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ABSTRACT 

Title: Design of Light-weight Low-volume High Oxygen Storage Density 

Material 

Author: Nicholas Robert Schwartz 

Advisor: Dr. Justin J. Hill 

A compact, lightweight, dense and safe method for storing and supplying 

oxygen remains a large hurdle for closed-circuit self-contained breathing apparatus 

(SCBA) and respiratory protective equipment. No filter that can protect against 

airborne chemical, biological, radiological, and nuclear (CBRN) contaminants 

exists, which presents the need for an isolated oxygen source. Heavy and high 

maintenance oxygen cylinders are typically used. The most important criteria for a 

smart and effective CBRN protection device are safety, weight, size, and cost, level 

of maintenance, ease-of-use and reliability. 

This study focused on nanomaterials for high capacity gas storage. 

Nanocapillary arrays composed of anodic aluminum oxide (AAO) were evaluated 

as high pressure storage materials. Carbon nanotubes (CNT) were integrated in the 

pores to increase pressure tolerance and act as an electrical conductor. A membrane 

electrode assembly (MEA) was used to seal the nanocapillaries and to allow for 

electrochemical gas compression within the system. The volumetric and 

gravimetric storage capacity of the nanomaterials was calculated to be 1,139 g/L 

and 0.616 g/g, respectively. Micropore blowout pressure experiments estimated a 

500 nm membrane cap in the AAO could seal against 45,000 psi. Nanocapillaries 

were integrated with membrane material with penetration depths between 1−400 

µm within 100 nm wide nanocapillaries. Electrochemical oxygen pumping and 

compression with open and closed pore nanocapillary-MEAs was performed.  

  



 

iv 
 
 

 

TABLE OF CONTENTS 

Abstract ................................................................................................................... iii 

Table of Contents ................................................................................................... iv 

Table of Figures ...................................................................................................... vi 

List of Tables ........................................................................................................... x 

List of Acronyms .................................................................................................... xi 

List of Symbols ...................................................................................................... xii 

Acknowledgements ............................................................................................... xiii 

Chapter 1: Introduction ......................................................................................... 1 

High-Density Gas Storage in Nanocapillary Arrays ............................................ 3 

Pressure Seal and Electrochemical Pumping ....................................................... 7 

Research Objectives ........................................................................................... 10 

Chapter 2: Previous Research ............................................................................. 12 

Gas Storage in Capillary Arrays ........................................................................ 12 

Fabrication of Nanocapillary Arrays .................................................................. 13 

Templated Growth of CNTs within Nanocapillaries ......................................... 14 

Integration of Polymer Materials in AAO Templates ........................................ 16 

Hydrogen and Oxygen Production with Water Electrolysis .............................. 18 

Chapter 3: Methods & Equipment ...................................................................... 21 

Fabrication of Nanocapillary Arrays .................................................................. 21 

CVD Growth of CNTs within High-Aspect-Ratio Nanocapillaries .................. 24 

Evaluation of Oxygen-Storage Density Potential .............................................. 26 

Investigation of Pressure Capping and Electrochemical Compression .............. 29 

Demonstration of Fabricated Nanocapillary-MEA ............................................ 33 

Demonstration of Closed-pore Nanocapillary-MEA ......................................... 37 

Analysis of Nanocapillary-MEA and Electrochemical Performance ................ 39 

Chapter 4: Development of the High Capacity Gas Storage Material ............. 41 

Fabrication of Deep Pore Nanocapillary Arrays ................................................ 41 



 

v 
 
 

 

Integration of CNTs within Nanocapillaries by CVD Growth .......................... 43 

Evaluation of Oxygen Storage Capacity ............................................................ 45 

Development of the High Storage Density Nanomaterials ................................ 48 

Chapter 5: Material Selection and Investigation of Nanocapillary Sealing .... 49 

Membrane Material Selection ............................................................................ 49 

Material Properties ...................................................................................... 50 

Micropore Capping and Pressurization .............................................................. 52 

Integrating Membrane Material within Nanocapillaries .................................... 55 

Integrating Nafion Using Surfactants .......................................................... 55 

Filling After Drying AAO ............................................................................. 57 

Chapter 6: Development and Demonstration of the Nanocapillary-MEA ...... 61 

MEA Fabrication ................................................................................................ 61 

Assembly of the nano-MEA .......................................................................... 63 

Demonstration of Electrochemical Oxygen Pumping ....................................... 65 

Baseline Oxygen Generation Performance .................................................. 65 

Performance of Freestanding Characteristic MEA ..................................... 66 

Performance of Nanocapillary-Supported MEA .......................................... 69 

Overall Device Performance ....................................................................... 70 

Demonstration of Closed-pore Nanocapillary-MEA ................................... 74 

Alternative Fabrication Method for Nano-MEA .......................................... 80 

Chapter 7: Conclusions and Recommendations ................................................ 84 

Conclusions ........................................................................................................ 84 

Recommendations .............................................................................................. 86 

References .............................................................................................................. 89 

 

  



 

vi 
 
 

 

TABLE OF FIGURES 

Figure 1. Schematic of an array of nanocapillary pores within the AAO (a) and a 

top-down view of a single coaxial AAO-CNT pore showing tunable 

dimensions ................................................................................................. 3 

Figure 2. Process steps for integrating AAO/CNT nanocapillary array with 

membrane and electrode material .............................................................. 5 

Figure 3. Calculated Vc and Gc as a function of AAO nanocapillary diameter (a) 

and CNT thickness (b) ............................................................................... 6 

Figure 4. Oxygen generation by water electrolysis with proton exchange membrane 

configured in a membrane electrode assembly.......................................... 8 

Figure 5. Oxygen compression and generating system integrated with AAO 

nanocapillaries ........................................................................................... 9 

Figure 6. A top-down SEM micrograph view of an AAO template prepared on an 

aluminum substrate. ................................................................................. 13 

Figure 7. Directed tip-growth of CNTs within a nanocapillary array following 

electrodeposition of a catalyst nano-droplet for CNT growth. ................ 15 

Figure 8. FESEM images of CNTs in the AAO, wide view (a), magnification of 

CNTs (b). ................................................................................................. 16 

Figure 9. Chronoamperometric response of successful AAO formation by hard 

anodization.48 ........................................................................................... 22 

Figure 10. AAO nanocapillary array fabrication test stand. .................................... 24 

Figure 11. Non-catalytic CNT growth mechanism in AAO nanocapillary pores. ... 26 

Figure 12. Mainstream’s high pressure loading cell. ............................................... 27 

Figure 13. Schematic of an indium-sealed AAO nanocapillary array. .................... 28 

Figure 14. Conceptual CAD rendering of the micro-scale cap blowout experiment 

(a), machined micro-scale plug (b), and blowout plug filled with Nafion® 

(c). ............................................................................................................ 30 



 

vii 
 
 

 

Figure 15. Micro-scale cap blowout pressure test stand (a) with the machined 

micropore test cap (b) and a microscopic image of the cast and anneal 

membrane (c). .......................................................................................... 32 

Figure 16. Alumina plate for conducting pull-off and shear-off tests with membrane 

materials. ................................................................................................. 33 

Figure 17. Outline of fabrication procedure to fabricate the nanocapillary arrays and 

to integrate the CNTs and membrane electrode assembly. ..................... 34 

Figure 18. Macro-scale oxygen pump test stand for MEA performance evaluation.

 ................................................................................................................. 36 

Figure 19. Fuel cell system for water electrolysis on macro-scale and nanoscale 

membrane electrode assemblies. ............................................................. 37 

Figure 20. Assembly of the MEA starting with the AAO-CNT .............................. 38 

Figure 21. Laboratory closed-pore nanocapillary-MEA prototype (a), custom 

holder for testing the gas storage prototype (b), and electrochemical 

compression in nanocapillary-MEA (c) .................................................. 39 

Figure 22. Amray 1845 Schottky FESEM used for imagining materials and 

nanostructures .......................................................................................... 40 

Figure 23. Chronoamperometric response during hard anodization showing 

nanocapillary growth with the total charged passed ................................ 42 

Figure 24. SEM image of 60 µm thick template before and after CVD CNT growth.

 ................................................................................................................. 44 

Figure 25. SEM image showing the top view (left) and cross-sectional view (right) 

of CNTs within the AAO pores. .............................................................. 44 

Figure 26. Predicted volumetric and gravimetric storage density for different 

nanocapillary diameters with a CNT wall thickness of 5 nm. ................. 46 

Figure 27. Predicted volumetric and gravimetric storage density for different CNT 

wall thickness in a 100 nm AAO nanocapillary. ..................................... 47 



 

viii 
 
 

 

Figure 28. Measured IR-spectra of PEEK and SPEEK synthesized for this study (a) 

compared to IR-spectra found in the literature (b).53 ............................... 50 

Figure 29. Water uptake measurements for Nafion® and sPEEK for different 

annealed temperatures. ............................................................................ 51 

Figure 30. The experimental blowout pressures for Nafion within alumina 

micropores. .............................................................................................. 52 

Figure 31. Coefficient of adhesion as a function of the pore diameter of the 

micropore for Nafion®. ............................................................................ 54 

Figure 33. Nanocapillary pores shown without (a) and with Nafion® (b). .............. 56 

Figure 34. Top-down (a) and a cross-sectional (b) SEM image of a nanocapillary 

array filled with Nafion after soaking in 1 wt% SDS for three hours. .... 57 

Figure 35. Nanocapillary array with cast polymer membrane without drying (a) and 

after drying (b). ........................................................................................ 58 

Figure 36. Cross-sectional view of a nanocapillary array showing the pores filled 

up to 400 µm with membrane material. ................................................... 59 

Figure 37. Cross section showing capping polymer membrane material within the 

nanocapillary pores. ................................................................................. 60 

Figure 38. Pt-Nafion® electrode layers casted with different Pt–Nafion® ratios at 

different concentrations. .......................................................................... 61 

Figure 39. Cross-sectional SEM images of a template with a 2.5:1 Pt–Nafion® 

electrode. ................................................................................................. 63 

Figure 40. Deep penetration of Pt–Nafion® electrode into nanocapillary pores (a) 

and top view of the continuous and uniform electrode layer (b) ............. 64 

Figure 41. Performance curve for a commercially available water electrolysis 

membrane showing the current density and calculated oxygen flux. ...... 66 

Figure 42. Exploded view of the soft-assembled, freestanding characteristic MEA.

 ................................................................................................................. 67 



 

ix 
 
 

 

Figure 43: Performance polarization curve for a freestanding characteristic MEA 

with the same Pt-loading as nanocapillary-supported MEAs .................. 68 

Figure 44. The performance polarization curve for a nanocapillary-supported MEA.

 ................................................................................................................. 69 

Figure 45. The polarization performance of the commercial, freestanding and 

nanocapillary-supported MEA normalized to the degree of platinum 

catalyst loading. ....................................................................................... 72 

Figure 46. Electrochemical mechanism of controlled release and regulation of 

oxygen within the nanocapillary.............................................................. 73 

Figure 47. Cyclic voltammetry measurements of the closed-pore AAO-MEA 

system ...................................................................................................... 75 

Figure 48. Comparison of oxygen pumping performance of the freestanding, 

nanocapillary-supported, and closed-pore AAO-MEA ........................... 76 

Figure 49. The current and equivalent pressure response for a step in potential from 

OCP to 2 V vs. NHE ................................................................................ 78 

Figure 50. Delamination of membrane layer from AAO nanocapillary array (a) and 

Nafion plugs within nanocapillary pores (b) ........................................... 79 

Figure 51. Nanocapillary array with CNTs before polishing (a) and nanocapillaries 

with CNTs after polishing (b) .................................................................. 80 

Figure 52. Continuous and uniform inner electrode layer ....................................... 81 

Figure 53. SEM showing intact nanocapillary plugs after polishing the inner 

electrode layer.......................................................................................... 82 

Figure 54. SEM image showing the etched AAO surface with the CNT and cap 

intact producing from the surface ............................................................ 83 

 

  



 

x 
 
 

 

LIST OF TABLES 

Table 1. Conductivity, Oxygen Permeability, and Water Dependency of Membrane 

Materials. ................................................................................................. 49 

Table 2. Pull-off and shear-off pressures for Nafion® and sPEEK .......................... 53 

   



 

xi 
 
 

 

LIST OF ACRONYMS 

AAO Anodic Aluminum Oxide 
CBD Chemical and Biological Defense 
CBRN Chemical, Biological, Radiological, and Nuclear 
CNT Carbon Nanotube 
CVD Chemical Vapor Deposition 
CV Cyclic Voltammetry 
GC-MS Gas Chromatography and Mass Spectroscopy 
GDL Gas Diffusion Layer 
IEM Ion Exchange Membrane 
MEA Membrane Electrode Assembly 
PEM Proton Exchange Membrane 
PFSA Fluoropolymers 
SCBA Self-contained Breathing Apparatus 
SDS Sodium Dodecyl Sulfate 
SEM Scanning Electron Microscope 



 

xii 
 
 

 

LIST OF SYMBOLS 

dp CNT Diameter 
Dp AAO Nanocapillary Diameter 
Ei Elastic Modulus 
fad Adhesive Force 
fOxygen Force of Pressurized Oxygen 
Gc Gravimetric Storage Density 
l Penetration Length 
Pburst Burst Pressure 
PO2  Stored Oxygen Pressure 
Pp Pull-off Pressure 
Ps Shear-off Pressure 
Vc Volumetric Storage Density 
α Coefficient of Adhesion 
γpore Surface Energy of Pore 
δp CNT Wall Thickness 

σi Tensile Strength 
 
 
 

 
  



 

xiii 
 
 

 

ACKNOWLEDGEMENTS 

The work of this thesis was made possible with the support and guidance of 

my committee members and family. Thank you, to all who have supported me 

through this journey.  

I deeply and sincerely thank my committee chair, Paul Jennings, for the 

help and assistance you offered me. Special thanks to Joel Olson and James 

Brenner for your guidance and direction to complete this work. Thank you, Justin 

Hill, for serving as my advisor and seeing me through the challenges of this 

research. Your knowledge and presence gave me confidence to keep on with my 

work.  

I sincerely thank Mainstream Engineering for allowing me to complete my 

master’s degree by providing financial support, equipment, and laboratory to 

complete this research. The working environment has allowed me to continuously 

develop my engineering knowledge. Mainstream has provided me with an amazing 

opportunity to start a life in Florida and grow. I am thankful every day. 

To my parents, your love, support, and guidance have made me what I am 

today. Mom, you always helped me to see my potential and pushed me to always 

strive for more. Dad, your knowledge and skills inspire me to continue to learn and 

grow. My sister Jessica, you are the center of our family, thank you for giving me 

perspective on my gifts. My brothers, Fritz and Stuart, you guys are my best 

friends, you make me proud, and I am glad we will always have each other. I love 

you all. 

 

 



1 
 
 

 

CHAPTER 1: INTRODUCTION 

A compact, light-weight, dense, and safe method for storing oxygen 

remains a large hurdle for closed-circuit self-contained breathing apparatus (SCBA) 

and other respiratory protection equipment that provides breathable air in 

dangerous conditions. Since filters cannot protect against the wide range of 

contaminants, SCBA equipment is used to isolate the user from the surrounding 

environment. This protective equipment requires a closed oxygen source that is 

supplied by high-pressure oxygen cylinders. The most critical factors for a 

chemical, biological radiological, and nuclear (CBRN) protection device with 

decreased logistical burden are volumetric and gravimetric storage density, 

containment safety, cost, level of maintenance, ease of use, supply logistics, and 

reliability. The development of safe materials with high oxygen storage density 

would dramatically improve the performance of SCBA systems. 

The most common oxygen supply source for SCBA devices are compressed 

gas cylinders. These low storage capacity cylinders are heavy, bulky, and supply a 

limited amount of oxygen to the user. Extremely high pressures are needed to 

achieve higher storage capacities, which means new storage methods must be 

developed. Microcapillary glass vessels have been previously demonstrated as a 

robust method for safe high pressure hydrogen storage.1-3 Further improvement of 

this concept can be developed by forming an array of nanocapillary vessels for high 

pressure gas storage. Increasing the curvature can lead to an increase in storage 

pressure since hoop stress tolerance scales with curvature. High aspect ratio 

nanocapillary arrays may provide a means to greatly increase gravimetric (Gc) and 

volumetric (Vc) oxygen storage densities over current technology. Nanocapillary 

arrays can have pore densities greater than 1010 capillaries per square centimeter, 

leading to high porosity. Nanocapillary arrays have greatly enhanced pressure 

tolerances and surface area, allowing dense oxygen and gas storage through 

compression and adsorption. Anodized aluminum oxide (AAO) nanocapillaries 
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have a tunable wall thickness-to-diameter ratio, and the pore wall can be coated 

with a high tensile strength material, increasing gas storage densities. The geometry 

can be tuned based on the desired storage pressure and estimated burst pressure. 

