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Catalyst loaded porous membranes for environmental applications – Smart Membranes 

Abstract 

 

This project involves the fabrication and testing of microporous, polymer membranes 

designed to remove minute amounts of toxic air pollutants such as formaldehyde from 

air streams. The hypothesis to be tested is that active, the silver contained within the 

porous polymer membranes results in high formaldehyde retention. 

 

Monolayers consist of different sizes of sPS particles are assembled first on the 

silicon wafers by spin coating method and convective assembly method, respectively. 

Then each kind of monolayer with one dimension of sPS particles is deposited with a 

nanometer scaled silver thin film with a bench top metal evaporator. The porous 

membranes are produced by assembly of close-packed colloidal crystals of silver 

capped polystyrene template particles and subsequent infiltration with polyurethane 

prepolymer. The prepolymer is cured by UV exposure. The sPS particles are removed 

from the particle polymer membrane by treatment with organic solvents resulting in 

the formation of inverse opal structures. Silver does not dissolve in the organic 

solvents and cannot leave the pores due to the small size of connecting holes in an 

inverse opal. All the monolayers, cylindrical colloidal crystals and microcapillaries 

after infiltration of polyurethane had been characterized by optical microscope, and 

the porous membranes had been characterized by SEM. 

 

The application of porous membranes with silver caps is to absorb formaldehyde in 

the air, while in fact the silver caps are oxidized and become Ag2O, which will initiate 

a gas-phase/solid reaction with formaldehyde. In the future, TiO2 will be applied 

together with Ag2O, since TiO2 is another good absorbent for formaldehyde. 

 
Keywords: polystyrene, monolayer, silver caps, microcapillary, porous membrane 
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Thesis Outline 

 

This project was carried out at Department of Chemical Engineering of City College 

of City University of New York, and it was fully funded by National Science 

Foundation (NSF) under Award Number #0625753. 

 

1. Overview of porous membrane assembly, method and applications. 

2. Experimental section consists of four parts.  

a) Polystyrene monolayer assembly through both spin coating method and 

convective assembly method.  

b) Silver deposition on the surfaces of the PS monolayers with the bench top metal 

depositor. 

c) Cylindrical colloidal crystal assembly in a microcapillary. 

d) Fabrication of porous membrane through PU pre-polymer infiltration, UV cure 

and removal of the PS particles. 

3. Experimental results, characterization, and discussion. 

  a) Optical microscope characterization of monolayers assembled by convective 

assembly method  

  b) Optical microscope characterization of monolayers assembled by spin coating 

method. 

c) Optical microscope characterization of sectionally assembled sulfated terminated 

PS cylindrical colloidal crystals. 

d) Optical microscope characterization of sectionally assembled sulfated terminated 

and silver capped PS cylindrical colloidal crystals. 

e) SEM characterization of porous membrane without silver caps. 

f) SEM characterization of porous membrane with silver caps in each pore. 

4. Conclusion and possible future works. 
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1. Introduction 

According to their pore sizes, the International Union of Pure and Applied Chemists 

(IUPAC) has recommended a specific nomenclature for porous materials: 

microporous (pore diameter <2 nm), mesoporous (2 nm < pore diameter <50 nm), and 

macroporous (pore diameter >50 nm).[1] Liquids and gases have been found to 

exhibit a characteristic transport behavior in each type of porous material: the 

dominant transport processes are viscous flow and molecular diffusion in a 

macroporous material, surface diffusion and capillary transport in a mesoporous 

material, and activated transport in a microporous material.  

 

Generally, colloidal crystals have been used as templates to form organic, inorganic, 

or metallic porous structures depending on the nature of the applications.[2-5] Unlike 

lithography based techniques that have shown mostly two-dimensional features, a 

colloidal self-assembly approach can produce complex and regular three-dimensional 

structures including channel-like,[6] spherical,[7] ellipsoidal,[8] and rectangular 

shapes as well as more complex forms such as star shaped assemblies.[9] All those 

shapes could be obtained by assemble the colloidal crystals in different shape of 

templates, the sizes of which should be smaller than the colloidal particles used in the 

colloidal crystal assembly. 

