
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Fabrication of Anodic Aluminum Oxide Membrane for High Heat Flux Evaporation

Permalink
https://escholarship.org/uc/item/2sb532dk

Author
McGrath, Kristine

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2sb532dk
https://escholarship.org
http://www.cdlib.org/


	

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

 

Fabrication of Anodic Aluminum Oxide Membrane for High Heat Flux Evaporation 

A Thesis submitted in partial satisfaction of the requirements for the degree Master of 

Science 

in 

Mechanical Engineering 

by 

Kristine McGrath 

 

 

 

 

Committee in Charge: 

Professor Renkun Chen, Chair 
Professor Carlos Coimbra 
Professor Olivia Graeve 

 

2016 



	

 



	

	 iii	

 

 

 

 

The Thesis of Kristine McGrath is approved and it is acceptable in quality and form 

for publication on microfilm and electronically: 

 

 

 

Chair 

 

 

 

University of California, San Diego 

2016 

  



	

	 iv	

TABLE OF CONTENTS 

Signature Page…………………………………………………………………………iii 

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

List of Figures………………………………………………………………………….vi 

Acknowledgements………………………………………………………………..…viii 

Abstract of the Thesis………………………………………………………………….ix 

I. Introduction…………………………………………………………………………1 

I.I Motivation…………………………………………………………………..1 

I.II Nanopore Evaporative Cooling and the Use of AAO…………………...…2 

I.III Thesis Objectives………………………………………………………….2 

II. Nanopore Evaporative Cooling………………….…………………………………..4 

II.I Introduction………………………………………………………………...4 

II.II The Meniscus……………………………………………………………...5 

II.III Nanopore Membrane for Evaporative Cooling…………………………...9 

III. Experimental Design for Nanopore Evaporative Cooling………………………..10 

III.I Theoretical Critical Heat Flux……………………………………………10 

III.II Evaporative Cooling Experiment Set-up………………………………...12 

III.III Temperature Sensor Calibration………………………………………..13 

III.IV Experimental Set-up……………………………………………………15 

IV. Experimental Results from Nanopore Evaporative Cooling Experiments……….17 

V. AAO Membrane…………………………………………………………………..22 



	

	 v	

V.I Introduction……………………………………………………………….22 

V.II Anodization Types……………………………………………………….23 

V.III Fabrication Parameters………………………………………………….25 

V.IV Aluminum Substrate Removal and Pore Opening/Widening…………..27 

VI. AAO Membrane Parameters for Evaporative Cooling…………………………...29 

VI.I Pore Size…………………………………………………………………….30 

VI.II Membrane Thickness………………………………………………………32 

VI.III Pore Ordering……………………………………………………………...33 

VII. Experimental Design for AAO Fabrication………………………………………34 

VII.I Introduction…………………………………………………………….. 34 

VII.II AAO Fabrication Set-up……………………………………………..... 34 

VIII. Results and Analysis of AAO Fabrication…………………………………….36 

VIII.I AAO Sample Holders…………………………………………………..36 

VIII.II High Purity Vs Low Purity Aluminum for the Fabrication of AAO…...40 

VIII.III Aluminum Substrate Etching and Pore Opening/Widening…………..43 

VIII.IV Membrane Thickness…………………………………………………48 

IX. Conclusion……………………………………………………………………….50 

Bibliography…………………………………………………………………………..52 

  



	

	 vi	

LIST OF FIGURES 

Figure 1: The nanopore evaporative cooling membrane schematic.	............................	4	

Figure 2: Meniscus locations within a pore. 1: The pinning regime. 2: Fully extended 
meniscus. 3: Receding meniscus.	..........................................................................	6	

Figure 3: Regions that make up the meniscus. Region 1: Adsorbed film. Region 2: 
Transition. Region 3: Bulk meniscus. Beyond the tip of the meniscus is the 
Hagen-Poiseuille region where the liquid supply is located.	.................................	8	

Figure 4: Overview of the membrane assembly.	........................................................	13	

Figure 5: Temperature vs Resistance of the membrane. Used to determine the 
temperature coefficient of resistance (TCR).	.......................................................	14	

Figure 6: Membrane assembly and liquid supply channel set-up	...............................	15	

Figure 7: Complete diagram of the experimental set-up	............................................	16	

Figure 8: SEM image of the AAO membrane [A] before and [B] after Platinum was 
deposited. The membrane’s pore size and porosity remained the same.	.............	17	

Figure 9: Experimental results using Whatman AAO membrane with a pore diameter 
of ~200 nm, membrane porosity of 52%, and a membrane thickness of 50 µm.	 18	

Figure 10: Temperature of the membrane with various heating powers. Large 
temperature fluctuations for a given heating power correlates to a membrane 
operating in the flooding regime.	........................................................................	20	

Figure 11: Anodization set-up	....................................................................................	23	

Figure 12: Two-step anodization. 1. The aluminum substrate. 2. First anodization. 3. 
Etching of the oxide layer formed during the first anodization. 4. Second 
anodization.	.........................................................................................................	25	

Figure 13: Front Side of Whatman Commercially Produced AAO	............................	30	

Figure 14: Initial AAO fabrication set-up.	.................................................................	36	



	

	 vii	

Figure 15: SEM images of AAO with initial set-up. Top photos (A&B) are after 1-
step anodization. Bottom photos (C&D) are after 2-step anodization. Paint 
residue can be seen on the AAO membrane.	.......................................................	37	

Figure 16: Current experimental set-up for AAO fabrication.	...................................	38	

Figure 17: Fixture designs for AAO fabrication and AAO produced on aluminum 
substrate.	..............................................................................................................	39	

Figure 18: Low purity aluminum (99.99%) for the fabrication of AAO. A. Front side 
of AAO with pore opening done for 2 hours. B. Back side of AAO with pore 
opening done for 2 hours. C. Front side of AAO with pore opening done for 4 
hours. D. Back side of AAO with pore opening done for 4 hours.	......................	41	

Figure 19: High purity aluminum (99.997%) for the fabrication of AAO with pore 
opening done for 1.5 hours. Front side of AAO (A&B). Back side of AAO 
(C&D).	................................................................................................................	42	

Figure 20: Back side of AAO after aluminum substrate etching using 1:1:1 solution of 
0.2M CuCl2, HCl, and DI water. A. SEM image showing uneven etching of the 
aluminum substrate. B. SEM image showing ideal backside of AAO. Barrier 
pores should be visible.	.......................................................................................	44	

Figure 21: A comparison between etching with a 1:1:1 solution of 0.2M CuCl2, HCl, 
and DI water with pore opening done for 2.5 hours and etching with a solution of 
0.4M CuCl2 with pore opening done for 1.75 hours.	..........................................	45	

Figure 22: Aluminum substrate etched with pure CuCl2. A. High magnification of 
back side of AAO. B. Low magnification of back side of AAO.	........................	46	

Figure 23: Images of AAO after pore opening done until the membrane sank in the 
solution. A. Front side of AAO. B. Back side of AAO.	......................................	47	

Figure 24: Pore opening. A. Barrier oxide pores prior to opening, after aluminum 
substrate etching. B. Initial pore opening. C. Pores all the way opened.	.............	48	



	

	 viii	

ACKNOWLEDGEMENTS 

 I would like to thank my thesis advisor Dr. Renkun Chen for his support and 

guidance on this project. I would like to thank Young Kim and Qingyang Wang who 

also worked on this project and without their help and contribution this project would 

not be where it is today. I would also like to thank my family and friends for their 

support.  