Integration of a high tensile strength material on the pore walls could result in an 

even higher burst pressure for the nanocapillary. Additionally, total containment 

failure would be mitigated in the event of a side wall failure since a fraction of the 

total gas is stored within each nanocapillary in the array.  

The gas storage vessels are fabricated by the self-assembly formation of 

nanocapillaries within aluminum while undergoing controlled electrochemical 

oxidation. The nanocapillaries are parallel and form high-density arrays. These 

arrays can be formed into a solid cylindrical, rectangular, or even a conformal 

shape, optimizing packing density within SCBA equipment. Nanocapillaries have 

an extremely high circumferential stress tolerance due to the high degree of 

curvature, which means each nanocapillary has a high burst pressure. Balancing 

and stabilizing effects are possible with the densely packed nanocapillary arrays. 

This configuration may provide an additional safety feature as a partial rupture of a 

nanocapillary may not affect the complete container. Each nanocapillary can be 

coated with a high tensile strength material, carbon coated, or incorporated with a 

CNT. This increases the pressure tolerance, acts as an electrical pathway through 

the insulating aluminum oxide, thermally stabilizes the system, and can act as an O2 

adsorbent material.4, 5 Polymer and ceramic materials can be introduced within the 

open end of the nanocapillaries to seal and contain the gas at extremely high 

pressures. Nanocapillaries can be capped with a polymer ion exchange membrane 

material which acts as a reversible electrochemical O2 pump, selectively 

compressing O2 within each nanocapillary from low pressure water or air. The 

electrochemical process is completed with a MEA, where the membrane separates 

two electrodes. Electrochemical compression only requires power and water or air, 

which dramatically decreases the logistical burden of oxygen supply. This type of 
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gas storage system requires no moving parts for compression or gas regulation and 

delivery, ultimately decreasing the complexity and maintenance requirements from 

current SCBA technologies.  

High-Density Gas Storage in Nanocapillary Arrays 

AAO nanocapillary arrays can be fabricated to make an overall storage 

container of virtually any size. The individual nanocapillaries can range from 10 to 

500 nm in diameter, with pore densities ranging from 108 to 1012 

nanocapillaries/cm2. The wall thickness of each individual pore, as fabricated, is 

typically the same as the pore radius. Wall thicknesses can be decreased by etching 

in a dilute acid for a short period of time. The nanocapillary radius can be 

decreased by coating the pore wall or growing a nanotube within the pore. The 

subsequent sections explain in detail the overall design of the oxygen storage 

device based on AAO coaxial nanocapillary arrays with CNTs and present the 

specifics of AAO and CNT fabrication. Integration of these two technologies has 

produced the base gas storage device shown in Figure 1.  

 

 
Figure 1. Schematic of an array of nanocapillary pores within the AAO (a) and a top-down view of a 

single coaxial AAO-CNT pore showing tunable dimensions 
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Figure 1a is a schematic of an AAO nanocapillary array integrated with 

coaxial CNTs. The dimensions of an individual pore with a CNT within the AAO 

pore is shown in Figure 1b. The high pore density results in an extremely high 

overall surface area. Thin pore walls can be fabricated which results in a volumetric 

storage density that approaches that of the volume of the bulk container. Also 

shown in Figure 1a is the same safety feature that is obtained with glass 

microcapillary arrays, which are being manufactured for hydrogen storage by C.En, 

Inc. but are improved upon with the AAO nanocapillary materials.3 Capillaries 

within the bulk container only hold a fraction of the stored high-pressure oxygen. 

This is a significant safety enhancement over storage of high-pressure oxygen in a 

gas cylinder, as rupture of a cylinder would result in an extremely energetic release 

of the stored gas. In contrast, rupture of the apparatus shown in Figure 1a would 

only result in the release of a small portion of the stored oxygen gas.  

Figure 1b highlights the enhancements due to volumetric and adsorbed 

oxygen storage through both the dimensions and hierarchical structure of the 

coaxial AAO-CNT nanocapillary. Each individual pore has a tunable overall 

diameter, , through the electrochemical growth process. Furthermore, 

the pore wall thickness, , and inner diameter, , can be tuned following AAO 

fabrication. Tuning  and  within the confines of  allows for the systematic 

adjustment of the pressure tolerance of the pore and the overall vessel void volume 

and weight. Figure 1b depicts how the CNT can be grown along the walls of the 

AAO pore.6-10 The CNT internal structure enhances the tensile strength of the 

individual pore and creates an electrical bridge from the aluminum support to the 

open pore surface. Through chemical vapor deposition (CVD) growth of the CNT 

within the AAO pore, the outer diameter of the CNT will be identical to , with a 

wall thickness, , ranging from 0.1 to 30 nm.9-14  

The overall fabrication method is outlined in Figure 2. First, AAO 

nanocapillary arrays with uniform deep pores are fabricated by electrochemical 
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anodization of aluminum. The ultimate shape of the nanocapillary storage container 

is determined by the original shape of the aluminum. CNTs are then grown in a 

CVD furnace under conditions that produce uniform growth. The last two steps 

involve incorporating the electrode and membrane materials within the AAO array 

and electrochemically driving the system to compress oxygen into the pores. 

Integrating the electrode and membrane materials involves casting the inner 

membrane-electrode within the pore, followed by the final assembly of the 

membrane electrode assembly (MEA). 

 
Figure 2. Process steps for integrating AAO/CNT nanocapillary array with membrane and electrode 

material 

Given the dimensions shown in Figure 1b, an estimate of the burst pressure 

( ) of the coaxial pore can be calculated as 

 1    (1) 

where  and  are the elastic modulus and tensile strength of the CNT and 

pore, respectively. This equation is derived by combining the hoop stress equation 

for the AAO pore and CNT, assuming the materials are in complete contact with 

one another. The term outside of the parenthesis is equal to , , the burst 
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pressure of an individual CNT. The factor multiplying this term is the pressure 

enhancement obtained by the presence of the alumina shell around the CNT. This 

term only enhances  so long as the contact pressure between the CNT and the 

inner AAO pore wall does not exceed the burst pressure of the AAO pore. 

Using Eqn. 1 along with information about the AAO pore density, 2 ⁄ , 

oxygen density at high pressure as well as the material properties of coaxial pore, 

Gc and Vc can be optimized with respect to , 2 ⁄  and . As stated earlier, 

, 2 ⁄  and  can be controlled and adjusted through several fabrication 

methods. 

Hoop stress calculations based on Eqn. 1 were used to predict the 

volumetric and gravimetric storage density, which is displayed in Figure 3. The 

storage densities are expressed as a function of   for   = 100 nm (a) and as a 

function of  for  = 5 nm (b) after Gc and Vc have been optimized at about 

2 ⁄ . Furthermore, the pressures used to obtain the values shown in Figure 3 

were taken to be 25% of  defined in Eqn. 1 to account for a safety factor of 4. 

The optimal ratio of AAO wall thickness to inner diameter was found to be 

2 ⁄ ≅ 0.1, based on Barlow’s formula. 

 
Figure 3. Calculated Vc and Gc as a function of AAO nanocapillary diameter (a) and CNT thickness (b) 
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The model shown in Figure 3 estimates that the AAO-CNT nanocapillary 

array could exceed standard gas cylinders for Vc by 330% and for Gc by 215% with 

a storage container constructed of an array of 100 nm AAO pores with a 5 nm CNT 

pore wall inclusion. It is important to note that these calculations are based off of a 

lone coaxial tube. The pressure tolerances of a nanocapillary array that shares pore 

walls with neighboring capillaries could increase due to a synergistic balance of 

pressures across the array.  

Pressure Seal and Electrochemical Pumping 

While the proposed AAO-CNT nanocapillary array has the potential for 

high pressure gas storage, sealing the nanocapillaries against a large pressure 

differential has not been demonstrated. The capping and sealing material must have 

strong adhesive properties to the array in order to contain the high pressure gas 

with minimal contact area. Pressurizing the pores in a high-pressure chamber and 

capping with a metal or epoxy is the only sealing method to date that has been 

demonstrated. Due to the size and ordering of the nanopores, sealing can be 

achieved with polymer membrane materials at low pressures. Zhevago and co-

workers developed a method of introducing a metal melt onto the open end of the 

pores to seal the capillaries.1 Furthermore, they quantified the degree the capillary 

must be filled in order to withstand the internal pressures present within the 

microcapillary after hydrogen filling.2 The same method can be directed for filling 

the nanocapillaries with oxygen; however, this increases the logistical burden and 

may not be economical as high temperature and pressure equipment is costly. 

The simplest design for a gas storage device would involve fewer 

components or complex filling processes. The proposed oxygen storage device 

would use a polymer membrane within the pores to seal against large pressures that 

also participates in the filling and releasing mechanism. The most promising 

method for electrochemical compression and storage of high pressure oxygen is 

water electrolysis with proton exchange membranes (PEM). There are a number of 
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polymer proton exchange membranes that have demonstrated good adhesive 

properties. The electrochemical process is depicted below in Figure 4. 

 
Figure 4. Oxygen generation by water electrolysis with proton exchange membrane configured in a 

membrane electrode assembly. 

Liquid water is supplied to the cathode side (low pressure) of the electrode-

membrane assembly. Water penetrates into membrane and reacts at the anode, 

forming oxygen gas, electrons, and protons. Hydronium is formed and carries 

charge through the membrane back where it recombines with the electrons and 

forms hydrogen. If the direction of electrical current is reversed by reversing the 

potential polarity, oxygen can be electrochemically regulated out of the storage 

material and supplied to the SCBA system. Current technology has demonstrated 

compressing oxygen through water electrolysis based on PEM technology up to 

3,000 psi.15 Furthermore, FuelCell Energy, Inc. has demonstrated hydrogen 

compression to 6,000 psi and predicted the performance of a system capable of 

reaching 12,000 psi.16 These systems are limited by the membrane support, which 

is unable to protect the membrane against even higher pressure differentials. The 

highly ordered and uniform nanocapillary array will be able to better support the 

membrane allowing much higher oxygen pressures to be reached. In this manner, 

each nanocapillary will be filled individually with compressed oxygen through the 
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electrochemical pump. Due to the estimated high blowout pressure of the capping 

material and the mechanical strength enhancement in this system, much higher 

pressures are expected than the demonstration of 3,000 psi in a fuel cell 

configuration. Figure 5 shows the overall oxygen filling process with a 

representative model of a nanocapillary array. 

 
Figure 5. Oxygen compression and generating system integrated with AAO nanocapillaries 

It is expected that the adhesive force between the nanocapillary and the seal 

will be further enhanced due to an increase in surface energy with decreasing pore 

diameter.17, 18 The surface energy, which is related to adhesive force, is known to 

increase dramatically with increasing pore curvature,17, 18  

 ∝      (2) 

thus the seal on a nanocapillary can withstand higher pressures than that of 

a microcapillary. Additionally, the adhesive force of the seal within the 

nanocapillary has been calculated as2 

	 	 	 											                  (3) 
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where  is the diameter of the alumina pore and	  is the coefficient 

of adhesion and depends on the surface energy, thus depends on the pore diameter 

as defined in Eqn. 2. The membrane material will penetrate the pore by a length , 

which determines the thickness of the membrane and the adhesive force between 

the alumina. The adhesive force, , must hold against the force caused by the 

pressure of the oxygen stored within the nanocapillaries, which is defined by Eqn. 

4. 

 ∙ ∙          (4) 

In addition, other ion exchange membrane materials may be used to achieve 

even stronger adhesion. Although an AAO nanocapillary array is proposed, 

alternative nanocapillary and membrane materials could be used to maximize the 

pressure of the stored oxygen. 

Another important consideration is not only the pressure capabilities of the 

nanocapillary but also the pressure tolerances on a seal required to keep gas from 

escaping the open end of the nanocapillary. Zhevago et al. developed a method of 

introducing a metal melt onto the open end of the pores to seal the capillaries. 1 The 

amount of the capillary that must be filled in order to withstand the internal 

pressures present within the microcapillary after hydrogen filling was quantified.2 

This capping method has been modified and improved by using an ion exchange 

membrane such as Nafion® to seal the nanocapillaries and act as a medium for 

electrochemical oxygen compression. 

Research Objectives 

High volumetric and gravimetric storage densities are possible, based on the 

hoop stress calculations, with an array of AAO nanocapillaries integrated with an 

electrochemical pump that serves as a high pressure seal and gas regulation 

mechanism. Nanocapillary arrays with an integrated an MEA acting as the capping, 

filling, and controlled release mechanism would be able to safely store oxygen and 

other gases at high pressures, making them a more viable gas storage technology 
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compared to standard gas cylinders. This research will determine whether high gas 

storage densities can be achieved with nanocapillary arrays with integrated MEA 

cap by: 

1. Fabricating high aspect ratio nanocapillary arrays with optimal 

dimensions for oxygen storage by anodizing high purity aluminum. 

2. Evaluating the gas storage capacity in nanocapillary vessels based on 

hoop stress calculations and measured burst pressure from hydrostatic 

loading. 

3. Fabricating a nanocapillary-MEA system and demonstrating 

electrochemical gas pumping by water electrolysis and measuring the 

current densities. 

4. Measuring oxygen storage capacity in a fabricated nanocapillary-MEA 

by electrochemical compression in a closed-pore nanocapillary 

template. 

At the conclusion of each task a key concept for the gas storage material 

will be demonstrated. Subsequent demonstration of storage material fabrication, 

storage capacity, electrochemical oxygen pumping, and evaluation of the oxygen 

storage capacity will determine the overall feasibility of this technology. 

Hydrostatic loading of a nanocapillary array will determine the potential storage 

pressure, which will allow for the storage density to be calculated. Micro-pore 

blowout measurements determine the ability of the membrane material to seal the 

pores against high pressure differentials. Measuring the current density of the 

oxygen generating process ultimately determines how well oxygen is pumped into 

the gas storage material. Based on these measurements, the feasibility of the gas 

storage material will be confirming the ability to fabricate high pressure tolerance 

nanocapillaries, seal with a MEA system, and compress oxygen into the storage 

material. 
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CHAPTER 2: PREVIOUS RESEARCH 

Fabrication of AAO nanocapillary arrays has been well studied, although 

research has focused on shallow pores produced over a short period of time.19-21 

The researcher has previously worked to demonstrate the ability to fabricate deep 

AAO nanocapillary arrays and characterize the growth for extremely long time 

periods.22 This prior research has also demonstrated integrating the nanocapillaries 

with CNTs through CVD growth. This study focuses on integrating the 

nanocapillaries with capping and sealing materials and demonstrating 

electrochemical oxygen pumping. The mechanism of AAO template growth with 

highly controllable lengths, depth, and spacing, as well as CNT CVD growth is 

discussed in the following sections. 

Gas Storage in Capillary Arrays 

Gas storage technology has been focused on hydrogen storage with the 

focus on fuel cells and hydrogen-powered vehicles. In order for hydrogen fuel to 

become widely used, higher gravimetric and volumetric storage densities must be 

reached. Safe high pressure hydrogen storage is required for hydrogen fuel cell 

vehicles and mobile applications. Conventional materials and pressure vessels 

present safety issues and have low storage densities. High pressure hydrogen 

storage in glass microcapillary arrays has been demonstrated as a potential solution 

for mobile hydrogen fuel. This concept has been adopted for safe, high pressure 

storage of oxygen. 

Capillary arrays are advantageous as they allow high packing densities and 

high storage pressures with small capillary diameters.1 In one study, microcapillary 

arrays with 100 µm, 200 µm, and 500 µm with thicknesses approximately 10% of 

the diameter were tested.1 The capillary arrays were pressurized in a high pressure 

chamber and sealed with an indium melt. After the capillary arrays were fabricated 

they were instantly covered in an epoxy resin for reinforcement. Pressures up to 

1,685 atm (24,762 psi) of hydrogen were achieved in the microcapillaries. This 
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correlates to 48 g H2/L of the material and 0.10 g H2/g of storage material.2 

Comparatively, industrial cylinders that can store up to 700 atm (10,287 psi) only 

have a volumetric storage density of 30 g H2/L and a gravimetric storage density of 

0.06 g H2/g of the system.23 Based on the review of hydrogen storage methods, 

cryoadsorption of hydrogen on superactivated carbon has demonstrated high 

hydrogen storage densities. Pressure tolerant capillary arrays demonstrate high 

pressure gas storage that could be directed for transportable oxygen storage. 

