within the catholyte chamber settling the 

chamber with a 500 µm filter cloth as shows Figure 1.11.13 

 
Figure 1.11. Catholyte chamber with < 500 µm filter cloth for AmberLiteTM IR120 H beads retention.13 
 

1.2.3 The Prototype Generation Unit (PGU) – The Fundamentals 

To implement the requirements established by NASA––using the ISS water––FTI 

proposed the use of the U.S. patent number 6,254,762 of De Nora Technology for peroxide 

generation from low conductivity electrolytes utilizing ion-exchange resin particles, see 

Appendix 1.2. A schematic representation of the Peroxide Generation Unit (PGU) is 

shown in Figure 1.12. The PGU involves a cathode-anode configuration which is split by 

a catholyte chamber, filled with beads of a proton-exchange polymer. In the cathode, 

back-pressured oxygen goes through a gas diffusion electrode, controlling the rection O2 

+ H2O + 2e- è HO2- + OH-. Whereas a mixed metal oxide pressed against the cation 

electrolyte membrane works as anode, where protons are produce following the reaction 

H2O è ½ O2 + 2H+ + 2e-, with the general reaction ½ O2 + H2O è H2O2. The ionomer beads 

in the catholyte chamber enables the transfer of H+ crossways the water stream––from 

anode to cathode.3, 11, 13, 72  

Briefly, RO water goes in the catholyte chamber, diffusing across the proton 

exchange membrane (PEM) to the interface between the mixed metal oxide (MMO) 

catalyst and the PEM at the anode. Once at the anode, water is split to O2 and H+ protons 

by applying a direct electrical potential (DC) to the PGU. Then, protons cross the 

membrane, moving out from the anode-PEM interface, reaching the GDE at the cathode 
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through the conductive beads. Protons react with oxygen to form peroxide at the cathode. 

Finally, catholyte, oxygen, and hydrogen peroxide are transported to the UV-detector 

and stored in the collector container. The resulting flux of protons is generated by the 

attraction of protons to the negative charge at the cathode, dragging them by diffusion 

across the PEM from the anode to the catholyte, and across the conductive beads to the 

GDL at the cathode. 

 
Figure 1.12. Schematic representation of the Peroxide Generation Unit (PGU).11, 13, 72 
 

1.2.4 The proposed catholyte chamber designs 

I proposed––to the FTI team––two new catholyte chamber designs. The first one, 

an expanded input-output catholyte chamber (EIOCC), was taught to reduce stationary 

electrolyte zones, avoid bubbles accumulation inside the chamber, and improve the 

liquid flow inside the chamber, reducing sudden contractions and expansions in the 

joints between the chamber and the input and output channels. FTI builds the EIOCC as 

shows Figure 1.13. In fluid mechanics, joints with sudden changes in diameter are 

responsible of energy balances with irreversible pressure drops. The increased area of 

flow in the joints between the chamber and input and output channels at the EIOCC, 
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improves pressure distribution inside the PGU, and prevents the earlier observed water 

leaking from the catholyte chamber to the oxygen compartment.  

  
Figure 1.13. Catholyte plate with lofted channels for flow improvement. 72  
 

FTI used COMSOL to investigate fluid mechanic parameters in the packed bed 

EIOCC as is shown in Figure 1.14. FTI’s model indicates that the entry length must be at 

least equivalent to the width of the active area to prevent stationary electrolyte zones 

inside the PGU. Currently, FTI is using the EIOCC for the new Alpha-Scale-PGU prototype 

which will be used for industrial in-situ H2O2 production in hospital and health centers.72  

 
Figure 1.14. COMSOL flow designs developed by FTI to determine target entry path length and slope to 
improve flow uniformity through reactor working area. 
 

Secondly, I designed and proposed a flow field catholyte chamber (FFCC) to 

increase the retention time of the RO water, and to reduce the ohmic resistance of the cell.  

FTI fabricated a CCFF with ⅜” channels, as shows Figure 1.15. This model has been used 

by FTI in upgrades of the PGU for other for space applications.75 
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Figure 1.15. Catholyte plate with incorporated flow fields for retention time improvement.75 
 

1.3 The 1-g tests 

1.3.1 Single-pass configuration 

FTI started the polarization and H2O2 production tests with RO water and other 

electrolytes under a continuous flow with a single-pass configuration through the PGU, 

The control parameters studied and controlled under the single-pass configuration––

catalysts, GDE MPLs, conductive beads, flow rate, applied potential, cell alignment, DC 

vs pulse operation, catholyte plate thickness, and flow field––proved that the PGU was 

highly efficient to produce H2O2.13 We also, characterized new ORR catalysts and results 

will be described in Chapters 2 and 3. Briefly, as an example, we used the following 

configuration to characterize the CeTech carbon cloth GDE MPL in a single-pass 

configuration, see Appendix 1.3. The optimized single-pass parameters were used to test 

the PGU under a recycled continuous flow as explained in next section. 

 

1.3.2 Multi-pass configuration  

Our principal aim in this Chapter was to prepare the Electrochemical Microgravity 

Laboratory II (eml-II), shown in Figure 1.6, for the parabolic flights. For this, we 

assembled, tested the final eml-II conformation, and determined the optimal operation 

conditions under a continuous flow with a multi-pass configuration––recirculating the 

electrolyte into the PGU until reach the H2O2 concentration needed.  
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We evaluated reversibility of polarization parameters inside the eml-II, going back 

and forward on applied potential and the anode flow, see Figure 1.16. AmberLiteTM IR120 

H was utilized as the ion exchange electrolyte, CeTech carbon cloth GDE MPL was used 

as gas diffusion layer (GDE), a total of 100 ml was recirculated at 10 ml/min through 

catholyte chamber, and pressure was balanced at 0.2 psi. Figure 1.16 confirm the 

reversibility of the eml-II, after switching the anode water circulation ratio between 0 and 

3 ml/min, and potentials between 2 to 8 volts. These experiments showed that we can 

modify potential and anode flow rate in the anode, keeping reversibility in output current 

within the eml-II. 

 
Figure 1.16. Reversibility of polarization parameters inside the eml-II, going back and forward on applied 
potential and the anode flow. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, CeTech 
carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 100 ml was recirculated at 10 
ml/min through catholyte chamber, and pressure was balanced at 0.2 psi. 
 

RO Water flow rate inside the whole assembled system was extremely variable in 

the beginning of the filling procedure. Oscillations in the oxygen balance pressure 

produced high resistance to water movement through the system, slowing down the RO 

water filling process. In this sense, and due to an input pressure of 1 psi prevent the 

complete filling of tubing and connections with RO water, we progressively increased 
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the balance pressure from 0.05 to 0.1 to 0.2 psi to avoid excess of oxygen at the cathode 

line. All these pressure changes determined that running 10mL/min of RO Water during 

3 min were enough for a complete fill of the tubes, catholyte chamber, UV-visible cell, 

and back pressure system. Similarly, using a RO flow ratio of 30mL/min, 2 min were 

required for a complete filling of internal compartments. After controlling the flow and 

balance pressure, additional PGUs were assembled to test leaks, bubbles absence at the 

cathode water line, and stability at balance pressure higher than 0.2 psi. 

 
Figure 1.17. Stability of the eml-II under a multi-pass configuration, controlling the anode water circulation 
ratio at 0 (left) and 10 (right) ml/min. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, 
CeTech carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 100 ml was recirculated at 
10 ml/min through catholyte chamber, and pressure was balanced at 0.2 psi.  
 

Similarly, we evaluated how the anode water flow influences current, pressure 

and bubbles formation at 8 V. After 11500 s without water at the anode (0 mL/min), flow 

rate was increased to 10 mL/min. Figure 1.17 shows that the PGU produces 0.48 A at 0 

mL/min, noticing absence of bubbles at the RO water cathode line. Passing RO water 

through the anode at 10 ml/min, we observed an instantaneous increment in current to 

0.67 A. Also, gas bubbles were sporadically produced at the cathode line, possibly due to 

the increment of the water splitting ratio, forming more oxygen. Figure 1.18 shows, after 

running RO in the anode at a flow rate of 10 ml/min, a slight variation in the slope of 
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hydrogen peroxide concentration as a function of time. After 6 hours running this multi-

pass test, we achieved 0.47 w/w% of hydrogen peroxide. 

 
Figure 1.18. Hydrogen peroxide production in the eml-II under a multi-pass configuration, controlling the 
anode water circulation ratio at 0 (left) and 10 (right) ml/min. AmberLiteTM IR120 H was utilized as the ion 
exchange electrolyte, CeTech carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 100 
ml was recirculated at 10 ml/min through catholyte chamber, and pressure was balanced at 0.2 psi.  

 

We evaluated the peroxide generation performance under more extreme 

conditions within the eml-II, increasing the time of polarization treatments and the 

voltage to 16 V. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, CeTech 

carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 100 ml was 

recirculated at 20 ml/min through catholyte chamber, and pressure was balanced at 0.2 

psi. Figures 1.19a) and 1.19b) confirm the stability of the PGU controlling the anode water 

circulation ratio at 5 and 10 ml/min, respectively. 

Figure 1.20 shows a comparison of H2O2 production with anode water circulation 

flow rates at 5 and 10 mL/min at 16 V. After 100 min of operation, RO water flowing 

through the anode at 5 and 10mL/min allowed 0.10 w/w% of hydrogen peroxide. After 

this time, a slight increment in the of H2O2 production was achieved at 5 ml/min. 

However, at 10 ml/min production of hydrogen peroxide was more stable, reaching a 

pseudo-plateau after 300 min. The increased and unstable production of peroxide at 5 
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ml/min can be due to slower the flow higher the H+ transfer ratio from the anode to the 

membrane. The rate of production of H+ is higher than the rate of reposition of molecules 

of water close to the other side of the membrane, therefore in some point membrane is 

deficient on numbers of molecules of water needed to produce H+. This is solved 

increasing the flow rate to 10 ml/min which equilibrate or reposed faster the molecules 

of water consumed in the anode.  

 
Figure 1.19. Stability of the eml-II under a multi-pass configuration, controlling the anode water circulation 
ratio at 5 (left) and 10 (right) ml/min. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, 
CeTech carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 100 ml was recirculated at 
20 ml/min through catholyte chamber, and pressure was balanced at 0.2 psi.  
 

A comparison of variables evaluated in the last three tests are reported in Table 

1.2. These variables were studied as part of a preliminary performance-function 

evaluation of our eml-II. Multi-pass constant polarization trials shown successful 

operation of internal electrical installations, and oxygen and water connections. These 

results represent a starting point to set our system in such a way that reproducible and 

repeatable data can generated.  
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Figure 1.20. Comparison of H2O2 production with anode water circulation flow rates at 5 and 10 mL/min. 
AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, CeTech carbon cloth GDE MPL was 
used as gas diffusion layer (GDE), a total of 100 ml was recirculated at 20 ml/min through catholyte 
chamber, and pressure was balanced at 0.2 psi.  
 
Table 1.2. Comparison of variables evaluated in at 8 and 16 V. 

Test Voltage 
(V) 

Cathode Flow Rate 
(mL/min) 

Anode Flow Rate 
(mL/min) 

Current 
(A) 

Total Time 
(min) 

%H2O2 

1 8 
10 0 0.48 ~ 198 0.26 
10 10 0.67 ~ 357 0.47 

2 16 20 5 0.55 ~ 260 0.30 
3 16 20 10 0.42 ~ 380 0.25 

 

It is necessary to denote, once system was fully filled, water flow and gas pressure 

were stabilized. A parallel measurement of cathodic RO Water flow rate was made using 

a graduate cylinder and chronometer to evaluate that the flow rate value on the top of 

pump was accurate: 10mL/min. 

Due to water was observed in the oxygen compartment, we increase the balance 

pressure to maintain a catholyte flow in the chamber that allows us to produce enough 

peroxide concentration in a fully enclosed system without any water reservoir during the 

flight test. We reduced the RO water volume connecting, in closed-loop configuration, a 

long tube that worked as reservoir.  The total volume of RO water in the closed loop 

system, needed to concentrate an adequate quantity of H2O2, was 50 mL. After testing 

different combination of RO water flow rates and balance pressures, the optimal 
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conditions founded––to allow the RO water filling process without water flooding in the 

oxygen compartment––were 15 mL/min and 1psi, respectively. The anode flow was kept 

at 10 mL/min, see Figure 1.21. 

 
Figure 1.21. Performance of the eml-II under a multi-pass configuration, controlling the anode water 
circulation ratio at 10 mL/min. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, CeTech 
carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 50 ml was recirculated at 15 ml/min 
through catholyte chamber, and pressure was balanced at 1 psi. This configuration produced 1 w/w% H2O2 
was after 2 hours of experiment. 

 

After running several experiments under a multi-pass configuration setup in the 

eml-II, we were able to identify the following operation parameters: balance pressure 

progressively increases at 16V hence we need a lower operation potential, a catholyte 

flow rate of 20mL/min will generate measurable peroxide concentration during the 3h 

zero-gravity flight test, and a total RO water volume of 35 mL will promote a faster 

accumulation of peroxide. For a catholyte volume of 35 mL flowing at 20 mL/min we 

have 2.5 passes per 17 sec zero-g, every two minutes a full volume pass, and the system 

has a volume of 10 mL between the PGU exit and UV-Visible cell, needing 30 seconds to 

go through the whole channel. We expect a current of 0.2 A which needs an applied 

voltage between 12 to 14 V.  In this sense, we evaluated performance of the eml-II under 

a multi-pass configuration at 12 V, recirculating a total volume of 35 ml, at 20 ml/min 

through catholyte chamber, balancing pressure at 1 psi, and controlling the anode water 

circulation ratio at 0 and 10 mL/min, see Figure 1.22. This arrangement, producing 0.33 
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w/w% H2O2 after 1 hour of operation, was established as the optimal setup configuration 

to be used under µ-g conditions.  

 
Figure 1.22. Performance of the eml-II under a multi-pass configuration, controlling the anode water 
circulation ratio at 0 and 10 mL/min. AmberLiteTM IR120 H was utilized as the ion exchange electrolyte, 
CeTech carbon cloth GDE MPL was used as gas diffusion layer (GDE), a total of 35 ml was recirculated at 
20 ml/min through catholyte chamber, and pressure was balanced at 1 psi. This configuration produced 
0.33 w/w% H2O2 was after 2 hours of experiment.  
 

1.4 The µ-g tests 

The compulsory protocols and documentation to address safety conditions in the 

parabolic flight were completed, submitted, and approved by Zero-G Corporation and 

the Federal Aviation Administration (FAA), which certify the eml-II for the parabolic 

flight. It is necessary to emphasize that the parabolic flight was delayed during several 

months due to aircraft repair procedures, FAA approvals, and storms in the Caribbean 

and Florida areas.  

 

1.4.1 The parabolic flight 

The parabolic flights were developed in Sanford, Florida. We received the 

parabolic flight trainings in the facilities of Zero-G Corporation. The aerobatic maneuvers 

know as parabolas, see Figure 1.23, were carried out aboard a modified Boeing 727, the 

G-Force One. Before starting a parabola, specially trained pilots controlled the G-Force 

One in parallel to the horizon level at an altitude of 24,000 feet, pulling up to gradually 

increase the angle of the aircraft to 45° to the horizon, and reaching an altitude of 32,000 
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feet. During this pull-up, the system experienced a hypergravity of about 2-g. Then, pilots 

pushed over the G-Force One, promoting the microgravity segment of the parabola, 

flying a larger arc over the top of the parabola, during approximately 20 seconds, keeping 

everything weightless inside the airplane. Finally, a pull-out is retaken, re-experiencing 

2-g hypergravity, and allowing a progressive recovery of 1-g. Parabolas were repeated 35 

times––reproducing 2 parabolas with lunar gravity (one sixth your weight), and 3 

parabolas with Martian gravity (one third your weight), and 30 parabolas with µ-g –each 

taking about ten miles of airspace to be done.76-79  

 
Figure 1.23. Schematic maneuver of the parabolic flight.76, 77  
 

1.4.2 The µ-g results 

Optimized conditions from ground-based performance data, reported in section 

1.3.2, were implemented during the parabolic flight test to evaluate the production of 

H2O2 in a µ-g environment. Figure 1.24 shows the accelerometer data acquired during 

parabolic flight test: 2 Martian, 3 Lunar and 25 zero-gravity parabolas, each having a 

mean of 20 s under µ-g.72 
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Figure 1.24. The parabolic flight accelerometer data, showing Martian and Lunar profiles in loop 1 and µ-g 
profiles in loops 2 through 6.72 
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In-situ peroxide experiment in the parabolic flight test was conducted circulating 

water under a closed-loop configuration in both cathode and anode. Even though 

optimized conditions, determined in section 1.3.2, were applied during the parabolic 

flight test, new strategic actions were adapted to obtain significant information during 

the flight test: pressure buildup was observed (Figure 1.25 and Appendix 1.4) which led 

us to increase the back pressure to 3 psi; low current was observed at the desired 12 V 

operation without water in anode, therefore, a higher potential of 16 V was applied 

during the flight; pressure buildup was observed at 16 V with water circulation in anode, 

thus, we decreased the potential to 8 V during the µ-g test. Finally, the parabolic flight 

test was achieved with following managing conditions: a multi-pass configuration, 

AmberLiteTM IR120 H as ion exchange beads, 35 mL RO water as electrolyte with a flow 

rate of 20 mL/min, a catholyte plate thickness of 0.37”, a pressure balance of 3 psi, a 

CeTech W1S 1005 as gas diffusion electrode in the cathode, 3 mL of catholyte volume 

with beads, 16 V without water in anode and 8 V with water in anode.72 

After finishing the parabolic tests, the eml-II achieved 0.08 w/w % of in-situ H2O2, 

demonstrating the viability of generating hydrogen peroxide under µ-g conditions. The 

flight test showed that there are no adverse effects of µ-g environments on the 

performance of eml-II system in comparison with terrestrial conditions.72  

 
Figure 1.25. The eml-II performance function during the parabolic flight. On the left, µ-g polarization curves 
with water and without water in the anode. On the right, peroxide concentration generated (red dots) and 
accelerometer profile (blue line) as a function of time.72  
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1.5 Conclusions 

We were able to disassemble, clean, and redesign the NASA approved 

Electrochemical Microgravity Laboratory (eml) to design, build, and evaluate the new 

Electrochemical Microgravity Laboratory II (eml-II), that was configurated for in-situ 

hydrogen peroxide production under microgravity conditions. The eml-II accomplishes 

the NASA requirements of producing in-situ H2O2 under the water resource available 

onboard the ISS––with a conductivity of 2–3 µS/cm, a pH of 5.5–6.7, and a total organic 

carbon (TOC) content between 0.18 and 2.5 mg/L––using the U.S. patent number 

6,254,762, for low conductivity water stream. Also, the nucleation, growth, and 

detachment of bubble, preventing super bubbles formation, was facilitated controlling 

the mass transport rate with forced electrolyte flow with external micropumps and using 

three-dimensional GDLs as electrodes. 

The performance-function of the eml-II system was tested at 1-g––under a multi-

pass configuration, at 12 V, a CeTech W1S 1005 as gas diffusion electrode, with 

AmberLiteTM IR120 H as ion exchange beads, recirculating a total volume of 35 ml at 20 

ml/min through catholyte chamber with thickness of 0.37”, balancing pressure at 1 psi, 

and controlling the anode water circulation ratio at 0 and 10 mL/min––producing 0.33 

w/w% H2O2 after 2 hours of operation. These experimental conditions were established 

as the optimal setup configuration to be used under µ-g conditions.  

The parabolic flight was successfully carried out aboard a modified Boeing 727, 

the G-Force One from Zero-G Corporation. The eml-II at µ-g achieved––under a multi-

pass configuration, AmberLiteTM IR120 H as ion exchange beads, 35 mL RO water as 

electrolyte with a flow rate of 20 mL/min, a catholyte plate thickness of 0.37”, a CeTech 

W1S 1005 as gas diffusion electrode in the cathode, 3 mL of catholyte volume with beads, 

a pressure balance of 3 psi, 16 V without water in anode and 8 V with water in anode––

0.08 w/w % of in-situ H2O2, demonstrating the viability of generating hydrogen peroxide 

under µ-g conditions. The flight test showed that there are no adverse effects of µ-g 
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environments on the performance of eml-II system in comparison with terrestrial 

conditions.  

The successful performance of the eml-II during the parabolic flight evidence that 

it can be used to produce in-situ hydrogen peroxide as life support system in future space 

missions. 
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CHAPTER 2. Non-Precious Metal Catalysts for In-Situ Hydrogen Peroxide 
Production 
 

 

2.1 Introduction 

Previously, we have developed the peroxide generation unit (PGU), a technology 

for in-situ H2O2 production under terrestrial and zero-gravity environtments.3, 13 Parabolic 

flights demonstrated the comparable high performance of our PGU on Earth and under 

microgravity conditions. Even though, the success of the PGU and projecting a scalable 

in-situ production of H2O2 on space missions, the design of novel catalysts is needed. 