 

Different methods had been used to fabricate the porous membranes in 2 dimensions 

and 3 dimensions with different pore sizes and shapes, and each dimension of porous 

membranes have different way of applications in different fields from liquid 

transportation to tissue engineering.  

 

Porous materials are useful in a wide range of applications: for example, as 

membranes for separation and purification,[10] as high surface area adsorbents,[11] as 

solid supports for sensors and catalysts,[12] as scaffolds for tissue engineering,[13] 

and as low-dielectric constant materials for microelectronic devices.[14] These 
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materials have also been actively explored as photonic band gap (PBG) materials for 

use in optoelectronics[15] and as new types of mechanical materials that may exhibit 

negative Poisson ratios.[16] 

 

Although a number of methods have been developed for generating porous 

materials,[1, 10] it still remains a great challenge in fabricating three-dimensional (3D) 

porous membranes that have well-defined structures, precisely controlled pore sizes, 

fully exposed (on the surfaces) and completely interconnected (in the bulk) pores, and 

highly ordered periodic structures. Conventional methods based on electrochemical 

etching of alumina or silicon,[17] chemical etching of glasses,[18] ion- machining[19] 

can only produce porous membranes with essentially 1D channel structures. Methods 

based on foaming of emulsion solutions[20] and sintering of ceramic particles[21] are 

capable of creating 3D porous structures, but these methods have very little control 

over the distribution of pore size. Methods based on the assembly of block 

copolymers usually only form arrays of spherical pores that are isolated from each 

other.[22] Other demonstrations based on replica molding against various types of 

templates provide a straightforward and effective route to porous materials with 

tightly controlled pore sizes and pore structures.[23] 

 

This project involves the fabrication of ordered microporous cylinders by colloidal 

templating in microcapillaries. Microporous structures can enhance mass transport 

and efficiency of catalysts. So far, there are two different microporous fabrication 

techniques that have been demonstrated experimentally, microlithography[24] and 

colloidal self-assembly.[25] Lithography based techniques have shown mostly 

two-dimensional features, while a colloidal self-assembly approach can produce 

regular three-dimensional structures as well as more complex forms. Such 

shape-controlled colloidal crystals are of critical importance for practical use of bulk 

colloidal crystals. Colloidal assemblies are a typical bottom-up approach, wherein 

monodisperse particles are used as building blocks, and the convective assembly 

during evaporation of a solvent induces ordered arrays of particles, resulting in 
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coexisting randomly stacked hexagonal close packed (hcp) or face-centered cubic (fcc) 

lattices.[26] This method is easy to control and the experimental setup is not very 

complicated, so that we adopted this convective assembly method to fabricate our 

cylindrical colloidal crystals inside the microcapillary as the template to assemble the 

porous structures. 

 

The fabrication of porous membrane in our work is mainly consists of three parts: 

monolayer assembly, silver coating deposition, and porous membrane fabrication. The 

first two steps are the preparation work for the last one, which provide half capped 

silver coatings on each of the spherical particle template. The followings are the 

review of the works that have been done so far, and they will be given as the sequence 

of the fabrication procedure. 

 

1.1 Review of the methods for monolayer assembly 

Generally, there are two approaches to assemble monolayers on silicon wafers. They 

are the convective assembly method and the spin coating method, which are based on 

different mechanisms. 

 

1.1.1 Convective assembly method 

This method has been used for a long time to fabricate uniformly arrayed monolayer 

of micron sized particles. N. D. Denkov, etc al.[27] had reported the basic mechanism 

of the formation of two-dimensional crystals from latex particles on substrates by 

convective assembly method. A calculated amount of micron sized latex particles is 

added onto the substrate within a cylindrical confinement. The drop spontaneously 

spreads and forms a slightly concave layer. The latex particles in this layer are 

involved in intensive Brownian motion seen in microscope observations.[27] Initially 

the particle concentration just above the substrate surface is comparatively low. 