 Sections 2-4 are currently being prepared for submission for publication of the 

material. Kim, Young Jin; Wang, Qingyang; McGrath, Kristine; Chen, Renkun. The 

thesis author was a co-author of this material. 

 

 

  



	 	ix	

 

 

 

 

ABSTRACT OF THE THESIS 

 

Fabrication of Anodic Aluminum Oxide Membrane for High Heat Flux Evaporation 

by  

Kristine McGrath 

Master of Science in Mechanical Engineering 

University of California, San Diego, 2016 

Professor Renkun Chen, Chair 

 

As electronics become more powerful and have higher energy densities, it is 

becoming more and more necessary to find solutions to dissipate these high heat 

fluxes. One promising solution to this problem is nanopore evaporative cooling. 

However, based on current literature, the experimental data is far below what is 

expected from the theoretical calculations. 

In this thesis, the experimental results produced heat fluxes much closer to the 

theoretical values. Experimentally, a maximum heat dissipation of 103 W was
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achieved on a 0.5	𝑐𝑚+ area which corresponds to a heat flux of 206	𝑊 𝑐𝑚+ on the 

overall AAO surface or a heat flux of ~400𝑊 𝑐𝑚+ on the active evaporating pore 

area which is close to the theoretical heat flux of 572𝑊 𝑐𝑚+ that can be obtained 

given the membrane parameters. While the results are promising, it still needs to be 

further studied to obtain higher heat fluxes closer to the theoretical one. In order to 

achieve this, membrane parameters of the working porous membrane need to be able 

to be adjusted.  

For the nanopore evaporative experiments done so far, commercially available 

AAO membranes were used. However, commercial AAO is only sold in certain set 

parameters and the AAO produced has a disordered structure, both of which are not 

useful for future experimental purposes. Therefore, AAO needs to be fabricated in the 

lab to meet the experimental needs.  

The fabrication of AAO on high purity aluminum (99.997%) with 0.3 M 

Oxalic Acid at 40 V at 6 − 7℃ was achieved. With the given fabrication parameters 

an average pore size of ~80 nm was achieved with a circularity of 0.91 while the 

commercial AAO had an average pore size of ~200 nm with a circularity of 0.80.  

The initial nanopore evaporative cooling experiments will be discussed along 

with the process of fabricating usable AAO for these experiments. 
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I. Introduction 

I.I Motivation 

As electronics become more powerful and have higher energy densities, it is 

becoming more and more necessary to find solutions to dissipate high heat fluxes. 

Current heat dissipation technology is a limiting factor for these high powered 

electronics such as integrated circuits, processors, and laser diodes [6-7]. These high 

powered electronics can have overall heat fluxes of 100	𝑊 𝑐𝑚+ and concentrated 

local hot spots that can exceed 500	𝑊 𝑐𝑚+	[13]. In order to keep up with these high 

energy density technologies it is imperative to improve the thermal management of 

these devices. This research is necessary due to the fact that performance and 

reliability are negatively affected by these high temperatures [11].  

Traditional cooling techniques that have been used for electronics are 

conduction through thermal stacks, convection of air with the help of fans, and heat 

sinks [7,11]. These techniques have worked for current lower powered electronics but 

they are limited by their size, weight, and power. Therefore, research in thermal 

management has been taken on in applications such as jet impingement [34], pool 

boiling [12], phase change materials (PCMs) [11], and thin film evaporation [6-7,11-

12,34]. 
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I.II Nanopore Evaporative Cooling and the Use of AAO 

Nanopore evaporative cooling is a solution for thermal management. However, 

it still needs to be further researched in order to be a viable option. Based on the 

current experimental data, it is far below what has been predicted in theoretical 

calculations causing doubts to arise regarding the feasibility of this idea. To better 

understand and model nanopore evaporation, AAO is used as the working porous 

membrane and IPA is used as the working fluid. IPA was chosen because of its high 

wettability on AAO and its dielectric properties. 

 

I.III Thesis Objectives  

For the nanopore evaporative cooling experiments achieving a higher heat flux 

than has been achieved in literature and on a larger area thus far is the goal. To begin 

with, experiments will be similar to those done in literature, using the same working 

fluid (IPA) and nanoporous membrane (AAO) to be able to make a direct comparison. 

To begin with, these experiments will use commercially produced AAO from 

Whatman. However, commercially purchased AAO has a limited variety of options to 

choose from and is not very ordered.  

For future nanopore evaporative cooling experiments AAO fabricated in the 

lab is desired due to the fact that parameters such as pore diameter, membrane 

thickness, porosity, and pore ordering can be better controlled. To do this, designing a
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set-up and fine-tuning the process of producing generic AAO is necessary before 

adjusting the parameters is done. 

This thesis will cover the theory, setup, and execution of nanopore evaporative 

cooling experiments. It will then discuss the fabrication parameters that affect the 

AAO membranes, the setup for fabricating usable AAO for experiments, and how well 

the results compare to not only the commercially produced AAO but the AAO 

parameters that are desired for nanopore evaporative cooling experiments. 

 

  



	

	 4	

II. Nanopore Evaporative Cooling  

II.I Introduction 

Nanopore evaporative cooling is a design that takes advantage of evaporative 

heat transfer to dissipate heat. It uses a thin porous membrane supported by 

microchannels which supply liquid to the nanopores by capillary pressure as shown in 

Figure 1 [7]. Based on current experimental data, however, it is far below what has 

been predicted in theoretical calculations. The highest heat flux dissipated using IPA 

as the working fluid was ~96𝑊 𝑐𝑚+ achieved by Xiao et al [6].  

 

Figure 1: The nanopore evaporative cooling membrane schematic. 

 

 There are several experiments that have achieved heat fluxes close to 1 

𝑘𝑊 𝑐𝑚+ but they have only been achieved in experiments that either had a wall 

superheat that is very large [32] or occurred on a heating area that is very small 

[13,31]. Both of these configurations are not practical which is why further research 

still needs to be done. 

Important parameters that significantly affect the performance and the amount 

of heat dissipation during the evaporation are the capillary radius/pore diameter, the 
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temperature of the pore wall, and the degree of saturation of the vapor phase [9]. The 

meniscus also plays an important role in evaporation and the heat dissipation process.  

 

II.II The Meniscus 

 The meniscus plays an important role in dissipating heat in thin film 

evaporation. Therefore, a better understanding of the meniscus can lead to a better 

understanding of evaporation in nanopores and this knowledge can be used to achieve 

higher heat flux dissipation by designing nanoporous membranes that reflect favorable 

conditions. The meniscus can be analyzed in two regards: the location of the meniscus 

within a nanopore and the regions that make up the meniscus itself. 

 Looking at the meniscus location within a nanopore, the meniscus can be 

categorized into three locations: (1) pinning regime, (2) fully extended meniscus, and 

(3) receding meniscus [14], which can be seen in Figure 2. 