Fabrication of Nanocapillary Arrays 

Figure 6 is an example of an AAO template directly fabricated on an 

aluminum support. For the oxygen storage vessels depicted in Figure 1, the AAO 

nanocapillary arrays are fabricated from a high-purity aluminum substrate by 

electrochemical anodization. A variety of aluminum substrate thicknesses, shapes, 

and anodization conditions can be used to fabricate high-aspect ratio AAO pores 

with differing pore lengths and diameters. Fabrication of AAO can be achieved by 

driving the electrochemical reaction with a high-voltage power supply in a chilled 

acid bath. Substrate preparation, electrolyte concentration, voltage, and acid bath 

temperature are critical variables for fabricating AAO nanocapillary arrays.  

  
Figure 6. A top-down SEM micrograph view of an AAO template prepared on an aluminum substrate. 

One inherent problem with many synthetic approaches of arrayed 

nanocapillary fabrication is the random synthesis of the structures, resulting in low-
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density arrays. The high surface energy associated with small-diameter 

nanostructures makes it difficult to maintain these dimensions with increasing 

nanocapillary length.24 These effects combine to make it extremely challenging to 

achieve a wide range of nanocapillary diameters and pore densities. The self-

assembly process of AAO pore growth assists in producing ordered nanocapillary 

arrays. 

AAO templates can achieve a wide variety of thicknesses, pore diameters 

and spacing, providing an ideal architecture to prepare highly ordered, dense, and 

parallel nanocapillaries.25-27 The AAO nanocapillaries ultimately remains adhered 

to the substrate, which make it an ideal structure for the directed formation of 

catalytic nanostructures and subsequent CNT CVD growth. The ability to control 

these parameters allows for the systematic study of oxygen storage densities on 

AAO-CNT diameter, length, wall thicknesses, and array density. These storage 

materials can also be fabricated in conformal configurations.  

Aside from the development of high-density gas storage materials 

composed of AAO nanocapillaries there has been some interest in fabricating long 

nanostructures.27, 28 However, deep pore growth within AAO nanocapillary arrays 

has not been well studied. Researchers at Mainstream Engineering fabricated a 

nanocapillary array with 100 nm pores that reached pore lengths greater than 2 cm 

with a total array diameter near 1 inch.22 The length of nanocapillary is a function 

of anodization time; however, the growth rate is limited for extremely high aspect 

ratio nanocapillaries.  

Templated Growth of CNTs within Nanocapillaries 

Carpeted growth of CNTs relies on seeded formation from liquid catalytic 

nanoparticles for single- and multi-wall carbon nanotubes. While under vacuum, a 

thin film of the catalytic material is heated to the melting point. Liquid nano-

droplets form due to precise selection of the substrate material so that the catalyst 

melt has an acute contact angle with the substrate.29 This is necessary in order to 
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inhibit nano-droplet coalescence and to aid in droplet diameter uniformity. These 

problems are common and can arise from substrate surface roughness, non-uniform 

substrate heating, and a multitude of other factors, all of which lead to a 

subsequently non-uniform CNT array.  

Upon nano-droplet formation, a precursor gas is flowed across the nano-

droplet array containing CNT precursor chemicals (acetylene, H2, ammonia, etc).30 

The CNT growth mechanism is not well characterized, but it is generally accepted 

that these gases are broken down into free radicals and react and dissolve into the 

droplet, where they are expelled as a CNT upon supersaturation of the precursor 

carbon within the droplet.31, 32 

 
Figure 7. Directed tip-growth of CNTs within a nanocapillary array following electrodeposition of a 

catalyst nano-droplet for CNT growth. 

The process of CNT growth within nanocapillary arrays is shown in Figure 

7. CNTs within AAO pores synthesized by CVD form either by tip-growth or base-

growth mode, which is a result of the interaction and contact force between the 

substrate and catalyst particle.33 Control over the substrate morphology and quality 

as well as the catalytic film thickness and heating rate influences catalyst droplet 

size, which ultimately affects the dimension, orientation, and resulting CNT 

structure. Templated CNT growth within a nanocapillary array eliminates the need 

to control the substrate and catalyst film. The nanocapillary array controls the 

catalyst nano-droplet size and orientation, which reduces the dependency of CNT 

on the substrate material. The carpeted growth of CNT arrays from self-assembled 

catalytic nanoparticles by CVD has previously been demonstrated.22 Templated 

CNT growth results in uniform lengths, diameters, orientation, and CNT densities, 
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which has been demonstrated with porous AAO templates.22 Figure 8 is a high-

resolution scanning electron microscope (SEM) image of multi-walled CNTs.  

 
 Figure 8. FESEM images of CNTs in the AAO, wide view (a), magnification of CNTs (b). 

These CNTs were fabricated by depositing catalytic material into the 

nanocapillary pores and proceeding with the CVD growth process described above. 

This image shows that inclusion of CNT arrays within AAO nanocapillary arrays 

has been demonstrated in previous work by the researcher.22  

Integration of Polymer Materials in AAO Templates 

Fabrication of AAO nanocapillary arrays with integrated CNTs has 

demonstrated the potential for use as a high density gas storage material. The final 

component of the device is the seal and filling mechanism. As previously 

discussed, the simplest design for the gas storage device would be where there is no 

complex and dangerous high pressure process to fill and seal the nanocapillaries. 

Electrochemical compression with an MEA using a polymer ion exchange 

membrane is a simple method of compression that requires no moving parts. The 

polymer within the MEA must penetrate within the nanocapillary and adhere to the 

surface material lining the wall of the nanocapillary. Integrating polymers within 

AAO nanocapillary arrays to fabricate uniform nanostructured polymers has been 

previously demonstrated.34, 35 Based on previous work, integrating the membrane 

seal within the nanocapillaries is feasible. 

(B)(A)
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One method of polymer growth within AAO nanocapillary arrays is by 

multilayer polymer deposition. AAO templates were treated with 3-aminopropyl 

triethoxysilane (APTES), followed by sequential treatment with aqueous 

polyanionic poly(sulfonated styrene) and polycationic poly(allylamine 

hydrochloride) to fabricated polymer nanotubes.34 Treatment of AAO with APTES 

results in a positively charged surface, allowing the polyanionic solution to deposit 

uniformly on the wall surface. The thickness of the polymer layer formed on the 

AAO wall (polymer nanotubes thickness) was dependent on the nanocapillary 

diameter. Smaller nanocapillaries produced thinner polymer nanotubes due to the 

mobility and electrolyte diffusion limitations within the pores.34 This effect was not 

observed for larger pores, where uniform polymer nanotubes’ thickness was 

uniform for the entire length.  

Polymer nanopillars within AAO nanocapillary templates have been 

fabricated by a two-step wetting method using poly(dimethylsiloxane) (PDMS). 

Nano-size polymer plugs made of polystyrene (PS), polycarbonate (PC), and 

polyimide (PI) with lengths near 2 µm and a diameter of 180 nm were fabricated by 

this method.35 The two-step method is done by first spin coating PDMS on an AAO 

template followed by evacuation in a vacuum chamber to remove trapped air. The 

PDMS-filled nanocapillaries were thermally treated to prevent a specific depth of 

polymer from curing. The PDMS was fractionally dissolved using TBA, producing 

shallower nanocapillaries with a polymer coating. After the AAO-PDMS template 

was cured, it was wetted with either PS, PC, or PI polymeric solutions, cured, and 

detached by simply peeling the polymer nanopillar layer off.35 

AAO template surface and morphology affects have been investigated by 

several researches to produce unique polymer nanostructures. Porous polymer 

nanotubes were produced within an AAO template using poly(methyl 

methacrylate) (PMMA) and tetrahydrofuran (THF).36 Phase separation of the 

PMMA and THF solutions was a function of immersion time within the AAO 
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template, polymer concentration, and molecular weight. These porous polymer 

nanostructures were directed for future applications such as filtration, separation, 

and reverse osmosis. Another study reported fabricating nanospheres, 

nanocapsules, and capped nanorods through wetting the AAO nanocapillary 

templates with polymer solutions in different solvents.37 The AAO surface has 

Brønsted and Lewis acidic sites, which promotes adsorption of prototypical basic 

polymers or electron-pair donor (EPD) solvents, respectively. Two EPD solvents, 

THF, and methyl ethyl ketone (MEK) were used with PS to determine the effects of 

solvent on the nanostructure formation. Previously developed predictions relate the 

molecular weight to the nanostructure.38 However, it was observed that with THF 

and MEK only solid nanorods were produced, which was attributed to the 

interfacial interaction of the AAO surface and the polymer.37  

Hydrogen and Oxygen Production with Water Electrolysis 

Water electrolysis is a well understood and common method for producing 

oxygen and hydrogen gas by splitting water in an electrochemical cell. Hydrogen 

production by water electrolysis is done when extremely high purity is desired; 

however, most electrochemically produced hydrogen is a byproduct from chlorine 

production.39 Hydrogen and chlorine is the main product of the chlor-alkali 

electrolysis process, which uses NaCl and water for Cl2 production.40 Oxygen 

production for the International Space Station (ISS) uses a water electrolysis in an 

oxygen generation system (OGS) with recovered water.41 The proposed gas storage 

device with nanocapillary vessels will use water electrolysis to produce a more 

transportable and modular method for oxygen delivery. 

As hydrogen energy continues to gain popularity, generation of hydrogen 

through water electrolysis is being re-evaluated and researched. Electrolysis using 

PEM has been demonstrated at higher current densities, low crossover of gas, and 

high efficiency.42 The most critical components for successful electrolysis systems 

are electrocatalysts, solid electrolyte material, current collectors and overall system 
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design. Increasing electrocatalyst efficiency for oxygen evolution reactions (OER) 

is important for oxygen generation. IrO2 and composite metal oxide catalysts are 

typically used for OER catalysts. Increasing the effectiveness of the catalyst 

reduces the required catalyst loading, ultimately reducing the cost and making the 

technology more viable. Development of IrO2 composites doped with Sn, Ti, Si, 

Mn, Co have been demonstrated to improve catalytic activity due to grain 

refinement, catalyst porosity, morphology, and active surface enrichment.43 

Enhancement of catalyst performance using ordered macroporous catalyst support 

structures has been demonstrated with tin-doped indium oxide (ITO) and 

phosphorous-containing indium and tin (TIP-ITO). Polystyrene spheres were 

ordered into a colloidal crystal by capillary forces, providing a macroporous 

structure for the ITO and TIP-ITO to adhere on the surface after the polystyrene 

was removed. The IrO2 catalyst was fused on the support catalyst structure by 

Adam’s fusion method at 1:1 mass ratio of IrO2 to support.43 The structured 

IrO2/TIP-ITO structure had a 0.22 cm3/g pore volume and 180 m2/g BET surface 

area.43 Evaluation of the electrochemical performance of the macroporous TIP-ITO 

with IrO2 displayed five times more OER catalytic activity compared to pure IrO2 

catalyst with good stability over 1,150 hours of testing.43 Another study used ITO 

nanoparticles with IrO2 as the catalyst support to a achieve BET surface of 121 

m2/g at 90 wt% IrO2 to ITO.44 The electrochemical performance measured in a 

MEA with Nafion-115 showed that the supported catalyst performed similarly to a 

pure IrO2 catalyst. 

Aside from optimizing catalyst performance and reducing the burden 

associated with high catalyst costs, the electrochemical cell stack assembly and 

design has been further investigated by others. Electrolyzer performance is affected 

by the membrane material, catalyst performance, as well as flow channels and 

current collectors. The ohmic contact resistances between the current collectors and 

electrode layers significantly influence system performance. One study investigated 
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the effect of stack compression with Ti grids as electrode backing layers.45 Based 

on the measured electrochemical performance for a water electrolysis stack with a 

Nafion-115 membrane, an IrO2 anode, and a Pt-Vulcan XC-72 cathode MEA, stack 

compression between 15 to 25 kg/cm2 showed no significant effect. However, 

using a thicker Ti grid reduced the ohmic resistance from 1.7 to 0.7 Ω/cm2, which 

would improve electrical efficiency.45  

High performance water electrolysis and electrochemical compression using 

an MEA is heavily dependent on the membrane material, electrocatalyst, and 

assembly. Optimization of each component with respect to individual performance 

measures and the assembly needs to be completed for each system. Development of 

the oxygen storage device with the AAO nanocapillary array material depends on 

optimizing the assembly of the MEA sealing the pores. The electrode within the 

nanocapillaries depends on the separation and alignment of catalyst particles on the 

inside of the pores to maximize active catalyst.  Self-assembly of this electrode 

layer is crucial for filling and releasing gas from the pores. Membrane thickness 

will ultimately determine the maximum filling gas storage pressure and the 

performance of the MEA. Thinner membranes increase ion mobility and water 

transport leading to higher current densities and gas generation rates.46  

Optimization of the nanocapillary-MEA involves uniformly sealing the 

pores with polymer membrane, maximizing catalyst surface area within the pores, 

increasing OER catalyst activity, and maintaining chemical and physical stability. 

Assuming the pores are uniformly capped with membrane material and the rate of 

compression is consistent throughout the array, the gas can be stored at a fixed 

pressure. The inner catalyst layer must self-segregate to expose the oxygen 

generating catalyst within the pores to increase the rate of gas compression and 

release with high OER activity. In order to be a viable option for gas storage, the 

nanocapillary-MEA system must demonstrate high stability of long periods of time 

and multiple charging and discharging cycles.  
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CHAPTER 3: METHODS & EQUIPMENT 

Feasibility of the gas storage device was sequentially proven by fabrication 

of AAO nanocapillaries with CNTs, integrating ion exchange polymer materials, 

demonstrating electrochemical production of oxygen and hydrogen within the 

nanostructure, and measuring the performance of a laboratory prototype. Each task 

was performed independently to characterize the fabrication steps required for the 

nanostructured system. The following sections discuss the experimental methods 

used to demonstrate and verify the feasibility of the high density gas storage 

device. 

Fabrication of Nanocapillary Arrays 

Equipment and instrumentation for deep nanocapillary AAO growth were 

acquired and commissioned. This included a power supply, a data acquisition 

system, and a circulating chiller for a cold acid bath. Nanocapillaries were 

fabricated with a Kikasui PAS160-4 power supply controlled by a custom National 

Instruments LabVIEW program and a Kikasui PIA4850 power supply controller. 

Voltage set points, voltage ramp rates, and current set-points were controlled by the 

data acquisition and control program. The LabVIEW program continuously 

monitored and displayed the current density and charged passed as a function of 

anodization time. Voltage ramp control ultimately affects pore formation and 

ordering quality, while current monitoring displays information about the nanopore 

self-assembly process. The characteristic amperometric response signifies the 

behavior of nanocapillary growth. 

The Kikasui power supply can measure very small output currents while 

supplying high voltages, which is required for the fabrication of nanocapillary 

arrays. Self-assembly of AAO nanocapillary pores occurs at voltages between 50 V 

and 140 V and currents less than 100 mA/cm2. To determine whether the 

nanocapillary array self-assembly process is following the prediction, high 

impedance measurements that measure high voltage input and low current output is 
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required. Figure 9 shows a chronoamperometric response during a successful 

anodization of high purity aluminum to an AAO nanocapillary array.47 The 

structure of the nanocapillary pores can be related to the measured current versus 

time curve at different conditions.8, 19, 48 

The time-resolved current response of the electrochemical cell provides 

detailed information concerning the processes that are occurring within the 

aluminum film during anodization. Once the changes in the current output are 

correlated to the processes occurring during anodization, time-resolved current data 

serves as an active method to indicate whether the anodization is proceeding 

successfully. The shape of the current output shows distinct processes occurring 

during the anodization of the aluminum film. Figure 9 shows the current-voltage 

relationship for a hard anodization of aluminum in the presence of an acid 

electrolyte over time.  

 
Figure 9. Chronoamperometric response of successful AAO formation by hard anodization.48 

The voltage increase for the hard anodization is controlled to avoid the 

electric breakdown and prevent damage to the substrate. Depressions begin to form 

on the aluminum surface, which leads to the electrochemical anodization reaction 
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to occur predominately in these regions. This deformation leads to an increase in 

reactive surface area. Electrolytes and acid ion species begin to enter the AAO 

barrier layer and ionize. This ionization of charged species gives electrons up to the 

oxide conduction band leading to an exponential growth in the current density.48 

The exponential current density relationship is dependent on the diffusion of ionic 

species to the oxide surface, impact ionization coefficient, the barrier layer 

thickness, and the voltage at the barrier layer surface.48, 49 This phenomenon is 

depicted in Figure 9 at the beginning of the hard anodization. As the AAO 

nanocapillary begins to form and grow down towards the aluminum diffusion 

effects are observed. As the nanopores grow, electrolyte species must diffuse 

further into the pore, reducing the concentration of electrolytes at the barrier layer. 