Accordingly, precursors materials for these catalysts have to be accessible, cheap, 

abundant in terrestrial or extraterrestrial locations, and catalyze the ORR via two-

electrons pathway. As precursors materials, we propose carbon and iron compounds 

which are involved in  several physical and chemical processes on earth and space.80 

Besides, the use of carbon and iron-based compounds allows reliable, clean, and 

affordable energy science-driven technologies required in the US DOE Strategic Plan.38  

Iron-based materials prevent degradation in fuel cells, contributing to extended 

lifetimes.81 Iron oxides have been synthesized via coprecipitation and subsequent thermal 

treatments,82  however,  the Fe3O4 and a-Fe2O3 products often have shown particles in 

bulk sizes and  poor electrical conductivity.  A good electrical performance is a crucial 

feature in the electrode-electrolyte interface for fuel cells, batteries, and supercapacitors.4 

Several works have been focused on creating metal oxide on highly conductive 

nanocarbon composites to improve the redox reactions performance and the electrical 

characteristics of the catalysts.83, 84 Thermal syntheses have been used to produce 

composites of iron and carbon but with low yields for large scale applications.83 Likewise, 

nanostructured iron- and carbon-based materials, oriented to energetic applications, have 

been synthesized via chemical vapor deposition (CVD); however, this method produces 
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inactivated iron nanoparticles that are covered with carbon nanotubes and aerogels.85 

Besides of materials with good electrical properties, nanosized dimensions are desired to 

improve the catalytic activity in different chemical systems.84 Controlling experimental 

conditions allows the synthesis of nano-dimensional structures with different 

morphologies such as quantum dots (QDs).86  A QD is any solid in which all dimensions 

decrease to a few nanometers.87 

The challenge to overcome is the bulk production of highly dispersed iron QDs 

onto powdered carbon substrates (Fe/Vulcan), assuring a continuous electron pathway 

in the interface iron-carbon. A successful electrochemical method, known as the rotating 

disk slurry electrodeposition technique (RoDSE),88 have been largely used for bulk 

production of catalytic powders, growing metallic nanoparticles onto diverse supports 

and preventing aggregation.84, 88, 89 In RoDSE, the working electrode is rotated, generating 

a constant flux that continuously replaces the concentration of precursors in the diffusion 

layer, where the electrodeposition has place.89  

In this Chapter, we present a novel RoDSE electro-assembling––without high 

temperatures nor hazardous compounds––of iron-based QDs onto Vulcan XC-72R. The 

physicochemical characterization revealed 4 nm Fe-based QDs, highly dispersed on the 

surface of Vulcan. The Fe/Vulcan ORR catalysis control was shown by the Koutecky-

Levich (K-L) analysis, the rotating ring-disk electrode (RRDE) technique, and in-situ H2O2 

generation experiments in the PGU.  Overall, our findings confirm the electrosynthesis 

of Fe QDs with a continuous electron pathway in the interface iron-carbon, tunable 

oxidation states, and a control of the ORR via two-electrons pathway. 
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2.2 Experimental setup 

2.2.1 Electrochemical techniques 

Cyclic voltammetry (CV) experiments were done on clean glassy carbon electrode 

immersed in a 5 mM FeCl3 / 0.1 M KClO4 solution bubbled with nitrogen during 15 min 

and stored in a capped three-way cell. Reversible hydrogen electrode (RHE) and Pt wire 

were used as refence and counter electrodes, respectively. A total of 49 cycles were 

scanned between 0.5 V to -0.9 V vs. RHE at 10 mV/s. A Biologic SP200s 

Potentiostat/Galvanostat Electrochemical Workstation was used for the CV experiments.  

Iron nanoparticles were electrodeposited on Vulcan XC-72R by using the RoDSE 

technique,88 at the potential selected from CV studies: -855 mV vs. RHE. A glassy carbon 

rotating disk electrode (RDE) with geometric area of 0.20 cm2 was used for the RoDSE 

synthesis. RDE was previously polished in an eight-pattern movement on felt pads with 

1.0, 0.3, and 0.05 µm aluminum oxide (Buehler Micropolish); rinsed with DI water; and 

sonicated during 10 min in ethanol.  RHE and Pt-mesh were used as reference and 

counter electrodes, respectively. 20 mg of Vulcan XC-72R in 20mL of 0.1 M KClO4 solution 

were ultrasonicated for 1 hour to prepare the precursor slurry suspension.  This slurry 

suspension was transferred to the centered compartment of the three-electrode RoDSE 

cell, whereas the other two cells were filled with 20 mL of 0.1 M KClO4. The total volume 

in each compartment was brought to 25 mL with 0.1 M KClO4.  Then, 2 mL of 5.0 mM 

FeCl3 solution were added into the carbon slurry and bubbled vigorously with ultrahigh 

purity nitrogen for 15 min. Afterwards, the RDE was rotated at 2400rpm and polarized 

at -855 mV vs. RHE for 1 hour. This rotating-polarization step was repeated with three 

additional aliquots of 2 mL each. Finally, the slurry was filtered through a 0.22 mm Nylon 

membrane, washed with 1L of DI water and 20 mL ethanol, and dried in a desiccator for 

24 hours. 
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Inks were prepared by sonicating for 1 hour 1 mg of catalyst with 50 mL of DI 

water, 50 �L of isopropanol, 150 �L of ethanol and 20 �L of Nafion® solution (5% 

perfluorinated resin in ethanol from Aldrich). Afterward, 3 µL of the prepared ink were 

dropped cast on a cleaned glassy carbon electrode and dried at room temperature for 15 

min. CVs were done in 0.1 M KOH solution at a window potential between -0.4 and 1.2 

V vs. RHE.  The oxygen reduction reaction (ORR) kinetic and the Koutechy-Levich (K-

L)90 analysis were studied on a glassy carbon rotating disk electrode (RDE), in a O2-

saturated 0.1 M KOH solution, scanning the potential from 1.0 V to -0.3 V vs. RHE at 10 

mV/s and rotation speeds between 400 and 2400 rpm. The hydrodynamic rotating ring 

disk electrode (RRDE) study was done on a glassy carbon disk and a Pt ring electrode, 

immersed in 0.1 M KOH and 1600 rpm of rotation speed. The disk potential was swept 

between 1.0 to -0.4 V vs. RHE at a scan rate of 10 mV/s, and the ring potential was fixed 

at 1.20 V vs. RHE.  

 

2.2.2 Structural and chemical-physical properties 

Metal loading in the catalysts was determined by using Induced Coupled Plasma-

Optical Emission Spectroscopy (ICP-OES), with triplicate-quantitative analyses in an 

Optima 8000 Perkin Elmer ICP-OES.  10 mg of sample were digested in 10 mL of a nitric 

acid and hydrochloric acid solution at a 1:3 molar ratio. Solution was reduced until a 

volume of 1 mL, filtered through a Whatman glass microfiber filter (GF/F grade), and 

diluted with 2% HNO3.  

Samples were placed onto a carbon-coated copper grid and analyzed by 

Transmission electron microscopy (TEM), transmission scanning electron microscopy 

(STEM), and the high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM, Contrast-Z). Micrographs were obtained at 200 KV in a FEI 
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Tecnai F20 G2, with and X-ray fluorescence-energy dispersive spectrometry (EDS) system 

and an Oxford X-Max detector.  

Iron-based catalyst synthesized were characterized by X-ray diffraction (XRD) 

using a RIGAKU SmartLab X-ray diffractometer with a high-speed ID detector D/teX 

Ultra. Experiments were done in reflectance Bragg-Brentano geometry, with a Cu Ka 

radiation source of l=1.5406 Å, current was set at 44 mA and voltage at 40 kV.  

Raman spectroscopy was done at room temperature in a Thermo Scientific DXR 

Raman Microscope with a laser wavelength of 532 nm and a power of 5.0 mW, scanning 

wavelengths between 100 and 3000 cm-1 with an error of ± 2 cm-1.  

Surface analysis by X-ray photoelectron spectroscopy (XPS). was used to 

determine the surface chemical composition of samples. Measurements were done in a 

PHI 5600ci spectrometer, with an Al Kα polychromatic X-ray source of 350 W at 45o, and 

a hemispherical electron energy analyzer. Pressure in the ultrahigh vacuum analysis 

chamber was below 9x10-9 mbar and spot aperture was 500 µm. Carbon tape was used to 

fix and hold the samples. Survey and high-resolution spectra, at the Fe 2p, C 1s, and O 1s 

XPS binding energy regions, were recorded. Curve fitting analysis was carried out using 

Multipack Physical Electronics software, correcting binding energies with the C 1s peak 

at 284.5 eV. 

X-ray absorption spectroscopy (XAS) experiments were done in the beamline for 

materials measurements (BMM) 6-BM in the National Synchrotron Light Source II (NSLS 

II) at Brookhaven National Laboratory. The sample was grinded and spread on a Kapton 

tape until achieving a uniform film. The energy of the absorption spectra was calibrated 

using an iron metal foil. The Fe K-edge absorption spectra was obtained in transmission 

mode and analyzed using the DEMENTER program package.91 The scattering paths 

during generated in the extended X-ray absorption fine structure (EXAFS) analysis were 

calculated with the crystal information files PDF 01-072-6226 for hematite and PDF 01-

080-6402 for magnetite, obtained from the ICDD PDF4+. 
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2.2.3 In-situ electrochemical H2O2 production 

For the in-situ electrochemical hydrogen peroxide generation samples were 

dispersed in an ethanol:isopropanol:water (1:1:2) mixture with a total solution volume of 

750µL and 60µL of Nafion solution 5% in ethanol. Each dispersion was painted onto a 

CeTech carbon cloth gas diffusion electrode microporous layer (GDE-MPL). The 

electrolyte, a mixture of Nafion NR 50 Beads and POWDion-Insoluble 40-60 mesh, was 

activated at 80°C in successive steps as follow: 3% H2O2 for 1 hour, DI water for 2 hours 

and 1 M H2SO4, and stored in DI water. Reverse osmosis (RO) water was flowing through 

the 0.37” thick catholyte plate at a flow rate of 2 mL/min and pressure balance was held 

at 1 psi. The system was configurated in a single-pass arrangement to determine the 

differential polarization plots, output current, and the H2O2 w/w% of Fe/Vulcan and the 

GDE-MPL at 4V, 6V, 8V, 10V, 12V, and 14V.  

 

2.3 Results and Discussion 

2.3.1 The iron nucleation – a cyclic voltammetry (CV) study 

Figure 2.1 shows the cyclic voltammetry study, of a glassy carbon electrode in a 

nitrogen-purged 5 mM FeCl3 and 0.1 M KClO4 solution, developed at 10 mV/s between 

0.5 V to -0.9 V vs. RHE. CV was started at 0.5 V vs. RHE to assure that Fe3+ and Fe2+ were 

present at the beginning of the analysis, in the bulk solution and on the near surface of 

the electrode, respectively. 

The CV in Figure 2.1a) shows some characteristic peaks of Fe-based bulk materials 

studied in different electrolytes.92, 93 The current crossovers between cathodic and anodic 

signals is associated to reversible systems which involve undissolved species, such as 

nucleation and growth of metallic iron; the presence of a crossover in a CV evidences 

nuclei formation on the electrode.94, 95 Even though---the pH of the 5 mM FeCl3 in 0.1 M 
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KClO4 solution was 4.07±0.01, which implies that aqueous iron species exist as ferrous 

and ferric ions rather than forming complexes with anionic electrolytes96---the Ic and IIc 

cathodic peaks, shown in Figure 2.1, suggest presence of iron hydroxide species.93 In the 

literature, the Ic and IIc current peaks have been ambiguously assigned to Fe3+ to Fe0 and 

Fe3+ to Fe2+ to Fe0 reduction processes and, as well as, to Fe(OH)x to Fe0 reduction;93, 96, 97  

the IIIc peak is related to the Fe2+ to Fe0 reduction process.98 Also, peaks Ic and IIc can 

correspond to the reduction of FeOOH  to Fe(OH)2.98 The simultaneous presence of Fe2+ 

and Fe3+ species is probable at the electrode interface: based on the iron/chloride Pourbaix 

E-pH diagram at 25 0C, the iron complexes containing both iron species, will be formed 

near the electrode under our experimental conditions.99 The resulting iron complexes, 

with positive formal charge, are balanced with ClO4- and Cl- species in the outer-sphere 

complex.100 

In the anodic region of Figure 2.1a), the Ia current peak is related with oxidation 

processes of adsorbed hydrogen.98 Peak IIa is generated the oxidation of Fe0. Finally, peak 

IIIa is produced whether as oxidation of an early ferrous hydroxide layer, or by direct 

iron oxides aggregation under the presence of Fe2+ and Fe3+ cations.93, 96, 97 Even though an 

in-depth analysis is required to characterize all the iron species involved in the redox 

processes at the selected potential window, this CV analysis was focused on define the 

electrodeposition potential of iron to produce Fe- and C-based catalysts. 

As shown in Figure 2.2, a total of 49 CVs were done between 0.5 V and -0.9 V vs. 

RHE at 10 mV/s; the cathodic and anodic current peaks growth as the number of cycles 

increases. The peaks of current, characteristic for iron, show changes in current and shape 

due to the growth on the electrodeposited iron. In the first cycle, the oxidation peaks Ia, 

IIa, and IIIa were analogous to those exhibited in Figure 2.1. In the second cycle, peaks Ia 

and IIa disappear, but IIIa peak current intensity growths until the third cycle when start 

decreasing. Peak intensity of IIIc decrease as the iron concentration is spent over time, 

and its slow decreasing indicate that Fe electrodeposition is a limiting step on this CV . 
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Figure 2.1. Cyclic voltammetry of Fe3+ at a GCE, at a scan rate of 10 mV/s and at room temperature. The 
first cyclic voltammogram (a) in 0.1 M KClO4 (dashed gray line) and in a 5 mM FeCl3/0.1 M KClO4 solution 
(solid black line). Enlarged views of the potential windows (b) between -0.9V and -0.3V vs. RHE oxidation 
and (c) and between -0.85V and -0.2V vs RHE are shown below. 
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Figure 2.2. (a) Cyclic voltammetry profiles vs. RHE, at a scan rate of 10 mV/s and at room temperature, of 
a glassy carbon electrode immersed in a 5 mM FeCl3 / 0.1 M KClO4 solution. The deviation of the first cycle 
(solid gray line), from the successive 2 (solid light blue line), 3 (dashed dark blue line) and 49 cycles (solid 
red line), is observed in both reduction and oxidation peaks.  The potential is swept in the cathodic direction 
starting at 0.5 V and ending at -0.9 V. Enlarged views of the (b) oxidation and (c) reduction peaks are shown 
below. 
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A slow and gradual deposition of iron in 0.1M KClO4 electrolyte allows the growth 

of very small nanostructures which can explain the current changes---in intensity, 

potential shifts, and behavior---from the second cycle onward: an iron film or iron 

clusters can be created onto the glassy carbon electrode during the first cycle; the 

following iron depositions can occur whether on vacancies of the GC surface, or on the 

active iron-based sites formed on the electrode surface during the first CV.  

In the next section, we explain the Fe deposition on Vulcan XC-72R carbon support 

through the RoDSE technique at -855 mV vs. RHE. Even though, Figure 2.1 shows that -

855 mV vs. RHE is the redox potential to transform Fe2+ to Fe0, carbon flakes in the slurry 

suspension can generate metal depolarization during the RoDSE process.84, 89  

 

2.3.2 The RoDSE technique and the iron electrodeposition 

Figure 2.3 shows the RoDSE chronoamperometry profile obtained when -855 mV 

vs. RHE were applied to the glassy carbon electrode immersed in 5 mM FeCl3 + 0.1 M 

KClO4 + Vulcan XC-72R slurry. Current profiles of the four successive 2.00 mL aliquots 

of 5 mM FeCl3 are shown in Figure 2.3.  

In Figure 2.3, profiles of each added aliquot revealed the characteristic current-

time plots, in which the current is decreasing as a function of electrodeposition time, until 

a quasi-plateau is reached, due to a reduction of Fe concentration in solution.84, 89 This 

current vs. time curve performance is comparable to a characteristic instantaneous 

nucleation growth.84 Initially, for all the aliquots, a small current peak was observed in 

the cathodic current at ca. 20 s, corresponding to an initiation period of iron nucleation 

on the glassy carbon electrode or on the Vulcan. Then, an exponential increment in 

current is observed until about 200 s, that can be produced by the Fe nucleation on Vulcan 

or on the GC electrode, the mass transfer rate around the particles, and the hydrogen 

evolution. Finally, a current quasi-plateau is reached due to the Fe3+ concentration 
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decreases in solution. Current associated with hydrogen evolution influences the profile 

behavior of each aliquot, creating the random patterns of current observed in Figure 2.3.93 

The use of potassium perchlorate as electrolyte prevents the creation of new 

functionalities on Vulcan and promotes stable Fe-complexes instead of precipitated 

species. 

The hydrodynamic flow generated by the RDE draws all the precursors to an 

infinitesimal distance to the GC surface, producing a laminar, stable, and continuous flow 

in the radial vicinity of the electrode, where the electrochemical reduction occurs. At 

these microscopic dimensions, iron electroreduction might occur in three different ways: 

(i) on the surface of the glassy carbon electrode; (ii) in solution and drifting the formed 

iron QDs into the slurry; and (iii) directly on Vulcan, forming the expected Fe/C catalyst. 

In Figure 2.3, the behavior of the current-time profile is determined by the following 

factors:  Fe-catalyst and electrode interaction, Fe-Vulcan shape and size, Fe QDs 

concentration, reactants diffusion coefficient in the slurry, RDE surface conditions, 

nanoparticle residence time on the electrode, and applied potential.101 The potential of 

reduction at -855 mV, needed for iron electrodeposition (see Figure 2.1) add two 

additional variable: water reduction and  hydrogen evolution process occur 

simultaneously.  

Figure 2.3 shows chronoamperometric profiles with sharp current spikes which 

can be due to iron nanostructures, drifting free or assembled onto Vulcan, hitting the RDE 

glassy carbon surface.  In addition, these current spikes are signs that solid iron 

aggregates have been grown: iron nanoparticles are corroded once they are in contact 

with water, then, the electrochemical reduction of iron oxides is produced, when they hit 

the RDE surface.102  
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Figure 2.3. Up: Schematic of the RoDSE synthesis setup of the Fe/Vulcan in 0.1M KOH at -855mV. The three-
compartment electrode cell diagram corresponds from right to left to a reversible hydrogen reference 
electrode, glassy carbon rotating disk working electrode, and Pt auxiliary electrode. Down: 
Chronoamperometry RoDSE profile for the iron electrodeposition onto Vulcan XC-72R.  Current profiles 
for the FeQDs/C catalyst were obtained in 20.0 mg of carbonaceous matrix in 20.0 mL of 0.1M KClO4 slurry. 
A glassy carbon RDE, at a rotating speed of 1900 rpm and an applied potential of -0.855 V vs RHE, were 
used. The chronoamperometric process was repeated three additional times with the addition of 2.00 mL 
aliquots of 5 mM FeCl3 in each repetition: aliquot 1 (yellow line), aliquot 2 (blue line), aliquot 3 (red line), 
and aliquot 4 (gray line). 

 

In the hydrodynamic RoDSE method, where the diffusion layer is forced by 

convection, an infinitesimal temporal resolution regime governs both: the electron 

transfer and the electrochemical determination of transitional charged species are. The 
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characteristic timescale tcharacteristic is calculated by means of the expression tcharacteristic=Ad2D-1, 

where A is a proportionality parameter that depends on the technique,  D is the diffusion 

coefficient, and d is the size of a stationary diffusion layer which is controlled by each 

technique.103 The transient currents generated in the chronoamperogram (Figure 2.3) can 

be studied comparing them with methods such as steady-state micro- and nano-

electrodes and scanning electrochemical microscopy, methods in which the 

electrochemical measurements are independent of the double layer charging currents. 103, 

104 Forced convection generated in the RoDSE technique increases the collision incidence 

considerably,105 however, experiments carried out under controlled flow conditions allow 

to determine the collision transient currents.106  

Three processes can be responsible for transient current spikes present in the 

chronoamperometry: catalytic current provoked by new Fe QDs growing on previously 

formed Fe-Vulcan particles, electrocatalytic amplification (ECA) induced by the H2O/H+ 

reduction on Fe-Vulcan particles in contact with the RDE, and direct electroreduction of 

oxidized Fe QDs. QDs may be oxidized on Vulcan surface and can form iron/iron-oxides 

core-shell structures in aqueous solutions.101, 107 In stochastic electrochemical techniques 

signals are amplified in presence of iron.104, 108 negative values of enthalpy, Gibbs energies 

of formation, and standard entropy associates with the iron corrosion process in aqueous 

solution, as well as, the surface energy associate with the small-particle-size of the iron 

QDs,  promote iron oxidation under our experimental conditions. During the first 

seconds of each aliquot, current peaks are produced by a higher concentration of Fe 

around the electrode;84, 88, 89, 109 adding the subsequent aliquots, the frequency and intensity 

of spikes are determined by Fe QDs generation, as well as, by chloride concentration 

increment which prevents hydrogen evolution. As summary, electron transfer occur very 

fast during the particle-electrode impacts,110 and hydrogen is co-produced on the iron-

base quantum dots surface producing transient current peaks.111 
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2.3.3 A cyclic voltammetry study of the Fe-based catalyst 

Figure 2.4 shows a cyclic voltammetry study of the electrochemically synthesized 

Fe-Vulcan. Presence of iron oxides and hydroxides are confirmed by the Fe3+/Fe2+ currrent 

peaks.  A current profile comparison between Figure 2.4 and Figure 2.1 shows differences 

regarding intensity and shape of peaks; these differences are produced by: nanoscopic 

distribution of a determined material onto another different solid, electrolyte, pH, and 

surface textural properties. A convolution112 of current peaks is suggested by peak 

asymmetry and small current bumps observed in Figure 2.4, e.g. a contribution different 

iron-based electrochemical routes92, 93, 96-98 can take place simultaneously at the potential 

window used. For future Fe applications, we recommend an in-depth cyclic voltammetry 

study, as well as a current curve-fitting to determine peaks associated with specific 

electrochemical modifications.112  

Exposing the Fe QDs to hydroxide ions, or to the atmosphere during post-

synthesis manipulation, promote simultaneous presence of ferrous and ferric species in 

our catalyst. Iron electrochemistry93, 96-98 and CVs of bulk iron structures92, 93 allow us to 

associate regions Ic, IIc, IIIc, IVc, Ia, IIa, IIIa, and IVa (see Figure 2.4), with iron species 

that can be formed during the potential sweep.  Regions Ic and IIc may correspond to the 

reduction processes of Fe3+ to Fe0, Fe3+ to Fe2+ to Fe0, and FeOOH to Fe(OH)2. At region IIIc 

occur the Fe2+ to Fe0 reduction. Region IVc could be associated with the reduction of 

corrosion compounds,113 produced by the OH- in the electrolyte. The Fe QDs corrosion is 

promoted by particle size effect.  