 The pinning regime occurs at low superheats. In this region, the liquid-vapor 

interface changes in size and curvature depending on the different conditions such as 

the liquid supply pressure and the temperature of the pore wall.  

 As the superheat increases, the meniscus increases in length until it becomes 

fully extended. Here the liquid-vapor interface is at its maximum pressure difference. 

 As the superheat continues to increase, the meniscus begins to recede within 

the nanopore. As the meniscus recedes further into the pore, the probability of the 
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vapor molecules escaping becomes lower, making heat dissipation less efficient. This 

is one of the reasons why the thickness of the membrane should be thin. 

 As the superheat becomes more extreme, the meniscus will eventually each the 

bottom of the pore resulting in dry out. This is undesirable since evaporation is no 

longer able to occur within the pores and the heat is no longer being adequately 

dissipated causing the membrane to overheat and potentially break. 

 

Figure 2: Meniscus locations within a pore. 1: The pinning regime. 2: Fully extended 
meniscus. 3: Receding meniscus. 

  

 The meniscus can also be further analyzed by looking at the distinct regions 

that make up the meniscus. For an evaporating meniscus with perfect wetting 

conditions, it can be broken down into three regions: (1) adsorber film, (2) transition, 

and (3) bulk meniscus [8] as seen in Figure 3.
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In the adsorber film region, the meniscus has a uniform thickness and 

evaporation is unable to occur due to the large attractive forces between the solid-

liquid interface, vapor pressure, and pore wall temperature [8]. Here the heat flux is ~0 

and does not play an active role in heat dissipation. 

 The next region that makes up the meniscus is the transition region. Here the 

attractive forces between the solid-liquid interface are much weaker and is where the 

meniscus starts taking on curvature. It is in this region that the strongest evaporation 

and therefore the highest heat flux occurs. Because this is where most of the heat is 

being dissipated, this is the region of the meniscus that needs to be optimized for 

future nanopore evaporative cooling. 

 The final region of the meniscus is the bulk meniscus. It is in this region that 

the curvature is nearly constant and it serves as the liquid supply for the transition 

region. 

 Beyond the tip of the meniscus is the liquid supply. This region can be 

categorized and modeled by the Hagen-Poiseuille equation. 
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Figure 3: Regions that make up the meniscus. Region 1: Adsorbed film. Region 2: 
Transition. Region 3: Bulk meniscus. Beyond the tip of the meniscus is the Hagen-

Poiseuille region where the liquid supply is located. 

  

By having a better understanding of the meniscus and where the liquid is being 

evaporated from, nanoporous membranes can be made to better suit favorable 

conditions for evaporation. By knowing that evaporation is less favorable the further 

the meniscus is within the pore, nanoporous membranes can be designed to be thinner 

rather than thicker to improve results and prevent dry out from occurring as rapidly. 

By knowing that the transition region in a meniscus is where the highest evaporation 

occurs, membranes can be designed to alter the pore diameter to get a better 

understanding of how the pore diameter affects the meniscus and the size of this area 

to see the pore size at which this region is optimized. 
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II.III Nanopore Membrane for Evaporative Cooling  

The nanopore membrane plays an important role in this evaporative heat 

transfer design. The membrane thickness, pore diameter, and porosity of the AAO all 

play a role in how well the liquid is able to evaporate and the heat is able to dissipate. 

Higher porosities and thinner membranes are desired to increase heat dissipation [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

Section II is currently being prepared for submission for publication of the 

material. Kim, Young Jin; Wang, Qingyang; McGrath, Kristine; Chen, Renkun.   
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III. Experimental Design for Nanopore Evaporative Cooling 

III.I Theoretical Critical Heat Flux 

 The theoretical critical heat flux can be found using the liquid transport limit or 

the kinetic limit for evaporation. Depending on the configuration and experimental 

parameters, either can be the limiting factor which is why both values have to be 

calculated to determine which produces a lower heat flux. The one that does is the true 

limiting factor for the configuration and the maximum theoretical critical heat flux that 

can be achieved. 

The liquid inside the pores is driven by both the capillary force as well as the 

pressure difference of ~100 kPa across the membrane, with the flow facing resistance 

from the pore wall. The critical heat flux for the liquid transport being the limiting 

factor can be calculated as the value at which the liquid feed force and the viscous 

drag force are balanced. At this point, the meniscus is fully extended and the curvature 

of the liquid-vapor interface has a value similar to the inverse of the pore radius due to 

the fact that IPA has ~0° angle with AAO. Therefore, the liquid transport driven 

pressure can be calculated by: 

∆𝑃9:; =
4𝛾
𝐷 + 101.325𝑘𝑃𝑎 

Where D is the pore diameter, g is the liquid surface tension, and the 101.325 kPa is 

the pressure difference between the liquid reservoir at 1 atm and vacuum chamber 

which also plays a role in the liquid driving force. For the experiments, the membrane 
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pore diameter is ~200 nm and the liquid surface tension for IPA is 21.4×10CD 𝑁 𝑚 

which comes out to a value of ∆𝑃9:; = 529	𝑘𝑃𝑎. 

 Assuming that the density of IPA stays constant, the viscous pressure drop 

inside the pore can be calculated using the Hagen-Poiseuille equation: 

∆𝑃F;G =
32𝜇𝐿𝜈
𝐷+ =

32𝜇𝐿
𝐷+

𝑞LL

ℎNO𝜌Q
 

Where µ is the liquid viscosity, 𝜌Q is the liquid density, ℎNO is the latent heat of 

evaporation, L is the pore length or membrane thickness, and 𝑞LL is the heat flux. For 

IPA under atmospheric conditions, the viscosity is 1.33×10CD𝑃𝑎 ∙ 𝑠, the density is 

786	 𝑘𝑔 𝑚D, and the latent heat of evaporation is 732	 𝑘𝐽 𝑘𝑔. The pore length or 

membrane thickness is 50 µm. 

 When ∆𝑃9:; = ∆𝑃F;G = 529	𝑘𝑃𝑎, that is the maximum critical heat flux that 

can be achieved. This corresponds to a heat flux of 𝑞LL = 572	𝑊 𝑐𝑚+, if the liquid 

transport is the limiting factor in this situation. 

 The other limiting factor could be the kinetic limit for evaporation which can 

be calculated using the equation [33]: 

𝑞LL =
2𝜎
2 − 𝜎 ℎNO

𝑀
2𝜋𝑅

𝑝Q,]^::
𝑇Q

−
𝑝F
𝑇F

 

Where 𝜎 is the accommodation coefficient of the liquid, M is the molar mass of the 

liquid, R is the gas constant, 𝑝F is the far field pressure of the vapor, 𝑇F	is the far field 

temperature of the vapor, 𝑇Q is the temperature of the liquid near the liquid-vapor 
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interface, and 𝑝Q,]^:: is the corrected pressure of the liquid near the liquid-vapor 

interface. 𝑝Q,]^:: can be calculated with the Kelvin’s equation for pressure change at a 

curved liquid-vapor interface: 

𝑝Q,]^:: = 𝑝Q×𝑒𝑥𝑝 −
2𝛾𝑀
𝑟𝑅𝜌Q𝑇Q

 

Here 𝑝Q is 101.325 kPa based on the experimental set-up and the accommodation 

coefficient is 0.1. This results in a critical heat flux of 𝑞LL ≈ 1400𝑊 𝑐𝑚+ which is 

higher than the critical heat flux obtained from the liquid transport. Therefore, the 

liquid transport is the limiting factor in this setup and the maximum theoretical critical 

heat flux is  𝑞LL = 572	𝑊 𝑐𝑚+. 