This leads to an exponential decrease in the current density over time, which has 

been observed experimentally. Over long periods of time, the current density 

begins to reach a steady-state as the electrochemical reaction is diffusion limited.  

When successful anodization occurs, the characteristic features depicted in 

Figure 9 are independent of the anodization acid solution, applied voltage, 

interlayer material, and aluminum film thickness. These time-resolved current 

features are observed in all successful anodization scenarios because it involves 

processes occurring within the aluminum oxide and aluminum substrate. 

Deviations to the anodization acid solution, applied voltage, and aluminum 

substrate only influence the overall anodization time and magnitude of the current 

density. The anodization process can be prematurely stopped before complete 

aluminum consumption, which produces a nanocapillary pore that is sealed on one 

end with the remaining aluminum. 

Several anodized aluminum oxide nanocapillary arrays were fabricated to 

provide working templates for fabricating the nanocapillary-MEA structures. 

Samples were prepared by either a one- or two-step anodization with 0.3 M oxalic 

acid solution, maintained at 0°C, at 140V. The designated oxygen storage material 



 

24 
 
 

 

fabrication apparatus is shown below in Figure 10. The entire system includes the 

power supply, chiller, mechanical stirrer, and LabVIEW controller.  

 
Figure 10. AAO nanocapillary array fabrication test stand. 

The current and charge passed were continuously monitored and recorded 

during the fabrication of each nanocapillary array. With the voltage and current 

data, the pore diameter, current density, and pore length were determined. 

CVD Growth of CNTs within High-Aspect-Ratio Nanocapillaries 

The researcher has previously demonstrated CVD growth of CNTs within 

the nanocapillary arrays (as shown in Figure 24). Therefore, this step in the gas 

storage material fabrication process was not critical in the development of the 

proposed oxygen storage system. Integrating CNTs within AAO nanocapillary 

arrays by CVD is a well understood and reproducible process.8, 13, 30, 33 Given the 

experience of integrating the CNTs within the AAO nanocapillaries, effort focused 

on investigating capping materials and demonstrating the electrochemical oxygen 

pumping. A description of the procedure to grow CNTs by CVD is provided below. 

CNTs within deep nanocapillary arrays were grown by CVD in a FirstNano 

EasyTube CVD furnace. A procedure was developed to optimize the quality of 

large-diameter, multi-walled CNTs as well as the growth rate. Prior to insertion 

into the CVD chamber, a 100-nm cobalt nanoparticle was electrodeposited at the 

bottom of each nanocapillary in the array by mild-etching the alumina layer at the 



 

25 
 
 

 

pore bottom first, followed by electrodeposition. Cobalt was deposited at –2 V 

versus a saturated calomel electrode in a solution of cobalt sulfate and boric acid. A 

calibration with an electrochemical quartz crystal microbalance showed the optimal 

deposition voltage as well as a highly precise growth rate. The CVD chamber was 

heated to 500°C and purged with argon at 10 L/min. Then, the flow rate was 

dropped to 200 cm3/min, and the temperature was ramped to 650°C and held for 10 

min. The AAO was reduced for one hour at this temperature, and a nominal flow 

rate of 28 sccm H2 within the Ar carrier gas. Following AAO reduction, the 

chamber was purged, and a 1:2 ratio of H2:C2H2 was used with flow rates of 28, 56, 

and 200 cm3/min for H2, C2H2, and Ar, respectively. Under these conditions, a 

nominal CNT growth rate of 15 µm/h was observed. 

CNTs were also grown within the AAO template in the absence of a 

catalyst. Non-catalytic CVD growth of CNTs has been previously demonstrated on 

anodic aluminum oxide.25, 26 Catalytic activity of crystalline γ-Al2O3 in AAO is 

higher than chemically prepared γ-Al2O3 with respect to the dehydrogenation and 

decomposition of C2H2.
25 The C2H2 decomposes on the AAO nanocapillary wall 

and forms the carbonaceous pore wall. It has been shown that the catalytic activity 

of the AAO wall at lower temperatures result in less graphitized and more 

amorphous carbons.25 The CVD furnace is first purged with argon and brought to 

the reaction temperature, then introduced with C2H2, H2, and Ar for the pyrolysis of 

C2H2 and deposition on the AAO walls. The non-catalytic CNT growth mechanism 

in AAO templates is summarized below in Figure 11. This method was used 

predominately for the fabrication of the CNTs within fabricated AAO nanocapillary 

arrays. 
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Figure 11. Non-catalytic CNT growth mechanism in AAO nanocapillary pores. 

After CNT growth, the nanocapillary arrays changed from white and gray in 

color to black, signifying the presence of CNTs. To verify growth, the samples 

were cross-sectioned and imaged with a field emission gun scanning electron 

microscope (FESEM).  

Evaluation of Oxygen-Storage Density Potential 

Based on Eqn. 1, a single AAO nanocapillary pore would have a burst 

pressure near 4,000 psi. To determine the actual burst pressure of the nanocapillary 

array high pressure tests were conducted with a hydraulically charged chamber. 

Predicting the burst pressure of the array is complex and would require advanced 

calculations. Therefore, pressurizing the array at specific increments to determine 

the failure pressure would provide an indication of the enhancement due to the 

array. 

The AAO nanocapillary arrays were pressurized from 1,000 psi to 30,000 

psi at 1,000 to 5,000 psi intervals in a high-pressure testing apparatus (shown in 

Figure 12).  
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Figure 12. Mainstream’s high pressure loading cell. 

The outermost nanocapillaries in the processed anodized aluminum oxide 

sample were first sealed with a film of indium as shown in Figure 13. This would 

ensure that the outside nanocapillaries were sealed at atmospheric pressure. 

Samples were then exposed to high pressure fluid in the high-pressure testing 

apparatus, only pressurizing the exposed nanocapillaries in the center of the AAO 

array. Assuming a continuous seal around the indium layer, this method measures 

the burst pressure since only the inner nanocapillaries are exposed to high pressure 

and are observed. Near the region of opened and sealed nanocapillaries, there could 

be implosion of sealed nanocapillaries. Observing the point of failure would 

indicate whether the inner nanocapillaries burst or sealed nanocapillaries imploded. 

The maximum pressure was obtained by observation before and after each 

pressurization, examining the sample for damage in the area of the indium melt-

capping.   
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Figure 13. Schematic of an indium-sealed AAO nanocapillary array. 

At each step, the sample was placed under a microscope to detect any 

physical damage that might have been visible from the surface. No implosion was 

observed for the indium-sealed AAO nanocapillary array. Based on the physical 

damage, it appeared the nanocapillaries burst as there were cracks predominately in 

the center of the array. The cracks in the center of the array propagated through the 

array and caused the inner nanocapillaries to burst and the sealed nanocapillaries to 

implode. There was no physical damage observed up to this pressure limit of 

30,000 psi, indicating that the nanocapillary array is more pressure tolerant than the 

prediction for an individual nanocapillary. Based on the hoop stress calculation, the 

burst pressure of a single 100 nm diameter nanocapillary is 3,722 psi. One possible 

explanation for this observation would be an enhancement due to balancing forces 

within the nanocapillary array. 

Once the maximum test pressure of the apparatus shown in Figure 12 was 

reached, the AAO arrays were sent to an external testing chamber capable of 

reaching pressures greater than 60,000 psi. Damage to the AAO nanocapillary array 

was observed at a pressure greater than 45,000 psi, indicating the maximum burst 

pressure. Using the maximum storage pressure, nanocapillary geometry, and array 
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density, the oxygen storage capacity for the nanomaterials was determined. 

Volumetric and gravimetric storage densities were calculated based on the 

characteristic material dimensions. Ultimately, this information allows for the gas 

storage material to be fabricated according to the desired storage densities and total 

demand for stored gas. 

Investigation of Pressure Capping and Electrochemical Compression 

One important material characteristic for the oxygen storage device is the 

adhesive properties of the capping material with the wall surface of the 

nanocapillaries. Strong adhesive forces between the nanocapillary and the seal were 

expected due to increased surface energy with decreasing pore diameter.17, 18 The 

surface energy, which is related to adhesive force, is known to increase 

dramatically with increasing pore curvature,17, 18 Therefore, the seal on a 

nanocapillary would be able to withstand higher pressures than that of a 

microcapillary. The adhesive force depends on the pore diameter and the material 

characteristic coefficient of adhesion, which is also a function of surface energy. 

The sealing membrane material must conduct ions while holding against 

large pressure differentials due to the storage oxygen. The adhesive force, , must 

hold against the force caused by the pressure of the oxygen stored within the 

nanocapillaries. The membrane material will penetrate the pore by a length, , 

which determines the thickness of the membrane and the adhesive force between 

the alumina. Values of the coefficient of adhesion, , were determined through 

micro-scale capping experiments, ultimately relating  to the diameter of the pore.  

While holding a fixed cap length, the membrane cap blowout pressure was 

measured for various pore diameters, and the value of the proportionality constant 

were calculated using Eqn. 3 and Eqn. 4. The tested micro-scale pore diameters 

were 0.1, 0.20, 0.40, 0.60, 0.80, and 1.00 mm. A CAD rendering of the 

experimental apparatus along with the machined micro-scale pores are shown in 

Figure 14. 
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Figure 14. Conceptual CAD rendering of the micro-scale cap blowout experiment (a), machined micro-

scale plug (b), and blowout plug filled with Nafion® (c). 

The machined micro-pore test cap shown in Figure 14b was fabricated with 

variable pore diameter and fixed pore length at 0.23 in. Upon fabrication, the 

aluminum test cap was thermally oxidized to produce a thin layer (> 1 µm) of 

alumina, which ensured the measurement closely resembled the actual anodized 

aluminum oxide system. Using a small sample of high-purity aluminum, a thin 

layer of alumina (aluminum oxide) layer was produced through thermal oxidation. 

The measured alumina film was nearly 5 µm thick. Following oxidation process the 

membrane material was cast within the micro-scale pore and annealed. 

Micropore blowout pressure experiments were conducted with sPEEK and 

Nafion. Nafion-115 membrane and D2021 20 wt% Nafion solution were purchased 

from Ion Power, Inc. Membrane materials such as sPEEK are not typically 

available and must be synthesized. Starting with poly(ether ether ketone) (PEEK) 

(A)

(B) (C)

0.75”
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powder, sPEEK ion exchange membrane solution was made. The PEEK powder 

was dissolved in highly concentrated sulfuric acid at 50°C for 3 hours at a 

concentration of 4.2 w/v%. Under these conditions a high degree of sulphonation 

occurs.50 sPEEK was precipitated out in a water bath maintained at 0°C, collected, 

washed with DI water, and dried under vacuum at 60°C for 12 hours. The sPEEK 

was then dissolved in N,N-dimethyl formamide as a 3.3 wt% solution for casting 

membranes. The synthesized sPEEK membrane material was difficult to cast 

within the micropores, which made it difficult to accurately measure the blowout 

pressure. Effort focused on demonstrating the capping and sealing of the 

micropores with a PEM material to address the technical hurdle of containing high 

pressure gas within the nanocapillaries. 

The blowout test stand is shown in Figure 15a. Gas was slowly introduced 

throughout the system through the pressurizing gas inlet. Using an Omega 

DPG4000 series electronic pressure gauge the pressure was continuously recorded 

until a dip in pressure or a visible failure of the membrane was observed. Figure 

15b shows the Nafion membrane cast within the machined micropore. Each 

membrane was cast, annealed, and inspected with a Nikon Eclipse ME600 optical 

microscope with a Photometrics digital camera to ensure the membrane cap was 

uniform. An image of a uniform Nafion seal within the 625 µm micropore is shown 

in Figure 15c.  
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Figure 15. Micro-scale cap blowout pressure test stand (a) with the machined micropore test cap (b) and 

a microscopic image of the cast and anneal membrane (c). 

The blowout of the membrane seal was confirmed by the inspecting the 

micropore with a magnifying lens and using Snoop® liquid leak detector.  

In addition to the blowout pressure experiments, planar adhesive forces of 

membrane materials to alumina were measured. The pressure required to separate 

the alumina and Nafion in the planar system is essentially the burst pressure at zero 

curvature, which gives a lower limit for extremely large pore diameters. Nafion was 

cast between two alumina plates of uniform surface area, dried, and annealed at 

110°C under vacuum for one hour. One sheet of alumina was held stationary while 

the other was exposed to incremental increases in force normal to the surface. The 

pull-off force required to separate the alumina-membrane sheets was measured at 

the point of failure.  

Using a similar apparatus to the pull-off pressure (Pp) test stand to measure 

the planar shearing force required to separate the alumina-membrane assembly. The 

shear-off pressure (Ps) measurement was conducted with a custom-made alumina 

surface, shown in Figure 16, mounted vertically with one plate held stationary. 

Pressure 
Gauge
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Figure 16. Alumina plate for conducting pull-off and shear-off tests with membrane materials. 

The fabricated alumina plates had several mounting holes to allow for a 

vertical or horizontal orientation. For shear-off tests, the two alumina plates were in 

a staggered position allow for one plate to be fastened to a surface while the other is 

connected to weights.  

Demonstration of Fabricated Nanocapillary-MEA 

Several AAO nanocapillary array templates with pore diameters appropriate 

for oxygen storage were fabricated. Initially, the membrane material was integrated 

into the nanocapillaries with and without a surfactant pretreatment. Nanocapillaries 

were also capped with membrane after the array was heated to 40°C under vacuum 

to remove any water within the pores due to capillary condensation. Nafion was 

immediately cast directly on the AAO template in a 5 wt% Nafion solution. After 

the membrane was cast on the nanocapillary array, the samples were annealed and 

imagined with the SEM to characterize the penetration of membrane into the pores. 

After the successful demonstration of deep membrane penetration, the complete 

nano-scale MEA (nano-MEA) was fabricated using the AAO nanocapillary array. 

Figure 17 describes the fabrication procedure used to construct the nano-

MEA within the nanocapillary array. The nanocapillary array was fabricated on a 
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conformal substrate to yield deep pores with a diameter of 100 nm. This structure 

provides the structural base of the high-oxygen storage density material. CNTs are 

growth within the pores to line the walls for electrical contact and additional 

mechanical stability. The most challenging step was casting the inner oxygen 

electrode, which must penetrate deep enough within the nanocapillary array to cap 

and seal the pores against large pressure differentials. Finally, the conducting 

membrane material was cast atop the oxygen electrode (anode) followed by the 

deposition of the hydrogen electrode layer (cathode).  

 
Figure 17. Outline of fabrication procedure to fabricate the nanocapillary arrays and to integrate the 

CNTs and membrane electrode assembly. 

As mentioned earlier, the first step of the nano-MEA fabrication process is 

to grow a multi-walled CNT to provide a conductor from the inner electrode layer 

to the end of the nanocapillaries. The fabricated nano-MEA for electrochemical 

oxygen pump testing had pore openings at both ends. This allowed for oxygen 

produced at the inner electrode to flow out the fuel cell stack and be detected, its 

flow rate measured and its composition characterized. The first step of the process 
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is incorporating the 60 µm deep, 100 nm AAO pores (open ends), with CNTs using 

non-catalytic CVD.  

The next step of fabrication process is casting the inner Pt-Nafion electrode 

layer within the pores. A 2.5:1 Pt-Nafion mixture was prepared based on a target 

loading of 0.4 mg of platinum per square centimeter of electrode area. Using 3 nm 

platinum particles, a uniform electrode layer within the nanocapillaries was 

expected, as the diameter of the nanocapillary is much greater than that of the 

particle. A 1000 ppm Pt solution of 3 nm particles was used to increase dispersion 

and reduce agglomeration of particles. Initially, the dilute electrode mixture was 

drop-casted on a template and imaged with the SEM to determine how the structure 

cures within the pores. Once the inner electrode layer was cast, another membrane 

layer was applied directly to the template. Next, a 0.5 mm Nafion-115 membrane 

and a commercially available electrode-GDL were hot pressed to complete the 

MEA. 

A fuel cell stack configuration was used for measuring the performance of 

oxygen generation with the fabricated MEA. An exploded view CAD rendering of 

the fuel cell stack with the MEA is shown in Figure 18. Water flows into the cell on 

one side (cathode) of the membrane through a flow field plate and exits with the 

hydrogen byproduct. The oxygen side (anode) produces gas that is swept out of the 

assembly by an inert gas. Gas chromatography mass spectroscopy (GC-MS) was 

used to determine the quality of generated oxygen gas. Membrane performance 

measurements would determine the rate of oxygen generation and efficiency.  
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Figure 18. Macro-scale oxygen pump test stand for MEA performance evaluation. 