However, after several minutes the concentration of the latex particles close to the 

surface of the solution becomes lower than that of the substrate surface, which is due 
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to the sedimentation of the particles. The concentration of the particles will increase 

as the solution evaporates.  

 

The setup of the experiment for the convective assembly method is very simple. The 

schematic drawing of the experimental setup which was used in most of the 

experiments is shown in Figure 1. The calculated amount of suspension with the 

particles to form the monolayer is placed onto the substrate glass/silicon wafer. The 

suspension spreads over the accessible substrate area encircled by a Teflon/acrylic 

ring. The ring is pressed against the glass (to avoid leakage of the liquid) by brass 

plates/clamps. 

 
Figure 1. Schematic drawing of the basic experimental setup of convective assembly 

method. (1) micro-particle suspension, (2) substrate, (3) Teflon/acrylic ring, (4) brass 

plate, (5) screws.[27 edited] 

 

This method requires the calculation of the amount of solution needed in advance, in 

order to form the monolayer. The following parameters need to be considered, the size 

of the particle, the solid concentration of the solution, the surface area of the substrate, 

the evaporation rate of the solution and the humidity of the environment. 

 

1.1.2 Spin coating method 

The equipment for monolayer assembly by the spin coating method is a spin coating 

mechine. It is mainly composed of two parts, one is the spinner, and another is the 
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vacuum pump. The pump valve is operated by nitrogen gas. There is a control panel 

on the spinner which has the programs installed. The parameters of the experiment, 

such as rotating frequency and time, could be adjusted through the control panel. 

Figure 2 shows the picture of a spinner used for monolayer assembly by convective 

assembly method. Spin coating is a procedure used to apply uniform thin films to flat 

substrates.[28] Compared to the convective assembly method, the spin coating 

method needs an excess amount of particle suspension to be placed on the substrate, 

and the particle suspension will be spread evenly on the substrate due to centrifugal 

force at a high speed. 

 

 
Figure 2. The picture of a spinner used for monolayer by spin coating method.[28] 

 

In this project, the spin coating machine is only used to fabricate the monolayer of 

different sizes of sPS particles. The angular speed of the spinning and the time of the 

spinning are adjusted to fabricate the closed packed sPS monolayers. This step is the 

most difficult in the whole process of monolayer assembly, since the result of the 

monolayer assembly is affected by many factors other than the spin coating machine 

itself, such as humidity, viscosity of the particle suspension, temperature and the 

surface property of the substrates. Therefore, under some circumstances, even the 

same parameters are set, the results are always different, which may be the biggest 

disadvantage of this processing method, and the detailed comparison of the 
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advantages and disadvantages between spin coating method and convective assembly 

method for monolayer assembly will be given in the results and discussion section of 

this thesis. 

 

1.2 Review of methods for silver coating deposition 

Generally, there are two categories of methods to deposit metal on various surfaces: 

physical method and chemical method. 

 

1.2.1 Physical vapor deposition 

This method is widely used in different places to deposit a thin film by the 

condensation of a vaporized form of the material onto the target surfaces. The coating 

method involves purely physical processes such as high temperature vacuum 

evaporation or plasma sputter bombardment rather than a involving a chemical 

reaction at the surface to be coated as in chemical vapor deposition. In addition, the 

thickness of the thin film coated could be controlled through altering the voltage 

added or the deposition time. Through this method, a evenly coated thin film could be 

obtained in a very short time. 

 

1.2.2 Fabrication of silver capped particles by electroless deposition 

This fabrication method has been developed by Prof. Kretzschmar’s group. It is a 

templating procedure that yields surface anisotropic, silver-capped microspheres by 

electroless deposition of silver nanoparticles onto the exposed sphere surface. A 

schematic representation of the process is shown in Figure 3. In brief, a monolayer of 

sulfate-terminated polystyrene (sPS) spheres is assembled on a silicon wafer and 

subsequently pressed into a pre-cured poly(dimethylsiloxane) (PDMS) mask. The 

PDMS mask with the partially embedded spheres, hereafter called sphere/PDMS 

composite, is pealed off the wafer after complete curing of the PDMS. The 

sphere/PDMS composite is then exposed to a silver salt solution, which results in 

deposition of silver nanoparticles on the exposed, negatively charged surfaces upon 
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addition of ammonia and formaldehyde. Next, the silver-capped spheres are removed 

from the PDMS mask and re-dispersed into solution. 