 

III.II Evaporative Cooling Experiment Set-up 

 The AAO membrane was attached on top of a 71mm x71mm square hole in a 

PMMA block using Torr Seal Ò Low Pressure epoxy. Due to the fact that the 

membrane was bigger than the hole in the PMMA, part of the pores were blocked by 

the PMMA and epoxy making them inactive for evaporation. 

 Once the epoxy was set, a shadow mask with a 0.5 𝑐𝑚+ area opening was used 

to deposit a 2-3 nm thick layer of Chrome on the top of the membrane using PVD 

(Physical Vapor Deposition) as an adhesive layer. Next a 30 nm thick layer of 

Platinum was deposited on top to act as the heater for the system.
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Using a second mask, copper contact pads with a thickness of 2 µm are 

deposited. The internal resistance of the contact pads are less than 0.1 ohm. 

 

Figure 4: Overview of the membrane assembly. 

 

III.III Temperature Sensor Calibration 

 In order to determine the temperature the AAO membrane was experiencing in 

experiments, the AAO sample with the Platinum layer was calibrated by measuring 

how the membrane’s resistance varied with temperature to determine its temperature 

coefficient of resistance (TCR). This calibration was done using a programmable 

convection oven and a thermocouple. 

 An electrical connection was made on both sides of the copper electrode in 

order to measure the resistance and the thermocouple was placed less than 1mm above 
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the membrane in order to measure the temperature of the membrane as close as 

possible without introducing error via conduction from touching. The resistance and 

temperature of the Platinum was recorded using the Agilient 34401A multimeter and 

the NI USB-TC01 data acquisition. 

 The measurements began at room temperature and went up to 50℃. The 

temperature was increased in 5K increments, holding each temperature for two and a 

half hours before taking the measurement so that the heater could come to an 

equilibrium temperature and resistance. The data was then plotted as shown in Figure 

5 and the TCR value was found by taking the slope of the plot. The membrane was 

calibrated with a TCR value of 0.0011/𝐾. 

 

Figure 5: Temperature vs Resistance of the membrane. Used to determine the 
temperature coefficient of resistance (TCR). 
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III.IV Experimental Set-up 

 The completed membrane assembly was attached to the liquid supply channel 

using an O-ring seal to prevent leaking and set screws to hold it into place. Once the 

liquid supply channel was securely attached to the membrane assembly, the electrical 

connections were attached. 

 

Figure 6: Membrane assembly and liquid supply channel set-up 

  

 After the electrical connections were all set up, a glass case was placed over 

the entire set-up and on to the platform using an O-ring to seal the set-up. Once secure, 

the vacuum was turned on and the pressure within the chamber is reduced to ~3 Pa. 

Once the pressure had been stabilized, the liquid supply was slowly introduced into 

the membrane assembly using the valve to control the flow and not break the 

membrane in the process. At this point the pressure was now around 40 Pa. 
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Figure 7: Complete diagram of the experimental set-up 

  

The experiment was now able to begin. The power was increased in 5 W 

increments. At each step, the set-up reaches steady state after 10 seconds but was left 

under those conditions for 2 minutes to allow the system to come to a complete 

equilibrium and to record data. The heating power was continually increased until the 

membrane either dried out and/or broke. 

 

 

Section III is currently being prepared for submission for publication of the 

material. Kim, Young Jin; Wang, Qingyang; McGrath, Kristine; Chen, Renkun.  



	

	 17	

IV. Experimental Results from Nanopore Evaporative Cooling Experiments 

AAO membranes were purchased from the Supplier, Sigma Aldrich, 

Manufacturing Number Whatman, 6809-6022. The membranes purchased had an 

average pore size of 200 nm and a membrane thickness of 50 µm. 

 The working membrane was further characterized using an FEI XL30 SEM 

(Scanning Electron Microscope). It was determined from these images that the 

membrane pore sizes were ~200nm ±30nm and the porosity was ~0.52 using Image J.  

 

Figure 8: SEM image of the AAO membrane [A] before and [B] after Platinum was 
deposited. The membrane’s pore size and porosity remained the same. 

	

 For a membrane with these parameters, a theoretical critical heat flux (CHF) of 

572 𝑊 𝑐𝑚+ can be obtained, as discussed earlier. Experimentally, a maximum heat 

dissipation of 103 W on a 0.5 𝑐𝑚+ area was achieved which corresponds to a heat flux 

of 206 𝑊 𝑐𝑚+ on the overall AAO surface or a heat flux of ~ 400 𝑊 𝑐𝑚+ if only the 

active evaporating pore area is taken into consideration.
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Comparing these results to Xiao et al’s results due to similarities in membrane 

material (AAO) and working fluid (IPA), a maximum heat flux of ~96𝑊 𝑐𝑚+ was 

dissipated [6]. The heat dissipation achieved in these experiments was two times 

greater than what Xiao was able to achieve and was much closer to the maximum 

theoretical critical heat flux namely, ~570𝑊 𝑐𝑚+ based on the pore area. 

 

Figure 9: Experimental results using Whatman AAO membrane with a pore diameter 
of ~200 nm, membrane porosity of 52%, and a membrane thickness of 50 µm. 

 

 From the experiments and with the help of a high speed camera, the heat 

dissipation within the nanoporous membrane can be categorized into three regions 

prior to dryout. These regions are (1) flooding, (2) micro scale boiling, and (3) thin 

film evaporation. In previous works, it was only categorized into two regions, flooding 

and thin film evaporation [6], but with the use of a high definition, high speed camera 
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with a 1-5X magnifying macro lens, a resolution of 2 µm within the setup was 

achieved and an additional region called microscale boiling was observed and 

identified.  

The first region is the flooding region. This region occurs at low superheats 

and is characterized by large temperature fluctuations for a given low heating power as 

shown in Figure 10. The reason for these temperature fluctuations is due to the 

flooding that occurred. The flooding was irregular and moved around as the membrane 

was heated. 

 As the heating power increased, heat dissipation switches to the microscale 

boiling and then eventually the thin film evaporating regime. These two regions are 

characterized by a steady temperature profile. The main difference between the two is 

that in the microscale boiling region, bubbles or boiling occurs. These bubbles 

appeared at a highest frequency of 250 Hz and had a size of less than 10 µm which 

cannot be observed by the human eye and was probably why it had not been identified 

previously. With the help of the high speed, high resolution camera, this region was 

able to be identified and observed. Also it can be seen that the temperature of the 

membrane remains relatively constant in this region even though the heating power is 

increasing as shown in Figure 9. 
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Figure 10: Temperature of the membrane with various heating powers. Large 
temperature fluctuations for a given heating power correlates to a membrane operating 

in the flooding regime. Steady temperature profiles for a given heating power 
correlates to a membrane operating in the micro boiling and thin film evaporation 

regime. 