Initially, a commercial water electrolysis MEA was used to provide baseline 

oxygen-generation performance within the actual fuel cell stack (shown in Figure 

19). The baseline measurements provide characteristic information about the 

assembled test apparatus and allow for comparison with the fabricated MEAs. 

After the initial performance tests, the open-pore AAO nanocapillary-supported 

MEA system was fabricated and tested with the cell shown in Figure 19. 

Electrochemical oxygen pumping performance with the nano-MEA was 

characterized by current-voltage measurements. Since the nano-MEA is structurally 

different, a large MEA with the same characteristic membrane thickness and 

catalyst loadings was fabricated. This MEA would provide a comparison of the 

performance of the nano-MEA with and without integration into the 

nanocapillaries. 
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Figure 19. Fuel cell system for water electrolysis on macro-scale and nanoscale membrane electrode 

assemblies. 

Water was supplied to the membrane through the flow channels of the fuel 

cell stack where it permeates through the membrane to the anode electrode. Oxygen 

generated at the anode was swept through to an oxygen monitor by an inert gas 

where the oxygen production rate was determined. The power supply continuously 

measured the polarization curve and power requirements. 

Demonstration of Closed-pore Nanocapillary-MEA 

After the fabrication and demonstration of the open-pore nanocapillary-

MEAs, several closed-pore AAO templates were prepared and integrated with 

CNTs by CVD. The nano-MEA was fabricated following to the same method 

described above. The catalyst to Nafion weight ratio used was 2.5:1.0. It was 

expected that some of the catalyst mixture would deposit onto the surface of the 

template; however, most of the oxygen generated would flow into the pores. Shown 

in Figure 20 are the sequential fabrication steps of the nanocapillary-MEA starting 

with the AAO-CNT structure.  
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Figure 20. Assembly of the MEA starting with the AAO-CNT 

After application of the oxygen anode catalyst, Nafion diluted in denatured 

ethanol was sprayed on the sample. This layer of Nafion completely seals the pores 

within the template and acts as an adhesive for an application of Nafion-115 

membrane. The sprayed template was dried at 105°C for about five minutes. 

Using a Nafion-115 sheet and commercial electrode from Johnson Matthey 

(ELE00171 Pt/C) the closed-pore nanocapillary-MEA was produced. A piece of 

Nafion-115 was placed over the template, followed by a piece of the commercial 

electrode and GDL material. The assembly was sandwiched between 10 mil Mylar 

sheets and a square of “press-pad” material was placed over this to help distribute 

pressing forces on uneven surfaces. This entire assembly was placed between flat 

aluminum sheets and pressed at 125°C and about 950 pounds force. After three 

minutes, the heat was shut off and the unit was allowed to cool below 80°C. This 

prevented the Nafion sheet from “creeping” when the pressure is reduced and the 

assembly is still hot.  

Excess Nafion and electrode material were cut away from the disk. A 

silicone ring gasket was applied, and the edges were sealed and cured with a 

silicone sealant (Wacker Elastosil RT624). The blended sealant was first applied in 

a light layer to a silicone gasket and to the mating surface on the electrode back. 



 

39 
 
 

 

The gasket was applied and placed in a hot circulating-air oven at 100°C for 5 

minutes. The bottom of the assembly was then covered to keep the surface clean 

and the prototype was submerged in the sealant and placed in a 100°C oven for 5 

minutes to cure. The excess material was cut away and the resulting prototype unit 

(Figure 21a) was prepared for assembly into the custom nanocapillary-MEA disk 

holder (Figure 21b). 

 
Figure 21. Laboratory closed-pore nanocapillary-MEA prototype (a), custom holder for testing the gas 

storage prototype (b), and electrochemical compression in nanocapillary-MEA (c) 

Analysis of Nanocapillary-MEA and Electrochemical Performance 

At each step of the nanocapillary-MEA fabrication process the prototype 

was evaluated by inspection and imagining with an Amray 1845 Schottky Field 

Emission Scanning Electron Microscope (FESEM) shown below in Figure 22.  
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Figure 22. Amray 1845 Schottky FESEM used for imagining materials and nanostructures 

The AAO nanocapillary array was imaged before and after the inclusion of 

CNTs to ensure the nanopores were open and the integrity of the nanocapillary 

pressure vessel was intact. For analysis of the inner electrode structure the AAO-

CNT template with the casted Pt:Nafion layer was gold coated using a Denton 

Vacuum Desk II plasma thin film sputter coater. The complete nanocapillary-MEA 

assembly was cross-sectioned and imaged in the same manner after the 

electrochemical compression tests were completed. 

Electrochemical performance measurements were made by cyclic 

voltammetry and potentiostatic measurements. The prepared electrochemical cells 

were either loaded in the fuel cell configuration (open-pore) or the custom holder 

(closed-pore), which was monitored by a Solartron Analytical 1470E CellTest 8-

Channel Potentiostat. Current and voltage measurements were used to characterize 

and calculate the theoretical rate of electrochemical oxygen generation and 

compression. 
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CHAPTER 4: DEVELOPMENT OF THE HIGH CAPACITY 

GAS STORAGE MATERIAL 

The following sections discuss the results for each task designated to the 

development of the oxygen or gas storage material. Deep AAO nanocapillary 

arrays with the optimal dimensions for oxygen storage were fabricated. CNTs were 

grown within the nanocapillary pores. The AAO nanocapillary arrays were then 

hydrostatically tested to determine the ultimate burst pressure of the material. 

Using PEM material as a seal within micropores the coefficient of adhesion was 

measured. Nanocapillaries were successfully plugged and sealed with Nafion with 

and without platinum electrocatalyst. The electrochemical performance of the 

fabricated nanocapillary-MEA systems was measured and characterized. 

Ultimately, a closed-pore nanocapillary-MEA prototype was demonstrated and 

characterized through cyclic voltammetry measurements.  

Fabrication of Deep Pore Nanocapillary Arrays 

The target pore diameter for oxygen storage within the nanocapillaries is 

100 nm based on maximum storage pressure and oxygen densities. Templates were 

fabricated with near 100 nm pore diameters to provide a base for the oxygen 

storage system and to demonstrate the electrochemical oxygen pumping within 

nanocapillaries. SEM images of these nanocapillaries are shown in the previous 

sections. 

High growth rates for extended time durations were conducted under a 

range of experimental parameters such as applied voltages, bath temperatures, acid 

concentrations, and periodic etching of the nanocapillary array. Periodic etching 

resulted in restoration of the faster growth rate by thinning out the alumina wall and 

reducing the resistance. Etching was completed by treating the template with 25% 

phosphoric acid for a short time and restarting anodization. The nanocapillary 

growth rate nearly doubled after etching after it had reached some minimum value. 

However, electrolyte diffusion within the nanocapillaries limits the oxidation 
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process and the maximum growth rate was never fully restored. Under continuous 

anodization and without etching, the current density slowly decreases over time 

until it reaches a diffusion-limited steady-state. Shown below in Figure 23 is the 

current-time profile for a standard aluminum anodization.  

 
Figure 23. Chronoamperometric response during hard anodization showing nanocapillary growth with 

the total charged passed 

Increasing acid electrolyte concentration, increasing acid bath temperature, 

and increasing voltage proportional to the drop in growth rate were several methods 

used to mitigate the nanocapillary diffusion limitation. Increasing the concentration 

of the electrolyte solution should increase the rate of reaction. As the concentration 

of participating species at the nanocapillary bottom is proportional to the bulk 

concentration, decreasing pH logarithmically increases the concentration. Oxalic 

acid is the acid electrolyte used for hard anodization of aluminum at higher 

voltages, such as those used to reach 100 nm pore diameters (100-140 V). High 

concentrations of acid can lead to unwanted oxide etching, which would 

compromise the structure of the nanocapillary array. In addition, due to the 
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solubility of oxalic acid the maximum electrolyte concentration is 0.99 M. 

Decreasing pH without dissolution of the oxide would increase the concentration of 

participating species at the bottom of the pore and would increase the nanocapillary 

growth rate. The second approach of increasing bath temperature increases the rate 

of diffusion, which typically follows an Arrhenius dependence with temperature.51  

Growth rates near 100 µm per hour were maintained for over four hours by 

simultaneously increasing oxalic acid concentration to the point of saturation and 

followed by a gradual increase in temperature. This nanocapillary growth rate was 

achieved by both dosing the anodization solution with oxalic acid to increase the 

electrolyte concentration (C), followed by thermally dosing the solution by 

incrementally increasing temperature to enhance electrolyte diffusion within the 

pore (D). Assuming migration of electrolyte within the pore limits the current to a 

power law decay, a relationship for the increase in applied voltage can be derived 

to maintain a steady-state current. The applied voltage at the bottom of the 

nanocapillary pore must be 140 V to maintain the same current; thus, the increase 

in voltage accounts for the increase in pore length and the overall resistance. This 

fabrication method has enhanced the nanocapillary growth rate and offers unique 

advantages over standard anodizations. As the focus of this research is on the 

nanocapillary-MEA system development, templates were grown by hard 

anodization with a constant electrolyte concentration and temperature.  

Integration of CNTs within Nanocapillaries by CVD Growth 

AAO nanocapillary arrays with CNTs grown by CVD were cross-sectioned 

and imaged with the SEM. The images in Figure 24 verify the presence of the 

CNTs and that the complete nanocapillary array has been integrated with CNTs. By 

inspecting several regions of the nanocapillary array under the SEM, nearly all of 

the pores were filled with CNTs, indicating that non-catalytic growth of CNTs 

within the AAO nanocapillary array under the conditions in the CVD furnace 

allowed for CNT growth. 
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 Figure 24. SEM image of 60 µm thick template before and after CVD CNT growth. 

Figure 25 shows the top view of a cross-sectioned AAO nanocapillary array 

with CNTs along the pore walls. The nanocapillaries were approximately 100 nm, 

which is the optimal pore diameter that is predicted to achieve the greatest 

volumetric and gravimetric storage densities for oxygen. In order to capture the 

CNT lining the wall, the AAO-CNT array was etched in 25 wt% phosphoric acid 

for 15–20 minutes prior to imaging. This removed AAO near the top of the 

nanocapillary array and around the CNT, revealing more information about the 

CNT wall thickness. 

 
Figure 25. SEM image showing the top view (left) and cross-sectional view (right) of CNTs within the 

AAO pores. 
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Etching dissolves a portion of the AAO wall, leaving a small gap between 

the alumina and CNT, which can be seen in Figure 25. It was also determined that 

the AAO-CNT template could be surface polished to remove excess CNT and 

carbon deposit from the front face of the nanocapillary array. This post-processing 

is critical for the assembly of the nanocapillary-MEA as graphitic carbon on the 

surface could reduce the performance of the electrochemical pump. 

Evaluation of Oxygen Storage Capacity 

An AAO nanocapillary array was hydrostatically loaded to test the validity 

of the nanocapillary burst pressure model. This experiment immediately 

determined whether the nanomaterials are tolerant to extremely high pressures. 

After the outer pores of the AAO nanocapillary array were sealed with indium melt, 

the sample was hydrostatically tested in a 30,000 psi chamber. As the nanocapillary 

is uniform in color and surface roughness, failure would be observed by cracks or 

discoloration within the array. Inspection of the AAO array at each pressure tested 

up to the maximum revealed no physical damage, indicating that the nanocapillary 

array could withstand higher pressures than that predicted for a single pore. In order 

to hydrostatically load the template to higher pressures an external testing facility 

with a 65,000 psi chamber was used. Between the pressures of 45,000–50,000 psi 

nanocapillary damage was observed as cracks predominately in the middle of the 

array and near the indium seal, proving the nanocapillary array can store up to 

45,000 psi. This is much higher than the predicted burst pressure of a single pore, 

which is nearly 4,000 psi, indicating the nanocapillary array increases the pressure 

tolerance. This test assessed the safety tolerance of the material for high pressure 

oxygen storage and provided information to estimate the gas storage densities. 

Based on the estimated burst pressure, the predicted volumetric and 

gravimetric storage density of the AAO nanocapillary arrays can exceed that of a 

high pressure cylinder by 220% and 160%, respectively. For a typical SCBA 

system, a 3 L cylinder that holds between 3,000–4,500 psi has a volumetric and 
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gravimetric storage density of 277 g O2/L and 0.214 g O2/g of storage material. The 

predicted volumetric and gravimetric storage density for various nanocapillary 

diameters with a CNT wall thickness of 5 nm is shown in Figure 26. At 45,000 psi 

the volumetric storage density is 887 g O2/L, and the gravimetric storage density is 

0.556 g O2/g of storage material. These values are indicated on the graph showing 

the modeled storage densities. 

 
Figure 26. Predicted volumetric and gravimetric storage density for different nanocapillary diameters 

with a CNT wall thickness of 5 nm. 

The maximum volumetric and gravimetric storage densities predicted by the 

model expressed by Eqn. 1 are 1,139 g/L and 0.616 g/g, respectively. Based on the 

hydrostatic pressure testing of the nanocapillary array, oxygen and other gases 

could be stored safely within the nanomaterials at 30,000 psi. Inspection of the 

nanocapillary array after exposure to 30,000 psi with the microscope revealed no 

damage to the sample. Using the physical properties of oxygen at 30,000 psi with 

the overall dimensions of the nanocapillary array, the total mass of oxygen was 

calculated. At this pressure the volumetric storage density is approximately 784 g 
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O2/L, and the gravimetric storage density was near 0.525 g O2/g of material. Figure 

27 shows the predicted storage densities as function of CNT wall thickness for a 

100 nm nanocapillary pore based on the previous model. 

 
Figure 27. Predicted volumetric and gravimetric storage density for different CNT wall thickness in a 

100 nm AAO nanocapillary. 

Based on the model shown in Figure 26, the nanocapillary pore diameter 

with a 5 nm CNT can range between 60 and 550 nm and maintain a volumetric and 

gravimetric storage density within 10% of the maximum calculated value. Given 

the AAO nanocapillary is 100 nm, the CNT wall thickness can vary between 1 to 9 

nm and be within 10% of the maximum value for storage density. This indicates 

that fabrication of the AAO-CNT structure has flexibility, which reduces the risk of 

material failure due to production variability. Based on this analysis, the 

gravimetric and volumetric storage density is more dependent on the CNT wall 

thickness than the AAO nanocapillary diameter. This is favorable as larger 

nanocapillary diameters can be grown faster as mass transport of species increases 

with increasing pore diameters.34 Large-scale fabrication of the AAO-CNT is also 
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favorable since the integration of CNTs within the nanocapillary pores has been 

demonstrated with a high degree of control. 

Development of the High Storage Density Nanomaterials 

Based on the results discussed, AAO nanocapillary arrays have high 

estimated volumetric and gravimetric storage densities near 1,139 g/L and 0.616 

g/g, respectively. Small 3 L high pressure oxygen cylinders have storage densities 

of 277 g O2/L and 0.214 g O2/g, which is significantly lower than the predicted 

storage capacity of AAO. The integration of CNTs demonstrates the feasibility of 

fabricating the AAO-CNT high pressure gas storage material. Given the predicted 

storage pressures and the experimentally determined burst pressure, these 

nanomaterials could safely store high pressure oxygen up to 30,000 psi. At this 

point, the last hurdle for the oxygen storage nanomaterials is sealing and filling the 

nanocapillaries against high pressure differentials. Integrating the nanocapillary 

array with the ion exchange membrane material would allow the cap and seal to 

participate in the electrochemical pumping mechanism. Several membrane 

materials that are commonly used in water electrolysis systems were identified as 

potential capping and sealing materials.15, 45 The most promising membrane 

materials were tested to measure the potential capping and sealing capabilities 

within the nanocapillary arrays. 
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CHAPTER 5: MATERIAL SELECTION AND INVESTIGATION 

OF NANOCAPILLARY SEALING 

Membrane Material Selection 

Selection of the membrane and sealant material involved identifying 

different classes of materials and assessing their electrochemical and physical 

properties. Properties such as conductivity, oxygen selectivity and permeability of 

water, adhesion of the material to alumina, and thermal and mechanical stability 

were considered. State properties relevant to the electrochemical filling rate, 

dielectric breakdown field strength, and overall usage as an oxygen capping MEA 

are listed below in Table 1. A thorough survey of ion exchange membrane 

materials for the oxygen storage device was conducted.   

