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ABSTRACT OF THE THESIS 

Dealloying Porous Copper and Its Application 

By 

Bowen Shao 

Master of Science 

in Materials Science and Engineering 

University of California, Irvine, 2018 

Professor Yoonjin Won Irvine, Chair 

 

Frosting process is an inevitable phenomenon in numerous applications, ranging from the 

wings of air-craft to air-conditioning heat exchangers. Frost layers formed through the 

frosting process decrease the working efficiency of heat exchangers and significantly 

increase electricity usage for defrosting. In order to delay frost processes, the rational design 

of anti-frost surfaces is necessary to increase the performance of heat exchangers and make 

them more environment-friendly. Anti-frost surfaces can employ the combination of surface 

chemistry modification and surface patterning containing micro or nanoscale features.  

Here I reported an efficient method of preparing dealloyed porous copper with micro-

nanoscale pores using copper-zinc alloy. The morphology of the porous copper is 

photographed by the scanning electron microscope (SEM), and the contact angles of the 

functionalized porous copper are measured by a contact angle meter. The frosting process 

on the porous copper samples is also studied using a customized set-up. The test results 

demonstrate different frosting behaviors on the porous copper samples with different 
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morphology and wettability. The fabrication method and test results may have implications 

for further nanoporous cupric materials design for anti-frosting and other thermal 

application. 
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CHAPTER 1: Introduction 

 

1.1. Conventional Anti-Frosting Methods 

Frosting and icing processes are common phenomena in nature when water molecules are 

closely-arranged on cold surfaces from the moisture in the air. Frost and ice trouble people’s 

lives. For example, ice and frost on roads, electric power lines, wings of airplanes, and fins of 

air-conditioning heat exchangers can decrease efficiency and induce damage for these 

devices and facilities, and even cause danger to human life. Through the history of human 

beings, people found ways to melt and remove frost and ice. Three traditional widely-used 

anti-frost or anti-ice methods include (1) mechanical removal, (2) surface heating, and (3) 

spreading salt.[1] However, mechanical removal is inefficient in time and cost. Heating the 

surface to melt ice and frost by the Joule effect is energy-consuming. Spreading salt is one of 

the chemical methods which is more efficient, but it corrodes roads and construction, and at 

the same time, the salt flushed into the soil and aqueous environment harms living species. 

Due to the current energy and environmental challenges, passive anti-frost or anti-icing 

methods using surface treatment are receiving more interest, which require different types 

of anti-frosting surface treatments.  
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1.2. Wettability 

One promising anti-frosting surface treatment is to control the surface wettability by 

constructing rough features and manipulating surface chemical properties. The surface 

wettability is characterized by the static contact angle of water droplets on the designed 

surfaces, θ. As shown in Figure 1.1a, the contact angle of water droplets is only determined 

by the surface tensions of the three interfaces on a flat solid surface: the interfaces between 

the solid, liquid, and gas based on Young’s equation, cos 𝜃 =
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
.[2] However, this model 

does not explain most of surfaces that contain rough features, defects, and impurities, 

requiring other models. 

According to the Wenzel equation, cos 𝜃∗ = 𝑟 cos 𝜃  , the apparent contact angle θ* of a 

surface is determined by the roughness, r, and the intrinsic contact angle, θ, and the 

roughness and the intrinsic contact angle further changes with the surface morphology and 

chemical properties, respectively.[3] As shown in Figure 1.1b, the Wenzel equation describes 

the state of a water droplet on a substrate without air pockets between the liquid and solid 

lines. For a surface with high roughness, the Wenzel equation does not fit because of the 

trapped air pockets in the rough structure under the water droplet. Cassie-Baxter equation, 

cos 𝜃∗ = −1 + ∅𝑠(cos 𝜃 + 1), describes their contact angles, which relate to the solid area 

fraction of the substrate in contact with the liquid droplet, as illustrated in Figure 1.1c.[4]  

To describe the liquid mobility and adhesion on a solid surface, the additional parameter of 

contact angle hysteresis Δθ is introduced, which is the difference between the advancing 

contact angle and the receding contact angle of the water droplet, as shown in Figure 1.1d. 

The smaller contact angle hysteresis explains droplet mobility on the surface.  
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Figure 1.1 Schematic diagram of a water droplet (a) on flat surfaces showing solid-

liquid, liquid-vapor, and vapor-solid contact lines. The illustrations explain the 

water droplets on rough surfaces explained by (b) the Wenzel state and (c) the 

Cassie-Baxter state. Dynamics wettability showing (d) the contact angle hysteresis 

that is the difference between advancing and receding contact angles. 

 

According to the value of the static contact angle and the contact angle hysteresis of water, 

surfaces with different wettability can, therefore, be categorized. A surface with a contact 

angle lower than 90° is called as a hydrophilic surface, while one with a contact angle higher 

than 90° is called as a hydrophobic surface. Furthermore, the surface with a static contact 

angle higher than 150° and a contact angle hysteresis lower than 10° is superhydrophobic 

surface. 
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1.3. The anti-frosting performance of surfaces with different wettability  

Although both hydrophilic surfaces and hydrophobic surfaces present anti-frosting abilities, 

they all face their problems that cause failure in anti-frosting. Heavy ice shells and frost 

melting water retention on the hydrophilic surfaces will harm the performance of devices 

working in a frosting environment.[5]–[8] Condensate droplets pinned on the hydrophobic 

surface with microstructures lack mobility and lead to film-wise condensation. Condensate 

water film freezing on a hydrophobic surface increases the weight of devices and declines 

the heat transfer rate from the surface. On a surface requiring highly efficient heat transfer 

and working in a frosting environment, people use surface treatment and fabricate it 

superhydrophobic to prevent film-wise condensation before freezing.[9]–[13] 

Because of condensate droplet self-repelling and small liquid-solid interfaces, 

superhydrophobic surfaces are more efficient in anti-frosting than the hydrophilic and 

hydrophobic surfaces.[14]–[20] As shown in the equation, ΔP=γ
2

𝑅
 , Laplace pressure, the 

pressure difference that causes the curve surface between the gas region and liquid region, 

is determined by the surface tension between liquid and gas as well as the radii of 

curvature.[21] On a nano-structured superhydrophobic surface, a high Laplace pressure is 

available between the droplet and air pockets under it, which is attributed to the small radii 

coming with the nanoscale rough structures. Therefore, superhydrophobic surfaces with 

nanostructures are more robust against condensate droplet pinning, and condensate 

droplets can jump out of the surface by droplet coalescence. When a superhydrophobic 

surface is tilted or vertical to the ground, gravity will also help the self-removal of the 
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condensate water droplets. On the other hand, a spherical droplet in partial Cassie-state 

contacts the solid surface in a small area that contributes to low conduction heat transfer 

between the droplet and the surface. Since the superhydrophobicity introduces self-removal 

of condensate droplets before ice nucleation and freezing, the superhydrophobic surface 

presents stronger capability of delaying the droplets freezing and frosting.  