 

 

Figure 3. Cross sectional presentation of synthetic route to surface anisotropic 

sulfate-terminated polystyrene (sPS) spheres.[29] 

 

The experimental results of a monolayer of 2.5 μm sPS spheres obtained are shown in 

the following SEM images.  

 

 
Figure 4. Scanning electron microscopy (SEM) images of 2.5 μm sPS spheres. (a) 

sPS sphere monolayer on silicon wafer with native oxide. Scale bar: 15 μm. (b) sPS 

spheres embedded in PDMS mask. Scale bar: 3 μm. (c) sPS spheres after electroless 
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silver deposition, 45°tilted. Scale bar: 2 μm. Inset: High-resolution image of silver 

deposit (AgNP) showing nanoparticles with 50-150 nm diameters. Average AgNP 

number per sphere is 75. (d) Silver modified sPS spheres on double-sided adhesive 

carbon tape (55 degree tilt). White spots visible at the bottom of spheres are AgNPs. 

Scale bar: 3 μm. (e) Empty PDMS mask with spherical impressions from sPS spheres 

at 45 degree tilt. A few spheres are left behind in the PDMS mask. Scale bar: 4 μm. (f) 

Surface-anisotropic 2.5 μm silver-modified sPS spheres released from the 

sphere/PDMS composite (see text). Scale bar: 4 μm.[29] 

 

In contrast to the disperse sphere patterns observed by Paunov[30] and Aveyard[31,32] 

for the colloidal assembly of like-charged spheres at the oil-water interface, the 

negatively charged sPS spheres (charge content listed by manufacturer:[33] μEq/g) 

form closepacked monolayers despite the electrostatic repulsion during convective 

assembly on the silicon wafer. This observation can be rationalized by the action of 

immersion capillary forces between the particles during evaporation. The immersion 

force is strongly dependent on the wetting properties of the particles (i.e., position of 

the contact line and magnitude of the contact angle). As the solvent evaporates, the 

film in which the particles are trapped becomes thinner and the deformation of the 

liquid surface increases resulting in a stronger capillary interaction between the 

particles. In contrast, the electrostatic repulsion force between the like-charged 

particles decreases, as the particles are wetted less enabling the immersion capillary 

force to overcome the electrostatic repulsion.[34] 

 

1.3 Review of the porous membrane fabrication and their applications 

Byron Gates, etc al. had reported the fabrication of porous membranes in a specially 

designed cell.[35] An aqueous dispersion of monodispersed polystyrene (or silica) 

beads was injected into a specially designed cell and assembled into an opaline array 

under external gas pressure and sonication. After drying, the void spaces among the 

spheres were filled with a liquid precursor such as a UV-curable (or thermally 
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cross-linkable) prepolymer or a sol-gel solution. Subsequent solidification of the 

precursor and dissolution of the particles produced a well-defined porous membrane 

having a complex, threedimensional architecture of air balls interconnected by a 

number of small circular “windows”.[35]  

 

The schematic drawing of this method to fabricate the porous membrane inside a 

specially designed cell is shown in Figure 5. The spherical particles are injected into 

the template by a syringe, and all the particles will arrange into a close packed 

structure by self assembly. After the infiltration of the UV curable organic prepolymer, 

followed by UV cure and then etch off the template cell and spherical particles. 

Finally, the porous membrane will be formed.  

 

 
Figure 5. (A) Schematic procedure for the assembly of spherical particles into 

crystalline arrays. The aqueous dispersion of monodispersed particles was injected 

into the cell with a syringe. (B) Three-dimensional cut-away of the procedure that 

generates porous membranes by templating against crystalline assemblies of colloidal 

particles, followed by selective etching.[35] 
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After injecting an aqueous dispersion of monodispersed colloidal particles into the 

cell (Figure 5A), a slight positive pressure of N2 was applied through the glass tube. 