Table 1. Conductivity, Oxygen Permeability, and Water Dependency of Membrane Materials. 

Material 
Conductivity 

(mS/cm) 

O2 
Permeability 

(mol/cm·s) 

Water 
Dependency 

Elastic 
Modulus 

(GPa) 

Relative 
Permittivity 

Fluoropolymers 
(PFSA) 

High          
100-102 

             
1.7-3.4x10-11 

Yes 0.3 3.5 

Calix[4]arene Moderate      n/a No 0.2 2.8 

ORMOSIL 
High          

100-102 
High Yes 40.0 1.9 

sPEEK 
Moderate      

101 
Low          

1.6x10-11 
Yes 3.6 46.7 

PBI 
Moderate      

101 
Low          

2.5-6.0x10-12 
Yes 6.0 3.2 

Silico-
phosphate 

High          
102 

n/a Yes 83.5 4.5 

The most practical membrane materials were Nafion (fluoropolymer) and 

sPEEK. The synthesis of PBI is more complex and would prove difficult to be 

integrated within the nanocapillaries as it is cast in an inert atmosphere or under 

vacuum.52 Nafion is a commercially available PEM material with excellent 

electrical and mechanical properties. Suppliers can provide Nafion in prefabricated 
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sheets or polymer dispersions, which provide an advantage for fast fabrication of 

MEAs.  

Material Properties 

In order to continue the steady progression of addressing the 

electrochemical oxygen pumping and integration of an MEA within the 

nanocapillary arrays, Nafion was chosen as the primary PEM material for future 

experiments. As sPEEK has been known to have excellent ion conductivities, a 

comparison of mechanical stability was important to decide which membrane 

material should be used for fabricating the AAO-MEA.53 The quality of the 

synthesized sPEEK was determined by infrared (IR) and water uptake 

measurements to confirm the electrical performance of the membrane materials. 

The degree of water uptake correlates to the conductivity of the solid electrolyte as 

water participates in the transfer of protons.50 Figure 28 shows the infrared (IR) 

spectra for PEEK and sPEEK compared to the spectra found in the literature. Based 

on the IR spectra, the sPEEK synthesized is high quality and displays a high degree 

of sulphonation.  

 
Figure 28. Measured IR-spectra of PEEK and SPEEK synthesized for this study (a) compared to IR-

spectra found in the literature (b).53 
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Development of the AAO-MEA primarily focused on fabricating the MEA 

and integrating it within the nanocapillary array. Although ionic conductivity 

measurements were not specifically recorded for the membrane materials used, 

water uptake measurements provided an indication of the expected performance, as 

water uptake can be associated with the volume fraction of the membrane that 

conducts ions. The following equation describes the relationship of conductivity 

with the volume fraction of the conducting phase:  

	~	      (5) 

where  is the ionic conductivity,  is the total volume fraction of the 

conducting phase, and  is the critical value for the onset of percolation. The 

relationship typically follows a power law where  is determined to best fit the 

experimental data.54 

Figure 29 shows the measured water uptake for Nafion and sPEEK 

annealed at several different temperatures. Typically, membrane material annealed 

at lower temperatures shows more water uptake and degree of swelling while 

remaining softer and maintaining less mechanical stability.  

 
Figure 29. Water uptake measurements for Nafion® and sPEEK for different annealed temperatures. 
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Based on the results presented in Figure 29, it can be seen that sPEEK has a 

greater water uptake and suspected ionic conductivity than Nafion. However, 

Nafion is significantly easier to use and cast, which provides a significant 

advantage over sPEEK. Membranes cast with the 3.3 wt% sPEEK solution were 

less uniform and physically unstable compared to Nafion.  

Micropore Capping and Pressurization 

Through the micropore blowout pressure experiments the expected capping 

pressure for a nanocapillary was determined through extrapolation of the data. The 

experimental results of for micropore blowout with Nafion are shown below in 

Figure 31. The relationship in Figure 30 and Eqn. 3 and Eqn. 4 implies that the 

functional dependence of the coefficient of adhesion on surface energy is roughly α 

~ γ2
pore.

55, 56 Based on the estimation of α for each dp, Pblowout ~ dp
-3 assuming the 

relationship between surface energy and diameter is valid.  

 
Figure 30. The experimental blowout pressures for Nafion within alumina micropores. 
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The results from the burst pressure experiment are further analyzed in 

Figure 30. The blowout pressure correlates as a function of pore diameter with the 

theoretical dependency, which indicates that extreme blowout pressures are 

obtainable with the alumina and fluoropolymer system, even at very low filling 

depths. Theoretically, the blowout pressure would follow the inverse of the cubed 

pore diameter as decreasing pore size correlations with higher adhesive forces. 

Expressed in terms of pressure, the results show the inverse cubic dependency that 

follows the experimental results. 

The pull-off and shear-off tests for qualitative measurements of the 

adhesive strength of Nafion and sPEEK provided additional adhesive properties 

that have contributed to the surface energy and blowout pressure model. Results of 

the tests are shown in Table 2. Additionally, the pull-off and shear-off pressures 

approximate the adhesive force measured with zero curvature. The pull-off pressure 

measured as the blowout pressure at zero curvature is shown in Figure 30. 

Table 2. Pull-off and shear-off pressures for Nafion® and sPEEK 

Pressure Nafion® sPEEK 

Pull-off Pressure, PP (psi) 6.1 8.4 

PressureP/Weightmem (psi/g) 615 13,957 

Shear-off Pressure, PS (psi) 36.8 18.1 

PressureS/Weightmem (psi/g) 4554 13,918 

As expected, the shear-off pressure for both materials is greater than the 

pull-off pressure. The blowout pressure is likely on the same order of magnitude as 

the burst pressure of the nanocapillary. Each of these materials is capable of 

adequately capping the nanocapillaries to provide ultra-high oxygen storage 

densities. Based on the results in Table 2, Nafion had the greatest shear-off pressure 

compared to sPEEK. On a per-mass basis, sPEEK is significantly stronger than 

Nafion. The casting process of sPEEK has proven difficult when compared to the 

ease of application of Nafion. Due to the nature of the polymer, it is typically 

applied on a surface in very dilute solutions. This has made blowout pressure 
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testing difficult. For simplicity, fabrication of the oxygen storage material solely 

used Nafion.  

Ultimately, the required penetration depth of the membrane material into 

the nanocapillary to hold the stored oxygen for a given pressure can be determined 

based on the developed model and the determined coefficient of adhesion. The 

resulting values of α were fit to a power function as shown in Figure 31. The power 

fit shows the coefficient of adhesion is inversely proportional to the square of the 

pore diameter, which follows the theoretical expression derived using Eqn. 4.  

 
Figure 31. Coefficient of adhesion as a function of the pore diameter of the micropore for Nafion®. 

Based on the results from the pull-off test, the coefficient of adhesion would 

be constant at nearly 6.1 psi. Assuming constant coefficient of adhesion yields the 

highest degree of penetration, which provides a high value range for the required 

depth. A 100 nm pore would require approximately 7 µm of membrane penetration 

to seal against 30,000 psi. The shear-off pressure was determined to be 36.8 psi, 

which would correspond to a penetration depth of nearly 3 µm assuming no 

increased adhesive strength due to curvature. Depths calculated using the 
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theoretical power regression resulted in extremely small penetration depths, which 

were much less than 1 nm. Aspect ratios for small diameter holes are typically 

greater than 1, which would be at least 100 nm for a 100 nm pore. Therefore, the 

range of penetration depth required would be between 100 nm and 7 µm.  

Ultimately, these experiments determined that Nafion bonds incredibly well 

with alumina and that very high burst pressures may be obtainable in nanopore 

systems. The micropore blowout experiment demonstrated capping and sealing of 

small diameter pores with polymer membrane material. Penetration depths of the 

membrane material to seal the stored oxygen within the pores were estimated using 

this method. As discussed later in the results, the nanocapillary pores could be 

filled with membrane material anywhere between 1 to 400 µm. 

Integrating Membrane Material within Nanocapillaries 

Initially, efforts focused on including the membrane materials within the 

nanocapillary pores to ensure the MEA could hold against high gas storage 

pressures. The greatest hurdle for fabricating the nanocapillary seal and functioning 

MEA was the inner electrode layer, which must self-assemble and penetrate into 

the nanocapillaries. Prior to curing within the nanocapillaries the inner 

electrocatalyst must aggregate on the outside of the membrane material within each 

nanocapillary to accommodate oxygen reforming.  

Integrating Nafion Using Surfactants 

A series of tests were performed to demonstrate nanocapillary sealing and 

inclusion of Nafion. Membrane material was sprayed on the AAO nanocapillary 

array, and the penetration depth was measured through SEM imaging. In a previous 

study, cationic, anionic, and neutral surfactants were used to decorate the pore 

walls before extruding Nafion into the porous alumina under pressure.57 It was 

determined that pretreatment of the AAO template with an anionic surfactant, such 

as sodium dodecyl sulfate (SDS), increased the pore filling rate (percentage of 

pores filled) from 42% to 95% with Nafion.57 Nanocapillary arrays were treated 
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with SDS to increase nanopore capping depth and inclusion of a Nafion membrane 

material. Samples were treated with SDS for several soaking times and compared 

to determine the effect on the filling rate and penetration depth. 

The uncoated and untreated alumina template is shown in Figure 32a. The 

pores are open and are well ordered with a pore diameter near 100 nm. Nafion 

coated templates without SDS surfactant treatment are shown in Figure 32b. It was 

observed that Nafion effectively covers a large portion of the AAO template where 

some areas remain open and unfilled.  

 
Figure 32. Nanocapillary pores shown without (a) and with Nafion® (b). 

An AAO template was fractured into sections for use in various surfactant 

soak times with a 1 wt% SDS surfactant solution based on previous work.58 Nafion 

penetrated into the AAO nanocapillaries and formed solid plugs. Small portions of 

the AAO template were soaked for 1, 3, and 5 hours, respectively, in 20 mL of 1 

wt% SDS to decorate the pores with the surfactant. The treated nanocapillary array 

was dried and coated with Nafion to produce a continuous, thin layer across the 

surface. Templates were cured at room temperature and annealed at 110°C for 4 

hours. Nafion coated templates were cross-sectioned and imaged with the SEM. 

Images of the AAO sample soaked in SDS for 3 hours and coated with Nafion are 

shown in Figure 33. 
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Figure 33. Top-down (a) and a cross-sectional (b) SEM image of a nanocapillary array filled with Nafion 

after soaking in 1 wt% SDS for three hours. 

High filling rates of Nafion within the nanocapillary pores was observed 

while some regions remained uncoated. Figure 33a shows the top view of the 

coated template, where approximately 95% of the nanocapillaries were filled with 

Nafion. The cross-sectional view in Figure 33b shows the pores had membrane 

material penetrating about 15–20 µm within the pore. The lighter bands shown in 

the SEM image are assumed to be the tips of polymer plugs that have been included 

within the nanocapillaries. These results indicate that SDS treatment assists with 

Nafion inclusion. However, as the surfactant would line the AAO wall the adhesive 

strength of the membrane seal would be significantly weaker. Longer soak times 

increase the penetration depth, though the exact inclusion depths are currently not 

precisely known. Producing continuous and uniform membrane coating can be 

achieved with surfactant pretreatment. Due to the high curvature of the pores and 

the relative humidity in the air, capillary condensation was contributed to unfilled 

nanocapillaries.  

Filling After Drying AAO 

In order to avoid reducing the adhesive strength of the membrane material 

an alternative to surfactants was investigated. Several nanocapillary templates with 

nanocapillary diameters near 100 nm were fabricated and prepared for capping with 

the membrane material. AAO nanocapillary arrays were dried under vacuum at 
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temperatures between 40°C and 50°C to remove any water trapped within the pores 

from capillary condensation. Immediately after drying the Nafion membrane 

dispersion was cast over the template and allowed to cool. Figure 34a and Figure 

34b show the nanocapillary array with membrane material filling the pores with 

and without drying under vacuum. It can be seen that removing trapped water from 

the nanocapillary pores increased the filling rate from approximately 50% to 90% 

for a single application.  

 
Figure 34. Nanocapillary array with cast polymer membrane without drying (a) and after drying (b). 

Application conditions, such as membrane-solvent viscosity, surface 

morphology, temperature, and aerosol droplet size, all have an effect on the 

membrane layer casting and the coverage fraction of the membrane. It was 

suspected that removing the condensed water would allow the membrane material 

to easily penetrate into the pores. Nafion is further pulled by vacuum into the 

nanocapillary pores as the air trapped in the nanocapillary pores cool to room 

temperature. The membrane casting procedure must be optimized to achieve 

uniform sealing and penetration depth within the nanocapillary array. Membrane 

coverage near 95% was achieved from a single application of membrane solution. 

However, complete coverage can be achieved with sequential applications of the 

membrane dispersion. 

After several templates were cast with the membrane material, the samples 

were halved and imaged with the SEM. A cross section of a template with 
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membrane polymer filling into the pores is shown in Figure 35. Membrane material 

nano-rods (plugs) penetrating approximately 400 µm into the template is shown in 

the magnified view in Figure 35, indicating that high-pressure capping can be 

achieved. Based on the blowout pressure models described above, the membrane 

should penetrate at least 1 µm into the pores. The penetration depth was observed 

to be dependent on the temperature and pressure of the nanocapillary array. 

Ultimately, the membrane material will reach an equilibrium penetration depth, 

which depends on the inner pore pressure, viscous forces on the AAO wall, and the 

gravitational force on the membrane column within the nanocapillaries. Further 

experimentation is required to determine the effects of each variable on the 

magnitude of penetration.  

 
Figure 35. Cross-sectional view of a nanocapillary array showing the pores filled up to 400 µm with 

membrane material. 

The membrane material cast into the shape of a plug for the nanocapillary 

pores with a diameter of approximately 100 nm is shown in Figure 36a. The nano-

rod components found on a cross-sectional SEM image proves full inclusion of the 

membrane material into the nanocapillaries. Membrane material covering the 
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surface of the template and uniform sealing within the nanocapillaries is depicted in 

Figure 36b. 

 
Figure 36. Cross section showing capping polymer membrane material within the nanocapillary pores. 

Fabricating the oxygen storage device requires the pores in the 

nanocapillary array to be filled sufficiently within the membrane material so the 

adhesive force between the membrane and alumina wall is greater than the storage 

pressure. The adhesive properties of sPEEK and Nafion have been measured 

experimentally and are favorable for sealing the high pressure nanocapillaries. The 

technical hurdle of capping and sealing has been demonstrated and verified by 

micropore blowout experiments and SEM imaging of nanocapillary arrays with 

membrane inclusion. At this point, demonstrating electrochemical oxygen pumping 

is the last remaining task to prove the feasibility of the oxygen storage device. 

Future work will involve optimizing the capping procedure, controlling the 

penetration depth, and demonstrating the oxygen pumping membrane electrode 

assembly. 
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CHAPTER 6: DEVELOPMENT AND DEMONSTRATION OF 

THE NANOCAPILLARY-MEA 

MEA Fabrication 

Aside from filling the nanocapillary pores with the membrane materials to 

achieve high blowout pressures, casting the electrode layers and integrating the 

MEA is important to the overall performance of the oxygen pump. Several 

techniques for uniform casting were investigated to achieve low catalyst density 

electrode layers with platinum and Nafion. Various concentrations of Nafion and 

platinum particle (20–30 nm) solutions were prepared prior to casting. These 

solutions were applied to an alumina surface at platinum to membrane ratios of 

2.5:1 and 3.5:1 by weight. We cast the electrode layer at concentrations from 100 to 

10,000 ppm. The resulting structures were imaged with the SEM and are shown in 

Figure 37. 

 
Figure 37. Pt-Nafion® electrode layers casted with different Pt–Nafion® ratios at different 

concentrations. 

Based on the results, higher Pt:Nafion ratios result in more coating for a 

given area; however, the catalyst material begins to aggregate and clump together. 

Using lower concentrations of catalyst and membrane materials results in a more 
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uniform and smooth electrode surface. In order to achieve the optimal electrode 

structure, the concentration and catalyst-to-membrane ratio must be determined. 

Optimization of the electrode suspension and casting technique must be conducted 

for the final oxygen storage device. 