 

1.4. Dealloying  

To prepare the rough metallic structure for further functionalization and anti-frosting 

application, we select dealloying method. Among many techniques of fabricating rough 

porous metallic materials, the dealloying method is a facile one which is a process of solving 

the solvable metallic components in a multi-component alloy (with more than two 

components) and leaving the dissolvable components spontaneously forming bicontinuous 

porous structure. Figure 1.2 presents the porous structure reported previously and 

summarized by McCue and co-workers.[22] From our perspective, the dealloying method is 

promising in manufacturing porous metallic materials for three reasons: (1) dealloying is a 

template-less method to prepare a connective porous network, which avoids negative 

impacts caused by templates such as residual templates, limited scale, and high cost; 

(2)dealloying is relatively easy to conduct; (3) the pore size and porosity of dealloying metal 

can be controlled with parameters like the chemical composite of alloy and coarsening rate.  

Figure 1.3 illustrates the working model of dealloying process in the Au-Ag system. At the 

very beginning of dealloying, the less noble metallic atoms of the alloy solve into the solvent 

and are removed from the alloy matrix by an applied potential over the critical potential VC. 
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Meanwhile, the sites where the less noble atoms used to occupy would be passivated by the 

nobler metallic components. Because of dissolving and passivation, the flat alloy surface 

turns rough. In the evolution of nanoporosity, the rate-limited step of dealloying the 

dissolution of the less noble metallic atom from the high-coordination sites. The nobler 

metallic atoms tend to gather into high-concentration areas from low-concentration areas 

which is an uphill diffusion. The uphill diffusion is helped by the rapid movement of more 

noble atoms in aqueous environments.  

Then, with dealloying proceeding, noble metal atoms are not enough to passivate the freshly 

exposed surfaces efficiently which leads to the undercutting and bifurcation of pores. The 

nanopores grow through the alloy and a bicontinuous porous network forms. 

Two parameters are identifying in dealloying: the parting limit XP and the critical potential 

VC. The parting limit XP is the chemical composition of the less noble metal lower than which 

the dealloying cannot happen. The critical potential VC is a composition-dependent threshold 

parameter.[22]–[27] Oncethe applied electrochemical potential is over the critical potential, the 

ionic dissolution current is triggered.  
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Figure 1.2 SEM Micrographs showing the porosity of dealloying materials, (a) 

nanoporous Pt, (b) nanoporous Au, (c) nanoporous Sn, (d) nanoporous Si, (e) 

nanoporous Ta, and (f) nanoporous Ti.[22] 

Although the dissolution of less noble atoms occurs in molecular scale, nanoscale porous 

network tends to coarsen because of the large surface area exposed to the dealloying 

aqueous environments.  In such aqueous environments, surface atoms are mobile enough to 

cause a bicontinuous pore size increasing with dealloying proceeding. In the dealloying 

process, the porous network is always coarsening. Coarsening decreases the surface area of 

the dealloying porous structure, but coarsening is a method to control the pore size. Because 

of coarsening, with the same alloy but for various dealloying times, one can fabricate 

dealloying porous network with a different pore size from nanoscale to microscale. [28]–[32] 
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Figure 1.3 Schematic diagram of dealloying in the Ag-Au alloy system (Ag, gray; Au, 

orange) showing the atomic arrangement in the process of (a) the rate limiting step and 

(b) the surface roughening.  The illustrations explain the porosity of dealloying 

materials after (c) undercutting, (d) bifurcation,  (e) porosity evolution, and (f) 

coarsening. [22] 

 

1.5. Object and Outline 

In this thesis program, I aimed to realize anti-frosting on the surface of copper alloy by 

surface treatment: combining morphology construction and surface functionalization. 
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Copper is among the best conductors of electricity and heat and with outstanding ductility. 

Copper and copper alloys are widely used materials in the applications such as air-

conditioning systems, architecture, manufacturing, electrical systems, renewable energy, 

seawater systems, pipe systems, and telecommunications. In working conditions that face 

frosting like in an air-conditioning and refrigerator heat exchanger, fabricating anti-frosting 

surfaces based on copper and copper alloy is promising to increase the heat exchanger 

efficiency, which is able to save considerable electricity, since 15% of energy consumption 

in human society spends on air-conditioning. 

The thesis report includes the following aspects: 

Chapter 1: Introduction 

Chapter 2: Fabrication of Hierarchical Porous Copper Materials 

Chapter 3: Characterization of Hierarchical Porous Copper Materials 

Chapter 4: Anti-Frosting Measurement on Porous Copper  

Chapter 5: Conclusions and Future Work 
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CHAPTER 2: Fabrication of Hierarchical Porous Copper Materials 

 

2.1. Introduction  

Since the study of the dealloying porous gold was published in 2001[33], dealloying method 

has been focused on and explored as a promising method to manufacture continuous porous 

structure. The driving force and working model of dealloying metallic materials has been 

specifically introduced in CHAPTER 1.  

Dealloying of brass is one of the earliest dealloying phenomena observed by human beings. 