 

 The results obtained from these experiments are very promising considering a 

heat flux much closer to the theoretical critical heat flux value was obtained. The 

experiments are limited by the variety of AAO that are commercially available which 

limits what parameters are able to be tested to obtain better experimental results and 

obtain higher heat flux dissipation. For this reason, the fabrication of AAO in the lab is 

required for future nanopore evaporative cooling experiments. By being able to 
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fabricate AAO in the lab, parameters such as membrane thickness, pore diameter, 

porosity, and pore ordering can be adjusted as necessary to better model and 

understand nanopore evaporative cooling. 

Section IV is currently being prepared for submission for publication of the 

material. Kim, Young Jin; Wang, Qingyang; McGrath, Kristine; Chen, Renkun.  
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V. AAO Membrane  

V.I Introduction 

AAO has many uses in commercial product and industry such as mechanical 

and decorative coatings on aluminum, nanotechnology, and filtration [2-5]. Because of 

its diverse use, including both barrier and porous type AAO, much research has been 

done to better understand and control the properties of AAO. Barrier type AAO is 

produced using completely insoluble electrolytes while porous type is produced using 

slightly soluble electrolytes [29]. For the purposes of nanopore evaporative cooling, 

porous AAO membranes are required. 

In the anodization process, the aluminum substrate is the anode and platinum is 

usually used as the cathode as shown in Figure 11. The aluminum atoms lose 

electrons through the current turning into 𝐴𝑙Dh. The cations move toward the 

electrolyte-oxide interface while the anions move toward the oxide-aluminum 

interface when the voltage is applied [23] which leads to the growth of the AAO 

membrane. The chemical equation for the formation of AAO is [29]: 

2𝐴𝑙(𝑠) + 3𝐻+𝑂(𝑙) → 𝐴𝑙+𝑂D(𝑠) + 6𝐻h + 6𝑒C 
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Figure 11: Anodization set-up 

 

V.II Anodization Types 

The most common anodization method is one-step [1] or two-step [3-4,17,21-

22,24] direct current anodization. Both techniques are used but both have their own 

pros and cons, such as the fact that one-step anodization is much quicker than two-step 

anodization but it produces a non-uniform and disordered pore structure.  

Other types of anodization methods that have been researched are hybrid pulse 

anodization [1], three-step anodization [16], and anodizing on a pre-patterned 

substrate [23]. While hybrid pulse anodization and three-step anodization have been 

shown to have a more ordered pore structure and produce more circular pores than 

two-step direct current anodization not much research has been done on them as of 

yet. For anodizing on a pre-patterned substrate, it also produces a more ordered pore 

structure but it limits the pore size that can be fabricated due to the fact that the mask 
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is pre-made and cannot be altered, only a new one can be made to obtain a different 

pore size. 

Even within the two-step anodization process, there are two kinds of 

anodization processes: hard and mild. Mild anodization is formed at a lower current 

density while hard anodization is done at a higher current density which results in a 

faster oxide growth rate for the hard anodization, making it more cost effective and 

commercially viable [21-22]. Mild anodization also contains lower levels of anionic 

impurities compared to hard anodization [21].  

The two-step anodization process is the most commonly used technique for 

AAO fabrication due to the fact that it produces better quality and more uniformly 

ordered pores than one-step anodization. During the first anodization step, the pores 

begin to form an ordered concave structure in the aluminum but the pores themselves 

are disordered. The oxide film formed by the first anodization is then completely 

etched away leaving behind an ordered pattern on the aluminum substrate. In this 

second anodization, because there is already a pre-patterned surface from the first 

anodization, the pores are able to use this pattern as a guide to form pores in a more 

ordered and uniform way. 
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Figure 12: Two-step anodization. 1. The aluminum substrate. 2. First anodization. 3. 
Etching of the oxide layer formed during the first anodization. 4. Second anodization. 

 

V.III Fabrication Parameters 

From the various anodization methods and all the research that has been done, 

it has led to a better understanding of what fabrication parameters affect what 

membrane parameters such as pore uniformity, pore circularity, membrane thickness, 

pore size, and interpore distance. 

The most common electrolytes used in the fabrication of AAO are sulfuric acid 

[20,22,30], oxalic acid [1,3,15-17,20-22,25,30,35], phosphoric acid [20,22,24,30], or a 

mixture involving them [4-5]. It has also been found through research that each 

solution has a certain voltage at which it produces the best ordered structure. For 

sulfuric acid it is 25 V [20,24,28,30], for oxalic acid it is 40 V [20,24,26,28,30], and 

for phosphoric acid it is 195 V [20,24,28,30]. At these conditions the pores sizes 
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produced are approximately 65 nm for sulfuric acid, 100 nm for oxalic acid, and 500 

nm for phosphoric acid. Other less common electrolytes like citric acid [30] and 

malonic acid [28] have also been used. The electrolyte solution used during 

anodization effects the growth rate of the oxide, the barrier oxide thickness, and the 

voltage at which the best ordering occurs. 

The aluminum substrate that the AAO is formed on also makes a difference to 

the quality of the AAO produced. High purity aluminum is most commonly used for 

AAO fabrication. It has been seen experimentally that the substrate purity effects the 

oxide growth rate, with the higher the purity the higher the growth rate [20]. High 

purity aluminum also produces AAO with a better pore size distribution and pore 

ordering than low purity aluminum [4]. 

The applied voltage during anodization has been shown to affect pore 

diameter, interpore distance, barrier oxide thickness, and wall thickness/porosity of the 

AAO [3-4,17,20,23,29]. However, as the applied voltage increases, the uniformity and 

ordering of the pore structure decreases due to dissolution effects. 

The temperature of the electrolyte during anodization has a direct impact on 

the AAO growth rate. As the temperature increases so does the AAO growth rate. 

However, dissolution effects can occur at higher temperatures which is why many 

conventional AAO membranes are produced at low temperatures [1,3,15]. Pore size 

also increases with temperature but pore uniformity decreases.
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The anodization time is directly related to the membrane thickness of the AAO 

produced. The membrane thickness increases with time. Process or anodization time 

also has a small effect on the barrier oxide layer thickness [20]. 

 

V.IV Aluminum Substrate Removal and Pore Opening/Widening 

Once the growth of the AAO is complete, the aluminum substrate needs to be 

etched away along with the AAO barrier oxide layer in order to produce through 

holes. The aluminum substrate can be etched using a few different combination of 

solutions. The solutions used to etch the aluminum substrate away are a saturated 

𝐻𝑔𝐶𝑙+ [17,20,23-24], a mixture of 𝐶𝑢𝐶𝑙+ and 𝐻𝐶𝑙 [18,22,28,35], a mixture of 𝐶𝑢𝐶𝑙+, 

𝐻𝐶𝑙, and DI water [21], and a saturated solution of 𝐶𝑢𝐶𝑙+ [25,27]. 

Once the aluminum substrate is etched away the barrier pores need to be 

removed in order to open the pores up and produce through holes. There are various 

solutions and techniques used to do this but the most popular technique is exposing the 

membrane to phosphoric acid [17-18,20,23-24].  