In the anodic backward potential sweep, the region Ia related to the oxidation of 

absorbed hydrogen98, 114 is barely noticeable. In region IIa occur the oxidation of Fe0 to 

Fe2+. Finally, electrooxidation of Fe(OH)2 to Fe3+ species such as  iron (III) oxides and 

oxyhydroxides are promoted in region IIIa.98 At the region IVa, inner iron (II) oxide might 

be oxidized to iron (III) oxide.92   
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Figure 2.4. First cycle of the cyclic voltammetry analysis of the electrochemically synthesized iron-based 
catalyst supported on Vulcan XC-72R, via the RoDSE technique. CV analysis was done in a nitrogen-
purged 0.1 M KOH solution. Characteristic cathodic and anodic peaks of Fe species are displayed in the 
voltammogram. Potential scan rate was 10 mV/s. 

 

Appendix 2.1 shows a second cycle recorded immediately after the CV presented 

in Figure 2.4. In the first cycle, electrolyte diffusion through the catalyst is reached, 

allowing a second CV with increment in current intensity, that suggest that redox 

reactions move forward as the surface modifications go on into the porosity of the 

catalyst. We consider that more ordered structures of iron oxides and hydroxides can be 

generated after consecutive cycles. Comparing the CVs of our Fe-Vulcan with bulk iron 

systems,92, 93 we consider that QDs confinement effect and the conductive carbonaceous 

substrate produce peaks with more definition and sharpness. The interpretation of Figure 

2.4 and Appendix 2.2 is based on the iron electrochemistry previously reported in the 

literature93, 96-98 Even though, we used this CV analysis to determine the iron presence on 

the catalyst, an in-depth iron CV study is required to describe all iron species involved. 
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2.3.4 Structural and chemical-physical properties 

Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) allow us to 

determine iron loading and the efficiency of the RoDSE technique to electrodeposit iron. 

Appendix 2.3 shows that 15.54% of iron by mass was deposited onto of Vulcan, with an 

electrodeposition efficiency of 62.16% per mass, in comparison with the 25.00% of iron by 

mass loaded as precursor.  ICP-OES results validate the RoDSE technique to 

electrodeposit iron with loading higher than sixty percent, which is an outstanding 

amount, having in consideration the competition between three simultaneous reactions: 

iron nucleation, water/protons reduction, and the constant evolution of hydrogen. 

Figure 2.5. shows transmission electron microscopy (TEM), scanning transmission 

electron microscopy (STEM), and high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) studies, with structural details of the 

electrodeposited Fe-Vulcan. Figure 2.5a (TEM) and Figure 2.5b (HRTEM), show carbon 

particles with diameters between 30 and 50 nm and branched-nanochains and structure 

cabbage-like which works as anchoring support for metal nanoparticles. In Figure 2.5d 

(TEM) and Figure 2.5e (HRTEM) show metal-based nanoparticles as dark spots 

supported on a lighter background of carbon. Iron presence is confirmed by the energy 

dispersive X-ray spectroscopy (EDS) analysis shown in Figure 2.5g. Figure 2.5d and 

Figure 2.5e show well-dispersed Fe QDs with a narrow nanoparticle size distribution 

between 2 and 6 nm, and a mean of 4 nm (see Figure 2.5h). The electron diffraction pattern 

in Appendix 2.4 confirms the presence iron-oxide compounds. Electron microscopy 

results confirm that the synthesized catalyst consists of iron-based QDs onto Vulcan XC-

72R. Due to the narrow size distribution (below 10 nm) of the Fe QDs, as well as the 

semiconductor properties iron oxides, with small band gap values,115 we named our iron 

particles as quantum dots.86, 87 
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Figure 2.5. Transmission electron microscopy (TEM) (a,d), high resolution transmission electron 
microscopy (HR-TEM) (b,e), and high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) (Contrast-Z) (c,f), of Vulcan and the Fe/Vulcan catalyst electrodeposited by the RoDSE 
technique. The energy dispersive X-Ray spectroscopy (EDS) analysis evidences the presence of iron (g). 
The particle size histogram shows a narrow size distribution about 4 nm of Fe-based QDs onto Vulcan (h).  
 

Appendix 2.5 shows the diffractograms of the iron-based nanostructures and 

carbon support, with broad and ill-defined peaks are typical of nanostructures.116. The 

characteristic a-Fe diffraction peak appears at a 2q of 46.1o, corresponding to the facet 

(110) (JCPDS card No. 06-0696). Iron facets (200) and (211) are indistinguishable due to 
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the low intensity of iron signals, in comparison the Vulcan peaks. Two intense and broad 

peaks at 2q equal to 24.4° and 43.3°, coincide with the diffraction planes (002) and (101), 

respectively (JCPDS card No. 41-1487), characteristic for carbon materials. In Vulcan XC-

72R, the interlayer scattering produces the reflection (002) line, whereas the intralayer 

scattering generates the (101) line. Peak intensity and shape of carbon faces changed after 

the RoDSE treatment, indicating electrodeposition iron. Due to its high surface area and 

greater availability of surface reactive sites, the iron QDs obtained by the RoDSE 

technique are corrode faster than bulk metallic iron,117, 118 which is evidence by presence 

of peaks associated with diffraction patterns of magnetite (Fe3O4), maghemite (g-Fe2O3), 

hematite (a-Fe2O3), goethite (a-FeOOH) or lepidocrocite (g-FeOOH).  At room 

temperature and air-based environments, geometry and size of nanoparticles will 

determine the velocity of oxidation through a cation diffusion mechanism during short 

periods of time.118 Based on that, we hypothesize that our iron QDs are a product of 

oxidative transformations from Fe0 to Fe2+/3+ to Fe3+; the oxidation gradient are determined 

by variables such as: particle size, storage conditions, longevity, and sample 

manipulation during the synthesis and characterization protocols.  These iron oxidation 

processes, couple with broad diffraction peaks, heterogeneous composition of the 

catalyst, the Fe/C ratio of peak intensities, preclude to calculate the average particle size 

using Scherrer’s equation. 

Raman spectroscopy was used to determine iron and carbon species presents in 

the Fe/Vulcan catalyst.  Figure 2.6 shows the Raman spectra of the Vulcan and Fe/Vulcan, 

with  subtle-peak at 1050-1100 cm-1 related to an sp3 rich phase in carbon 

configurations;119 intensity and width of peaks decrease after iron electrodeposition. 

Vulcan and Fe/Vulcan show the G-band corresponding to the E2g symmetry is localized 

around 1580cm−1. Likewise, both samples present the D-band located at 1350 cm−1 and 

that correspond the diamond C−C single bonds between sp3 hybridized carbon atoms. 

The sp3-rich phase appears at 1180 cm−1.84 Vulcan show a small protuberance about 1600-
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1650 cm-1 that broad the G-band.84, 89 A broad and small peak at  850 cm-1 corresponds to 

hydrogen-free carbon arrangements; after iron deposition process, this peak increase in 

intensity indicating: that Vulcan was reduced during the RoDSE treatment, or that iron 

oxides like hematite were formed.120 Presence of hematite is proved the peaks at 212 and 

280 cm-1. The peak at 398 cm-1 corresponds to goethite. Peaks at 477 and 590 cm-1 belong 

to maghemite, and the peak at 698 cm-1 to magnetite.121   The degree of graphitization, 

ID/IG ratio, is used to quantify the number of defects generated on the samples after of the 

RoDSE process. The Fe/Vulcan shows a lower area for the graphitic and sp2-rich peak in 

Figure 2.6, increasing its ID/IG ratio.  The higher ID/IG, in comparison with the value for 

pristine Vulcan, is attributed to the Fe QDs electrodeposited. 

 
Figure 2.6. Raman spectra of the Vulcan XC-72R before and after the iron electrodeposition (Fe/Vulcan) by 
the RoDSE technique. Enlarged views of the characteristic regions of iron compounds are shown in both 
sides of the main Raman figure. 
 

X-ray photoelectron spectroscopy (XPS) spectra, used to determine the oxidation 

states of our iron-based catalysts, are shown in Figure 2.7a), with a Voigt122 curve fitting 

analysis of the XPS Fe2p3/2, C1s, and O1s binding energy regions, see Table 2.1.84 After a 

Shirley background subtraction, peaks were curve fitted into Gaussian-Lorentzian 

components with similar FWHM and c2 values lower than 6 units. Binding energies were 

corrected by the C 1s peak at 284.5 eV, see Appendix 2.7.  
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Figure 2.7b) and Table 2.1 show the curve fitted C1s spectrum of Fe/Vulcan, 84, 89 

with the following functionalities: graphitic sp2 carbon (284.8 eV), C-OH/C-O-C sp3 (286.5 

eV), carbonyl species (288.1 eV),  COOH/COOR groups (289.6 eV), and p-p* transitions 

(290.9 eV).  The sp2 carbon hybridization state, or unfunctionalized carbon, is the main 

C1s constituent in Vulcan, with at 71% of contribution at 284.8 eV. Peaks located between 

286.1 eV and 288.6 eV are related to carbon atoms linked to oxygen in molecular species 

such as hydroxyl, carboxyl, or carboxylic groups. This oxygen-based molecules confer 

hydrophilicity to Vulcan, making its structure more accessible to the aqueous iron 

precursors and electrolyte, and facilitating the access to oxygen-based sites that act as 

anchoring-nucleation sites during the electrodeposition.  

The O 1s123 curve fitting analysis is reported in Figure 2.7b) and Table1, with a 

distribution of peaks located at 529.6 eV, 531.4 eV, 533.1 eV, 534.8 eV, and 537.0 eV, which 

are associated with Fe3+ (FeOOH/Fe2O3), Fe2+(FeO) and Fe2+/3+(Fe3O4), C-O, C=O/O-C=O, 

and water molecules on the iron oxide surface124, respectively. The curve fitted XPS  O1s  

reflects that a 44% of the O1s signals come from iron oxide species .123 The oxygen-based 

functionalities on Vulcan reach a 26% which can act as partial-oxidation-sites for the Fe-

QDs at the Vulcan support. 

The small size of our Fe QDs, their dispersion on Vulcan, and the exceptional 

interaction of Fe atoms with X-ray, determine intensity of peaks in the XPS Fe 2p 

spectrum reported in Figure 2.7d and Appendix 2.6. Vulcan XC-72R support may block 

the XPS Fe 2p signal for metallic iron and oxidized species.84, 89 The broadness of the XPS 

Fe 2p peaks is generated by electrostatic interactions, crystal field exchanges, and the 

spin-orbit coupling between the 2p core-holes and the unpaired 3d electrons of 

photoionized iron (II/III).125, 126 The Fe 2p3/2 and Fe 2p1/2 binding energy peak assignments 

are 712.1 and 725.8 eV, respectively. These binding energies and the DE=13.7 eV between 

both peaks are typical values for iron compounds. Table 2.1 summarizes the contribution 

of each component obtained from the curve fitting analysis of the XPS Fe 2p3/2 peak.123 
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Transition metals and compounds with high-spin must consider multiplet contribution 

in their fitting processes---high-spin Fe(II) and Fe(III) contain unpaired d-electrons and 

accordingly reveal multiplet splitting structures.123, 125, 126 Only the XPS Fe 2p3/2 signal123 

was analyzed due to curve fitting analysis, into the spin-orbit split multiplet components, 

of the whole Fe 2p is overextended and can generate inaccurate results. 

 
Table 2.1. XPS oxidation state contribution (%) of the C 1s, O 1s and Fe 2p3/2 binding energy components 
for the Fe/Vulcan XC–72R catalyst synthesized by the RoDSE technique. 
Binding energy region Interaction assignments Binding energy (eV) Ratio contribution (%) 

C 1s 

graphitic sp2 284.8 71.16 
C-OH/C-O-C sp3 286.5 17.95 
carbonyl species 288.1 5.37 
COOH/COOR groups 289.6 2.49 
p-p* 290.9 3.03 

O 1s 

Fe3+ (FeOOH/Fe2O3) 529.6 10.88 
Fe2+(FeO) & Fe2+/3+(Fe3O4) 531.4 32.74 
C-O 533.1 36.05 
C=O/O-C=O 534.8 16.31 
H2O on iron oxide 537.0 4.03 

Fe 2p3/2 

Fe2+ "pre-peak" 708.1 5.58 
Fe2+ Multiplet Peak (1 of 3) 710.4 41.74 
Fe2+ Multiplet Peak (2 of 3) 712.0 27.47 
Fe2+ Multiplet Peak (3 of 3) 713.0 17.18 
Fe2+ Satellite Peak 714.6 8.03 

 

Our Fe QDs reveals oxidation states previously described for bulk compunds.123, 

126 The triplet splitting in Figure 2.7d) implies the presence of iron (II) compounds. 

Likewise, oxides with oxidation state Fe (III) must be present due to the fast oxidation 

activation by the nanosized dimensions of our samples; however, the low signal in the Fe 

2p region makes the curve fitting analysis challenging to evaluate Fe(III) quadruplets.123  

Iron-based core/shell-like structures can be formed, with metallic iron inside covered by 

oxygen-based compounds.127  
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Figure 2.7. X-ray photoelectron spectroscopy survey scan (a), and the Voigt deconvolution analysis of the 
C 1s1/2 (b), O 1s1/2 (c), and Fe 2p3/2 (d) binding energy regions for the iron-based QDs onto Vulcan XC-72R 
electrodeposited by the RoDSE technique.  
 

Figure 2.8a) shows the X-ray absorption near edge structure (XANES) spectra of 

Fe/Vulcan and metallic iron as reference. The Fe/Vulcan edge shows an energy shift 

towards higher energies compared to the iron metal foil. Fe/Vulcan shows an increment 

in the intensity of its white line relative the iron reference. Both results suggest presence 

oxidized Fe-based compounds. Figure 2.8b) shows the Fourier transformed extended X-

ray absorption fine structure (EXAFS) signals taken at Fe K-edge for Fe/Vulcan. The 

single scattering path of a Fe-O bond in the hematite (Fe2O3) crystal structure127 is 

observed as strongest scattering contribution in the first coordination shelf at 1.44 Å. 

Nevertheless, the asymmetry of the peak in Fe/Vulcan suggests a contribution of an Fe-

O bond in magnetite (Fe3O4). Appendix 2.8 shows XAFS data at the Fe edge for Fe/Vulcan 
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catalyst and the Fe foil. The Fe K absorption edge exhibits higher sensitivity to both Fe 

(II,III) oxidation states, as well as differences in structure:91 suggesting that Fe/Vulcan has 

a mixture of hematite and magnetite, and confirming the mixture of iron compounds 

reported by XRD, TEM, Raman, and XPS.  

 
Figure 2.8. Comparison of X-ray absorption near edge structure (XANES) spectra (a) of Fe/Vulcan (red) and 
Fe metal foil (black). Comparison the Fourier transformed extended X-ray absorption fine structure 
(EXAFS) radial distribution signals taken at Fe K-edge for Fe/Vulcan (b), with k weight of 2, with the 
calculated single scattering paths contributions of hematite (black) and magnetite (blue).  
 

2.3.4 Electrochemical oxygen reduction reaction (ORR) kinetics by the Koutechy-Levich 

(K-L) analysis 

Hydrodynamic linear swept voltammetry experiments were used to study the 

ORR in the triple-compartment cell system detailed in the experimental setup; the RDE 

was immersed in an O2-saturated 0.1 M KOH solution, rotated at speeds between 400 and 

2400 rpm, and the potential scanned at 10 mV/s. As shows Appendix 2.10, there is a 

proportional correlation between the rotation speed and the current density produced, a 

typical behavior in a steady-stay polarization regime.  Appendix 2.11 shows that the iron 

reduction signal vanishes after the first CV, indicating complete reduction iron species to 

Fe0. Even though our Fe QDs have a mixture of iron oxides, they are electrochemically 

controlled and reduced to iron Fe0 though a tuning-treatment. 
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A Koutechy-Levich (K-L) analysis90 of the RDE data was done to evaluate the ORR 

kinetics and determine the transferred electron number (n-value), by using Equation 2.1: 
&
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   Equation 2.1 

where j is the current density at a given potential, jk and jd are the kinetic and diffusion 

limited current densities, k is the rate constant for O2 reduction, n is the number of 

electrons involved in the ORR, F is the Faraday constant (96485 C mol-1), w is the rotation 

rate (rad s-1), C0 is the saturation concentration of O2 in 0.1 M KOH at 1 atm O2 pressure, 

DO is the O2 diffusion coefficient and v is the solution kinematic viscosity.  

As is shown in Appendix 2.10, Fe/Vulcan shows a higher limited diffusion current 

in comparison with Vulcan. Appendix 2.9 indicates that the n-value of Fe/Vulcan is 2.6, 

suggesting Fe/Vulcan catalyst favored the ORR via two-electron pathway, whereas 

Vulcan XC-72R reveals an n-value of 1.6 in alkaline media. Appendix 2.10a), Appendix 

2.10b), and Appendix 2.9 show that the onset potentials (Eonset) were 0.566, 0.642, and 0.876 

V vs. RHE for Fe/Vulcan, Vulcan XC-72R, and Pt(20%)/C, respectively Likewise, the half-

wave potential (E1/2) were 0.467, 0.573, and 0.785 V vs. RHE for the Fe/Vulcan, Vulcan XC-

72R, and Pt(20%)/C, respectively. For Fe/Vulcan, the Eonset and E1/2 parameters are shifted 

toward more negative values, which can be consequences of Vulcan modifications at the 

RoDSE synthesis.89 Even though the Eonset and E1/2 obtained after electrodepositing iron, 

the diffusion limited current density (jD) and the ne- transfer capacity growth, showing an 

improvement in the catalytic global activity---Fe promote the jD needed for an efficient 

ORR.   

Fe/Vulcan control the ORR kinetics via two-electrons pathway to produce H2O2 as 

a function of the applied potential. The RoDSE technique tailors the electronic structure 

of the Fe- and C-based catalyst: incorporating Fe QDs and modifying the surface of 

Vulcan. This further suggests that the ORR is strongly dependent on the nature of the 
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active sites present on the surface of both Fe and C. An in-depth H2O2 study is shown in 

the next two sections. 

 

2.3.5 Rotating Ring-Disk Electrode (RRDE) for H2O2 Analysis  

Figure 2.9 shows the Fe/Vulcan steady-state linear sweep voltammetry, obtained 

though the Rotating Ring Disk Electrode (RRDE) technique at a rotation speed of 1600 

rpm. Experiments were done at 10 mV/s in an O2-saturated 0.1M KOH solution and a 

potential window between -400 and 500 mV vs. RHE for the glassy carbon disk, while the 

Pt ring was maintained at 1.2V vs. RHE. Reproducibility was tested after 3 different 

inked-electrode trials. The cathodic blue line shows that current growth as a function of 

the applied potential, confirming diffusion and controlled ORR at the Fe/Vulcan catalyst. 

The ORR Eonset is located at 570 mV, reaching diffusion limited performance between -400 

and 150 mV vs. RHE. As the potential becomes more negative, the Fe/Vulcan decreases 

its current in the diffusion limited region between -400 and -200 mV vs. RHE, suggesting 

that the n-value is increasing in this region. 