Dealloying of brass was first learned as a kind of electrochemical corrosion. Dealloying is 

based on the different electrochemical potential of the different metal elements in the same 

electrolyte solution. As shown in Figure 2.1, the lowest potential for the copper cation to stay 

stable in the acidic aqueous environment is lower than that for the zinc cation, which means 

that there is an electrochemical potential window for the dissolution of zinc in the copper-

zinc alloy. When the applied potential locates in the window, the current of the dissolution 

of zinc will rise over a low value that can be considered as the start of dealloying. 
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Figure 2.1 Schematic Pourbaix diagram of the (a) copper and (b) zinc.  

 In 2016, a chemical dealloying preparation method to fabricate porous copper using copper-

zinc alloy has been published.[34] In that work, the authors reported that with a commercial 

bimetallic brass tape (Cu64Zn36), removal of zinc atoms leads to a continuous porous copper 

structure. The preparation of such porous copper structure can be achieved in an aqueous 

environment of 1 M HCl and 5 M NH4Cl solution at ~70℃ for 12 hours. As the authors 

reported, the pore size distribution varies from 200 nm to 2 μm. The optical and SEM 

pictures are shown in Figure 2.2. 

Although the dealloying method reported by the authors is simple and the fabricated porous 

network shows outstanding performance in the application of lithium-ion battery, the 

chemical dealloying is inefficient and time-consuming which requires 12 hours for 

dealloying a tape with thickness around 10 μm, and the pore size is distributed in microscale. 
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Figure 2.2 Morphology of the dealloying brass. Optical photos showing the  brass (a) 

before and (b) after chemical dealloying. SEM images illustrating cross-section 

observation of brass (c) before and (d) after chemical dealloying, as well as top-view 

observation (e) before and (f) after chemical dealloying.[34] 

In our opinion, the dealloying brass materials can be optimized in terms of two aspects: to 

make the dealloying process more efficient, and to make the structure finer and more 

ordered. With the help of electrochemistry, it is promising to make the dealloying brass 

process more efficient. Acid etching in low temperature or with pre-oxidation makes it 

possible to be finer and more ordered through hindering the diffusion rate of copper atoms.  

In the fabrication part, we explored the method of both electrochemical dealloying and acid 

etching. Compared to dealloying chemically, the method of electrochemical dealloying can 

be more controllable and more efficient.  
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2.2. Dealloying Brass by Electrochemical Corrosion 

2.2.1. The electrochemical cell of dealloying 

The electrochemical dealloying of the Cu60Zn40 alloy is performed in a three-electrode 

system. The set-up of the three-electrode set-up is shown in Figure 2.3. A Ag/AgCl (3M KCl) 

electrode is used as the reference electrode, and a carbon cloth electrode is used as the 

counter electrode. A brass bar (McMaster Carr) is used as the working electrode. A lid with 

holes is used to control the distance between the working, reference, and counter electrode. 

The distance between the working electrode and the reference electrode is set as 10 mm, 

and the distance between the counter electrode and the working electrode is set as 40 mm.  

An aqueous solution of 1 M NH4Cl (Sigma-Aldrich) and 1 M HCl (Avantor Performance 

Materials). is used as the electrochemical dealloying electrolyte. The solution containing 

hydrochloric acid is diluted from the concentrated hydrochloric acid. The electrochemical 

cell is placed in a water bath in order to control the temperature of the electrolyte. 

An electrochemical workstation (BioLogic SP-300) provides a consistent applied potential 

on the working electrode over a period of time. During the electrochemical dealloying 

reaction, the brass bar is used as the anode, and the carbon cloth is used as the cathode. The 

reaction happens on the anode is Zn → Zn2+ + 2e . Those reactions that happen on the 

cathode are 2H+ + 2e → H2 ↑ , and 2NH4
+ + 2e → H2 ↑+2NH3 ↑. 
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Figure 2.3 Schematic diagram of electrochemical cell design including the following 

components: (1) the counter electrode: carbon cloth, (2) the reference electrode: 

Ag/AgCl (3M KCl), and the (3) working electrode: Cu60Zn40 Alloy 

 

2.2.2. Electrochemical dealloying parameter 

Table 2.1 shows the parameters of electrochemical dealloying. With a constant applied 

dealloying potential, dealloyed brass for a various time at different temperatures has been 

studied. The dealloying temperatures are 20℃, 60℃, and 90℃. At 20℃, six pieces of brass 

bars with the size of 25 mm × 10 mm × 0.9 mm are dealloyed for 5 minutes, 10 minutes, 20 

minutes, 40 minutes, 1 hour, and 5 hours. At 60℃ and 90℃, set dealloying time decreases 

because of the increasing diffusion rates at higher temperatures. 
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Table 2.1Parameters of electrochemical corrosion. 

Potential -0.2 V vs Reference electrode 

Temperature Dealloying time 

Sample ID EC01 EC02 EC03 EC04 EC05 EC06 

20℃ 5 min 10 min 20 min 40 min 1 hour 5 hours 

Sample ID EC07 EC08 EC09 EC10 EC11 EC12 

60℃ 1 min 3 min 5 min 10 min 20 min 1 hour 

Sample ID EC13 EC14 EC15 EC16 EC17 

90℃ 30 s 1 min 2 min 4 min 10 min 

 

2.3. Dealloying Brass by Acid Etching  

As for many other alloys, immersion in acid can process dealloying of brass as well. The 

Cu60Zn40 alloy is etched by diluted hydrochloric acid in this work. Pre-oxidation treatment 

has also been studied in this work. Table 2.2 presents the parameters of dealloying of brass 

by acid etching. For the etching of the bare brass, the molarity of the diluted hydrochloric 

acid varies from 1 M to 6 M. The temperature of acid etching is 5℃. The etching of the bare 

brass in acidic solution with different concentration maintains the same period of 24 hours. 

For the pre-oxidation of the brass, it takes 24 hours at 30℃. Pre-oxidized brass is etched with 

diluted hydrochloric acid for 5 minutes at room temperature. 
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Table 2.2 Parameters of Acid Etching. 