The inner electrode layer for the nano-MEA used 3 nm platinum 

nanoparticles in a low-concentration solution. Ultimately, the Pt dispersion dictated 

the concentration of the Pt–Nafion electrode solution that could be cast within the 

nanocapillaries. As the solvent evaporates the catalyst particles segregate on the 

inside of the nanocapillaries to some degree. Particles at the curved surface of the 

meniscus of the solution within the nanocapillary have a lower free energy. Due to 

the small size of the platinum nanoparticles within the polymer membrane solution, 

obtaining a clear SEM image of electrocatalyst segregation is difficult. However, 

demonstrating electrochemical oxygen pumping would confirm that catalysts have 

separated and established a uniform layer within the nanocapillaries. This catalyst 

layer enables the formation of oxygen within each nanocapillary.  

Following the first step of casting the Pt–Nafion electrode layer within the 

nanocapillary arrays (anode), the PEM was cast with a thickness between 50 and 

120 µm. Although a thin membrane can achieve higher rates of oxygen production, 

thicker membranes are more physically stable and robust. Nafion-115 membranes 

were used in the MEA assembly, which have been shown to have excellent 

conductive properties and mechanical stability.59 The outer electrode (cathode) was 

then cast on the PEM by painting a platinum slurry in Nafion and curing the 

assembly. In typical fuel-cell systems, a gas diffusion layer (GDL) is placed 

between the flow channels and the electrode layer in a fuel cell stack. The high 

oxygen storage density material will not require a GDL within the nanocapillary 

array as the oxygen produced is stored within the nanocapillary pores. A 

commercially available platinum-electrode GDL for the outer electrode was used. 
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Forming the inner electrode is the most challenging step of the MEA fabrication 

process.  

Assembly of the nano-MEA 

Figure 38 shows a cross-sectional image of a free-standing nanocapillary 

array showing the Pt–Nafion mixture penetrating into the nanocapillaries to form 

nano-rod plugs. In order to evaluate a number of AAO membranes, 100 nm pore 

diameter Whatman® Anodisc membranes (Whatman, 6809-5012) with an overall 

diameter of 47 mm were used. The nanocapillary array has open-end pores and is 

approximately 60 µm long. After the membrane-electrocatalyst application process 

was established, fabricated deep AAO nanocapillary arrays were evaluated. 

 
Figure 38. Cross-sectional SEM images of a template with a 2.5:1 Pt–Nafion® electrode. 

In order to assure optimal performance and uniform coating of the electrode 

layer a simple drop casting method was adopted. Starting with the AAO-CNT 

template the Pt–Nafion mixture was drop casted on the nanocapillary array and 

heated to 40°C for 1 hour. The system was then put under vacuum and maintained 

at that temperature to yield a steady rate of solvent evaporation. A high degree of 

membrane penetration of the membrane-electrode material can be observed in 
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Figure 39a. Uniform electrode coatings on the template surface were achieved by 

the drop casting method, as shown in Figure 39b.  

 
Figure 39. Deep penetration of Pt–Nafion® electrode into nanocapillary pores (a) and top view of the 

continuous and uniform electrode layer (b) 

Based on the blowout pressure experiments, the penetration depth of the 

membrane material within the nanocapillaries is less than 500 nm, assuming 30,000 

psi of stored oxygen. The nano-rod of the Pt-Nafion material in Figure 38 shows 

capping with the MEA at lengths greater than 1000 nm. As the overall length of the 

nanocapillary array was measured prior to introducing the membrane material, the 

penetration depth was confirmed based on the measured unfilled length. Using 

different solvents for casting the membrane could also achieve deeper penetration 

by changing the surface tension of the solution. Further investigation of using 

different solvents and concentrations for casting the membrane within the 

nanocapillaries could lead to more control over penetration depth. 

After fabrication of the nano-MEA, electrochemical oxygen pumping was 

demonstrated using a fuel cell configuration shown in Figure 19. The oxygen 

pumping performance of the nanoscale MEA was first characterized at the macro-

scale by fabricating a freestanding characteristic platinum-Nafion water electrolysis 

membrane with the same catalyst loading and membrane thickness. Comparative 

baseline electrochemical oxygen pumping performance was established with a 

commercially available water electrolysis membrane. For each of the tested MEAs, 



 

65 
 
 

 

the oxygen production rate, power consumption, pumping efficiency, and oxygen 

quality was determined.  

Demonstration of Electrochemical Oxygen Pumping 

Baseline Oxygen Generation Performance 

Using the commercially available water electrolysis membrane electrode 

assembly, the electrochemical oxygen pumping baseline was set for the 

nanocapillary-supported MEA material. Figure 40 shows the cell voltage versus the 

current density for the commercial membrane. Polarization curves were measured 

after 1, 10, and 24 hours of operation to determine how the cell performed over 

time. Initially, the system cell voltage and current density maintained a linear 

relationship, which followed the performance specifications of the manufacturer. 

However, over time, the current densities achieved with the fuel cell stack shown in 

Figure 19 were lower than performance measurements provided. This was 

contributed to larger system resistances compared to the system used to test the 

membrane. Gas was sampled from the test apparatus and analyzed with a Gow-Mac 

Series 580 GC with thermal conductivity detector, which showed that oxygen was 

being produced by the membrane. Bubbles were sampled with a syringe in the fuel 

cell effluent line, which resulted in the appearance of nitrogen in the spectra. The 

MEA performance shown as current density and calculated oxygen flux as a 

function of applied voltage is shown in Figure 40. Oxygen flux was determined by 

using Faraday’s law, the measured current, and the active area of the MEA.  
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Figure 40. Performance curve for a commercially available water electrolysis membrane showing the 

current density and calculated oxygen flux. 

Based on this performance curve, continuous operation with the fuel cell 

configuration showed decreased performance with respect to oxygen production 

rate. This is due to electro-osmotic drag and the drying out of the membrane as the 

rate of water consumption at the anode was greater than the rate of water diffusion 

to the electrode.  

Performance of Freestanding Characteristic MEA 

In addition to the baseline performance measure determined by the 

commercial MEA, a nonporous freestanding MEA with nano-MEA characteristic 

properties was fabricated and tested. This would determine the effects of the 

nanostructure in either the open-pore or closed-pore nanocapillary-MEA system. 

Cyclic voltammetry measurements, which are done by sweeping the applied 

potential and measuring the current, were performed for the fabricated MEAs. It 

was expected that the nanoporous structure will increase the available electrode 

area and induce better species transport to the catalyst. Another study demonstrated 
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an increase in performance with the capillary-supported structure two orders of 

magnitude greater than the nonporous electrodes using ceramic membranes on 

AAO.60 Using commercially available GDL sheets and prefabricated Nafion 

membranes, the nonporous freestanding characteristic MEA was assembled within 

the fuel cell stack. The inner electrode (anode) layer was cast onto the GDL, cured, 

and then adhered to the Nafion membrane with a thin cast film of 5 wt% Nafion. 

The schematic shown in Figure 41 depicts the soft assembly of the freestanding 

characteristic MEA.  

 
Figure 41. Exploded view of the soft-assembled, freestanding characteristic MEA. 

The first nonporous freestanding nano-MEA fabricated showed a 

comparable performance curve with higher current density and rate of oxygen 

generation than the commercially obtained MEA on a per mass of catalyst basis. 

The catalyst loading for the freestanding MEA was based off the expected loading 

within the nanocapillary-MEA after a simple drop cast application. The applied 

potential was increased slowly from 0 to 2.2 V to increase the total current driving 

the reaction. Gas produced from the cell was sampled and analyzed with the GC-

MS, which revealed that O2 as well as CO and CO2 were being produced. CO and 

CO2 concentrations measured were over 50% in some cases. Due to the carbon-

based GDL and the construction of the soft-assembled MEA, higher applied 

potentials were causing side carbon oxidation reactions. It is possible the carbon 

nanotubes were being oxidized, however further investigation is necessary to 
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determine the cause for CO and CO2. Performance measurements were then made 

between 0 and 2.0 V. Polarization curves for the nonporous freestanding MEA are 

shown in Figure 42. 

 
Figure 42: Performance polarization curve for a freestanding characteristic MEA with the same Pt-

loading as nanocapillary-supported MEAs 

Based on the results, the steady-state current density at 2 V is approximately 

2.5 mA/cm2, which corresponds to an oxygen generation rate of 2 x 10-7 g/cm2·s. 

This is comparable to the commercially available MEA, considering the catalyst 

loading is significantly lower in the freestanding MEA, which reduces the available 

sites for oxygen production. As the applied voltage increased the current slowly 

increased, indicating the oxygen evolution reaction is moving forward. Around 0.5 

V a small decrease in current density is observed, which is contributed to cross-

permeation of oxygen through the membrane from the anode to the cathode and 

increasing the hydrogen reaction.61 This current-voltage curve is characteristic of a 

platinum catalyst for the water electrolysis reaction.62 There is a sharp increase in 
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current density as the applied voltage exceeds the standard potential for water 

electrolysis. As the voltage is decreased from 2.0 V to 0 V, the current becomes 

negative as the electrochemical reaction is reversible.  

Performance of Nanocapillary-Supported MEA 

Following the same assembly process shown in Figure 41, an AAO 

nanocapillary template was adhered (according to Figure 17) with the integrated 

oxygen electrode layer to a Nafion film and stacked the assembly in the test 

apparatus. Cyclic voltammetry measurements were performed (shown in Figure 

43), which demonstrated similar performance to the freestanding MEA with the 

exception that cyclic degradation was less significant and the reduction peak of 

water hydrolysis is much more apparent.  

 
Figure 43. The performance polarization curve for a nanocapillary-supported MEA. 

The negative current observed between 0 and 0.5 V indicates that the 

electrochemical pumping of oxygen is reversible when water is present on the side 
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external to the nanocapillaries (cathode). The slight decrease observed around 0.7 

V is more apparent than the freestanding MEA, most likely due to the increased 

surface area and activity from the nanostructure. In contrast to the freestanding 

MEA, the nanocapillary MEA displays a rapid increase in current density up to 1.7 

V, where a distinct peak was observed. Based on the current density measured 

between 1.7 V and 2.0 V some side oxidation reaction may be occurring. The 

current decreases and then slowly increases as the voltage approaches 2.0 V 

indicating the oxidizing species has been completely reacted. After the initial sweep 

between 0 V and 2.0 V the current density peaked near 1.7 V but was slightly 

lower. This would signify the oxidation reaction is more limited due to a reduction 

in reactive species. Carbon from the nanotubes or GDL material may be oxidizing 

at this voltage. A previous study had shown that the rate of surface carbon 

oxidation increases during potential cycling over time.63 As the applied potential is 

swept from 2.0 V to 0 V, two small steps with a deviation toward a positive current 

was observed. This could indicate an increase in the oxygen evolving reaction or 

bubble formation at the electrode surface. Additional polarization measurements 

are required to determine the behavior and electrochemical reactions occurring. 

The oxygen quality was also determined by the GC-MS measurements, 

which were calibrated with pure oxygen and pure nitrogen gases. This 

demonstrates that the system used to cap and seal the nanocapillary oxygen storage 

material can both fill and regulate the release of gas. At this point, each aspect and 

major component of the oxygen storage device has been demonstrated. Most 

importantly, the nanocapillary-supported MEA (nano-MEA) performed 

equivalently well with less cyclic degradation than the characteristic freestanding 

MEA.  

Overall Device Performance 

The nanocapillary arrays were filled with polymer membrane material 

capable of sealing oxygen to extremely high pressures. Inclusion of Nafion within 
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the nanocapillary pores proved the MEA could be integrated with the AAO 

material, yielding an oxygen storage device capable of filling and releasing gas. A 

nanocapillary array integrated with an MEA was successfully fabricated and 

characterized. The nanocapillary-MEA demonstrated the forward and reversible 

electrochemical oxygen pumping. The oxygen quality of the oxygen gas produced 

with the MEA supported on a nanocapillary array was near pure oxygen. Each 

demonstration proved the feasibility of the high-capacity oxygen storage 

technology. The conformal AAO nanocapillary material provides a strong 

conformal base for producing an oxygen storage device of any shape and size.  

The polarization performance measurements for each tested MEA scaled to 

the catalyst loading is shown in Figure 44. Catalyst loading is based on the total 

amount of catalyst applied and does not reflect the amount of catalyst that is active. 

Normalizing the current density to catalyst loading provides a comparison of the 

electrode structure and active catalyst area. The current density and oxygen flux for 

the nanocapillary-supported MEA is comparable to the optimized commercial 

MEA. The nano-MEA performed nearly twice that of the fabricated freestanding 

characteristic MEA. This implies that the nanocapillary-support structure does 

indeed enhance the ability to electrochemically pump oxygen with the same degree 

of electrocatalyst loading. This may be due to channeling ions directly through the 

membrane or an increase in the active catalyst surface area. Further optimization of 

the nanocapillary-support structure, catalyst segregation, and catalyst loading could 

increase the performance of the nano-MEA to be near the commercial MEA.  
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Figure 44. The polarization performance of the commercial, freestanding and nanocapillary-supported 

MEA normalized to the degree of platinum catalyst loading. 

As previously discussed, the characteristic freestanding MEA displays a 

continuously increasing current density as the applied potential increases. The 

nano-MEA shows a much faster rate increase near 1.7 V due to the nanostructured 

MEA. Comparatively, the current density of the commercial MEA increases at 

nearly the same rate as the nano-MEA but begins to plateau around 1.7 V. The 

commercial MEA has been optimized to achieve the highest current density. 

The controlled release of stored oxygen is crucial to the performance of the 

oxygen storage device in a SCBA system. Based on the performance measurements 

discussed previously, the nanocapillary-MEA system demonstrated reversible 

pumping. The mechanism that describes the electrochemical process of 

compressing and regulating the release of oxygen within the nanocapillary is shown 

below in Figure 45. The rate of release can be controlled by the applied voltage, 

which allows the SCBA user to regulate the rate of oxygen delivery. 
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Figure 45. Electrochemical mechanism of controlled release and regulation of oxygen within the 

nanocapillary. 

As can be seen in Figure 45, the controlled electrochemical release of 

oxygen can be performed by (1) irreversible pumping of hydrogen into the 

nanocapillary using a stoichiometric balance of water versus the stored mass of 

oxygen or (4) catalytic recycling of hydrogen from water to remove the oxygen and 

recycle the water-provided hydrogen ions. In case (1), water is split outside the 

nanocapillary, producing oxygen and providing hydrogen to the nanocapillary 

interior. At this point, enough thermal energy (ΔHact) is supplied to activate the 

chemical reaction between hydrogen and oxygen on the platinum catalyst to 

produce water, which is then split, oxygen is pumped out of the vessel, and 

hydrogen is pumped into the vessel. The activation energy has been shown to be 

dependent on the hydrogen and oxygen concentration, but generally falls between 

20 to 30 kJ/mol.64 The heat produced by the reaction (ΔHrxn) is sufficient to 

continue activating the chemical production of water once the initial activation 

barrier energy is supplied. Water formation in the gas phase with oxygen and 

hydrogen has a heat of reaction of 241.8 kJ/mol.64 In case (4), just enough water is 
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provided to maintain MEA hydration, and the hydrogen ions circulate within the 

MEA. The same chemical process occurs within the nanocapillary to produce water 

and pump oxygen out of the system. Hydrogen is simply reacted at the surface of 

the MEA and does not pressurize the nanocapillary. The calculated energy 

requirement for the release of oxygen is less than what is required to compress 

oxygen within the nanocapillary array as the reverse reaction occurs at a lower 

potential. 

Assuming a SCBA system is required to operate for 4 hours and the 

breathing rate is nearly 9.5 L/min, the required oxygen flux through the MEA is 

0.165 mg/cm2∙s. As the current density approaches 1 A/cm2 the total area of active 

MEA surface is 620 cm2, which would generate 0.5 W/cm2 from the release of 

oxygen. This heat flux is extremely low where a number of passive methods for 

heat rejection could be applied. Assuming the membrane material has physical and 

thermal properties of fluoropolymers, the temperature increase of the membrane 

can be estimated. If the membrane is 25 µm thick, the heat capacity near 1.2 J/g∙°C, 

the temperature increase is 96°C assuming no heat is rejected. The melting point 

for these polymers is around 320°C, which is much higher than the maximum 

temperature of the membrane. Therefore, the electrochemical compression and 

release mechanism will not impact the performance of the MEA based on thermal 

degradation. 