The top-red line in Figure 2.9a) shows the ring-current associated with the process 

of formation-degradation of hydrogen peroxide. This data was simultaneously recorded 

with potential scan at the glassy carbon disk. The H2O2 selectivity (%H2O2) and the 

electron transfer number, n, were calculated using Equation 2.2 and Equation 2.3:20  

%𝐻2𝑂2 = 200 B 345(6/8
3/59*"345(6/8

C   Equation 2.2 

𝑛 = E :3/59*

3/59*"+,-./0

F   Equation 2.3 

Where IRing is the ring current, IDisk is the disk current, and N is the collection 

efficiency. Figure 2.9b) and Figure 2.9c) evidenced that Fe/Vulcan transfers 2.5 e-, that 

represent a production of 75% of H2O2 at a potential window between 350 and 450 mV.   
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A detailed evaluation of the ring current (red-line), shown in Figure 2.9a), allows 

us to follow the typical stages, previously reported by Hasche et al.,128 related to the H2O2 

lifetime in the RRDE analysis. At potentials above 600 mV vs. RHE, stage I, H2O2 is 

undetectable. Ring current increases at potentials between 350 and 600 mV vs. RHE, stage 

II, indicating production of hydrogen peroxide. The highest values of current are 

observed in stage III, between 250 and 350 mV vs. RHE. The H2O2 concentration start 

decreasing between 300 to 0 mV, stage IV, where the rate of peroxide consumed by the 

ring is higher than the peroxide formed on the disk. In stage V, between 0 and -400 mV, 

the hydrogen peroxide formation is weak but constant a broad potential window. ide 

ions. 

Figure 2.9c) shows that at potentials more negative than 150 mV, the number of 

electrons (n) transferred is 4.  Even though the Fe/Vulcan onset potential is shifted toward 

more negative potentials, in comparison with the commercial Pt/Carbon catalyst, 

Fe/Vulcan is a candidate to be redesigned and improved to control the ORR via four-

electron pathway. As shown in Figure 2.9a), the highest concentration peroxide was 

observed between 300 and 500 mV vs. RHE. At potentials more negative than -200mV vs. 

RHE, current decreases which can be attributed to the cathodic reduction of H2O2 forming 

hydroxide.  

The RRDE analysis reflects that the Fe/Vulcan catalyst produces 75% of H2O2 at 

potentials more positives than 300 mV vs. RHE, that is a typical potential region where 

cathode operates in fuel cells.129 The reduction of hydrophilic functional groups, 

generated on Vulcan during the RoDSE process, will prevent water flooding in the 

cathode. The RoDSE technique produces an iron-carbon composite with three-phase 

contact points for oxygen, electrolyte, and catalyst,23 which promote our Fe/Vulcan as 

catalyst for the in-situ H2O2 production. 
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Figure 2.9. Data collected during the hydrodynamic RRDE study of Fe/Vulcan for the ORR as a function of 
potential vs. RHE. a) Plot of the disk current, Idisk, (dark blue line) and ring current, Iring (red line). b) 
Concentration of hydrogen peroxide (% H2O2: light blue line) vs. Edisk vs. NHE. c) Number of electrons (n) 
involved in the oxygen reduction reaction. The RRDE analysis was completed by testing Fe/Vulcan ink on 
glassy carbon disk and Pt ring in KOH 0.1 M. The Fe/Vulcan/GC disk electrode potential was swept at a 
scan rate of 10 mV/s, the Pt ring potential was fixed at 1.20 V vs. RHE, and the RRDE   rotation speed was 
1600 rpm. 
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2.3.6 In-situ electrochemical H2O2 production  

The 75% of H2O2 determined with the RRDE analysis encouraged us to go a step 

further, testing the Fe/Vulcan in the in-situ peroxide generation unit (PGU) developed by 

in Chapter 1.3 The PGU was ran under simulated drinking water resources available in 

the International Space Station (ISS): pH between 5.5 and 6.7, conductivity between 2 and 

3 mS/cm, and total organic carbon (TOC) from 0.18 to 2.5m/L.13  The catholyte flow was 

streamed in a single-pass configuration to determine the optimal configuration of the 

PGU under terrestrial conditions, developing the on-Earth baseline for future 

experiments under Zero-G environments. The operation of the PGU was widely 

described in Chapter 1. Figure 2.10 shows the single-pass polarization plots at 4V, 6V, 8V, 

and 10V, using the commercial GDE-MPL and the Fe/Vulcan catalyst. The output 

currents at 12V and 14V were discarded due to their instability and formation of bubbles 

inside the chamber.  

 
Figure 2.10. Polarization curves for the in-situ hydrogen peroxide generation on the Fe/Vulcan (a) and the 
GDE (b). Polarization curves of Fe/Vulcan and the GDE-MPL were done in RO water at different potentials.  
 

Appendix 2.12 and Table 2.2 compare the in-situ H2O2 production, and the output 

currents produced by the GDE-MPL and the Fe/Vulcan catalyst RO water at 4V, 6V, and 

8V. At 6V, Fe/Vulcan and GDE-MPL produce 0.056 (560 ppm) and 0.030 (330 ppm) w/w% 

H2O2, respectively. In addition, Fe/Vulcan generates 0.35 amps of output current, while 

the GDE-MPL yields 0.28 amps. Comparing both catalysts in RO water, Fe/Vulcan 
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produces 87% more of hydrogen peroxide and a 25 % extra of output current than the 

commercial GDE-MPL.  

 
Table 2.2. In-situ H2O2 generation and output current produced by the GDE-Fe/Vulcan and GDE-MLP 
catalysts at an applied voltage of 4V, 6V, and 8V. 

E 
Fe/Vulcan GDE-MPL 

H2O2 I H2O2 I 
(V) (w/w %) (A) (w/w %) (A) 
4 0.024 0.17 0.006 0.16 
6 0.056 0.35 0.030 0.28 
8 0.032 0.55 0.050 0.44 

 

The high ORR selectivity, toward a two-electron pathway shown by the Fe/Vulcan 

at 6V---and having in consideration that the low conductivity (2-3 mS/cm) of RO water is 

unfavorable for all electrochemical reaction---represents a promising result for the in-situ 

H2O2 production. The Fe/Vulcan catalyst can be used at low potentials, 4 and 6 V, 

promoting a longer lifetime for the catalyst and the PGU components, preventing water-

splitting process, and decreasing formation of bubbles.  

Additionally, Fe/Vulcan is more stable than the commercial GDL-MPL. Appendix 

2.13 shows an exponential decay behavior of the GDE-MPL output current as a function 

of time the at 6 V, which occur in seconds from 0.315 amps at 3120 sec, to 0.281 amps at 

3840 sec. This decrease in current can indicate decomposition of the GDE-MPL, with a 

resulting cathode water flooding. After opening the PGU tested with the GDL-MPL, we 

observed water penetration and flooding in the cathode. However, the Fe/Vulcan current 

remains stable at the same time window, cathode continued dry after the PGU test. In 

future studies, in order to stockpile and increase the concentration of H2O2, PGU 

experiments will be done in a recycle loop orientation. Besides, we strongly suggest 

experiments in the PGU with extended operation periods to test the Fe/Vulcan stability. 

As well as, we propose to test the Fe/Vulcan material under the microgravity conditions 

evaluated in Chapter 1.   
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2.4 Conclusions 

We have designed and controlled an electrodeposition synthesis, via the RoDSE 

technique, to produce iron quantum dots onto a solid carbonaceous support. The 

structural and physicochemical characterization exposes that our well-dispersed 4nm Fe 

QDs are an arrangement of different oxidations states of iron: Fe0, Fe2+/3+, and Fe3+. Even 

though, under atmospheric conditions our Fe QDs presented a gradient of oxidation---

determined by the particle size, synthesis and storage conditions, longevity, and sample 

manipulation during the characterization protocols---their tunability as a function of 

potential was shown by reducing them to Fe0 before each ORR kinetics.  

The RDE, RRDE, and PGU results revealed that the Fe/Vulcan catalyzes the ORR, 

controlling the mechanism via two-electron pathway. Comparing the performance of 

both catalysts inside the PGU, Fe/Vulcan produces 87% more hydrogen peroxide and 25 

% more current than the commercial GDE-MPL. This in-situ H2O2 production---under 

compatibility conditions of the drinking water resources available in the ISS---triggers up 

our Fe/C catalyst for sanitizing solutions in space missions. Additionally, the 

electrodeposited Fe/Vulcan is a promising material to be used in the PGU at low 

potentials: 4 and 6 V.  

Vulcan---with its anchoring-nucleation sites---has proven to be a good support for 

iron electrodeposition, preventing the Fe QDs agglomeration, and providing a 

conductive framework for an enhanced ORR. 

Current transients produced in the RoDSE synthesis are associated with an 

amplification of signals of current, generated by the electrocatalytic interaction of the 

Fe/Vulcan-H2O/H+ couple. These transients of current open a new line of research focused 

on the study of amplified signals in electrochemical reactions---inside of a fluidized bed 

reactor-like, where the electrocatalyst can be used as a label to obtain higher 
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electrocatalytic yields in large-scale production of H2 and O2, gases highly demanded for 

energy and human activities on Earth and space---which represents a fascinating 

investigation field. 

We achieved the parameters established by the US DoE Strategic Plan, using iron 

and carbon as precursors---that are abundant on Earth and space, have shown low 

toxicity, and are highly stable---to synthesize the Fe/Vulcan. 
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CHAPTER 3. Metal-Free Nitrogen-Doped Nanocarbons for In-Situ H2O2 
Production 
 

 

3.1 Introduction 

We have developed electrochemical method for in-situ hydrogen peroxide 

production under terrestrial and zero-gravity flight experiments.3, 13  Similarly, we have 

synthesized and successfully tested iron- and carbon-based catalysts to produce in-situ 

hydrogen peroxide with an electrochemical approach.11 

Currently, we are aiming our research to produce metal-free catalysts to prevent 

metal leaching during the production of hydrogen peroxide. However, a metal-free 

electrocatalyst need a conductive support, with capacitive energy storage, and stability 

during long periods of time. The capacitive energy storage can be enhanced by preparing 

highly porous structures with larger surface area, and by increasing the polarizabilities 

at the electrochemical interface.130 131 Due to their structural and physicochemical 

properties, 132 133 carbon nano-onions (CNOs) seem as candidates to be modified in order 

to improve their conductivity, stability, and energy storage capacity. 

We can improve electrical134 and catalytic properties135 of carbonaceous materials 

by introducing nitrogen-active136 anchoring sites through nitrogen-doping treatments. 

Heating CNOs between 700 to 800 Celsius degrees, the detachment of functional groups 

causes formation of swinging bonds on carbon atoms,137 which can form N-C bonds if in 

presence of dicyandiamide (2-cyanoguanidine).  Heating dicyandiamide to 700 Celsius 

degrees results in generation of nitrogen and cyano fragments, that act as precursors for 

nitrogen groups.138 N-doping can be done by condensation of dicyandiamide to produce 

mesoporous N-doped materials with high local order,139 with just NH3 and HCN as 

decomposition products.140  
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In this Chapter, we reveled a N-doping method using dicyandiamide as nitrogen 

source and carbon nano-onions (CNOs) and Vulcan XC-72R as carbonaceous precursors. 

Electrochemical properties and H2O2 production in 0.1 M KOH were proved by the 

Koutecký-Levich (K-L) kinetics analysis, the rotating ring-disk electrode (RRDE) 

technique, and in-situ H2O2 generation in the Peroxide Generation Unit (PGU) develop 

by our team.13 11 Results show that the nitrogen-based catalyst synthesized---the nitrogen-

doped carbon nano-onions (NCNOs) and the nitrogen-doped Vulcan (NVulcan)---are 

efficient for the in-situ H2O2 production under the compatibility conditions of the 

drinking water resources available in the International Space Station (ISS): 2-3 mS/cm of 

conductivity, a pH window between 5.5 and 6.7, and total organic carbon (TOC) 

concentration range <0.18 to 2.5m/L. 141 Having in consideration that RO water is 

electrochemically unfavorable, in comparison with a strong electrolyte such as a 0.1 M 

KOH solution, we consider that our results are promising for the in-situ hydrogen 

peroxide production. The method presented here, catalyzed by nitrogen-doped 

nanocarbons, represents an alternative to the existing industrial method used for H2O2 

production changing hazardous and costly techniques, and switching them toward, 

sustainable, ecological, heavy-duty, and low-cost nitrogen-based systems. 

 

3.2 Experimental Setup 

3.2.1 Materials and Electrochemical Methods 

Synthesized carbon nano-onions (CNOs)133 and commercial Vulcan XC-72R were 

used as carbon-based substrates, and dicyandiamide (2-cyanoguanidine) was used as 

nitrogen source. The nitrogen-doping process of the carbon-based substrates was done at 

700 Celsius degrees, during 1 hour under argon atmosphere. System was previously 

purged with argon and heated with a temperature increasing rate of 3 Celsius degrees 
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per minute until reach 700 Celsius degrees. After finishing the thermal treatment, system 

was cold down at 5 Celsius degrees per min. 

 

3.2.2 Physicochemical Characterization 

The metal presence in Vulcan and CNOs was determined by using Induced 

Coupled Plasma–Optical Emission Spectroscopy (ICP–OES). Concentrations of Fe, Co, 

Mn, Pd and Pt were obtained with an Optima 8000 Perkin Elmer ICP – OES, with 

standard plasma parameters as shown in Table SI1b and SI1c. Metal extraction was done 

digesting 10 mg of each sample with a 10 mL aqua regia solution, refluxing them until 1 

mL remained. An extra aliquot of 5 mL of aqua regia was added to all samples and heated 

until a paste was produced. The solutions were filtered through Whatman glass 

microfiber filters (GF / F grade) and volume was completed to 25 mL with 2% HNO3 

solution. 

Chemical functionalities of the pristine CNOs and Vulcan, and the nitrogen-based 

catalysts were evaluated with Raman Spectroscopy. Raman spectra were obtained with 

a Thermo Scientific DXR Raman Microscope with a laser wavelength of 532 mm at room 

temperature. Measurements were done in a wavelength window between 100 and 3000 

cm–1, with an error of ±2 cm–1, and 5.0 mW pf laser power. 

Surface chemical compositions of nitrogen-based catalysts were obtained with X-

ray Photoelectron Spectroscopy (XPS). A PHI 5600ci spectrometer, with an Al Kα 

polychromatic X-ray source of 350 W settled at 45° and a hemispherical electron energy 

analyzer and 500 µm X-ray spot aperture, was used to obtain the XPS spectra. Pressure 

was kept bellow 9 × 10–9 mbar inside the ultrahigh vacuum analysis chamber. Samples 

were fixed ana analyzed on carbon tape. Survey spectra and high-resolution spectra for 

Fe 2p, C 1s, and O 1s XPS binding energy regions were fitted and analyzed using 



 75 

Multipack Physical Electronics curve-fitting software. The binding energy was corrected 

by the C 1s peak at 284.5 eV. 

Electron microscopy was done with a 200 kV JEOL ARM 2200 at the Instituto de 

Investigación de Materiales of the Universidad Nacional Autónoma de México. The 

study was performed with spherical aberration-corrected scanning transmission electron 

microscopy (Cs-STEM), operated in STEM mode at accelerating voltage of 80 or 200 kV, 

and coupled with energy dispersive X-ray spectrometer (EDS). Micrographs were 

studied with Gatan Microscopy Suite (DigitalMicrogragh).  

 

3.2.3 Electrochemical Characterization 

Inks of NCNOs, CNOs, NVulcan, and Vulcan were prepared mixing, and 

sonicating for 1 h, 1 mg of catalyst with 50 mL of DI water, 50 µL of isopropanol, 150 µL 

of ethanol, and 20 µL of 5% Nafion solution. Subsequently, 3 µL of the prepared ink were 

dropped cast on a cleaned glassy carbon surface, and dried at room temperature for 15 

min. ORR activity was measured on a glassy carbon rotating disk electrode (RDE) at a 

potential window from 0.9V to −0.2V vs RHE. The Koutecký-Levich (K–L) analysis90 was 

completed in O2-saturated 0.1 M KOH solution, at 10 mV/s, and rotation speeds between 

400 and 2400 rpm. Similarly, the rotating ring disk electrode (RRDE) analysis was 

completed by testing the modified glassy carbon disk and its respective Pt ring, fixed at 

1.20 V, in 0.1 M KOH and 1600 rpm. The potential was scanned at 10 mV/s between 0.9V 

and 0V vs RHE. 

For the In-situ H2O2 generation process, electrolyzer output currents and the H2O2 

percentage weight/weight concentration (H2O2 w/w%) in aqueous solution were 

obtained as a function of the discrete potentials 2, 4, 6, 8, and 10 V. Samples were 

sonicated during 1 h in a 1:1:2 ethanol:isopropanol:water and 60 µL of 5% Nafion ethanol-

based solution. Inks were brushed onto new CeTech carbon cloth gas diffusion electrodes 
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(GDEs). 2 mL/min of reverse osmosis (RO) water constantly run through the 0.37” 

thickness catholyte plate. The balance pressure was held at 1 psi. A mixture of Nafion NR 

50 Beads and POWDion-Insoluble, 40–60 mesh, was used as electrolyte. The Nafion-

based electrolyte was activated at 80 °C in sequential phases as follow: 3% H2O2 for 1 h, 

DI water for 2 h, 1 M H2SO4, and stored in DI water. A single pass configuration was used 

to obtain the polarization curves and determine the concentration hydrogen peroxide 

produced.  

 

3.3 Results 

3.3.1 Raman Spectroscopy 

Carbon species on the pristine substrates and on the synthesized nitrogen-doped 

catalyst were studied by Raman spectroscopy. Figure 3.1 shows Raman spectra of the 

undoped and N-doped CNOs and Vulcan XC-72R species. All samples show a broad 

band at 850 cm-1 which remains constant after thermal treatment, and that corresponds 

to hydrogen-free carbon structures.119 Likewise, another peak appears at 1000-1200 cm-1 

on each spectra, this peak is attributed to a sp3 rich phase in the carbon configuration.119   

Breathing modes of C−C single bonds, which requires a defect for its activation, are 

shown in the D band at 1350 cm-1; whereas the G peak at 1580 cm-1 corresponds to 

graphitic E2g phonon at G.142 The CNOs D and G signals emerge at 1340 and 1570 cm-1.  

Even though the D band of the NCNOs catalyst appears at the same 1340 cm-1, the G band 

shifts 10 cm-1 to 1580 cm-1, decreasing its intensity when compared with CNOs. Similarly, 

Vulcan shown D and G peaks at 1340 and 1590 cm-1, respectively; NVulcan displays them 

at 1351 and 1583 cm-1. 
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Figure 3.1. Characteristic regions of carbon structures are shown in the Raman spectra of the CNOs and 
Vulcan XC-72R before and after nitrogen doping process: (a) CNOs and NCNOs, (b) Vulcan and NVulcan, 
and (c) the degree of graphitization, ID/IG ratio, of each carbonaceous material.   
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The number of defects in the carbon structures are quantified by the degree of 

graphitization (ID/IG ratio) in Table 3.1. The NCNOs spectrum shows a lower area for the 

graphitic and sp2-rich peak, see Figure 3.1a), resulting in an ID/IG ratio of 1.37. The higher 

ID/IG ratio, in comparison with the pristine CNOs value, ID/IG=1.12, can be attributed to 

structural changes after nitrogen integration into the CNOs. NVulcan shows an ID/IG=1.03 

and the pristine Vulcan an ID/IG=1.00, see Figure 3.1b). A partial decreasing of sp3 

structures could occur in CNOs and Vulcan after N-doping treatment which produce 

more internal alterations in CNOs than in Vulcan, as shown in Figure 3.1c): the ID/IG 

shows a 22% of increment after N-doping of CNOs, whereas it was just 3 % after Vulcan 

doping.  

 
Table 3.1. The degree of graphitization, ID/IG ratio, of the CNOs and Vulcan XC-72R before and after the 
nitrogen-doping treatment. 

Pristine Material 
ID/IG (± 0.01) Increment 

(± 0,01%) Undoped N-Doped 
Vulcan 1.00 1.03 3.00 
CNOs 1.12 1.37 22.30 

 

Figure 3.1a) shows the NCNOs and CNOs second-order Raman peaks between 2300 and 

3050 cm-1. Three Raman bands appears at 2440, 2660 cm-1, and 2890 cm-1 for CNOs; and at 

2430, 2670 and 2910 cm-1 in the NCNOs spectrum. The highest band at 2600-2700 cm-1 

belongs to the overtone of the Raman first order at 1350 cm-1.143 The peak around 2850-

2950 cm-1 could fit to a mixture from strong Raman modes at 1350 and 1620 cm-1.144 The 

peak at 2600-2700 cm-1 is could be a combination of bands at 2719, 2687 and 2684 cm-1. 

Even though the highly oriented pyrolytic graphite (HOPG) peak at 2684 cm-1 and the 

nanotube peak at 2687 cm-1 could be interconnected, nanotube peak has been 

ambiguously assigned in the literature.144 As shown Figure 3.1b), the three bands 

corresponding to the second-order Raman were absent in the Vulcan spectra: high sp3 

configurations in the carbon amorphous structures do not show overtones in the Raman 
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second region.142 Amorphous carbon produce broad first-order peaks with low intensity, 

reducing the signal intensity to the overtone of the Raman second order region. 