Acid Etching 

Bare Brass 

Etching acid HCl 

Etching time 24 hours 

Temperature 5℃ 

Sample ID AE01 AE02 AE03 AE04 

Concentration 1 M 2 M 3 M 6 M 

Acid Etching 

Pre-Oxidized 

Brass 

Sample ID AE05 AE06 

Pre-oxidation solution 2 M NaOH 2 M NaOH + 1 M H2O2 

Pre-oxidation solution 30℃ 

Pre-oxidation solution 24 hours 

Etching acid 2 M HCl 

Etching time 5 minutes 

 

2.4. Functionalization of Porous Copper  

The functionalization of porous copper processes in a 5 mM ethanol solution of dodecanoic 

acid. After dealloying process, the porous copper is immersed in the 5 mM dodecanoic acid 

for 30 minutes and then dried in an air flow.  
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CHAPTER 3: Characterization of Hierarchical Porous Copper 

Materials 

 

3.1. Introduction  

To characterize porous copper prepared by a dealloying method, we utilize the scanning 

electron microscope (SEM) to photograph the surface morphology of the porous copper 

samples. Using the contact angle meter, we measure the static contact angles of the 

functionalized porous copper samples. We further demonstrate the changes of surface 

morphology and contact angles with dealloying parameters. 

Scanning electron microscope is an ideal instrument for characterizing the topography of the 

porous copper. The scale of the typical objects of scanning electron microscope locates at the 

range from tens of micrometers to tens observed in the nanometers. The pore sizes of the 

dealloying materials fit this range. Furthermore, scanning electron microscope have  the 

advantage of a large depth of focus which is typically good at observing three-dimensional 

micro-nano structure. The scanning electron microscope photography is performed at the 

UC Irvine Materials Research Institute. 

The contact angle measurement is performed at the Microscopic Contact Angle Meter (MCA-

3 from Kyowa Interface Science). The contact angle meter is composed of three main parts: 

microinjector system, control boxes, and observation monitor. Through a capillary tip, 
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microdroplets with the volume of nanoliters can be dispensed on the surface of a sample by 

high-pressure air flow. 

 

3.2. Porous Copper Fabricated via Electrochemical Corrosion 

3.2.1. Morphological Details of Porous Copper Fabricated via Electrochemical 

Corrosion  

Scanning electron microscopy (SEM) measurement of the morphology of the Cu60Zn40 alloy 

before and after dealloying treatment uses the FEI Quanta 3D FEG electron microscope. 

Figure 3.1 presents the surface morphology of Cu60Zn40 alloy before treatment. The surface 

of the purchased Cu60Zn40 alloy is smooth through the observation of both the SEM and 

Optical Microscope. No microstructure is observed through microscopy on the surface of the 

Cu60Zn40 alloy before surface treatment. 

 

Figure 3.1 SEM picture and optical microscopy picture showing the surface morphology 

of the purchased Cu60Zn40 alloy 
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Figure 3.2 SEM pictures of the porous copper dealloying by electrochemical corrosion 

at 20℃ showing the surface morphology of (a)(b) sample EC01, (c)(d) EC02, (e)(f) 

EC03, (g)(h) EC04, and (i)(j) EC06. Scale bars in (a)(c)(e)(g)(i) are 2 μm. Scale bars in 

(b)(d)(f)(h)(j) are 10 μm 
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Figure 3.3 SEM pictures of the porous copper dealloying by electrochemical corrosion 

at 60℃ showing the surface morphology of the (a)(b) sample EC07, (c)(d) EC08, (e)(f) 

EC09, (g)(h) EC10, (i)(j) EC11, and (k)(l) EC12. Scale bars in (a)(c)(e)(g)(i)(k) are 2 μm. 

Scale bars in (b)(d)(f)(h)(j)(l) are 10 μm 
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Figure 3.2 shows the surface morphology of porous copper dealloying at 20℃. The copper 

ridges form after the removal of zinc atoms. With the dealloying proceeding, the width of the 

copper ridges increases. When the alloy is electrochemically corroded for 5 hours (sample 

EC06), the hierarchical porous structure can be observed from the top-view SEM images. The 

formation of such hierarchical porous structure is attributed to the exhaustion of zinc atoms 

on the surface during dealloying. When the zinc atoms are depleted on the surface, 

electrochemical corrosion will happen between and beneath the copper ridges. Thereby, 

multiple layers of bicontinuous pore structure generate. 

As shown in Figure 3.3, the copper worms structure generates as long as the electrochemical 

corrosion lasts for 1 minute. With the electrochemical corrosion proceeding, the copper 

worm structure is coarsening. This is caused by the diffusion of copper atoms. Compared 

with the surface morphology shown in Figure 1.2, the morphology of the Cu60Zn40 alloy 

dealloying at 60℃ is quite different on the density of pores. The pores in the top-view SEM 

images in Figure 3.3 are denser. The appearance of the multiple-layer pores is more rapid at 

a moment between 5 minutes (EC09) and 10 minutes (EC10). 

Figure 3.4 presents the SEM pictures of the porous copper dealloying by electrochemical 

corrosion when the dealloying electrolyte is 90℃. When the alloy is dealloying for only thirty 

seconds, multiple-layer pores appear according to the SEM observation. With the increasing 

dealloying time, the pore size of dealloyed brass is growing which has been previously 

observed in the dealloying samples at 60℃. Due to the higher diffusion rate of copper atoms 

at the higher electrochemical corrosion temperature, the coarsening rate of the bicontinuous 

ridges and pores is higher for the samples corroded at 60℃. 
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Figure 3.4 SEM pictures of the porous copper dealloyed by electrochemical corrosion at 

90℃ showing the surface morphology of (a)(b) sample EC13, (c)(d) EC14, (e)(f) EC15, 

(g)(h) EC16, and (i)(j) EC17. Scale bars in (a)(c)(e)(g)(i) are 2 μm. Scale bars in 

(b)(d)(f)(h)(j) are 10 μm 



23 

 

 

Figure 3.5 Feature width measurement of the porous copper dealloyed by 

electrochemical corrosion at 20℃ (EC01-04), 60℃ (EC07-12), and 90℃ (EC13-17). 

The quantification of the feature width of the dealloyed Cu60Zn40 alloy samples is presented 

in Figure 3.5. The objects of the measurement are decided by the surface morphology of the 

samples. If the pores appear on the surface of the samples, the width of the pores are 

measured. The samples without pores are characterized based on the width of the ridges. 