Pore opening can also be done with dry etching techniques like ion milling and 

plasma etching but it is a complicated process, is only feasible for opening a small 

area of pores, and it requires expensive equipment to do so [18,20-22]. For the 

purposes of nanopore evaporative cooling experiments, the whole area of the AAO 

membrane needs to be opened which makes wet etching a more feasible option for this 

application due to the fact that it is cheaper and easier for a larger area. 
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Not only can the barrier pores be removed to open up the holes and make them 

through holes, but the pores can also be widened by further etching with the same 

solution. Pore widening is usually done as part of the process since the pore diameter 

is not easily controlled with the applied voltage alone. While this is a commonly used 

technique for pore opening and widening, it is controlled only by the etching time 

which has to be found experimentally since parameters such as temperature, 

concentration, and the thickness of the barrier layer of the AAO affect the rate at 

which it will open and widen. Because of this, there is a lot of inconsistency when 

pore opening and widening is done.  

One solution to this problem is using electrochemical detection to determine 

when the pores are opened. This set-up involves using two electrodes and two half 

permeation cells that are separated only by the AAO membrane with the phosphoric 

acid solution in the permeation cell touching the barrier oxide side of the AAO and 

another solution such as KCl [18] or DI water [21] touching the front side of the AAO 

membrane so as not to destroy the ordered pores. A small voltage is then applied to the 

sample and the current is monitored. As the phosphoric acid begins to etch away the 

barrier oxide, the current is at its minimum and once the pores starts to open, the 

current then significantly increases.   
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VI. AAO Membrane Parameters for Evaporative Cooling 

The nanopore evaporative cooling experiments first began with the use of 

Whatman produced AAO membranes with a 200 nm average pore size and a 50 µm 

membrane thickness. In order to better understand membrane parameters such as 

porosity, membrane thickness, and pore size, fabricating AAO in the lab was decided 

so that these parameters could be controlled and future experiments could be run to 

see how well the experimental data correlates with the theoretical data.  

It was also decided to make AAO membranes due to the fact that commercial 

AAO is less ordered than what can be made in the lab [15] as shown in Figure 13. As 

can be seen in the SEM image, the pores are relatively similar in size when looking at 

it overall, however, when it is zoomed in the pore structure appears more disordered. 

The most notable aspect of the pores is that they are not very circular. Using Image J 

to analyze the images and the circularity equation: 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
4𝜋𝐴
𝑃+ 	, 

where A is the area of the pore and P is the perimeter of the pore, it can be calculated 

that the average circularity is 0.80 with a standard deviation of 0.073 based on 75 

pores. A circularity value of 1 correlates to a perfect circle while a value that 

approaches 0 correlates to an increasingly elongated shape.  

The average pore diameter can be found using the equation: 

𝐷 =
4𝐴
𝑃 	, 
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where D is the average diameter of the pore. Using this equation, the average pore 

diameter was calculated to be 231.62 nm with a standard deviation of 22.94 nm. 

  

Figure 13: Front Side of Whatman Commercially Produced AAO 

 

For the nanopore evaporative experiments, fabricating AAO membranes that 

are consistent in size and have a highly ordered pore structure is desired. For future 

experiments a variety of pore sizes and membrane thicknesses is also required. 

 

VI.I Pore Size 

The pore size can be changed by altering the applied voltage [15,17,20,25-26], 

electrolyte temperature [15,20], the concentration of sulfuric acid mixed in with oxalic 

acid [5], the electrolyte concentration [20], and the duration of the AAO growth 

process [3,15]. To increase the pore diameter, the electrolyte temperature, process 

duration, or applied voltage can be increased to do so. 
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The pore size is also affected and limited by the interpore distance. While the 

pore diameter itself has a few different parameters that can be tweaked to change its 

size, the interpore distance is only affected by the applied voltage, except in sulfuric 

acid. As the applied voltage increases so does the interpore distance [15,17,20,23]. 

And when sulfuric acid is used, an increasing electrolyte temperature results in an 

increasing interpore distance [20], but when oxalic acid or phosphoric acid are used, 

the temperature has no impact. 

The pore size can be further increased at the very end of the AAO fabrication 

process in the pore opening and widening step. Phosphoric acid [17-18,23-24] can be 

used to etch away the pore walls of the AAO which effectively widen the pore 

diameter. 

For the eventual purposes of nanopore evaporative cooling, pore sizes ranging 

from 20 nm to 800 nm is the goal. So far in literature the largest pore size achieved is 

500 nm by anodizing aluminum in 0.3M phosphoric acid at 195V [20,24,28,30] and 

600 nm by anodizing aluminum in 2M citric acid at 240V [30]. To achieve even 

higher pore diameters, the applied voltage will need to be increased even more so. 

However, as the applied voltage gets higher to produce larger pore sizes, the system 

can reach an upper voltage limit, the limit of which depends on factors such as the 

electrolyte solution and temperature, at which point the burning and breakdown of the 

AAO will occur [25,26].
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For oxalic acid there has also been research to get even larger pore sizes with 

an increased voltage. However, at a certain voltage, burning and breakdown of the 

AAO has been a limiting factor as to how high of voltage that can be applied. 

One solution to increase the upper voltage limit in oxalic acid is by forming an 

oxide layer at a lower voltage and then slowly increasing the voltage to the desired 

amount. With this method, a maximum of 215V can be achieved [26].  

 Another approach to further increase the voltage in oxalic acid is with a 

constant-current nonlinear voltage increasing process, the maximum voltage that can 

be applied in this scenario is 400 V [25]. The downside of this process is that the 

bottom of the membrane has disordered and branched pores. It is not until a certain 

point in the anodization process that steady, linear, and ordered pores begin to form. 

While this research may eventually be promising, the disordered and branched pore 

layer is undesirable for this application since it cannot be easily removed without 

destroying the ordered linear portion of the AAO membrane. 

 

VI.II Membrane Thickness 

Membrane thickness is altered directly by changing the amount of anodization 

time. However, the growth rate of the AAO changes with the electrolyte, electrolyte 

temperature, and the aluminum substrate purity.  

For future nanopore evaporative cooling experiments, membrane thicknesses 

ranging from 10 µm to 50 µm are desired. While easy to control the thickness, the 
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AAO membranes with thin thicknesses are difficult to manufacture due to the fact that 

they are very brittle and do not have much structural integrity once the aluminum 

substrate is etched away, making it more challenging to produce AAO at the lower end 

of the desired membrane thicknesses. 

 

VI.III Pore Ordering 

Pore ordering and uniformity is affected by the electrolyte temperature, the 

length of the first step of the anodization process [3,16], the applied voltage [3], and 

the aluminum substrate purity. Pore ordering decreases with higher electrolyte 

temperatures, a shorter first step anodization, a higher applied voltage, or a lower 

aluminum substrate purity.  

The pore ordering is also affected by the number of anodization steps. Two-

step anodization produces more ordered and uniform pore arrangements than one-step 

anodization. Not much research has been done into three-step anodization, but from 

the research that has been done so far, the pores are even more uniform [16]. 
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VII. Experimental Design for AAO Fabrication 

VII.I Introduction 

 Before AAO membranes with a variety of pore sizes and thicknesses can be 

fabricated, the process of fabricating generic and workable AAO has to first be 

solidified. AAO is best produced in 0.3M oxalic acid at 40V at low temperatures 

[3,15,17]. Using these set parameters, the fabrication of AAO in the lab can be fine-

tuned to show that it is in fact feasible before more time and research are put into 

adjusting the parameters to obtain various membrane thicknesses, pore sizes, 

porosities, and better ordering. 