 

3.3.2 Transmission Electron Microscopy (TEM) 

Figure 3.2 shows TEM micrographs at two different magnifications for CNOs (a 

and b), NCNOs (c and d), Vulcan (d and e), and NVulcan (g and h). Onion-like 

structures,131, 137, 145 with graphitic concentric shells, are presented in CNOs and NCNOs 

micrographs. Even though Raman analysis show a 22% of variation in the ID/IG after N-

doping in CNOs, TEM experiments show no morphological differences between NCNOs 

and CNOs. A high-resolution TEM (HR-TEM) study is highly suggested to determine 

probable changes in the onion-like carbon shells. For his part, NVulcan and Vulcan 

micrographs evidence structural changes after the N-doping treatment; NVulcan seem 

more contracted, compacted, and aggregated than its precursor, Vulcan.  

 

3.3.3 Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

Iron, platinum, palladium, cobalt, and manganese content were determined 

through ICP-OES. As shown Appendix 3.1a), in CNOs the iron and cobalt concentrations 

by mass are below (0.003±0.001)% and (0.0004 ± 0.0001)%, respectively. Whereas, 

manganese, palladium and platinum are below detection limit (BDL), see Appendix 3.1b) 

and Appendix 3.1c). Comparing these values with Vulcan XC-72R, the concentration by 

mass of iron and cobalt are below (0.009±0.001)% and (0.0006 ± 0.0002)%, respectively. 

Palladium and platinum are below BDL, and Manganese is below quantification limit 

(BQL). ICP-OES results certify that, in terms of catalytic developments, CNOs and Vulcan 

XC-72R are metal-free materials, allowing the study of the influence of nitrogen in the 

ORR kinetics after N-doping treatment. 
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Figure 3.2. Transmission Electron Microscopy (TEM) micrographs at the pristine CNOs (a and b), NCNOs 
after N-Doping process (c and d), pristine Vulcan (d and e), and NVulcan after doping process (g and h). 
 



 81 

3.3.4 Rotating Disk Electrode Analysis – The Koutecký-Levich (K-L) Study  

The ORR catalytic activity, of the N-doped samples and the pristine CNOs and 

NVulcan, was tested in an O2 saturated 0.1 M KOH solution, see Figure 3.3a). The steady-

state polarization was analyzed at a potential scan rate of 10 mV/s and rotating speeds 

from 400 to 2400 rpm (Appendix 3.2). As classically expected in a steady-state 

polarization curve, current density growth as the rotation speed increases, revealing a 

proportional correlation between them. The Koutecký-Levich (K-L) analysis90, 146, 147 was 

done by applying Equation 3.1,  
&
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where j is the measured current density at a given potential, jk and jd are the kinetic and 

diffusion limited current densities, k is the O2 reduction rate constant, n is the number of 

electrons involved in the oxygen reduction reaction, F is the Faraday constant (96485 C 

mol-1), ω is the rotation rate (rad s-1), C0 is the O2 saturation concentration in 0.1 M KOH 

at 1 atm O2 pressure, DO is the diffusion coefficient of O2, and ν is the kinematic viscosity 

of the solution. Appendix 3.2 shows the disk current vs. rotation speed curves at given 

potentials, where the slopes and intercepts vary as a function of the applied potential. 

RDE experiments reveled the number of transferred electrons (n-value), that is related to 

the mechanism of redox processes during the ORR kinetics.  Table 3.2 summarizes the 

Koutecký-Levich (K-L) 90, 146, 147 analysis results.  

The NCNOs and NVulcan evidence a growth in the diffusion-limited current 

density (jD), in comparison with CNOs and Vulcan, exhibiting a linear relationship 

between the rotation speed and the limiting current density, Appendix 3.2. As shown 

Table 3.2, N-doped samples shift their ORR half-wave potential (E1/2) to more positive 

values: 0.604, 0.298, 0.556, 0.555 vs. RHE to the NCNOs, CNOs, NVulcan, and Vulcan XC-

72R, respectively. The onset potential (Eonset) result in 0.717, 0.535, 0.634, 0.634 V vs. RHE 

to the NCNOs, CNOs, NVulcan, and Vulcan XC-72R, respectively.  
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Figure 3.3. Quantitative ORR kinetics the parameters determined in O2 saturated 0.1M KOH for the CNOs 
and Vulcan XC-72R before and after the N-doping treatment: polarization plot (a), ID/IG ratios and electron 
number transfer as a function of catalyst (b), ID/IG ratios and current density at different potentials as a 
function of catalyst (c), and ID/IG ratios and onset potential (Eonset) and half-wave potential (E1/2) as a function 
of catalyst (d). 

 

The NCNOs electron transfer number is 3.35±0.04 e-, see Table 3.2, suggesting a 

four-electron pathway in the oxygen reduction process in 0.1M KOH solution. The CNOs 

K-L analysis revealed a n=2.3±0.1 e- in alkaline media.  Likewise, NVulcan reached a 

n=2.9±0.2 e-, suggesting that the NVulcan produces a mixture between two- and four-

electron pathway during the ORR. Vulcan XC-72R reveals an n of 2.5±0.5 e- in alkaline 

media. Although the Vulcan Eonset=0.634 V vs. RHE remains constant after the N-doping 

process, the growing in the diffusion-limited current density indicates an increment in 

global catalytic activity, see Figure 3.3c). Figures 3.3b), 3.3c), and 3.3d), confirm 
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correspondences between the increment of ID/IG ratios---22% for CNOS and 3 % for 

Vulcan---and the growth of the n, j, Eonset, and E1/2 values, respectively.  

As shown Figure 3.3, electrochemical properties are enhanced by increasing the 

disorder grade (ID/IG) after the N-doping process. The N-thermal treatment produces 

structural changes, creating conductive N-C bonds, catalytic nitrogen functional groups, 

new porosity and surface area, and an enriched chemical-physical environment that 

boost the ORR catalytic properties. Even though, porosity and surface area analysis will 

be ideal, these analyses are out of the scope of our research. After doping process, the 

internal structure inside NCNOs and NVulcan will have a mean micropore size wide 

enough to allow electrolyte and analytes go inside the pores,148 promoting the diffusion 

and migration of species inside of the catalysts during the ORR kinetics. 89  ORR Eonset and 

E1/2 values for the NCNOs increase as compared with CNOs, showing that ORR catalytic 

activity improves in terms of diffusion current density and dependents on the nature of 

the nitrogen-based sites generated after the N-doping process. The aggregated N-based 

functional groups can change hydrophilicity/hydrophilic ratio, facilitating that analytes 

and electrolyte penetrate the catalysts during the electrochemical process. 

NVulcan show and improved ORR activity in comparison with Vulcan, promoting 

a combination of the two- and four-electron pathway mechanisms. Even though, in 

comparison with Vulcan, NVulcan keeps constant its onset potential, it improves its 

diffusion current density. Nitrogen-doped samples reach the necessary current (jD) to 

catalyze the ORR. The NVulcan develops a synergy in the H2O2 kinetic---H2O and H2O2 

production is a proportional function of the applied potential. NCNOs and NVulcan 

reach a limiting current density plateau indicating improved diffusion149 in comparison 

with their respective precursors which lack of the needed limiting current to reach the 

ORR. To understand mechanism of the H2O2 formation onto our N-catalysts, an in-depth 

rotating ring-disk electrode (RRDE) analysis is presented in the next section.  
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Table 3.2. The K-L quantitative ORR kinetics the parameters determined in 0.1M KOH for the CNOs and 
Vulcan XC-72R before and after the N-doping treatment. 

Catalyst Eonset 
(± 0.001 V vs RHE) 

E1/2 
(± 0.001 V vs RHE) n (# of e-) ± σ (# of e-) 

NCNOs 0.717 0.604 3.35 0.04 
CNOs 0.535 0.298 2.3 0.1 

NVulcan 0.634 0.556 2.9 0.2 
Vulcan 0.634 0.555 2.5 0.5 

 

3.3.5 The Rotating Ring-Disk Electrode Analysis – The Hydrogen Peroxide Production  

The NCNOs and NVulcan polarization curves, obtained via the Rotating Ring 

Disk Electrode (RRDE) Technique, are shown in Figure 3.4. We scan the potential 

between 850 and 0 mV vs. RHE in a O2-saturated 0.1M KOH solution, at a scan rate of 

10mV/s, and a rotation speed of 1600 rpm. The solid green and pink lines in Figure 3.4a) 

represent the disk cathodic current (ID) for the NVulcan and NCNOs, respectively. The 

ORR is catalyzed between 500 and 600 mVRHE on NVulcan, and between 550 and 700 

mVRHE on NCNOs. Diffusion and controlled ORR on the catalyst's surface is confirmed 

the ID growing as a function of potential scans. The ORR on NVulcan starts at Eonset of 600 

mVRHE and reach diffusion limited behavior between 300 and 0 mVRHE. Similarly, the 

NCNOs Eonset is 700 mVRHE, and its diffusion limited behavior is reached between 400 and 

0 mVRHE. 

RRDE experiments are focused on the H2O2 production during the hydrodynamic 

catalytic analysis at a fixed voltage of 1.2 V which simultaneously oxidizes the peroxide 

that is formed on the inked disk. H2O2 oxidation generate the ring anodic current (IR) 

signal. Dotted green and pink lines in Figure 3.4a) correspond to the IR for the NVulcan 

and NCNOs, respectively. The H2O2 selectivity (%H2O2), Equation 3.2, and the electron 

transfer number (n), Equation 3.3, were calculated was as follow:20, 150, 151  

%𝐻2𝑂2 = 200 B 345(6/8
3/59*"345(6/8

C     (3.2) 

𝑛 = E :3/59*

3/59*"+,-./0

F     (3.3) 
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Where IRing is the ring current, IDisk is the disk current, and N is the collection efficiency.  

As shown Figure 3.4b), NVulcan produces an of 3.2 electrons in O2 saturated 0.1 

M KOH, between 550 and 600 mVRHE, with a production of (45-55)% of H2O2, see Figure 

3.4c). The most stable and lowest detectable formation rates of peroxide is produced 

between 0 to 300 mV, with an n value of 3.3 and 30 to 35 % of H2O2. Likewise, between 

550 and 600 mVRHE, NCNOs transfers 3.4-3.5 electrons and generates (45-50)% of H2O2. 

NCNOs catalyst have an n value of 3.6-3.7 and produces about 20 % of H2O2, at the 

window potential between 0 to 300 mV. The RRDE analysis reflects that the NVulcan 

catalyst produces 15% more H2O2 when compared with NCNOs. 

The dotted pink line in Figure 3.4a) shows five characteristic states of current 

associated with the H2O2  formation rate as a function of the voltage applied on the 

NCNOs- and NVulcan-inked disk.11, 128 Higher potentials than 750 mV vs. RHE, stage I, 

shows absence of hydrogen peroxide. Between 600 to 750 mV vs. RHE, stage II, the 

increasing current denotes production of peroxide. Stage III, between 500 to 600 mV, the 

constant peroxide formation-decomposition rate is evidenced by the pseudo-plateau of 

higher values of current. At potentials between 300 to 500 mV, stage IV, peroxide formed 

on the disk is lower that peroxide consumed on the ring. Lastly, at potentials between 0 

and 300 mV, stage V, peroxide production is low but constant due to disk current density 

is higher at less positive potentials, reducing the current efficiency for hydrogen peroxide 

formation.  

The RRDE analysis shows that NVulcan and NCNOs are catalytically equivalent 

in terms of hydrogen peroxide generation, with 50% of production between 550 and 600 

mVRHE. At potentials below 300 mV, in a region characteristic of the cathode operation in 

a fuel cell,129  NCNOs catalyze the ORR via four electrons (n = 3.7) with a production of 

20% of hydrogen peroxide. With the N-doping process, the pristine CNOs and Vulcan 

gained a conductive network and nitrogen anchoring sites where ORR occurs. Also, 
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nitrogen doping produces N-functional groups that can promote hydrophilic structures, 

improving electrolyte and analyte transport during the ORR kinetics. The improved 

conductivity, the enhanced current density obtained, and the increased Eonset and E1/2, that 

characteristics that distinguish or NCNOs and NVulcan catalysts and from their pristine 

precursors.  

 
Figure 3.4. Data collected during the hydrodynamic RRDE study of the ORR as a potential function vs. 
RHE for NCNOs (pink line) and NVulcan (green line) in oxygen saturated 0.1M KOH: (a) disk and current 
profiles, (b) number of electrons involved in the oxygen reduction reaction, and (c) concentration of 
hydrogen peroxide. The RRDE analysis was completed by running the catalysts inks onto a glassy carbon 
disk with a Pt ring at 1600 rpm. The Pt disk potential was swept at a scan rate of 10 mV/s, whereas the ring 
potential was fixed at 1.20 V vs. RHE. 

 

RDE and RRDE results shown efficient catalysts with controlled ORR process via 

two- and four-electron pathways. The ORR electron transfer pathway will be controlled 

and directed through an appropriate modification of the chemical structures on the 

catalyst surface, adding stable nitrogen and oxygen functional groups, and improving 

electrical properties of the materials.148, 152   

 

3.3.6 Surface analysis by X-ray photoelectron spectroscopy (XPS) 

XPS was used to determine the surface chemical composition of NCNOs and 

NVulcan. Appendix 3.5.a and Appendix 3.5b show the XPS spectra of the N 1s binding 

energy region of CNOs and Vulcan, respectively; evidencing absence on N in the pristine 

carbon supports. Figure 3.5 shows the N 1s, O 1s, and C 1s XPS spectra with their 

respective curve fitting analysis and contribution rate comparison. Before the Voigt 
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profile analysis122 used for the curve fitting analysis, into Gaussian-Lorentzian 

components with similar FWHM, a Shirley background was subtracted. c2 was below 3 

units for all the samples. C 1s peak at 284.5 eV corrected shifts of the binding energies.153 

Appendix 3.3 shows the specific binding energies for the main nitrogen groups in 

nitrogen doped nanocarbons: pyridinic (398.1-398.9 eV), pyridonic (399.6-399.9),154 

pyrrolic (400.1-400.8), graphitic (401.0-401.6 eV),  and N-oxides  (402.0-405.0) eV.134, 155-158 

Figure 3.5a) and 3.5d) show the N 1s region curve fitting analysis for NCNOs and 

NVulcan, respectively. The relative distribution for each nitrogen-based group and their 

respective binding energy are summarized in Table 3.3. Nitrogen species in NCNOs are 

distributed as follow: pyridinic (31.42%), pyridonic (17.59%), pyrrolic (31.58%), 

quaternary (12.59%), and oxides (6.82%).  Though for NVulcan, pyridinic (24.41%), 

pyridonic (39.21%), pyrrolic (12.57%), quaternary (21.43%), and oxides (2.38%)---

Pyridinic and pyrrolic groups lead the nitrogen species at NCNOS; N-pyridonic is the 

principal N-based group at NVulcan---The initial oxidation degree on the precursors 

could be the responsible for the final composition of the functional groups in NCNOS 

and NVulcan.155 We speculate that the stability of the pristine carbon substrate and its 

amorphousness-degree determine the nitrogen-based functional group distribution. The 

N 1s XPS results evidence that the thermal treatment successfully doped with nitrogen 

both CNOs and NVulcan. 

A nitrogen atom bonded to two carbon atoms, a N-pyridinic group, donate one p-

electron to aromatic analogous p-systems present in the carbonaceous network of 

NCNOs and NVulcan. Similarly, a nitrogen atom connected to two carbon atoms in a 

five-membered heterocycle, a pyrrolic nitrogen group, donates a pair of p-electrons to p-

systems that could be inside the NCNOs and NVulcan structures. Pyridinic and pyrrolic 

functionalities donate free electrons, improving capacitance and electrical properties, and 

promoting the ORR catalysis.157, 158  
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Figure 3.5. X-ray photoelectron spectroscopy (XPS) Voigt deconvolution analysis of the N 1s, C 1s, and O1s 
binding energy regions for the NCNOs (a, b, and c) and NVulcan (d, e, and f) catalysts analyses. 
Comparison plot of the percentual ratio contribution by nitrogen, carbon, and oxygen species for the 
NCNOs and NVulcan catalysts (g, h, and i).  
 

During a doping process, a quaternary nitrogen substitute carbon atoms in the 

graphene layer, bonding to three carbon atoms into the CNOs and Vulcan frameworks. 

Graphitic nitrogen lacks free electrons to share, however N-inclusions in the graphitic 

frame might generate structural modifications.156 Oxidic nitrogen (oxidized N-pyridinic) 

is formed by a nitrogen atom connected to two carbon and one oxygen atoms.  Interaction 

of graphitic nitrogen with other atoms in the NCNOs and NVulcan, can produce the N-

oxides peak in the XPS spectra. Also, atomic configuration with extremely closed nitrogen 

atoms can generate signals at higher binding energies. Furthermore, the peak about 401-
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402 eV can be correlated to graphitic nitrogen which has shown binding energies between 

401 and 403, even in the absence of oxidized nitrogen.157, 159 

 
Table 3.3. X-ray photoelectron spectroscopy oxidation state contribution (%) of the N 1s binding energy 
components, shown in Figure 3.5, for the NCNOs and NVulcan catalysts. 

Sample N 1s Interaction assignments Binding energy (± 0.01 eV) Contribution (± 0.1 %) 

NCNOs 

N-pyridinic 398.20 31.4 
N-pyridonic 399.38 17.6 
N-pyrrolic 400.17 31.6 

N-quaternary 401.88 12.6 
N-oxides 404.08 6.8 

NVulcan 

N-pyridinic 398.00 24.4 
N-pyridonic 399.22 39.2 
N-pyrrolic 400.20 12.6 

N-quaternary 401.04 21.4 
N-oxides 402.67 2.4 

 

Figures 3.5b, 3.5e, and 3.5h show the XPS C 1s binding energy spectra of NCNOs, 

NVulcan and the peak contribution analysis,  respectively.84, 89, 153 Appendix 3.4 shows the 

curve fitting study of the NCNOs spectrum with the surface functional groups C-Clow 

(284.06 eV), graphitic sp2 (284.49 eV), C-Chigh/Csp2-N (284.61 eV), C-OH/C-O-Csp3/Csp3-

N/C-N=O (286.67 eV), C=O/O=C-N (288.39 eV), COOH/COOR (289.55 eV), and p-p* 

transitions (290.74 eV).  Likewise, for NVulcan, C-Clow (284.24 eV), graphitic sp2 (284.55 

eV), C-Chigh/Csp2-N (285.86 eV), C-OH/C-O-Csp3/Csp3-N/C-N=O (287.17 eV), C=O/O=C-

N (288.51 eV), COOH/COOR (289.52 eV), and p-p* transitions (290.66 eV). 

The peaks at 284.5 eV, that correspond to the sp2 carbon hybridization state, 

represent a percentage ratio of 42.3% for NCNOs and 60.1% for NVulcan, see Appendix 

3.4. This values that represent the main C1s constituent in both samples, indicating that 

the non-functionalized carbon state dominates the support matrix configuration. XPS C 

1s peaks at 286.5 eV to 289.6 eV are related to carbon-nitrogen interactions, as well as 

carbon-oxygen bonds within functional groups such as hydroxyl, carboxyl, or carboxylic 

groups.84, 89, 153 
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The curve fitting of the XPS O 1s spectra shows additional data related to the 

oxygen-based functionalities present in the samples. Figure 3.5c and 3.5f display the XPS 

O 1s curve fitting analysis of NCNOS and NVulcan, respectively.  The Figure 3.5i and 

Appendix 3.6 show the percentual contribution of each specie, respectively. Curve fitting, 

at the XPS O 1s for NCNOs, set the following peaks: C=O/Weak contribution N+–O- 

(530.98 eV), C-O/O-C=O (532.52 eV), O-C-O (533.93 eV), COOH (535.89 eV), and water 

(537.20 eV). Whereas, for NVulcan, C=O/Weak contribution N+–O- (530.98 eV), C-O/O-

C=O (532.13 eV), O-C-O (532.91 eV), COOH (533.89 eV), and water (535.20 eV).154, 155  

Previous studies have shown that of nitrogen species and their respective 

composition change before and after the ORR, suggesting: that the carbon atoms next to 

N-pyridinic react with -OH species with subsequent change of the N-pyridinic into N-

pyridonic, and that the active sites are the carbon atoms next to the pyridinic N rather 

than pyridinic N themselves.160 We consider that the percentage of oxygen-based 

functional groups in our samples affects the oxygen and electrolytes water transport 

inside of the catalysts carbon supports. We hypothesize that a combination of nitrogen- 

a and oxygen-based functionalities advantage the ORR as a synergy of 

chemical/structural interactions in 0.1 M KOH---pyridinic and pyrrolic improve the ORR 

via 4 electrons, whereas pyridonic works via two-electrons pathway.  

 

3.3.7 In-situ H2O2 production 

Based on the RRDE results, we decided to go a step further testing the NCNOs 

and NVulcan in the Prototype Generation Unit (PGU) developed by our team. The PGU 

was designed and built for in-situ hydrogen peroxide production under compatibility 

conditions drinking water resources available in the International Space Station (ISS): 2-

3 mS/cm of conductivity, a pH window between 5.5 and 6.7, and total organic carbon 

(TOC) concentration range <0.18 to 2.5m/L. 141  Furthermore, the PGU was built to support 
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zero-G environments, which contribute  with future secure-cleaned habitats in closed-

loop living systems during deep space missions. 3, 11, 13, 141 The PGU is based on a low 

conductivity water stream, a patented concept of De Nora Technology Inc. (US patent no. 