Using the software Image J, we measured 10-14 points in two morphology images of each 

sample. Since the surface structure of the electrochemically corroded samples arranges in 

lines parallel, the feature width is measured through scaling the structure vertically to the 

arrangement direction. 
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3.2.2. Contact Angle Measurement of Porous Copper Fabricated via Electrochemical 

Corrosion  

 

Figure 3.6 Contact angles of functionalized porous copper dealloyed by electrochemical 

corrosion at 20℃, 60℃, and 90℃ (Contact angles of sample EC01-05, EC07-17 are 

presented here. The contact angle of sample EC06 is 124.9 ± 4.7 with dealloying time as 

5 hours is not plotted in this graph.) 

Figure 3.6 presents the change of the static contact angle of the dealloying porous copper 

samples prepared by electrochemical corrosion with dealloying time. The plot of contact 

angles of the dealloying porous sample fabricated at 20℃ shows a platform from the 

dealloying time as 10 minutes to the time as 40 minutes (sample EC02-04). The contact angle 

value of this platform is around 140°. The peak value of this plot shows at 20 minutes 
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(sample EC03), which is 140.3°. According to the morphology study mentioned in the 

previous part, the increase of the contact angles of the 5-minute to 20-minute samples 

(EC02-03) is attributed to the appearance of the micro-ridges on the surface of brass, while 

the decrease of the contact angles of the 20-minute to 1-hour samples (EC03-05) is caused 

by the coarsening of the micro-ridges. The similar topography of the 10-minute, 20-minute 

and 40-minute samples (EC 02-05) leads to the platform of the contact angles. 

The contact angle of the sample dealloyed at 60℃ (EC07-12) for a minute shows high contact 

angle as 137.7°. The high contact angle of such sample is because of the nano-ridge structure 

caused by electrochemical corrosion. However, the contact angles of the sample dealloyed at 

60℃ tend to decrease because the structure of the porous copper fabricated by 

electrochemical corrosion is coarsening with the extension of time.  

The contact angles of the samples electrochemically corroded at 90℃ (EC13-17) locate at 

the range from 120° to 135° which are caused by their nanoscale or microscale multiple-

layer porous structure. Because of the difference in morphology between ridge-like 

structure and multiple-layer porous structure, the contact angles of the samples with 

structures in the similar sizes are quite different. For example, the sample corroded at 90℃ 

for a minute shows the multiple-layer nano-porous structure in the previous morphology 

study part, while the sample dealloyed electrochemically at 60℃ for a minute shows nano-

ridge structures. Both of these two samples present nanoscale structure on their surfaces, 

but the contact angle of the nano-porous sample is 123.9° and the contact angle of the nano-

ridge sample is 137.7°. There is a difference that is about 15°. Such difference of contact angle 

can also be found between microscale ridge-like surface structure and porous structure. 
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3.3. Porous Copper Fabricated via Acid Etching 

3.3.1. Morphological Details of Porous Copper Fabricated via Acid Etching 

 

 Figure 3.7 SEM pictures showing the surface morphology of bare brass dealloyed by 

acid etching at 5℃: (a)(b) Sample AE01, (c)(d) AE02, (e)(f) AE03, and (g)(h) AE04. 

Scale bars in (a)(c)(e)(g) are 2 μm. Scale bars in (b)(d)(f)(h) are 10 μm 

Figure 3.7 presents the surface morphology of the Cu60Zn40 alloy etched in an acidic solution 

of HCl. When the concentration of HCl ranges from 1 M to 3 M (sample AE 01-03), the etching 

of alloy surface is increasingly severe. When the concentration of HCl approaches to 6 M 

(sample AE04), due to the dissolution of copper, the surface of the Cu60Zn40 alloy turns to be 

smoother. Compared with the samples fabricated through electrochemical corrosion, the 

samples prepared by acid etching do not present multiple-layer porous structure. 

Furthermore, this method of preparation shows lower efficiency than electrochemical 

corrosion. 
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The Cu60Zn40 alloy can be oxidized in an alkaline solution with an oxidant like oxygen or 

hydrogen peroxide. Due to the difference of electro-affinity between the copper and zinc 

atoms, the oxidation rates of copper atoms and zinc atoms through the depth of the sample 

are different. After the oxidation, the copper and zinc atoms will exist in the bulk of alloy as 

cations. Then, when the oxidized samples are put in an acidic solution like diluted 

hydrochloric acids solution, the metal oxide on the surface of alloy will dissolve. Since the 

zinc atoms are more oxidized during oxidation, more zinc cations than copper cations will 

dissolve during acid etching. Therefore, copper clusters with pores which were previously 

occupied by zinc atoms appear after acid etching. 

 

Figure 3.8 SEM pictures showing the surface morphology of the pre-oxidized brass 

dealloyed by acid etching: (a)(b) Sample AE05 and (c)(d) AE06. Scale bars in (a)(c) are 

2 μm. Scale bars in (b)(d) are 10 μm 
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Figure 3.8 presents the surface morphology of the pre-oxidized brass after acid etching. The 

nanoscale porous structure is on the surface of the Cu60Zn40 alloy oxidized by the 1 M sodium 

hydroxide solution (AE05). For the samples oxidized by the mixture of 1 M sodium hydroxide 

and 1 M hydrogen peroxide (AE06), microscale ridge structure appears on the surface. 

Although there are rough structures on the surface of the pre-oxidized Cu60Zn40 alloy after 

acid etching, no bicontinuous porous structure shows in these samples. 

The quantification of feature width of the acid etching samples is also presented in Figure 

3.9. The feature width is measured through the software Image J. 10-14 points in two images 

of each sample have been measured to decide the feature width. 