 

VII.II AAO Fabrication Set-up 

An aluminum substrate was used to fabricate the AAO membrane. The 

aluminum substrate was cut to 25mm x 25mm with a 0.2mm thickness. The substrate 

was then cleaned with IPA and allowed to air dry. The substrate was then set in a 

solution of NaOH for one minute and rinsed off with DI water. The aluminum 

substrate was then electropolished in perchloric acid at 20V for 5 minutes at 6-7℃. 

After, the sample was placed in two ethanol baths and then allowed to air dry.  

Next, the sample was anodized in 0.3M Oxalic acid at 6-7℃ at 40V for one 

hour and then placed in two DI water baths and air dried. The sample was then placed 

in a bath of 6wt% 𝐻D𝑃𝑂s + 1.8wt% 𝐻+𝐶𝑟𝑂s at 65℃ for 1 hour to etch away the oxide 

layer grown in the first step. The sample was then cleaned in DI water and then IPA. 
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The sample was then anodized again in the same 0.3M Oxalic acid at 6-7℃ at 40V for 

a predetermined time depending on how thick of membrane is desired and then placed 

in two DI water baths and allowed to air dry. 

Next the aluminum substrate was etched away by placing the aluminum side of 

the sample on top of the solution so that it is floating on the liquid. After the aluminum 

was completely etched away, the barrier oxide AAO on the bottom needs to be etched 

away in order to open the pores to have through holes using phosphoric acid. 
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VIII. Results and Analysis of AAO Fabrication 

VIII.I AAO Sample Holders 

The fabrication of AAO in the lab first began with a simple design as shown 

below. It involved using copper tape, insulation tape, and Microshield Stop-off 

Lacquer red paint to cover the back of the aluminum substrate and prevent leaks from 

occurring during the electropolishing and anodization steps. This paint design has 

been used in various AAO fabrication set-ups [3,15].  

 

Figure 14: Initial AAO fabrication set-up. 

 

However, using the Microshield Stop-off Lacquer red paint caused 

contamination on the AAO membrane when it was removed after the second 

anodization step prior to the aluminum etching, as shown in Figure 15. This residue is 

undesirable for AAO fabrication and nanopore evaporative cooling. 
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Figure 15: SEM images of AAO with initial set-up. Top photos (A&B) are after 1-
step anodization. Bottom photos (C&D) are after 2-step anodization. Paint residue can 

be seen on the AAO membrane. 

  

Looking closely at the SEM images, not much residue can be seen after the 

first anodization step due to the fact that the paint has not been removed from the 

aluminum substrate.  After the second anodization and the removal of the paint, 

however, it can be clearly seen in the SEM images that the paint was not fully 

removed even though it appeared to be when looking at it with the human eye.
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To prevent this undesired residue from the paint, a new experimental set-up 

was made. This new set-up involves using an acrylic fixture for insulation rather than 

the Microshield Stop-off Lacquer red paint as shown below. 

 

Figure 16: Current experimental set-up for AAO fabrication. 

 

In this new set-up, two different acrylic fixtures are used, one for the 

electropolishing step and one for the anodization steps. The first fixture has a 0.87 in x 

0.87 in size opening for the aluminum substrate and the second has a 0.75 in x 0.75 in 

size opening for the substrate as shown in Figure 17. This is done in order to ensure 

all the aluminum being anodized is electropolished which produces a better quality 

AAO especially on the edges where the aluminum meets the acrylic fixture since the 

substrate has to be moved in and out of the fixtures a few times during the process. 

In this new set-up it is placed in the first fixture for electropolishing. It is then 

removed from this fixture into the second fixture that has a slightly smaller opening 
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for the first anodization. After, the aluminum substrate is removed from this fixture 

and placed directly into the 6wt% 𝐻D𝑃𝑂s + 1.8wt% 𝐻+𝐶𝑟𝑂s bath. Then, it is placed in 

the second fixture once again to undergo a second anodization.  

   

Figure 17: Fixture designs for AAO fabrication and AAO produced on aluminum 
substrate. 

 

 After extended use, the acrylic sample holders become damaged from the 

electropolishing step in the perchloric acid. The once transparent sample holder 

becomes cloudy and holes/cracks form resulting in leaks in the sample holder which is 

undesirable. To combat this issue, the aluminum sample is no longer electropolished 

in a fixture but instead directly electropolished as is and then cut in size to 0.98 in x 

0.98 in to fit in the sample holder used for anodization. 
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VIII.II High Purity Vs Low Purity Aluminum for the Fabrication of AAO  

AAO fabrication was done with both high purity aluminum 99.997% and low 

purity aluminum 99.99% to see which produced the best results and workable 

membranes for future experiments.  

The front side of the AAO produced with low purity aluminum produced 

acceptable results. Analyzing over 1,000 pores, the average circularity was calculated 

as 0.89 with a standard deviation of 0.033 and the average pore size was calculated as 

87.83 nm with a standard deviation of 4.02 nm. The backside, however, formed nano 

wires when the barrier oxide AAO was etched away which is undesirable and 

unacceptable for future use. 

From the low purity experiments, it was also seen that with extended pore 

opening/widening time, the pores became even more disordered and the quality was 

worse as seen in Figure 18 (C and D).  
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Figure 18: Low purity aluminum (99.99%) for the fabrication of AAO. A. Front side 
of AAO with pore opening done for 2 hours. B. Back side of AAO with pore opening 
done for 2 hours. C. Front side of AAO with pore opening done for 4 hours. D. Back 

side of AAO with pore opening done for 4 hours. 

 

 The high purity aluminum substrates produced AAO as seen in Figure 19. It 

can clearly be seen just from the images alone that the AAO produced with the high 

purity aluminum is much more ordered and has better quality than the low purity 

aluminum, especially on the backside of the AAO. For the front side of the AAO 

membrane, the average circularity is 0.91 with a standard deviation of 0.049 and an 
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average pore diameter of 83.10 nm with a standard variation of 3.44 based on over 500 

pores. 

 

Figure 19: High purity aluminum (99.997%) for the fabrication of AAO with pore 
opening done for 1.5 hours. Front side of AAO (A&B). Back side of AAO (C&D). 

  

From these calculations, it can be seen that the higher purity aluminum has a 

higher pore circularity than the low purity aluminum. Also it has a tighter pore size 

distribution and a smaller average pore diameter for the front side of the AAO. When 

the backside of the AAO is compared, the pores are clearly better in the high purity 
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aluminum just by looking at the images alone. The pores cannot even be distinguished 

in the low purity aluminum since nanowires have formed. 