6,254,762 for peroxide).11   Figures 3.6a) and 3.6b) show a diagram of the PGU and picture 

of the real reactor, respectively. Figure 3.6c) shows the whole system assembled.  

Appendix 3.7 shows polarization plots obtained using NCNOs and NVulcan in 

the PGU under a single-pass configuration. These output currents, and the H202 

concentration (%w/w), were plotted as a function of the applied potential, and results are 

shown in Figure 3.6d) and Figure 3.6e), for NCNOs and NVulcan, respectively. Due to 

the ORR kinetic results, and based on the stability, structure, and physicochemical 

properties CNOS,132 our work was aimed to characterize the NCNOs sample by using the 

PGU. As shown Figure 6d and 6e, curves describe polynomial behaviors regarding H2O2 

formation, and tendencies suggest that current increase faster in NCNOs than with 

NVulcan. Data is reported from Appendix 3.8 to 3.11.  

Table 3.4 shows that at 2V, the lowest applied voltage, NCNOs produces an output 

current of 0.05 A and 0.01% of H2O2, but current and peroxide values were undetected by 

using NVulcan as catalyst. At 4 V and 8 V, both materials produce the same concentration 

of H202, 0.02% and 0.11%, respectively. These values match with the similar production 

of hydrogen peroxide previously shown by the RRDE results. At 6 V, the highest 

concentration of hydrogen peroxide was obtained without bubbles formation, and 

NCNOs and NVulcan generated 0.06 and 0.07 w/w% H2O2, respectively. Similarly, the 

output currents were 0.40 amps and 0.60 amps for NCNOs and NVulcan, respectively. 

After 6V, bubbles were formed inside the chamber for NCNOs and NVulcan.  As the blue 

line in Figure 3.6d shows, the tendency of the slope to produce H2O2 begins to decrease 

after 7 V, possibly because the NCNOs promotes H2O2 degradation at higher potentials: 

with the peroxide decomposition rate higher than the formation rate at this potential 

region. Hence, 6V value was chosen as the reference voltage to compare the efficiency to 



 92 

produce H2O2.  Even thought, NCNOs and NVulcan have shown a notable difference in 

output current, hydrogen peroxide production is slightly higher, 0.07%, on NVulcan, 

compared with the 0.06 % obtained with NCNOs. Thus, the efficiency increases by 14% 

for H2O2 production in RO water, comparing NVulcan with NCNOs at 6 V. Whereas an 

increment of 50% in current is earned when NCNOs is compared with NVulcan. NCNOs 

and NVulcan have equivalent behavior compared to the 0.06 % of H2O2 previously 

generated by the Fe-based catalyst produced by our group, outperforming the 0.03% of 

H2O2 produced by the commercial GDE-MPL.11  

Based on the total H2O2 concentration and the current generated inside the PGU at 

6 V, we hypothesize that NCNOs promotes the reactions O2 + 2H+ + 2e- → H2O2 and O2 + 

4H+ + 4e- → 2H2O, simultaneously. However, an in-dept study with different N-doping 

proportions is required, to evaluate the influence of nitrogen concentration in the ORR 

electron pathway, and to achieve a better understanding of the ORR kinetic made by 

NCNOs and NVulcan.  The total products of the ORR mechanism, previously determined 

by the RRDE technique, could change inside of the PGU. Output products are influenced 

by the RO water circulating streams, O2-catalyst interactions, applied voltages, residence 

time, the reactor inner temperature, interaction with the Nafion-beads electrolyte, and 

the pH. Also, it is necessary to understand  that H2O2 could be undetectable in some 

applied potentials.128 

 
Table 3.4 In-situ H2O2 generation and output current produced by the NCNOs and the NVulcan catalysts 
at 2V,4V, 6V, and 8V. 

E 
NCNOs NVulcan 

H2O2  I H2O2  I 
(V) (± 0.01 w/w%) (± 0.01A) (± 0.01 w/w%) (± 0.01A) 
2 0.01 0.05 0.00 0.00 
4 0.02 0.16 0.02 0.09 
6 0.06 0.40 0.07 0.20 
8 0.11 0.67 0.11 0.37 
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Figure 3.6. In-situ H2O2 generation: (a) Diagram of the Peroxide Generation Unit (PGU)11 used for the in-
situ peroxide generation. (b) Picture of the real reactor. (c) The whole system assembled. Current & H202 
concentration (%w/w) vs. potential plots obtained in the PGU by using (d) the NCNOs, (e) NVulcan.   
 

Concentrations of hydrogen peroxide obtained in this work represent promising 

results, having in consideration that the RO water conductivity (2-3 mS/cm) used in the 

PGU is electrochemically unfavorable, in comparison with a strong electrolyte as the 0.1 

M KOH solution.11 Even though NVulcan has shown activity for peroxide production, 
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NCNOs evidence some features that promote it as a better catalyst: NCNOs is  more 

stable,132 145 its ORR onset potential in 0.1M KOH appear at more positive values, and the 

higher values of current obtained with NCNOs facilitate hydrogen peroxide production 

at lower potentials. All of the above, launches the NCNOs as a promising catalyst for the 

ORR systems for in-situ H2O2 generation for Space applications. For future experiments, 

a recycle-loop orientation13 is proposed to increase the hydrogen peroxide concentration.  

 

4. Conclusions 

Carbonaceous structure of CNOs and Vulcan were doped with nitrogen 

functionalities using dicyandiamide as N-source. The success of the N-doping method 

was confirmed by The N 1s XPS curve fitting analysis. Nitrogen leading species at 

NCNOS are pyridinic and pyrrolic groups, (31.42%) at (398.1-398.9) eV and pyrrolic 

(31.58%) at (400.1-400.8) eV, respectively. While N-pyridonic (39.21%) at (399.6-399.9) eV 

is the principal N-based group at NVulcan. The main C1s constituent, with a at peak 284.5 

eV in both samples and a percentual ratio of 42.3% for NCNOs and 60.1% for NVulcan, 

correspond to the sp2 carbon hybridization state. 

The N-doping process added internal modifications at molecular level and partial 

reduction of sp3 structures which were confirmed by the increment of the degree of 

graphitization, ID/IG ratio.  ID/IG changed in 22 % and 3 %, comparing between N-doped 

and N-undoped species of CNOs and Vulcan, respectively. After thermal treatments both 

precursors suffered structural changes that were confirmed by TEM.  

RDE and RRDE studies of NCNOs and NVulcan evidenced an increased plateau 

in each limit current density plot, indicating improved diffusion in comparison with their 

respective precursors. We attribute this increment in current to an improved conductive 

network that gained nitrogen anchoring sites where ORR occurs. Nitrogen-doping 

produces N-functional groups that can promote hydrophilic structures, improving 
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electrolyte and analyte transport during the ORR kinetics. The RRDE analysis reveals the 

use of NVulcan and NCNOs as metal-free catalysts for the ORR, producing about 50% 

each, at a window potential between 550 and 600 mVRHE. In terms of the ORR kinetics, 

the N-doping process improved current density, and shifted Eonset and E1/2, toward more 

positive values. 

RDE and RRDE results have shown efficient catalysts with controlled ORR process 

via two- and four-electron pathways. The ORR electron transfer pathway would be 

controlled and directed through an appropriate modification of the chemical structures 

on the catalyst surface, adding stable nitrogen and oxygen functional groups, and 

improving electrical properties of the materials. 

NCNOs and NVulcan are promising catalysts to be used under the 

electrochemically unfavorable RO water conductivity (2-3 mS/cm) in the PGU at low 

potentials: 2 V for NCNOs and 4 V and 6 V for NCNOS and NVulcan, respectively. A 

combination of nitrogen- and oxygen-based functionalities, as a synergy of 

chemical/structural interactions, control the ORR mechanism in 0.1 M KOH, in a rate of 

four- and two-electrons pathways such as the PGU produces 0.06% for NCNOs and 

0.07% for NCNOs at 6V, outperforming by 50% the production of H2O2 on the commercial 

GDL-MPL. Pyridinic and pyrrolic groups improve the ORR via 4 electrons, whereas 

pyridonic works via 2 electrons. Carbon atoms next to N-pyridinic react with -OH species 

with subsequent change of the N-pyridinic into N-pyridonic, and the active site is the 

carbon atom next to the N-pyridinic group instead of the N-pyridinic itself. Likewise, the 

percentage of oxygen-based functional groups in our samples affects the transport of 

oxygen, electrolytes, and water inside of the catalysts.  
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5. Future Works 

After thermal treatment both precursors suffer structural changes barely 

noticeable by TEM, requiring future work to focus on an in-deep characterization through 

high resolution TEM. Similarly, these catalysts require a pore size and volume 

distribution and surface area analysis to understand the physical contributions generated 

on the surface of NCNOs and NVulcan. 
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CHAPTER 4. Uranium onto Boron-Doped Diamond: An Electro-Assembling 
Method for U-Films Fabrication 
 

 

4.1 Introduction 

4.1.1 The Uranium 

Uranium-based technologies under atmospheric environments is scarce and 

require novel insights and experimental improvements. Uranium composites formation, 

with homogenous and stable composition is particularly useful for several applications 

under different atmospheric conditions.25-28 Stabilization of uranium compounds need 

solutions against non-inert environments to: (1) improve safety; (2) produce cost-effective 

processes; and (3) generate environmentally friendly systems for extraction, recycling 

and recovery, transportation and storage, and fuel development.29-39 Lately, diverse 

techniques to control the uranium oxidation have been developed.40 Uranium oxides are 

used in catalysts,41, 42 semiconducting approaches,43, 44 nuclear technologies,45 fuel 

elements in the nuclear core,6, 51-53 and neutron sensors based on fission-tagging neutron 

capture for neutron detection.46-48 This last two applications––fuel elements and fission-

tagging capture––can be developed through fissile films formation. 

Dimension of fuel elements in the nuclear core are important for space 

technologies which need: more efficient and transportable systems for transporting fissile 

materials from Earth to space and safer nuclear-based resources of energy––with fissile 

materials with well-controlled dimensions within the core fuel elements––.3, 5, 7, 8, 12 Nasa 

is looking for new systems based in fission based materials.14, 15 Likewise, neutron sensors 

are meaningful for the strategies of deterring nuclear weapons proliferation established 

by the International Atomic Energy Agency (IAEA).161  The IAEA recognized the 

necessity of new technologies and strategies for a new, regenerative, and tunable non-

proliferation shield for a safer world.161, 162 Although IAEA existing efforts for deterring 
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proliferation, new nuclear treats can proliferate open or clandestinely---this triggers up 

the necessity of new technologies and strategies for a new, regenerative, and tunable non-

proliferation shield for a safer world. Due to deterrence derives from the ability to 

detect,162  there is a continuous need create new technologies: such as mobile platforms 

that will increase deterrence value by adding uncertainty to the possibility of being 

discovered.163 Also,  uranium monitoring from mines to national laboratories become a 

compulsory need. The US Department of Energy is addressing protocols for defense of 

uranium mining and milling sites, in order to protect human health and the 

environment.38 For instance, monitoring of nuclear material by using neutron detectors 

appears as strategy for safeguards and non-proliferation nuclear weapons: at close 

distances from the nuclear reactor or in a radiation detector network.164 

 

4.1.2 Fuel-Fissile Films, Neutrons, and Neutron Detectors  

Specifically for space applications, the used of HEU supported in aerogels for core 

fission fragment rocket engine, as advance propulsion solutions for interplanetary 

mission, has currently resumed for study.14, 15 U235 is one of the most practical fissile 

material due to uranium fission release more than 81% as kinetic energy.49 The idea is that 

fission fragments escape from the core of a nuclear reactor.50 The fuel elements in the core 

can consist of several parallel fuel (fissile material) films deposited on metallic plates.6, 51-

53 Plate and film thickness affects the core power density generated due to it determine 

the ratio of fuel-volume to fuel-element surface area accessible for elimination of heat.5 

Variations in film thicknesses produce changes in peak power locations and magnitude 

increments of the peak power.54 In this sense, more homogeneous fuel-fissile-based films 

with well-controlled thickness are needed to improve the efficiency of reactor reactors.  

Neutrons are neutral sub-atomic particles. The neutron “neutrality” comes from 

its quarts content---two valence down quarks and one valence up quark. Neutrons can 
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decay via the week force into a proton, an electron, and an antielectron neutrino. This 

behavior allows the study of several interaction inside the Standard Model and beyond-

--by using more simple interaction-analyses in comparison to entire nuclei performance.   

An efficient neutron detection with spatial, temporal, and energy resolution is 

demanded, in order to improve or develop new technologies in research fields focused 

on non-proliferation of nuclear weapons, neutron scattering, neutron forensics, and dark 

matter hunting.165  

Fission detectors are devices used to detect real-time neutron flux. Inside of these 

detectors, a thin fissile layer situated between parallel anode and cathode that convert 

incident neutrons into energetic fission fragments, see Figure 4.1.166 Then, the fission 

fragments ionize gas within the detector chamber, as a sensing mechanism.48, 167  

 
Figure 4.1. Schematic of a Fission Detector166 
 

4.1.3 The Problem 

Whether for fuel-fissile elements or for fission detectors, we need high quality 

fission layers. Our strategy was focused on create stable films of fissile materials––as a 

first approximation of fission layers––that can be used in neutron detectors and 

extrapolated to fuel elements in nuclear reactors. Fissile electrodes of U and Th have been 

fabricated through cyclic voltammetry (CV),168 however this method presented 

inconsistences such as regions without electrodeposited material and deposition of 

uranyl-based precursors. Even though on a CV different electrodeposition-stripping 
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processes can occur to a determined analyte-electrode system, CV represents an 

inadequate electrochemical technique for electroplating.  

Fission detectors demand a precise deposition of fissile material onto varied 

substrates to evaluate its electrochemical response and chemical physics properties. The 

fissile material represents the central piece of a detector of neutrons:46, 168  fissile material 

quality must be enhanced to achieve its stability and increase the specific activity for 

neutron detection.  Sensitivity and fission response are related to the  kind of fissile 

material fissile and layer dimensions.168, 169 Taguchi et al,170 have accumulated uranium 

compounds on diamond electrodes for uranium determination via uranium stripping; 

however, the electro-assembling process and chemical physics characterization were 

unspecified. Likewise, uranium onto nickel electrodes has been previously deposited by 

Saliba et al.171 using a high concentration of uranium precursor instead of using a stable 

electrolyte that promote processes of nucleation of uranium. Under Saliba et al 

experimental conditions, nitrate can be transformed to a different compound producing 

a mixture of electrodeposited compounds. Their uranium-based film was fragile after 

dehydration, showed fractures and crystals formation-accumulation,171 that can be 

attributed to precipitation of the precursor material. Even though Saliba et al developed 

an electrode coating process,171 the experimental conditions that they applied and their 

yellowish uranium-films, we consider that the major part of the material constitute 

crystals of uranyl nitrate.  

Herein, we proposed an electrodeposition technique of low enriched uranium 

(LEU) onto boron-doped diamond (BDD) for: uranium oxides electro-assembling, U 

electrowinning (as U electroextraction alternative), and U-films formation for future 

applications in neutron detection and fuel elements in nuclear reactors. We hypothesized 

that the U electrodeposition on BDD would create an electro-assembled uranium-carbon 

arrangement without crystal growths and regions without uranium compounds. To our 

understanding, this is the first attempt to create a U- and BDD-based electro-material 
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through chronoamperometry. This methodology allows the uranium electrowinning 

from aqueous solution, by forming homogenous U-thin layers that can be used as fissile 

target material, improving the neutron target efficiency.166 Our system operates at room 

temperature and without hazardous compounds. The U-based films obtained consist 

primarily of uranium oxides that, depending on the application, can be oxidized, or 

reduced by controlling the atmosphere inside of a furnace. In general, this work 

contributes with uranium-based technologies---of remarkable need for the uranium-

based target formation---through a better understanding of the U electrochemical 

properties, e.g., formation of uranium oxides, uranium redox systems, and evaluation of 

uranium compounds stability.  

 

4.2 Electrochemistry of Uranium and the U/BDD Films Fabrication 

4.2.1 Materials and Electrochemical Methods 

A boron doped diamond (BDD) electrode form Element Six was used as substrate 

material. The BDD electrode was 10.0x10.0mm, 0.60mm thick Electrochemical Processing 

Grade Diafilm EP, with a boron concentration between 2 and 6x1020 atoms/cm3, and 

resistivity between 0.20 and 1.8x10-3 Ohm.m.172 

The uranium electrochemical properties, such as deposition potential, the onset of 

hydrogen reduction reaction, and the onset of anodic oxidation, were determined 

through a linear sweep voltammetry (LSV) and using f uranyl acetate dihydrate as 

uranium source. The LSVs were done as follows: (1) A new boron doped diamond (BDD) 

electrode was sonicated during 2 h first in 0.5M H2SO4 and then in deionized water (DI). 

(2) The cleaned BDD was assembled in a plane-electrode electrochemical cell with a 

reversible hydrogen electrode (RHE) and Pt wire, that were used as refence and counter 

electrodes, respectively. (3) The electrochemical measurements were done using a SP-200 

Potentiate/Galvanostat Electrochemical Workstation from Biologic. (4) The BDD 



 105 

electrode was tested first in 0.1 M KClO4, and then in a 5 mM uranyl acetate dihydrate 

(UO2(C2H3O2)2·2H2O) solution in 0.1 M KClO4.  (5) The solutions were bubbled with ultra-

high pure N2 for 15 min. (6) LSV were done in a potential window between 0.85 V and 

−1.7 V vs RHE and at a potential scan rate of 10 mV/s. These LSVs allowed to study the 

BDD surface modification and the U nucleation progression.  (7) The electrodeposition of 

uranium on the BDD electrode was controlled by chronoamperometry: BDD electrode 

was exposed to the 5 mM uranyl acetate in 0.1 M KClO4. After 15 min nitrogen bubbling, 

the electroplating was done at -1.75 V vs. RHE during 30 min. Finally, samples were 

rinsed with deionized water, dried, and stored without atmosphere control. 

 

4.2.2 Uranium Electrochemistry: Linear Sweep Voltammetry (LSV) Analysis 

Linear Sweep Voltammetry (LSV) was used to study the uranium nucleation on 

boron-doped diamond (BDD) electrodes. Figure 4.2 shows the LSV of the BBD in 0.1M 

KClO4 (dashed line) and in 5mM uranyl acetate and 0.1M KClO4 (solid line) at the 

potential window ranging from: Figure 4.2a) 0.8V to -1.0V vs. RHE; Figure 4.2b) 1.8V to -

1.8V vs. RHE. The dashed LSV in Figure 4.2a) shows a broad cathodic peak between 0 to 

-600 mV, associated with molecular hydrogen formation through protons reduction (2H+ 

+ 2e- → H2).173 Cathodic current increases after -700mV with a quasi-vertical tangent steep 

slope, associate to the kinetically controlled water splitting reaction (2H2O + 2e- → H2 + 

OH-).174, 175 The solid LSV in Figure 4.2a) shows two cathodic peaks, that appear after 

adding the uranium precursor. Peak at 200mV can be associate with uranyl (UO2+) 

reduction by transferring one electron and forming either U4+ and UO+ (which is U3+). 

Subsequently, at -550 mV, U4+ is reduced to U3+.171, 176  
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Figure 4.2. Linear Sweep Voltammetry of the boron-doped diamond (BBD) electrode in 0.1M KClO4 
(dashed line) and in 5mM uranyl acetate and 0.1M KClO4 (solid line) at the potential window between: a) 
0.8V and -1.0V vs. RHE; b) 1.8V and -1.8V vs. RHE.  
 

In presence of uranyl acetate, the hydrogen evolution current is shifted to -650 mV, 

which can occur due to changes in pH. The standard reduction potential to form metallic 

uranium is -1.75 VRHE.171, 176, 177 To reach the uranium electroplating is necessary to work in 

a potential region with a strong evolution of hydrogen, as shows Figure 4.2b). At this 

potential region the HER competes with the uranium reduction process. Although HER 

is a system that must be studied, controlled, and mitigated to reduce its effects in the 

uranium electrodeposition, HER is out of the scope of this work. We aimed our research 

to develop an electrodeposition technique to form uranium films for diverse applications.  

 

4.2.3 Uranium Electrodeposition: Electro-Assembling of Uranium onto BDD Electrodes  

The uranium onto BDD (U/BDD) electroplating was done through 

chronoamperometry at -1.750 V vs. RHE for 30 min. Figure 4.3 shows the 

chronoamperometric analysis of the BBD in 5mM uranyl acetate and 0.1M KClO4. Figure 

4.3a) shows the characteristic current profile behavior for electrodeposition systems.11 

Figure 4.3b) shows a dark brown-grayish film, obtained on the BDD electrode after 30 

minutes of electrodeposition. The enhanced view in Figure 4.3c), with the first ten 
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seconds of electrodeposition, evidences a narrow current peak related with the most 

beginning nucleation11 of uranium on the BDD electrode. Current spikes associate with 

the hydrogen evolution,11, 171  appear in another enhanced view of the 

chronoamperometric profile between 600 and 1000 seconds, see Figure 4.3d). 