 

Figure 3.9 Feature width measurement of functionalized porous copper dealloyed by 

acid etching (a) without pre-oxidation (AE01-04) and (b) with pre-oxidation (AE05-06) 
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3.3.2. Contact Angle Measurement of Porous Copper Fabricated via Acid Ecthing 

 

Figure 3.10 Contact angles of functionalized porous copper dealloyed by acid etching 

(a) without pre-oxidation (AE01-04) and (b) with pre-oxidation (AE05-06) 

 

The contact angle measurement results of functionalized porous copper dealloyed by acid 

etching without pre-oxidation (AE01-04) are plotted in Figure 3.10a. The contact angles of 

acid etching samples increase with molarity increasing when the molarity of HCl ranges from 

1 M to 3 M (AE01-03). The contact angle climbing with increasing molarity of HCl stops when 

the molarity of HCl is 6 M (AE04) which matches with the morphology characterization. The 

contact angles of functionalized porous copper dealloyed by acid etching with pre-oxidation 

(AE05-06) are shown in Figure 3.10b. Because of the clusters of copper nano-structure, the 

contact angle of the dealloying sample pre-oxidized by the solution of sodium hydroxide 

(AE05) is as high as 147.7°. Due to the micro-structure presented in the topography study, 

the contact angle of the dealloying sample pre-oxidized by the solution of sodium hydroxide 

and hydrogen peroxide (AE06) reaches 132.2°. 
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3.4. Comparison between Porous Copper Fabricated via Electrochemical Corrosion 

and Acid Etching 

Compared to dealloying method via acid etching, dealloying through electrochemical 

corrosion is more efficient. According to the morphology characterization of dealloying 

sample via electrochemical corrosion, the bicontinuous porous structure on the surface 

appears after dealloying for 5 minutes at 60℃ (EC09) and dealloying for 30 seconds at 90℃ 

(EC13). In comparison with the fast fabrication of bicontinuous porous structure in micro-

nanoscale, the process of acid etching with or without pre-oxidation takes at least 24 hours, 

but no bicontinous porous structure appears on all six samples (AE01-06). Although clusters 

of nanostructure appear on the surface of acid etching sample pre-oxidized by sodium 

hydroxide (AE05), the aggregation of nanostructure and uniformity of the surface indicates 

such sample is not perfect for real-world application. Since samples prepared via 

electrochemical corrosion show advantage in high fabrication efficiency and predictable 

morphology, we select the samples fabricated via electrochemical corrosion for further 

frosting behavior study. 

 

3.5. Conclusion 

In this chapter, we have investigated the effects of dealloying process parameters on the 

morphology and wettability of the porous copper samples. On one hand, through both 

electrochemical corrosion and acid etching method, dealloyed samples with ridge-like 

structures and multiple-layer porous structures are fabricated, and the morphology is 
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recorded using SEM. We have demonstrated that dealloying time and dealloying 

temperature through electrochemical corrosion method has a significant impact on the 

surface morphology of the dealloying samples. On the other hand, we have measured the 

contact angles of the functionalized dealloying porous copper samples through 

electrochemical corrosion and has found that the contact angles are related to the surface 

morphology and its longitudinal scale. 
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CHAPTER 4: Anti-Frosting Measurement on Porous Copper 

 

4.1. Introduction  

To test the potential of the dealloyed porous copper in the anti-frosting application, anti-

frosting measurement of these prepared porous copper is conducted and reported in this 

chapter. This chapter includes the following four parts: the set-up of anti-frosting 

measurement, the frosting model on a cold surface, the frost growth on porous copper and 

the conclusions. 

The frosting is a heterogeneous process of water vapor deposition on the chilled solid 

surfaces. The morphology of the solid surfaces has an obvious impact on the frosting process. 

In this chapter, the frosting behaviors of the dealloyed samples with three different 

topography are studied. 

The changes of the frost height with time is an important parameter to quantify the frosting 

process on cold surfaces. In the frost growth on porous copper, the changes of frost height 

with time have been recorded and measured. 

 

4.2. Set-up of Anti-Frosting Measurement  

The frosting performance on porous coppers is observed through a set-up designed and built 

by us as shown in Figure 4.1. The set-up is made up of five main parts: the humidity and 

temperature measurement system, the cooling system, the humidity supply system, the 

optical microscope, and the environment chamber.  
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Figure 4.1 Schematic diagram of frosting test set-up showing the set-up is made up of 

five components: the cooling system (cold-water circulation, sample stage and the 

thermoelectric cooler), the temperature and humidity measurement system, the 

humidity supply system (the high-pressure air flow and the water bath), the optical 

microscope and the environment chamber. 

The cooling system includes a cold-water circulation, a custom-made metal sample stage and 

a thermoelectric cooling module. The custom-made metal sample stage is connected in the 

cold-water circulation, and the thermoelectric cooling module is further fixed on the metal 
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sample stage. A DC power source is used to supply electric potential on the ends of the 

thermoelectric module. Because of the cooling system, the temperature of the sample can 

drop down to - 18℃.  

The humidity and temperature measurement system are composed of a thermo-hygrometer 

and a temperature meter. The thermo-hygrometer is purchased from Hanna Instruments 

with the measurement range of relative humidity from 20 % to 95 % and accuracy as ± 5%. 

The temperature meter is purchased from Omega. The probe of humidity meter is inserted 

in the center of the environment chamber to detect the humidity in the chamber. The 

thermocouple is fixed between the sample and the thermoelectric cooler module. The 

temperature of the sample is monitored by the temperature meter. 

The humidity supply is realized by leading a high-pressure air flow through a water bath. 

The air flow goes out of the water bath is with relative humidity close to 100%. A three-way 

valve is set in the tube before the high-pressure air flow goes through the water bath. 

Therefore, the dry high-pressure air flow can go directly to the environment chamber. 

Adjustment of the switch and the original pressure of the air flow can manipulate the relative 

humidity inside the environment chamber. 

The environment chamber is designed in SolidWorks and printed out by an AirWolf 3D 

printer. The diameter of the environment chamber is 40 mm × 40 mm × 35 mm. With the 

two tubes on the front and back side of the cubic chamber, the humidity-supply air flow can 

go through the chamber and provide the humidity for frosting measurement. A custom-made 

optical microscope is used for observation of the frosting process. As shown in the optical 

picture of the bare brass before surface treatment, the resolution of the optical microscope 
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can reach several micrometers. The frosting process is recorded and analyzed in the 

situation: the temperature of the sample is – 3 ± 0.5℃, and the relative humidity in the 

chamber is 85 ±5% 

4.3. Frosting Model on Cold Surface 

The frosting process has been recorded which can be concluded as the following model. 