 

VIII.III Aluminum Substrate Etching and Pore Opening/Widening 

Once the AAO growth part of the fabrication process was solidified, the 

aluminum etching and pore opening/widening still needed to be addressed. The 

aluminum substrate was originally etched away in a 1:1:1 solution of 0.2M 𝐶𝑢𝐶𝑙+, 

HCl, and DI water with the sample placed on top of the solution so that it was floating 

on top of the liquid. With this solution however, the HCl portion of the solution would 

produce a significant amount of bubbles causing the aluminum substrate to vibrate as 

the bubbles would move to the outer edge of the substrate to be released. These 

bubbles also caused the aluminum substrate to be etched away unevenly causing parts 

of the membrane to still have aluminum on them while other parts started to have the 

barrier oxide layer of the AAO prematurely removed as seen in Figure 20.A. 
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Figure 20: Back side of AAO after aluminum substrate etching using 1:1:1 solution of 
0.2M 𝐶𝑢𝐶𝑙+, HCl, and DI water. A. SEM image showing uneven etching of the 

aluminum substrate. B. SEM image showing ideal backside of AAO. Barrier pores 
should be visible. 

 

 At this point in the fabrication process, all the barrier pores should still be 

visible as shown in Figure 20.B. The aluminum substrate etching step should only be 

removing the aluminum but not opening any of the pores yet. 

To combat this issue, a solution of 0.4M 𝐶𝑢𝐶𝑙+ is used to etch away the 

aluminum substrate. The difference in the quality of the AAO with the different 

solutions can be seen in Figure 21. While the change in solution does produce better 

quality results especially after the pore opening step, they are still not quite the results 

desired here. This is because the aluminum substrate is still not being removed 

uniformly resulting in prematurely opened pores. There are not as many as was seen in 

the previous solution used but it is still not ideal. 
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Figure 21: A comparison between etching with a 1:1:1 solution of 0.2M 𝐶𝑢𝐶𝑙+, HCl, 
and DI water with pore opening done for 2.5 hours and etching with a solution of 

0.4M 𝐶𝑢𝐶𝑙+ with pore opening done for 1.75 hours. Top photos are the front side of 
the AAO. Middle photos are the back side of the AAO. Bottom photos are the side 

view of the AAO. 

1:1:1 solution of 0.2M 𝐂𝐮𝐂𝐥𝟐, HCl, & DI water 0.4M 𝐂𝐮𝐂𝐥𝟐 
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Since the solution of 0.4M CuCl+ was not quite right, a solution of pure CuCl+ 

was used to etch away the aluminum substrate and the results of which can be seen in 

Figure 22. With this new solution, there is no premature pore opening and the barrier 

oxide pores are visible which is what it should look like at this stage. However, 

zooming out on the SEM image of the membrane, a residue can be seen. 

 

Figure 22: Aluminum substrate etched with pure 𝐶𝑢𝐶𝑙+. A. High magnification of 
back side of AAO. B. Low magnification of back side of AAO. 

 

To open the bottoms of the pores for this experiment, the AAO was floated 

barrier oxide layer face down on the liquid and kept there until the pores opened. This 

was signified by the AAO membrane sinking upon pore opening. This would occur 

because the AAO membrane would float until the pores were open and the capillary 

pressure would bring the liquid into the nanopores causing it to sink. Upon inspection 

of the nanopores with the SEM, it can be seen and calculated that the pores on the 

bottom while open are not completely open as shown in Figure 23. They have an 
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average diameter of 67.91 nm with a standard deviation of 3.69 compared to the top 

that has an average diameter of 82.29 nm. 

 

Figure 23: Images of AAO after pore opening done until the membrane sank in the 
solution. A. Front side of AAO. B. Back side of AAO. 

 

In order to get uniform through holes, the membrane would need to be left in 

the solution for a few minutes longer to finish opening the pore but not destroy the 

pore structure as seen in Figure 24. 
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Figure 24: Pore opening. A. Barrier oxide pores prior to opening, after aluminum 
substrate etching. B. Initial pore opening. C. Pores all the way opened. 

 

VIII.IV Membrane Thickness 

To begin with, AAO was produced with 0.3M Oxalic acid at 6-7℃ at 40V with 

the first anodization step lasting 1 hour and the second step lasting 16 hours to produce 

a thicker and stronger membrane to work with to solidify the AAO process steps. 

Under these conditions, the AAO membranes produced have an average pore size of 

80 nm and a thickness of 100𝜇m.  

However, the Whatman AAO membranes have a thickness of 50 µm that we 

want to replicate to make the AAO membranes more comparable. In order to do that, 
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the second step anodization was changed from 16 hours to 8 hours since the AAO 

growth rate was found to be ~6.25 𝜇𝑚 ℎ𝑜𝑢𝑟. 
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IX. Conclusion 

For the nanopore evaporative cooling experiments a great improvement in the 

experimental results was shown. For a membrane with the parameters used, a 

theoretical critical heat flux (CHF) of 572 𝑊 𝑐𝑚+ can be obtained. Experimentally, a 

maximum heat dissipation of 103 W on a 0.5 𝑐𝑚+ area, corresponding to a heat flux of 

206 𝑊 𝑐𝑚+ on the overall AAO surface or a heat flux of ~ 400 𝑊 𝑐𝑚+ on the active 

evaporating pore area was achieved showing that there is promise to achieving even 

higher heat dissipation. In order to do this however, AAO with various working 

parameters need to be tested to better understand and model this. With the 

commercially produced AAO, nanopore evaporative cooling experiments are very 

limited in what can be tested. For this reason and the fact that commercial AAO is not 

well ordered, the fabrication of AAO in the lab was done. 

Using an acrylic fixture design, the AAO fabrication has been solidified in 

0.3M oxalic acid at 40V at a low temperature of 6-7℃ using 𝐶𝑢𝐶𝑙+ to etch the 

aluminum and phosphoric acid to open the pores. Using these set parameters to fine 

tune the fabrication of AAO, AAO with ~80 nm in size is produced.  

With both the high and low purity aluminum used in the lab, more ordered 

pores were produced compared to the store purchased AAO when looking at the front 

side of the AAO. A circularity of 0.91 was achieved for the AAO produced on high 

purity aluminum and a circularity of 0.89 was achieved for the AAO produced on low 

purity aluminum, while the commercially produced AAO had only a circularity of 

0.80. However, when looking at the back side of the AAO, the low purity aluminum 
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produced nano wires after the pore opening/widening step which is undesirable and 

unusable. Therefore, the high purity aluminum has to be used to produce workable 

AAO membranes. 

With the set-up and fabrication conditions, it was calculated that the AAO 

growth rate was ~6.25 𝜇𝑚 ℎ𝑜𝑢𝑟. For the purposes of future nanopore evaporative 

cooling experiments, membranes with thicknesses of 10, 30, ad 50 µm are required. 

The growth of the AAO itself it easy to control with no real issues. However, 

removing the aluminum substrate and opening/widening the pores for a thinner AAO 

membrane without damaging it will be a challenge due to a lack of mechanical 

strength. 

Membranes with pore sizes of 20, 200, and 800 nm, while having highly 

ordered pores are also a requirement. To get these parameters, process conditions such 

as applied voltage, electrolyte, electrolyte concentration, solution temperature, and 

anodization time can be altered to obtain them. In the research done so far, the highest 

pore size achieved was 600 nm with 2M citric acid at 240V. So to reach the higher 

limit on the pore diameter, the applied voltage and the electrolyte used will need to be 

changed for future membrane fabrication. While 600 nm is close to the desired upper 

limit on pore sizes wanted for future experiments, it is still not quite there. Further 

research and experiments still needs to be done to fine tune these parameters 

especially in order to get pore diameters that big and membrane thicknesses that small 

without breaking them. 
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