 
Figure 4.3. Chronoamperometry of the boron-doped diamond (BBD) electrode in 5mM uranyl acetate and 
0.1M KClO4 at -1.750 V vs. RHE during 30 min: a) current profile behavior associated with electrodeposition 
process; b) dark brown-grayish film was obtained on the BDD electrode (figure scale is 10 mm); c) 
chronoamperometric profile enhanced view of the first ten seconds of electrodeposition, showing a narrow 
current peak related with the most beginning nucleation of uranium on the BDD electrode; d) enhanced 
view of the chronoamperometric profile between 600 and 1000 seconds, with current spikes associate with 
the hydrogen evolution. 
 

Aimed at scaling up this U/BDD electrodeposition system, the contamination with 

platinum single atoms represents a negligible variable for first a scaled up 

electrochemical approach forwarded to uranium-films fabrication.46 This is proved, 
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having in consideration that previous works reported electrodeposition of uranium 

species by using CV onto nickel and platinum.47, 166, 171, 178 Even though the impurities in 

the fissile material have a negligible effect on fission,46 a three-electrodes cells with 

individualized compartments would reduce the probability of contamination with 

platinum from the counter electrode. For more rigorous studies, we recommend the use 

of a electrochemical cell with individualized sections for each electrode, linked with 

conductive bridges, analogous to the cell used in our previously published work.11  

 

4.3 Physicochemical Characterization 

4.3.1 Experimental Techniques and Setup 

The scanning electron microscopy (SEM) with energy-dispersive X-ray 

fluorescence spectroscopy (EDS) studies were done with an SEM/EDS JEOL JSM-

IT500HR. The SEM images were captured by applying an accelerating voltage of 20.0 kV 

at a working distance (WD) of 10.2mm, and magnifications between x750 and x45,000. 

The SEM-EDS Mapping study was done with a magnification of x3,500 at 20.0 kV. Sample 

mapping was obtained in a dwell time of 315 seconds with 64 frames. Chemical 

functionalities of the pristine BDD support and the U/BDD samples were studied through 

Raman spectroscopy. Raman spectra were done at room temperature, using a Thermo 

Scientific DXR Raman Microscope with a laser wavelength of 532 nm. Wavelengths 

between 100 and 3000 cm−1 were measured with an error of ±2 cm−1. The laser power was 

placed at 5.0 mW to prevent sample changes or decomposition. The dominant 

composition of functionalities was studied onto the U/BDD surface by using X-ray 

photoelectron spectroscopy (XPS). The samples were analyzed using a high performance 

XPS surface analysis system manufactured by Thermo Fisher with an Al Kalfa 

monochromatic source (1486.68 eV) and with a pass energy of 50.0eV. All binding 

energies are referenced to C1s at 285.0 eV. Binding energies of the surface species were 
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identified by using the XPS instrument software. Reproducibility of the electro-

assembling technique and stability of the U/BDD system were evaluated by two different 

specialists preparing three independent coatings of U/BDD in two different laboratories, 

at the University of Puerto Rico, Río Piedras Campus. 

 

4.3.2 Scanning Electron Microscopy (SEM) & Energy Dispersive Spectroscopy (EDS) 

Scanning Electron Microscopy (SEM) & Energy Dispersive Spectroscopy (EDS) 

results are shown in Appendix 4.4: the pristine BBD electrode, Appendix 4.1a) and 4.1b), 

and the BDD electrode after the chronoamperometry in 5mM uranyl acetate and 0.1M 

KClO4, Appendix 4.1c) and 4.1d). SEM-EDS results reveal that the film obtained is 

essentially uranium-based compounds. The coating obtained covers evenly the BDD 

surface with small particles below 50 nm, see Appendix 4.2. Some cracks are present on 

the film which can be produced by influence of the HER.  A TEM is suggested for a more 

accurate size particle analysis.  

The U-electroplating technique developed in this work produces uniform and 

smooth surfaces, free of voids, with homogeneous tiny particles of stable uranium oxides. 

Contrarily to the chunky particles with uranium compounds mixtures and large fibers of 

the uranyl-based precursor, previously reported in the literature.47, 166, 178 This are 

promising results, taking in consideration that, as was shown in Figure 4.2, the U 

electrodeposition competes with a strong hydrogen evolution from water splitting.174, 175 

Even though the HER can mitigate the uranium electrodeposition and can remove 

portions of the electrodeposited film, the SEM/EDS analyses have shown BDD electrodes 

fully covered with uranium-based films. Although the topography of the U-film is 

directed influenced by the picks and valleys of the microcrystalline pristine BDD 

electrode (roughness Ra <30 nm), smooth and uniform uranium coatings are revealed on 

the plain areas of the electrode.  
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In Figure 4.4, a SEM-EDS mapping study shows the distribution of uranium, 

carbon, and oxygen on the BDD surface. Figure 4.4a) shows the SEM micrograph from 

which the C, U, and O were measured, and described in Figures 4.4b), 4.4c), and 4.4d), 

respectively. The C-K, U-M, and O-K lines were taken to build the mapped image with 

the elements’ distribution, shown in Figures 4.4e) and 4.4f). Mapping analysis shows that 

the BDD electrode was uniformly coated with uranium, oxygen, and carbon. Mapping in 

Figure 4.4 and punctual analysis in Appendix 4.3 show that all the deposited material is 

uranium, forming a film on the BDD electrode.  The oxygen composition obtained by 

SEM-EDS comes from oxidized uranium species. UO2 becomes easily oxidized to U3O8 in 

the presence of oxygen when it is present in very fine particles,36 as shown Appendix 4.1.  

Carbon originates predominantly from the diamond structure on the electrode; however, 

a portion of carbon can also come from the acetate contained in the uranium precursor. 

 

 
Figure 4.4. SEM mapping with EDS analysis: a) U/BDD SEM micrograph, b) C-K line, c) U-M line, d) O-K, 
e) measurement conditions, and f) mapped-image with the elements’ distribution. SEM micrographs scale 
is 5 µm. 
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4.3.3 Raman Spectroscopy  

Figure 4.5 shows Raman spectra that evidence the growth of UO2 and U3O8 onto 

the BDD electrode. Figure 4.5a) shows a peak-free and smooth spectrum for the pristine 

BDD electrode, at the Raman shift window between 50 to 800 cm-1.  Figure 4.5b) reveals 

Raman peaks at the shifts 625 and 400 cm-1 which are associated in the literature with 

UO2; the peak at 200 cm-1 is related to U3O8. The peak at 80-90 cm-1 is associated with both 

uranium oxides, UO2 and U3O8.179, 180  Nevertheless, Raman spectrum for U2O5 has not 

been yet reported in the literature---conceivably the Raman spectrum shown in Figure 

4.5b) belongs to the U2O5 specie. The entire Raman spectra of the pristine BBD electrode 

and the U/BDD sample are presented in Appendixes 4.4a) and 4.4b), respectively.  Figure 

4.4a) reveals the typical Raman peak for diamond at 1330 cm-1 (Fig mode).181, 182 

 
Figure 4.5. Raman Spectra of the pristine BBD electrode in 0.1M KClO4 and the BDD electrode after the 
chronoamperometric deposition in 5mM uranyl acetate and 0.1M KClO4. 
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4.3.4 X-ray Photoelectron Spectroscopy (XPS)  

Figure 4.6 shows the survey X-ray Photoelectron Spectroscopy (XPS) spectra 

recorded for three different U/BDD samples. Figure 4.7a) shows the XPS U 4f core-level 

with the spin orbit split doublet U 4f7/2 and U 4f5/2  peaks28 at 381.9 and 392.8 eV, 

respectively. The relative energy between peaks is ΔE=10.9 eV. Additionally, the 

spectrum shows shake-up satellites around the characteristic U 4f doublet, with ΔE of 4.1, 

and 9.8 eV, with respect to the U 4f5/2 peak, which can be related to U-O ratios 

corresponding to stoichiometric proportions of UO3. Similarly, the ΔE=7.5 eV can be 

associated with UO2 and U2O5 species.25, 28 Uranium intermediate oxides can be generated 

by exposing the U/BDD samples to atmospheric conditions.28  

Figure 4.7b) shows the O 1s core-level spectrum with three curve fitted peaks at 

530.2, 531.1, and 532.2, that are associated with U-O-U, -O, -OH bonding, respectively. An 

additional shoulder related to H2O emerges at 532.9eV. Figure 4.7c) shows the XPS U 4f7/2 

spectrum curve-fitting with three peaks at 380.0, 380.8, 381.7 eV which can be related to 

the U4+, U5+, and U6+ species, respectively.183, 184 The U-speciation composition were 37.03, 

27.33, and 35.64 %  of U4+, U5+, and U6+, respectively. Figure 4.d) shows the XPS C1s 

binding energy region, with a curve fitting that shows the presence of C-H, C-O, C=O, 

and COO- functional groups at 284.7, 285.3, 286.3, and 289.1 eV, respectively. The carbon 

presence, as seen in the XPS survey shown in Figure 4.6 and Table 4.1, come      

predominantly from the diamond electrode and, probably, from the uranyl acetate 

solution precursor. 

 
Table 4.1. Element Atomic Composition (%) based on the X-ray Photoelectron Spectroscopy (XPS) survey 
spectra recorded for the three samples of uranium films electro-assembled onto BDD electrodes, Figure 
4.6. 

Sample 
Element Atomic Percentage (± 0.01 %) 

U 4f7 O 1s C 1s 
U-01 4.52 36.30 59.18 
U-02 4.40 35.55 60.06 
U-03 5.65 41.90 52.45 
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Figure 4.6. X-ray Photoelectron Spectroscopy (XPS) survey spectra recorded for the three samples of 
uranium films electro-assembled onto BDD electrodes. 
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Figure 4.7. X-ray photoelectron spectra recorded for the uranium films electro-assembled onto BDD 
electrodes: a) U 4f core-level with the relative energy between the U 4f5/2 and U 4f7/2 peaks, including the 
shake-up satellite around the characteristic U 4f doublet; b) O 1s; c) U 4f7/2 and curve fit; and d) C 1s.   
 

The valence-band XPS binding energy region for U/BDD is shown in Figure 4.8. In 

the binding energy region between 0 to 15 eV, that correspond to the outer valence 

molecular orbitals,29 the XPS spectrum shows a symmetric U5f peak at 1.68 eV, which is 

consistent with f1 and f2 emissions for the configurations U2O5 and UO2, respectively.25, 28 

These results match with the analysis of the U 4f shake up satellite studied in Figure 4.7a). 

The O 2p transition appears between 2 to 9 eV. Analogously, between 15 to 40 eV,  the 

region of the inner valence molecular orbitals,29 appear three broadened peaks associated 

to U 6p3/2, O 2s, and U 6p1/2 transitions.  
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Figure 4.8. X-ray photoelectron spectroscopy’s valence band spectra of the U/BDD electrode surface. 
 

4.3.5. A Reproducibility Approach  

Appendix 4.5 offers a comparison of the XPS U 4f core-level binding energy region 

of three different uranium-based samples: U-01, U-02, and U-03. Appendix 4.5 shows 

imperceptible variations between the all the spectra. As was previously explained in 

Figure 4.7a), the XPS U 4f region28 with a ΔE of 10.9 eV between the U 4f7/2 and U 4f5/2  

peaks, located at 381.9 and 392.8 eV, respectively. For the three samples, the shake-up 

satellite peaks appear around the characteristic U 4f doublet, with approximately ΔE of 

4.1, 7.5, and 9.8 eV, with respect to the U 4f5/2 main peak. These results evidence 

reproducibility and stability under atmospheric conditions. 

The XPS U 4f7/2 binding energy region curve fitting is presented in Figure 4.9. 

Curve-fitting of the spin-orbit pair revealed three peaks at 380.0, 380.8, 381.7 eV 

associated with the U4+, U5+, and U6+ species, respectively.183, 184 The uranium speciation 

and composition of each component are presented in Appendix 4.6. Discrepancies in 

composition can be due to different areas where the samples were irradiated during the 
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XPS analysis. However, since samples were stored without controlling the atmosphere, 

the variations reported in Appendix 4.7 are negligible. 

The oxidation of uranium stops due to saturation effects between U3O8 and UO3, 

and this equilibrium was maintained under two different atmospheric conditions in two 

different laboratories, Molecular Science Research Center and Facundo Bueso Building at 

the University of Puerto Rico Rio Piedras Campus, with 70-80% of relative humidity. As 

shown Figure 4.9, the oxidation state IV, V, and IV coexist in all the samples. The presence 

of U5+ avoids corrosion and dissolution,28 providing stability to the U/BDD system.  

Metallic uranium reacts exothermically in water to produce UO2, releasing -513.2 

kcal/mol of U.  This high energy indicates high stability of UO2 in comparison with the 

metallic uranium electrodeposited, which is oxidized instantly after having contact with 

water. Analogously, it can be compared to the -285.8 kcal/mol of H released during the 

formation of water from hydrogen and oxygen.37Additionally, UO2 particles below 0.3 

µm are easily oxidized to U3O8 in the presence of oxygen gas.36 

 
Figure 4.9. X-ray photoelectron spectroscopy of U 4f7/2 binding energy region comparison recorded for the 
uranium films U-01, U-02, and U-03 electro-assembled onto BDD electrodes with curve fitting.  
 

Even though BDD electrodes are robust and stable, uranium can react with carbon 

based materials like graphite forming uranium carbide.26, 36 In this sense, and to 

understand what occur in the interface between the uranium film and the diamond 

electrode, new XPS characterization is proposed. Also, for neutron detection applications, 

we are planning to evaluate the counting time required to measure neutron sample 
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activity after U deposition, this will allow to determine the correlation between the 

chronoamperometric time and the deposited mass and the neutron specific activity. Low-

enriched uranium is needed to complete this phase.  

 

4.3.6 X-Ray Diffraction (XRD) 

 
Figure 4.10. An increased area of XRD diffractograms (see Appendix 4.7) between 2 to 38 degrees of the 
uranium films U-01, U-02, and U-03 electro-assembled onto BDD electrodes.  
 

Based on the scope research for this Chapter, we consider that Raman 

spectroscopy and x-ray photoelectron spectroscopy (XPS) are two powerful techniques 

which provide relevant information to determine the oxidation states and what kind of 
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uranium compounds were electrodeposited. Also, XPS is the technique most used to 

characterize uranium-based compounds.25, 28 However, to go a step further, we 

characterize our U/BDD samples by using XRD. Appendix 4.7 shows XRD diffractograms 

of the uranium films U-01, U-02, and U-03 electro-assembled onto BDD electrodes. The 

three samples present an intense pick about 44 degrees corresponding to the diamond 

(111) diffraction. In Figure 4.10 shows an increased region, between 2 to 38 degrees of 

diffractograms presented in Appendix 4.7. XRD diffractograms evidence U3O8 (001), UO2 

(111), and UO2 (200).185-190 All peaks show low intensity, preventing the resolution of other 

XRD peaks associate to uranium oxides.185-190 The small thickness of uranium oxide films 

requires a characterization through grazing-incidence x-ray diffraction (GIXRD). We 

propose to evaluate the U-based films by using GIXRD, decreasing x-ray penetration 

depth as decreases the incident angle,191, 192to minimize the depth into the sample surface 

and improve peaks intensity.  

 

4.4 U/BDD Applications: Future Works and Projections  

Sensitivity and response in fission detector are determined by the fissile layer mass 

and to the source of fissile material.168, 169 In our electrochemical cell the working electrode 

diameter restricts the film diameter to 0.20 mm, hence the fissile mass can only be 

modified by the layer thickness. 168, 169  Electrodeposition of uranium films with small 

thickness could improve homogeneity and evenness on coatings, and also can control 

oxygen composition.28 New U/BDD electroplating experiments at different potentials and 

electrodeposition times are under development. The idea is to determine the optimal 

control parameters for U deposition onto boron-doped diamond (BDD) electrodes: 

fission detectors require the accurate deposition and characterization of fissile material. 

We are evaluating these U-based films through SEM/EDS, Raman spectroscopy, 

profilometry, and atomic force microscopy (AFM). Also, x-ray photoelectron 
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spectroscopy (XPS), as the most used characterization technique for uranium-based 

compounds,25, 28 is being used to determine the uranium oxidation states. To the best of 

our knowledge, Raman spectroscopy and XPS are the two most powerful techniques 

which provide relevant information to determine kind of uranium compounds, and their 

oxidation states, were electrodeposited. 

XRD can be used as complementary characterization technique, however for of 

uranium oxide films with small thickness, a characterization through grazing-incidence 

x-ray diffraction (GIXRD) is suggested to minimize the depth into the sample surface and 

improve peaks intensity: decreasing x-ray penetration depth as decreases the incident 

angle.191, 192  

All our experiments were done using U238 as a safety way to evaluate and control 

all parameters required for electrodeposition. Our results obtained with U238 can be 

extrapolated to electrodeposition processes by using Low-Enriched Uranium (LEU): a 

mixture of U235 and U238.47, 166, 178 In a second phase we are scheduling U electroplating but 

using LEU, however, this measurements require facilities equipped to work with 

radioactive materials. The use of LEU reduces the time required to determine the film 

activity due to U235 in the LEU has a higher specific activity compared to natural 

uranium.166, 168  Reichenberger et al,166 used LEU to prove the effectiveness of their neutron 

detectors. 

The thickness of our  uranium oxides must be controlled to improve the neutron 

sensitivity applications.168 In this sense, a study of correlation between 

chronoamperometric time, thickness of uranium oxide deposited, and the neutron 

specific activity (NSA) is being planned. The NSA will be evaluated by counting time 

required to measure the sample activity after deposition LEU films.  
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4.5 Conclusions 

An electroplating method for uranium oxides electro-assembling, electrowinning 

(as electroextraction alternative), and future neutron detection and fuel-fissile elements 

applications has been presented. This uranium electrodeposition onto BDD technique 

creates smooth surfaces, free of voids, with uniform deposition of homogeneous tiny 

particles of stable uranium oxides. Our U/BDD system suppress U-based chunky 

particles formation, prevent uranium compounds mixtures, and inhibit crystallization of 

fibers of the uranyl-base precursor. 

The U/BDD electrochemical method operates without high temperatures nor 

hazardous compounds. U films can be oxidized or reduced inside a hydrogen flow 

furnace, depending on the application.  

The U-based coating on BDD surfaces consists primarily of uranium oxides. 

Uranium corrosion and oxidation processes occur spontaneously: metallic uranium 

reacts exothermically with water to produce UO2.  

U4+, U5+, U6+ are present and stable under open atmospheric conditions. The small 

thickness of the films promotes the UO2 oxidation to U3O8 in the presence of oxygen, 

resulting in a blend of uranium oxides with IV, V, and IV oxidation states.  

Our U/BDD electrodeposition method may be used to recover uranium from 

natural water deposits, using salts dissolved in sea water as electrolyte. Also, it may be 

used for uranium recycling and recovering from wastewater systems and contaminated 

waters. Simultaneously, it will co-produce hydrogen during the uranium 

electrodeposition process on BDD electrodes. 

In general, this work contributes with uranium-based technologies, improving 

them and contributing to a better understanding of their electrochemical properties, e.g., 

uranium redox processes, uranium oxides formations, and stability studies. The U/BDD 

electro-assembling method provides a sustainable strategy for uranium electro-recovery 

from nuclear waste---immobilizing uranium, as storage method, or as U-film fabrication 
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(U/BDD) for future neutron detection applications. The use of our U/BBD formation as 

environmental protocol---to recover and immobilize U235 and other fissile materials from 

civil and defense wastes, contaminated systems, and stockpiles---is proposed.  
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III. General Summary  
 

 

We were able to design and develop electrochemical strategies for life support 

system in space missions––producing electrocatalytic developments for in-situ H2O2 

production and fabricating stable U-based films as a first strategic approximation of 

fissile transportable films.  

In Chapter 1 we were able to disassemble, clean, and reform the NASA approved 

Electrochemical Microgravity Laboratory (eml) to redesign, build, and evaluate the new 

Electrochemical Microgravity Laboratory II (eml-II), that was configurated for in-situ 

hydrogen peroxide production under microgravity conditions. The eml-II accomplishes 

the NASA requirements of producing in-situ H2O2 under the water resource available 

onboard the ISS––with a conductivity of 2–3 µS/cm, a pH of 5.5–6.7, and a total organic 

carbon (TOC) content between 0.18 and 2.5 mg/L––using the U.S. patent number 

6,254,762, for low conductivity water stream. The parabolic flight was successfully carried 

out aboard a modified Boeing 727, the G-Force One from Zero-G Corporation, where the 

eml-II achieved 0.08 w/w % of in-situ H2O2, demonstrating the viability of generating 

hydrogen peroxide under µ-g conditions. The flight test showed that there are no adverse 

effects of µ-g environments on the performance of eml-II system in comparison with 

terrestrial conditions. The successful performance of the eml-II during the parabolic flight 

evidence that the eml-II can be used to produce in-situ hydrogen peroxide as life support 

system in future space missions. 