According to observation, the frosting process on the cold surface includes three processes: 

condensation, icing, and frost growth, as shown in Figure 4.2. 

 

Figure 4.2 Schematic diagram of frosting process observed from the side-view on flat 

surfaces showing three different periods of frosting: (I) Condensation, (II) Icing, and 

(III) Frost growth 
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At the beginning of the condensation period, the water droplets nucleate on the cold surface. 

The condensate droplets grow up in this period through both condensation and droplets 

coalescence. As the condensate droplets pinned on the cold surface, through the conductive 

heat transfer from the droplets to the cold surface, the temperature of the droplets will 

decrease which leads to the freezing of the condensate droplets on the cold surface. 

As shown in Figure 4.2, the icing process starts at the bottom of a droplet where is the 

interface between the liquid phase and the solid phase. Observed from the side view, the 

condensate droplets froze one by one along one direction like dominoes. Figure 4.3 presents 

optical micrographs of the icing process for a single condensate droplet. The icing process is 

rapid and completed in 3 seconds. During the icing of the single condensate droplet, an 

interface between the water and the ice can be clearly observed. Above the interface is water, 

while under the interface is the ice. Such interface raises from the bottom to the top of the 

droplet. When the interface arrives at the top of a droplet, the icing process is completed. 

Due to the expanding of the droplet during freezing, a sharp cone will leave at the top of the 

frozen droplet. 

 

Figure 4.3 Optical microscope pictures of icing process on a flat brass surface. The 

length of the scale bar is 0.4 mm. 
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The third period of frosting is the frost growth. After droplets freezing, frost crystals are prior 

to grow at the top cone of a frozen droplet, because the radius of curvature of the top cone is 

smaller. According to a theoretical modeling of focused diffusion and heat flux on the apex of 

spherical-cap-shaped bumps using a spherical mass sink and source geometry reported by 

Kyoo-Chul Park and etc.[35], both diffusion and heat flux is proportional to the reciprocal of 

the radius of curvature. 𝐽𝑐~
ⅆ𝐶

ⅆℎ
|

ℎ→0
~

1

𝜅−1
.  𝐽𝑇~
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|
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~
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. JC and JT are respectively the 

diffusion flux and heat flux. 𝜅−1is the radius of curvature.  

Because of both larger local heat and diffusion flux on the top cone of the frozen droplet, frost 

crystals will grow outward the sample surface and form frost array on the surface. Along 

with the growth of the frost array, the temperature of the top of frost crystals is damping. 

Then, the water vapor tends to condensate in the pores and gaps of the frost array. 

 

4.4. Frost Growth on Porous Copper  

To observe the frost growth on porous copper, porous copper samples with three different 

topographies are picked for the frosting test: EC04, EC07 and EC14. As mentioned in the 

previous fabrication section, sample EC04 is prepared by electrochemical corrosion at 20℃ 

for 40 minutes; sample EC07 is electrochemically corroded at 60℃ for a minute; sample 

EC14 is dealloyed at 90℃ for a minute through electrochemical corrosion method. The 

morphology of these three samples are also presented in the previous materials 

characterization section. The fabrication parameters and properties of the tested samples 

are listed in Table 4.1. A brass before surface treatment is measured for reference as well. 
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Table 4.1 Parameters of frosting test samples 

Sample 

ID 

Dealloying 

Temperature (℃) 

Dealloying Time 

(min) 

Feature Width 

(μm) 
Contact Angle  

EC04 20 40 3.44 139.7° 

EC07 60 1 0.18 137.7° 

EC14 90 1 0.44 123.9° 

 

The frosting tests of these three porous copper samples are performed in the situation 

mentioned previously. The frosting process of the porous copper is recorded by the 

microscope, and the droplets and frost in the recorded video are further measured using 

Image J. One image is saved per two minutes in the one-hour video. For every image, ten to 

seventeen points are measured and averaged to determine the height of water droplet or 

frost at that moment. 
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Figure 4.4 Diagram of the change of droplet/ frost height with time of sample EC04, 

EC07, EC14 and a flat brass sample 

Figure 4.4 presents the droplet/ frost height changes with time of sample EC04, EC07 and 

EC14. Figure 4.5 shows the optical microscope pictures of a different period in the frosting 

process on three dealloyed sample as well. With regard to the condensation period, all three 

samples show similar growth rate in terms of the height of droplets. From our perspective, 

the similar droplet height growth rate can be justified by two reasons. One reason is that the 
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condensate droplets grow in spherical shapes which makes the increasing value of droplet 

height is relatively small because the increasing amount of the droplet height is only the 

cubic root of the volume of condensate water. The other reason is that the state of the 

condensate water droplets on these three surfaces are the same: the droplets are all in the 

Wenzel state on hydrophobic surfaces. Due to the state of the droplets on the surfaces, they 

are growing through nucleation, water vapor condensation from the environment, and the 

coalescence of water droplets. No droplet self-jumping phenomenon has been observed on 

the surfaces. Therefore, no scatter in droplet height shows in the plots. Because of the 

hydrophobicity of the surfaces, the droplets keep growing in dropwise condensation instead 

of film-wise condensation before freezing. 

Figure 4.5 shows the optical microscope pictures of the droplet after freezing on three 

different surfaces. The icing period of the sample EC04, EC07 and EC14 starts before 10, 4, 

and 36 minutes, respectively. The surface morphology shows significant impacts on the 

frosting delay. The frosting delay of the sample EC04 and EC07 is obviously shorter than the 

sample EC14. We think such phenomenon is caused by the convex structures on the sample 

EC04 and the sample EC07 which provide sufficient nucleate points for nucleation and 

decrease the Gibbs free energy barrier required for phase transformation. The frosting delay 

of sample EC07 is shorter than the sample EC04 because the nanoscale structure is denser 

to boost icing on the surface.  
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Figure 4.5 Optical microscope pictures of frosting process on porous copper sample 

EC04, EC07, EC14 and a flat brass sample. The length of the scale bar is 0.4 mm. 