Demonstration of Closed-pore Nanocapillary-MEA 

Multiple cyclic voltammetry measurements were made with the closed-pore 

nanocapillary-MEA (shown in Figure 46). The previous CV measurements of the 

freestanding MEA and nanocapillary-supported MEA are shown on the same graph 

for comparison. 
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Figure 46. Cyclic voltammetry measurements of the closed-pore AAO-MEA system 

Under similar conditions as those used to characterize the performance of 

the freestanding and nanocapillary-supported MEA we tested the closed-pore nano-

MEA. As shown in Figure 46, the oxidation peaks observed near 1.7 V for the 

open-pore nanocapillary-MEA were not present for the closed-pore system. Since 

the nanocapillary-MEA was fabricated the same way for the open and closed pore 

system, the GDL material may be the source of the oxidation reactions. The GDL 

layer contains carbon supported Pt catalyst, where the surface carbon oxidizes to 

CO and CO2. Oxidation reactions were not observed for the closed-pore 

nanocapillary-MEA as the rate for the oxygen generation reaction surpassed the 

oxidation reaction, resulting in higher measured current densities.  

 The current density and oxygen flux between 1-2 V shown in Figure 47 is 

normalized to the amount of catalyst deposited over the active surface area. The 

closed-pore nanocapillary-MEA achieved higher current densities and oxygen flux 

than the open-pore nano-MEA. Previously, the enhanced current density and 
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oxygen flux observed was contributed to the ordered nanostructure and increased 

surface area. The difference between the open-pore and closed-pore system could 

be due to better catalyst segregation within the nanocapillary. Closed-pore MEA 

fabrication may limit the rate of solvent evaporation, which may lead to better 

separation of catalyst at the meniscus. Future studies could investigate the degree of 

separation and local catalyst loading as a function of the evaporation rate. 

 
Figure 47. Comparison of oxygen pumping performance of the freestanding, nanocapillary-supported, 

and closed-pore AAO-MEA 

In addition to standard cyclic voltammetry measurements, several 

observations were made during the test procedures. When first assembled and dry, 

the high frequency resistance of the entire unit was 55 Ω at 1 kHz. Once placed into 

the water bath and soaked for 30 minutes, the resistance decreased to 2.15 Ω. After 

running tests, the resistance increased to 6.9 Ω. By the completion of testing on the 

first day, the resistance had increased to 15.15 Ω, though it decreased slowly 

afterwards to 13 Ω before the end of the run. After a long period, the resistance 
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before testing had increased to 34 Ω. This indicates that the structure of the MEA is 

changing over time, which may be caused by cyclic degradation.  

After the closed-pore was removed from the test apparatus, physical 

damage was observed. The outer electrode was bulging out and cracked, and also a 

small crack in the side of the unit between the Nafion sheet and the template was 

observed. The Nafion sheet was also easily peeled back from the oxygen catalyst 

layer adhered to the template.  

Damage to the nanocapillary-MEA system was contributed to gas formation 

between the Nafion sheet and the template, causing a pressure build-up on the 

surface of the template. It is possible that the nanocapillary pores were not 

completely sealed with the membrane cap and gas leaked out and damaged the 

MEA. A more likely explanation would be gas generated at the exposed surface 

area of the template where catalyst was present after casting the inner electrode 

layer. Although most of the electrocatalyst enters the pore and segregates within the 

nanocapillary, it is likely that some of the platinum nanoparticles remain on the 

template surface and cure between the membrane and AAO. This would have 

resulted in the generation of gas at the membrane and AAO interface, which could 

cause an enormous amount of localized pressure on the MEA. 

The observed sheet deforming could explain the high resistance measured 

across the MEA after the performance tests. In an open circuit, the voltage went 

above 2.0 V for a short time before slowly decreasing, which could be a direct 

effect of the high resistance. Due to the poor contact between the two electrodes 

within the MEA, the system may have exhibited capacitive behavior. 

After the initial characteristic CV scans, a series of chronoamperometric 

experiments were conducted to investigate the effect of the increasing gas pressure 

within the nanocapillary on the electrochemical processes. The current response 

and equivalent pressure as it relates to charge passed is shown in Figure 48. 
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Figure 48. The current and equivalent pressure response for a step in potential from OCP to 2 V vs. 

NHE 

The charging current density fell quickly from 75 mA/cm2 to 20 mA/cm2, 

and the Faradaic current slowly fell from 20 mA/cm2 to 12 mA/cm2 over about 45 

min, as shown in Figure 48. Based on Faraday’s law, the current density can be 

correlated to a stored gas pressure by assuming the dimensions of the nanocapillary 

array are known. 65 With a nanocapillary length of 0.4 mm and an active area 

approximately equal to 85 mm2, the molar gas density was calculated with the ideal 

gas law and the total charge passed. This calculation provided a method to 

characterize the compression and compare the results. A more accurate relationship 

between charge and molar density must be determined. The estimated equivalent 

pressure reached over the 45 minute period would be nearly 2,000 psi stored in the 

nanocapillaries.  

No portion of the current response observed indicates there are restrictions 

on continuous pressurization. As shown in Figure 48, the steady-state current 

density approaches 10 mA/cm2. This means the rate of compression is expected to 
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be linear over time, which was observed. Faster rates of oxygen compression would 

require higher current densities and optimization of the MEA. 

At the end of the CV scans and chronoamperometric experiments the 

calculated pressure of the system would be in excess of 7,000 psi. The prototype 

was left in a short-circuit condition for two days under DI water. At the time the 

prototype was removed, the outer membrane layer had delaminated from the 

nanocapillary surface. In order to determine how the system had failed, the 

nanocapillary-MEA and the delaminated membrane were imaged with the SEM. 

Figure 49a shows the delaminated membrane layer cast on the initial electrode 

layer, indicating the separation occurred at the membrane-AAO interface.  

 
Figure 49. Delamination of membrane layer from AAO nanocapillary array (a) and Nafion plugs within 

nanocapillary pores (b) 

Further inspection of the damaged nanocapillary-MEA showed that the 

nanocapillary seals composed of the Nafion and electrode material were still 

contained within the nanocapillary pores, as shown in Figure 49b. Based on this 

analysis, the main point of delamination occurs between the membrane layer and 

the drop casted inner electrode nanocapillary seal. This could potentially be 

avoided if the AAO nanocapillary array surface was cleaned of any carbon and 

electrode residue before casting the membrane layer. 

 

 

(A) (B)



 

80 
 
 

 

Alternative Fabrication Method for Nano-MEA 

The fabrication of the closed-pore nano-MEA would follow the same 

sequence depicted in Figure 17. However, additional steps were added between the 

integration of the CNTs and the inner electrode layer to ensure the surface of the 

AAO template remains exposed. This was achieved by polishing before and after 

the inner electrode catalyst layer is cast on the AAO-CNT structure. To determine 

the surface effect of this alternative fabrication method, the sample was imaged in 

the SEM after each step.  

A nanocapillary array was fabricated under the same conditions as the 

template used to produce the second closed-pore nano-MEA prototype. CNTs were 

grown in the nanocapillary pores by CVD as discussed previously. Pores with CNT 

walls and residual carbon deposited on the exposed surface area of the 

nanocapillary array is shown in Figure 50a. After the integration of the CNTs, the 

sample was polished using an alumina suspension with 300 nm alumina particles 

for several minutes. Figure 50b shows the AAO-CNT structure with the carbon 

removed from the exposed surface area of the template. 

 
Figure 50. Nanocapillary array with CNTs before polishing (a) and nanocapillaries with CNTs after 

polishing (b) 

The inner electrocatalyst layer was integrated into the AAO-CNT structure 

following the same procedure used to fabricate the first prototype. After the 

nanocapillaries with CNTs were heated under vacuum, the electrocatalyst solution 
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was drop cast on the sample and maintained at 40°C until the solvent evaporated. 

Figure 51 shows the uniform inner electrode layer cast over the top of the 

nanocapillary array with CNT walls.  

 
Figure 51. Continuous and uniform inner electrode layer 

Following this step, the sample was polished again with the alumina 

suspension and cleaned of remaining debris. The sample was halved for 

comparative analysis on the effects of polishing after the electrocatalyst layer was 

deposited. Figure 52 shows the polished nanocapillary array with the inner 

electrode caps still within the pores. Although it is difficult to distinguish from the 

image there are small dimples indicating the alumina surface was exposed leaving 

the polymer caps within the pores still intact. 
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Figure 52. SEM showing intact nanocapillary plugs after polishing the inner electrode layer 

For confirmation that the alumina surface was polished clean, the other half 

of the same template was etched in an acid solution to allow the template to 

dissolve enough of the AAO surface to expose the caps as protruding plugs. Figure 

53 shows CNTs filled with the inner electrode seal in an array where the alumina 

material around the nanocapillaries has been etched below the original AAO 

surface. This confirms that the polishing cleans the surface of the template as 

residual carbon would prevent the alumina from being etched in an acid bath. After 

the final polishing step, the fabrication of the MEA followed the same procedure as 

the original nanocapillary-MEA prototype.  
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Figure 53. SEM image showing the etched AAO surface with the CNT and cap intact producing from the 

surface 

This alternative fabrication method results in a more attractive and desirable 

surface for producing a stable MEA. Removing the residual carbon and cast 

electrode material from the template surface will ensure gas is produced only 

within the nanocapillary pores. This will prevent the gas evolved from the 

electrochemical gas compression from delaminating the MEA and will increase the 

strength of the MEA since Nafion bonds strong with alumina.  
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The feasibility of the oxygen storage technology was successfully verified 

through sequential demonstration for each component of the device. Nanocapillary 

arrays composed of AAO have demonstrated the ability to withstand extremely 

high pressures, which could be used to store oxygen and other gases safely. These 

nanocapillary arrays are conformable and can be fabricated to specific pore 

diameters and depths. In order to increase the functionality of the nanocapillaries, 

CNTs were integrated within the AAO template along the pore walls. Based on the 

dimensions of the nanostructure and the measured burst pressure, the nanocapillary 

array can achieve higher gravimetric and volumetric storage densities than 

traditional high pressure gas cylinders. This confirms this technology can exceed 

the gas storage metrics and the original research statement. Through a series of 

experiments the ability of a PEM material to cap and seal the nanocapillaries 

against extremely high pressure differentials was demonstrated. This enables 

nanocapillaries to be sealed with the membrane material assembled in a MEA. 

Integrating the nanocapillary-CNT structure with the MEA allows for 

electrochemical gas compression within the nanocapillary pores. The performance 

of the nanocapillary-MEA confirmed that gas can be compressed within the pores 

and electrochemically regulated by the same mechanism. At the conclusion of this 

research effort, the following accomplishments were made: 

 Demonstration of fabrication of high pressure tolerant nanocapillary arrays 

with optimal dimension for oxygen storage. 

 Demonstration of the safety factor of nanocapillary arrays. 

 Ability to fabricate the nanostructure gas storage materials in a conformal 

configuration with controllable dimension. 

 Generated and compressed oxygen by electrochemical water electrolysis 

from a low logistical burden material such as water. 
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 Hydrostatic pressure testing indication of oxygen storage density of 887 g 

O2/L and the gravimetric storage density is 0.556 g O2/g of storage material. 

 Demonstration of a polymer capping material that can seal the 

nanocapillaries to extremely high pressures while functioning in the 

electrochemical gas compression mechanism. 

 Demonstration of deep and uniform membrane material penetration within 

the nanocapillaries to successfully integrate the MEA with the 

nanomaterials.  

 Demonstrated self-assembly of inner electrode layer and segregation of 

platinum nanoparticles within the nanocapillary pores for oxygen 

generation at the catalyst surface.  

 Demonstrated reversible electrochemical oxygen pumping with a 

nanocapillary-MEA and characterized performance. 

 Estimated stored gas pressure within nanocapillaries and characterized the 

MEA performance with increasing pressurization. 

 Developed an alternative fabrication method for the nanocapillary-MEA to 

avoid delamination and produce a uniform inner electrocatalyst layer. 

Nanocapillary arrays offer a safe and robust means to densely store gases 

such as oxygen and hydrogen. When sealed with a material that can also act as an 

electrochemical pump to pressurize the gas the device becomes feasible. These 

materials can be used to produce a low-logistical burden oxygen storage technology 

for SCBA devices or safe method for high pressure gas transportation and delivery. 

Based on the evaluation of volumetric and gravimetric storage density, the 

nanocapillary-MEA oxygen storage device can exceed the performance of 

traditional high pressure cylinders. Fabrication of ultra-long nanocapillary arrays 

has been well demonstrated, as well as the ability to include a CNT within each 

nanocapillary, acting as both a strengthening adsorbent material and the electrical 

contact to the capillary-side of the electrochemical pump. Ion exchange membrane 
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materials such as Nafion and sPEEK have been fabricated and evaluated 

nanocapillary sealing materials. The experimental results indicate these materials 

will work well as a nanocapillary sealant and can withstand the pressures required 

to reach the specified oxygen storage densities. Integration of these ion exchange 

membrane materials within the nanocapillary arrays has been demonstrated with 

deep penetration. A MEA was fabricated and integrated within the nanocapillary 

array and electrochemical oxygen pumping performance was measured. Using a 

water electrolysis membrane, both hydrogen and oxygen was pumped within the 

nanocapillaries and sealed.  

Recommendations 

Development of a high capacity gas storage material based on 

electrochemical compression has been demonstrated and evaluated. Capping and 

sealing the nanocapillaries with the filling mechanism simplifies the device; 

however, the MEA could use other materials and fabrication techniques. 

Optimization of the material dimensions for the gas storage material needs to be 

investigated for further development. As shown in the results, larger pore diameters 

have less effect on the storage capacity as compared to the CNT wall thickness. 

Increasing the nanocapillary diameter may make it easier to control the penetration 

depth of the membrane and separate the electrocatalyst within the nanocapillary 

pores. 

The MEA catalyst electrodes and ion exchange membrane materials should 

be the primary focus for material optimization. Alternative catalyst materials 

should be explored for higher performance and reduction in cost. Additionally, 

methods for catalyst segregation directed for low catalyst loadings should be 

investigated. The ion exchange membrane used for this research is commercially 

available but cannot be easily integrated into the nanocapillary array. Alternative 

ion exchange materials and casting techniques could focus on thinner and more 

stable membranes.  
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In order to reduce the required surface area of MEA the nanocapillary 

pressure vessels must be extremely deep to hold the same amount of gas with a 

number of shorter nanocapillary arrays. Reducing the amount of MEA ultimately 

reduces the cost of the fabrication materials and the cost of gas storage. The rate of 

gas release will determine the amount of surface area required for a specific 

application; however, deeper nanocapillary pores will have a higher storage 

capacity. Therefore, the second priority for future research is to focus on the 

development of fabrication of extremely high aspect ratio nanocapillaries. 

Once the MEA has been optimized and the techniques for deep 

nanocapillary array fabrication have been established work should proceed with 

integration of the MEA. The MEA acts as a seal on the nanocapillary array and 

should penetrate into the pores only as far as necessary for a target storage pressure. 

Methods and techniques to control the penetration depth of the ion exchange 

membrane material should be further investigated. It is important that the 

nanocapillaries are uniformly covered with the same amount of material.  

Based on the measured electrochemical performance the release of gas is 

limited by the performance of the inner electrode. The inner electrode is currently 

produced by drop casting the catalyst-polymer slurry onto the AAO-CNT structure. 

The resulting MEA depends on the self-segregation of the catalyst material within 

the pores. By inspection of the nanocapillary-MEA system model, one can see the 

outer electrode layer has the entire exposed active area whereas the inner electrode 

area is only the projected area of the nanocapillaries (about 40% of the total area). 

Fabrication methods for enhancing the segregation of the electrode catalyst should 

be investigated. Optimization of the inner electrode layer is one of the most critical 

aspects to the development of the gas storage material. 

Further investigation into the polarization measurements should focus on 

determining the electrochemical reactions occurring between 0 V and 2.0 V. 

Differences between the open-pore and closed-pore system revealed that potential 
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oxidation reactions were present and may be causing cyclic degradation to the 

MEA. The carbon nanotubes or surface carbon of the GDL may be the source of 

oxidized carbon that was confirmed with the GC-MS. Future polarization 

measurements should determine the current densities for the MEA after multiple 

cycles.  

As previously mentioned, there are a number of low-cost catalyst materials 

that favor the oxygen evolution reaction. Several methods exist for increasing the 

catalyst performance given the same loading. Future work should compare the 

performance of the inner catalyst with the platinum catalyst used for the 

performance characterization experiments. For each electrocatalyst material, the 

optimal method for application should be investigated.  

Each of the tasks mentioned will carry the highly ordered nanocapillary 

array material as a possible means of high pressure gas storage. Each step of the 

assembly could be enhanced or optimized. Aside from fabrication methods the use 

of alternative materials for the gas storage device could improve efficiency and 

performance as well as lower the cost of fabrication. Establishing the best method 

for synthesizing the device could lead to the development of gas storage and release 

devices with configurable shapes and sizes that could utilize modular gas storage 

materials.  
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