In Chapter 2, we designed and controlled the rotating disk slurry electrodeposition 

technique (RoDSE) to produce iron quantum dots onto a solid carbonaceous support. The 

structural and physicochemical characterization exposes that our well-dispersed 4nm Fe 

QDs are an arrangement of different oxidations states of iron: Fe0, Fe2+/3+, and Fe3+, tunable 

as a function of potential. The RDE and RRDE results revealed that the Fe/Vulcan 
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catalyzes the ORR via two-electron pathway. Comparing the performance of both 

catalysts inside the PGU, Fe/Vulcan produced 87% more hydrogen peroxide and 25 % 

more current than the commercial GDE-MPL. This in-situ H2O2 production---under 

compatibility conditions of the drinking water resources available in the ISS---triggered 

up our Fe/C catalyst for sanitizing solutions in space missions. Additionally, the 

electrodeposited Fe/Vulcan is a promising material to be used in the PGU at low 

potentials: 4 and 6 V.  

Carbonaceous structure of carbon nano-onions (CNOs) and Vulcan were doped 

with nitrogen functionalities using dicyandiamide as N-source in Chapter 3. The success 

of the N-doping method was confirmed by the N 1s XPS curve fitting analysis. The N-

doping process added internal modifications at molecular level and partial reduction of 

sp3 structures which were confirmed by the increment of the degree of graphitization, 

ID/IG ratio changes in 22 % and 3 %, comparing with the pristine N-undoped CNOs and 

Vulcan, respectively. NCNOs and NVulcan are promising catalysts to be used under the 

low-conductivity stream (2-3 mS/cm) in the PGU at low potentials: 2 V for NCNOs and 4 

V and 6 V for NCNOS and NVulcan, respectively. A combination of nitrogen- and 

oxygen-based functionalities, as a synergy of chemical/structural interactions, control the 

ORR mechanism in 0.1 M KOH, in a combination of four- and two-electrons pathways, 

such as the PGU produced 0.06% for NCNOs and 0.07% for NCNOs at 6V, outperforming 

by 50% the production of H2O2 on the commercial GDL-MPL.  

An electroplating method for uranium oxides electro-assembling, electrowinning 

(as electroextraction alternative), and fabrication of core-fuel-elements and fissile layers 

for future neutron detection was presented in Chapter 4. Our U/BDD system forms 

primarily uranium oxides, suppressing U-based chunky particles formation, preventing 

uranium compounds mixtures, and inhibiting crystallization of fibers of the uranyl-base 

precursor.  Stable U4+, U5+, U6+ oxidation states were confirmed and reproduced under 

open atmospheric conditions. The small thickness of the films promoted the UO2 
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oxidation to U3O8 in the presence of oxygen, resulting in a blend of uranium oxides with 

IV, V, and IV oxidation states. However, these U-films can be oxidized or reduced inside 

a furnace, with air or hydrogen flow, respectively, to form different uranium-based 

compounds for diverse applications. In general, the uranium electroplating method 

developed in this work contributes with uranium-based technologies, improving them 

and contributing to a better understanding of their electrochemical properties, e.g., 

uranium redox processes, uranium oxides formations, and stability studies. The U/BDD 

electro-assembling method, developed in Chapter 4, is proposed as a sustainable strategy 

for uranium electro-recovery from nuclear waste as environmental protocol––to recover 

and immobilize U235 and other fissile materials from civil and defense wastes, 

contaminated systems, and stockpiles.  
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APPENDIX 1 
 

Appendix 1.1. Detailed schematic front view custom-made triple containment 

configuration was modified for the µ-g experiment. 
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Appendix 1.3. U.S. patent number 6,254,762 De Nora Technology Inc. for low 

conductivity electrolytes stream. 
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Appendix 1.3. Catalyst evaluation at FTI 

 
We evaluated the catalysts onto GDE and investigated its peroxide generation 
performance at 4V, 6V, 8V, 10V, 12V, and 14V, the comparison of these catalysts is 
showed in Table 2.1. The samples were dispersed in an ethanol:isopropanol:water (1:1:2) 
mixture with a total solution volume of 750µL and 60µL of nafion solution 5% in ethanol. 
Dispersions were painted and coated onto a new GDE MPL. Differential polarization trial 
was performed at the following processing conditions: 
Pass – Single pass 
Electrode – New GDE MPL 
Electrolyte – RO water 
Flow rate – 2 mL/min 
Catholyte plate thickness – 0.37” 
Pressure balance – 1 psi 
Nafion beads – Nafion NR 50 Beads + POWDion-Insoluble, 40-60 mesh. 
Activated Nafion beads:  
~80°C in 3% H2O2 for 1 hour 
~80°C in deionized water for 2 hours 
~80°C in 1 M H2SO4 
Stored in deionized water. 
 
 
A comparative plot of hydrogen peroxide production by different catalysts at 6V is 
shown in Figure A.1.3.1. Whereas Figures A.1.2 to A.1.16 show single pass polarization 
trials conducted using GDE MPL coated with catalyst presented in Table 2.1. Significant 
currents were observed with increasing voltages for almost all catalyst, the highest 
current being the nitrogen doped CNOs. Although peroxide was generated in slight 
concentration by NCNOs catalyst, the significant current showed project this catalytic as 
a promising material in ORR applications.  Based on total H2O2 concentration and current 
production, we could infer that Fe-Vulcan and NCNOs promote reactions O2 + 2H+ + 2e- 
→ H2O2 and O2 + 4H+ + 4e- → 2H2O, respectively.  
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Figure A.1.1. Plot of hydrogen peroxide production by different catalysts at 6V. 
 

 
Figure A.1.3.2. Fe-Vulcan-940 on GDE (4.6mg, brush painting technique), non-active 
beads and powder. 
 

 
Figure A.1.3.3. Fe-Vulcan-940, (5mg, dropping) non-active beads and powder. 
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Figure A.1.3.4. Vulcan-DCDA-3 on GDE, non-active beads and powder  
 

 
Figure A.1.3.5. CNOs, active beads and powder 
 

 
Figure A.1.3.6. NCNOs, active beads and powder. 
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Figure A.1.3.7. NCNOs, on GDE, non-active beats. 
 

 
Figure A.1.3.8. NCNOs on GDE (4 mg)), non-active beads and powder. 
 

 
Figure A.1.3.9. NCNOs on GDE (1 mg), non-active beads and powder. 
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Figure A.1.3.10. NCNOs on GDE (1 mg), non - active beads and powder, 24h. 
 

 
Figure A.1.3.11. CNT on GDE, non-active beads and powder. 
 

 
Figure A.1.3.12. CNT on Carbon Paper, non-active beads and powder. 
 



 136 

 
Figure A.1.3.13. CNT Aldrich on GDE, non-active beads and powder. 
 

 
Figure A.1.3.14. Au on GDE, non-active beads and powder. 
 

 
Figure A.1.3.15. Sn(OH)2 on GDE, non - active beads and powder. 
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Figure A.1.3.16. AP18, non-active beads and powder. 
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Appendix 1.4. Parabolic flight accelerometer data with the overall Martian, Lunar and µ-
g environments (blue line), and pressure readings (red dots). 
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APPENDIX 2 
 

 
Appendix 2.1. Second cycle of the Fe/Vulcan XC-72R cyclic voltammetry analysis. It was 

done in a nitrogen-purged 0.1 M KOH solution. Catalyst surface modifications are 

evidenced through modifications of the cathodic and anodic peaks in comparison with 

the first cycle. 
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Appendix 2.2. a) Cyclic voltammetry profile vs. RHE, at a scan rate of 10 mV/s and at 

room temperature, of the Fe/Vulcan XC-72R. The deviation of the first cycle, from the 

successive second cycle, is observed in both reduction and oxidation peaks.  The potential 

is swept in the cathodic direction starting at 0.5 V and ending at -0.9 V. b) A enlarged 

view of the IIa oxidation peak at the potential window -200 to 200 mV is shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Appendix 2.3 Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and 

metal loading: The quantitative determination of the total iron electrodeposited and its 

percentage ratio loading efficiency by the RoDSE technique were performed through 

Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). 

 
 
 

Spectrometer Perkin Elmer Optima 8000 
%Feloading  = (25.00 ± 0.03) % 

%FeICP  = (15.54 ± 0.03) % 

Electrodeposition Efficiency = 62.16% 
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Appendix 2.4. The TEM electron diffraction pattern of the Fe/Vulcan catalyst 

electrodeposited by the RoDSE technique. The diffraction pattern analysis confirms iron-

oxide based species. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 143 

Appendix 2.5. X-ray diffraction (XRD) measurements were performed on fresh iron-

based catalyst synthesized by the RoDSE Technique. 

 

XRD analysis evidences the successful deposition of iron on the carbon support. The 
metallic peak (110) in the characteristic 2q about 46o support the presence of the zero 
valent iron specie in a fresh catalytic sample. The broadness and ill-definition of 
diffractogram peaks are characteristic very small nanostructures. Oxidation of iron is 
evidenced by the presence of other peaks associated with pattern of iron oxidizes species. 
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Appendix 2.6. X-ray photoelectron spectroscopy (XPS) Fe 2p binding energy region scan 

with the Fe 2p1/2 and Fe 2p3/2 duplet (top), and the Voigt deconvolution analysis of the Fe 

2p3/2 binding energy region (bottom) for the iron-based QDs onto Vulcan XC-72R 

electrodeposited by the RoDSE technique. 
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Appendix 2.7. XPS Peaks Assignments for the C 1s Components 

C 1s Components Binding Energy (eV) 
Graphite (sp2) 284.5 

C-H (sp3) 285.0 
C-OH/C-O-C (sp3) 286.1–286.3 

C=O 287.6–287.7 
COOH/COOR 288.6–289.1 

π-π∗ 290.5–290.8 
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Appendix 2.8. XAFS data at the Fe edge for Fe/Vulcan catalyst and the Fe foil. 
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Appendix 2.9. Quantitative ORR kinetics parameters calculated for the ORR in 0.1M KOH 

Catalyst Eonset (V vs RHE) E1/2 (V vs RHE) # of electrons 
Fe/Vulcan 0.566 0.467 2.6 

Vulcan 0.642 0.573 1.6 
Pt(20%)/GC 0.876 0.785 4.0 
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Appendix 2.10. Rotating-disk electrode polarization curves for the Vulcan XC-72R (a) and 

Fe/Vulcan (b) catalyst, electrodeposited by the RoDSE technique. The Koutechy-Levich 

(K-L) analysis was done in O2-saturated 0.1 M KOH solution at a scan ratio of 10 mV/s. at 

different rotation speeds between 400 and 2400 rpm.  The linear sweep voltammetry was 

done form 1.0 V to -0.3 V vs RHE.  
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Appendix 2.11. Normalization and tuning-treatment before the ORR studies. The 

cathodic peak vanishes after the 1st CV, showing that iron was reduced to Fe0. 
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Appendix 2.12. Comparison of hydrogen peroxide production and the output current by 

Fe/Vulcan and GDE-MPL at 6V, using RO water in the peroxide generation unit (PGU) 

for space applications. Experiments were done at room temperature under terrestrial 

conditions. 
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Appendix 2.13. Polarization curve for the in-situ hydrogen peroxide generation on the 

GDE-MPL at 6 V. Blue line shows the output current of the GDE-MPL decreases 

significantly as time goes by. Its exponential decay behavior indicates a possible 

decomposition of the carbon in the surface GDE, and a consequently penetration of water 

in the cathode---after opening the PGU, we observe water presence in the cathodic side. 

In fact, the GDE trial current decrease exponentially in seconds from (3120sec, 0.315 

amps) to (3840sec, 0.281amps), with (time, current) as (x, y) coordinates. Red line shows 

a comparative behavior of the output currents for the Fe/Vulcan and the GDE-MPL at 6 

V. 
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APPENDIX 3 
 

 

Appendix 3.1a. Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

metal concentration by catalyst. 

Metal Concentration 
(%wt.) in Vulcan 

Concentration 
(%wt.) in CNOs 

Fe < 0.009 ± 0.001 < 0.003 ± 0.001 

Co < 0.0006 ± 0.0002 < 0.0004 ± 0.0001 

Mn BQL BDL 

Pd BDL BDL 

Pt BDL BDL 

BQL: Below quantification limit, BDL: Below detection limit 

The Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) analysis was 
done as follow: Vulcan and CNOs metal content (Fe, Co, Mn, Pd and Pt) were determined 
using an Optima 8000 Perkin Elmer ICP – OES with standard plasma parameters as 
shown in Table SI1b). Digestion procedures to extract the selected metals were performed 
as follow: 10 mg of each sample were digested with a 10 mL aqua regia solution and 
refluxed until approximately 1 mL remained. An additional 5 mL aqua regia aliquot was 
added to all samples and heated to simmering until a paste was formed. The solutions 
passed through Whatman glass microfiber filters (GF / F grade) and reconstituted to 25 
mL with 2% HNO3 solution. 
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Appendix 3.1b. Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 
plasma parameters. 

Gas Flows 
(L/min) 

RF Power 
(Watts) 

Pump Flow Rate 
(mL/min) 

Plasma Auxiliary Nebulizer 
1.5 0.2 0.55 1300 1.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
Calibration curves for the selected metals were built starting to their quantification limits 
as calculated from the instrument manual. Appendix 3.1c) contains the selected ranges 
for metal. 
 
Appendix 3.1c. Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

calibration curve range per metal. 

Metal Instrument Quantification Limit 
(µg/L) 

Upper limit 
(µg/L) 

Fe 

0.63 5 Co 

Mn 

Pd 5.0 40 

Pt 7.5 60 
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Appendix 3.2. Rotating Disk Electrode Analysis – The Koutechy-Levich (K-L) Study. 
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Appendix 3.3. XPS characteristic binding energies for the principal nitrogen groups in N-

doped nanocarbons. 

Groups: Pyridinic, pyridonic,154 pyrrolic, graphitic,  and oxidized species.134, 155-158, 193, 194 
Binding energy region Interaction assignments Binding energy (eV) 

N 1s 

N-pyridinic 398.1-398.9 
N-pyridonic 399.6-399.9 
N-pyrrolic 400.1-400.8 
N-quaternary 401.0-401.6 
N-oxides 402.0-405.0 

C 1s 

C-C low defect Defective carbons in five-
member rings 283.2-284.1 

C-C primary graphitic sp2 284.3-284.8 
C-C high/ /Csp2-N Carbon in more than six-
member ring/Carbon bonded to N in pyridinic, 
pyrrolic in both defect and defect 
free regions 

284.8-285.5 

C-OH/C-O-C sp3 /Csp3-N/C-N=O 
Ether ground found in esters and 
lactone/Graphitic Nitrogen in 
aromatics/Nitrogen Oxides 

285.9-286.5 

carbonyl species/O=C-N 
Pyridone, amide/Carbonyl groups 286.5-287.6 

COOH/COOR groups 
Carboxyl, esters, lactone and other related 
carbons bonded to 2 and 3 heteroatoms 

288.4-288.9 

p-p* 290.5–290.8 

O 1s 

A weak contribution of the Oy of the pyridine 
Oxide N+–O- 193 531.0-531.5 

C=O 531.0-532.0 
C-O/O-C=O 531.8-533.0 
O-C-O 532.8-534.0 
COOH 533.8-536.0 
H2O 536.0-537.5 
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Appendix 3.4. XPS characteristic binding energies for the principal carbon groups in N-

doped nanocarbons. 

N-doped nanocarbons84, 89, 153 
Sample C 1s Interaction assignments Binding energy (eV) Ratio contribution (%) 

NCNOs 

C-C low 284.06 6.07 
Graphitic sp2 284.49 42.26 

C-C high / Csp2-N 284.61 13.94 
C-OH / C-O-Csp3 / Csp3-N / C-

N=O 
286.67 

15.07 
Carbonyl species / O=C-N 288.39 11.14 

COOH / COOR 289.55 3.59 
 p-p* 290.74 7.93 
 C-C low 284.24 9.42 
 Graphitic sp2 284.55 60.14 
 C-C high / Csp2-N 285.86 17.50 

NVulcan 

C-OH / C-O-Csp3 / Csp3-N / C-
N=O 

287.17 
7.32 

Carbonyl species / O=C-N 288.51 1.45 
COOH / COOR 289.52 3.21 

p-p* 290.66 0.96 
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Appendix 3.5. X-ray photoelectron spectroscopy (XPS) of the N 1s binding energy region 

of pristine carbon supports: (a) CNOs and (b) Vulcan. 
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Appendix 3.6. XPS characteristic binding energies for the principal oxygen groups in N-

doped nanocarbons. 

Oxygen groups in N-doped nanocarbons154, 155  
Sample O 1s Interaction assignments Binding energy (eV) Ratio contribution (%) 

NCNOs 

C=O / Weak Contribution N+–
O- 

530.98 
22.09 

C-O/O-C=O 532.52 28.10 
O-C-O 533.93 24.37 
COOH 535.89 13.32 

H2O 537.20 12.13 

 
C=O / Weak Contribution N+–

O- 530.98 24.41 

NVulcan 

C-O/O-C=O 532.13 39.21 
O-C-O 532.91 12.57 
COOH 233.89 21.43 

H2O 535.02 2.38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 159 

Appendix 3.7. Polarization curves for the in-situ hydrogen peroxide generation on 

NCNOs (a) and NVulcan (b). Polarization curves were done in RO water at different 

potentials between 2 V to 10 V. 
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Appendix 3.8. Curve fitting parameters for the current (A) vs. potential (V) plot obtained 

on NCNOS. 

EQUATION 
Y = INTERCEPT + B1*X^1 + 

B2*X^2 
PLOT Current 

WEIGHT No Weighting 
INTERCEPT -0.05847 ± 0.02762 

B1 0.02145 ± 0.01192 
B2 0.0086 ± 0.00113 

RESIDUAL SUM OF 
SQUARES 0.00594 

R-SQUARE (COD) 0.99503 
ADJ. R-SQUARE 0.9945 
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Appendix 3.9. Curve fitting parameters for the H2O2 concentration (%w/w) vs. potential 

(V) plot obtained on NCNOS. 

EQUATION 
Y = INTERCEPT + B1*X^1 + 

B2*X^2 + B3*X^3 
PLOT H2O2 

WEIGHT No Weighting 
INTERCEPT 0.11424 ± 0.07336 

B1 -0.09354 ± 0.0499 
B2 0.02274 ± 0.0102 
B3 -0.00139 ± 6.46263E-4 

RESIDUAL SUM OF 
SQUARES 0.01294 

R-SQUARE (COD) 0.8261 
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Appendix 3.10. Curve fitting parameters for the current (A) vs. potential (V) plot obtained 

on NVulcan. 

EQUATION 
Y = INTERCEPT + B1*X^1 + 

B2*X^2 
PLOT Current 

WEIGHT No Weighting 
INTERCEPT -0.05159 ± 0.02199 

B1 0.017 ± 0.0088 
B2 0.00451 ± 8.22166E-4 

RESIDUAL SUM OF 
SQUARES 5.44371E-4 

R-SQUARE (COD) 0.99599 
ADJ. R-SQUARE 0.99466 
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Appendix 3.11. Curve fitting parameters for the H2O2 concentration (%w/w) vs. potential 

(V) plot obtained on NVulcan. 

EQUATION 
Y = INTERCEPT + B1*X^1 + 

B2*X^2 
PLOT H2O2 

WEIGHT No Weighting 
INTERCEPT -0.00217 ± 0.05306 

B1 -0.00205 ± 0.02015 
B2 0.00205 ± 0.0018 

RESIDUAL SUM OF 
SQUARES 0.00772 

R-SQUARE (COD) 0.74545 
ADJ. R-SQUARE 0.70628 
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APPENDIX 4 
 

 

Appendix 4.1. Scanning Electron Microscopy (SEM) micrographs at X20,000 and Energy 

Dispersive Spectroscopy (EDS) Spectra. 

At the pristine BBD electrode (a and b) and the BDD electrode after the 
chronoamperometry in 5mM uranyl acetate and 0.1M KClO4 (c and d). SEM micrographs 
scale is 1 µm. 
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Appendix 4.2. Scanning Electron Microscopy (SEM)micrographs of the BDD electrode 

after the chronoamperometry in 5mM uranyl acetate and 0.1M KClO4 at different 

magnifications: X5,000 (a), X45,000(b), and X110,000 (c).  
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Appendix 4.3. Scanning Electron Microscopy (SEM)micrographs of the BDD electrode 

after the chronoamperometry in 5mM uranyl acetate and 0.1M KClO4 - A punctual 

analysis for the uranium-based film onto BDD electrodes. 
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Appendix 4.4. Raman Spectra of the pristine BBD electrode in 0.1M KClO4 (a) and the 

BDD electrode after the chronoamperometric deposition in 5mM uranyl acetate and 0.1M 

KClO4 (b).   
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Appendix 4.5. Comparison of the X-ray photoelectron spectroscopy U 4f core-level 

binding energy region recorded for the U-01, U-02, U-03 uranium films electro-assembled 

on boron doped diamond electrodes. The relative binding energy between the U 4f5/2 and 

U 4f7/2 peaks, including the shake-up satellite around the characteristic U 4f doublet is 

reported for each sample. 
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Appendix 4.6. Variation of uranium speciation and the composition of U4+, U5+, and U6+ 

components were obtained from the XPS U 4f7/2 binding energy region curve fitting 

presented in Figure 5. 

Sample Uranium Specie (± 0.01 %) 

U4+ U5+ U4+ + U5+ U6+ 

U-01 31.79 33.60 65.39 34.61 

U-02 24.17 41.60 65.77 34.23 

U-03 37.03 27.33 64.36 35.64 
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