Figure 4.5 shows the optical microscope pictures of the droplet after freezing on three 

different surfaces. The icing period of the sample EC04, EC07 and EC14 starts before 10, 4, 

and 36 minutes, respectively. The surface morphology shows significant impacts on the 

frosting delay. The frosting delay of the sample EC04 and EC07 is obviously shorter than the 

sample EC14. We think such phenomenon is caused by the convex structures on the sample 

EC04 and the sample EC07 which provide sufficient nucleate points for nucleation and 

decrease the Gibbs free energy barrier required for phase transformation. The frosting delay 

of sample EC07 is shorter than the sample EC04 because the nanoscale structure is denser 
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to boost icing on the surface. Compared to the sample EC04 and EC07, the sample EC14 has 

nanoscale pores located on one plane. Such nano-pores can not only provide re-entrant 

structures that trap air pockets under the water phase but also avoid boosting icing by 

providing geometric nucleation point. 

In the frost height plots of all the three samples shown in Figure 4.4, rapid rises of frost 

growth rate appear right after droplets freezing. The rise is attributed to the frost crystal 

growth on the cone of the frozen droplet as shown in Figure 4.5. The frost crystal growth 

along with the cone also causes a big difference of height between the center of frozen 

droplets and other points on the surfaces. Therefore, large errors are observed in the plots 

with the rapid increases of the frost height. 

 

Figure 4.6 Schematic diagram of the thermal resistance circuit in the frosting test 

showing the frost arrays on a porous copper sample attached to a thermoelectric cooler 
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After icing process, the frosting on the cold porous surfaces is in the frost growth period. The 

plots of all the three samples show that frost growth is slowing down with time and tend to 

stop eventually. The decrease of frost growth rate is led by the increase of the thermal 

resistance of the frost layer. As shown in Figure 4.6, the temperatures of the sample TS and 

the ambient temperature T ambient are fixed. As measured, the temperature difference 

between the bottom and the top of the sample during testing condition is close to 0.1℃ that 

is comparable to the accuracy of the measurement system. The thermal resistance of the 

sample, R sample cond. is small enough to be ignored.  

Therefore, the temperature of the frost top surface T frost top is decided by the convective 

thermal resistance, R air conv. and the conductive thermal resistance of frost layer, R frost cond. R 

air conv. is the reciprocal of the heat transfer coefficient, h times the frost surface area, A. With 

the increase of the thickness of frost layer, h can be considered as the same and the surface 

of frost array increases leading to the decrease of R air conv. R frost cond. in the experiments 

increases with the thickness of the frost layer. Therefore, with the frost height increasing, T 

frost top is increasing. The increasing T frost top leads to less temperature difference that is the 

driving force of frosting. Furthermore, droplets will start condensation on the top of frost 

layer when the frost layer is thick enough, and the condensate droplets will freeze on the top 

of frost layer as well. The plots of the sample EC04 and sample EC07 in Figure 4.4 present 

ballooning of errors when the frost height is over 1.6 mm which is attributed to the icing of 

condensate droplets on the top of frost layer. 
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4.5. Conclusion  

In this chapter, we have investigated the frosting process on the porous copper samples with 

three different surface morphologies: EC04, EC07 and EC14. First of all, we designed and 

built a frosting experiment setup to manipulate the temperature and relative humidity for 

frosting experiment. Secondly, we have demonstrated the frosting process on the cold 

porous copper surfaces. We categorized the frosting behaviors on the porous copper 

surfaces into three different types: condensation, icing and frost growth. Finally, we 

measured two important parameters of the frosting process on the surface of dealloying 

samples, frost height, and frosting delay. We have demonstrated that surface morphology of 

the dealloying samples affects the frost height and frosting delay. In terms of these two 

parameters, the sample EC14 is better than the other two samples. 
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CHAPTER 5: Conclusions and Future Work 

In this work, we have explored both chemical and electrochemical methods to fabricate 

porous dealloying copper materials using the Cu60Zn40 alloy. One motivation of this thesis is 

to find an efficient method to fabricate bicontinuous structure through the process of 

dealloying. Compared to the chemical method, acid etching, the dealloying method through 

electrochemical corrosion is more efficient in preparing porous structure on the surface of 

brass. We have investigated the surface morphology of dealloying copper which is influenced 

by the dealloying parameters like dealloying time and dealloying temperature. Increasing 

dealloying time will cause the coarsening of surface structures of dealloyed copper while 

higher dealloying temperature leads to finer porous structure and faster evolution of the 

topography. Through controlling the dealloying time and temperature in electrochemical 

corrosion, ridge-like and porous surface structures with width ranging from hundreds of 

nanometers and several micrometers have been possible. By measuring the contact angles 

of the electrochemical corroded samples, we demonstrated the relationship between the 

wettability of the samples with the surface morphology. 

After successfully preparing dealloying copper samples with different morphologies, we 

selected samples with three different morphologies to study the impact of surface 

morphology on the frosting behaviors, which are the Micro-Ridge, the Nano-Ridge and the 

Nano-Pore structures. We focused on two important parameters of the frosting process, the 

frost height changes with time and the frosting delay. In terms of these two parameters, the 

Nano-Pore sample presents the best performance as forming 1.6-mm frost layer for one-

hour test and delaying frosting for 36 minutes. 
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However, some limitations exist in this work, and further research can be conducted in the 

future. In this work, the purchased Cu60Zn40 alloy is used for dealloying study, whose 

composition of copper is high and fixed. The high composition of copper limits the porosity 

of dealloying porous copper. If an alloying process can be included to prepare composition-

designed alloys, the dealloying of the brass with the copper-zinc atomic ratio lower than 

30:70 or the three-component brass will be possible. Through this method, the porosity and 

pore size presented in this work can be further improved for heat and mass transfer 

application. Furthermore, we will also measure and quantify the frosting behavior of  the 

remaining porous copper samples and explore the fundamentals of the frosting behaviors 

we observed.  
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