This pressure forced the solvent to flow through the channels. The colloidal particles 

were retained at the bottom of the cell and assembled into a cubic-close-packed (ccp) 

structure. The 3D opaline arrays of colloidal particles can serve as templates for the 

formation of porous membranes. The void spaces among the particles could be easily 

filled with liquid precursors of choice, such as UV-curable organic prepolymers. After 

solidifying the precursor, the colloidal particles were removed by selective chemical 

etching, leaving behind a 3D porous membrane (Figure 5B) consisting of a highly 

ordered architecture of interconnected spherical pores.[35] 

 

These porous membranes have a periodic structure similar to that of an inverse opal 

each of them consists of a highly ordered array of air balls that are interconnected to 

each other by circular “windows”. Compared with porous membranes fabricated 

using other approaches, each membrane described in this part exhibits the following 

attractive features: (i) an array of uniform, spherical pores whose size can be precisely 

controlled in the range from 100 nm to 10 μm by changing the size of particles; (ii) a 

three-dimensional interconnected network of channels in the bulk; and (iii) a 

hexagonal array of completely exposed, circular holes on both top and bottom 

surfaces of each piece of membrane film. These membranes also have a long range, 

3D periodic structure; this property makes them particularly useful as PBG materials. 

Some of them may even exhibit complete band gaps.[35] 

 

 
Figure 6. SEM images of porous membrane fabricated in a specially designed 

template cell.[35] 
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Byron Gates, etc al. also reported the relationship between the density of the surface 

pores and the diameter of the particles that are used as the template to fabricate the 

porous membranes. Figure 7 shows the relationship between the density of surface 

pores (per cm2) and the diameter of the spherical particles. This control over the 

surface pore density is due to the hexagonal-close packing (hcp) structure that the 

particles form in the plane parallel to the substrates.  

 

 

Figure 7. Relationship between the density of pores on the surfaces of the membranes 

and the size of particles.[35] 

 

Jun Hyuk Moon, etc al. had reported the fabrication of cylindrical colloidal crystals 

(CylCCs) by self-assembly inside a microcapillary, and their inverted replica with 

ordered micro- pores are obtained by using the colloidal crystals as templates.[36] 

The fabrication process of cylindrical colloidal crystals starts by filling a 

microcapillary with an aqueous dispersion containing monodisperse colloidal particles, 

Figure 8(A). Capillary forces then drive the aqueous colloidal dispersion to fill the 

microcapillary tube. The particles subsequently arrange into a hexagonally ordered 

array of cylindrical shape, as water is removed slowly by evaporation from the other 

end of the microcapillary. The cylindrical colloidal crystals are subsequently used as 

templates for the fabrication of ordered microporous cylinders, Figure 8(B). 
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Figure 8. Schematic diagram for fabrication of cylindrical colloidal crystals.([36] edited) 

 

 

Figure 9. SEM images of CylCCs of PS particles for various ratios of capillary to 

particle diameter: (a) 50 μm/0.6 μm, (b) 10 μm/1 μm, and (c) 10 μm/3 μm. (d) SEM 

image of a CylCC of silica particles. The ratio of capillary to particle diameter is 65 

μm/0.7 μm.[36] 
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Figure 9 shows the CylCCs consist of two kinds of particles, PS and silica, 

respectively. The difference between them is silica has higher stiffness than PS 

particles; therefore, they can hold a fixed shape and could afford more weight to keep 

the structure. And after they are removed the porous structure could be better 

preserved. This is because during infiltration, the force to pull the PU pre-polymer 

with high viscosity can cause slight deformation of the PS particles, while the silica 

particles with high stiffness will stay in their original form during this process. 

 

In this method, the aqueous colloidal suspension has a larger surface tension than the 

ethanol-water mixture of a previous report,[37] which also lowers the meniscus height. 

Consequently, the colloidal crystal assembled by Jun Hyuk Moon, etc al. from a 

colloidal suspension inside a microcapillary did not possess any hollow core, instead 

of which was homogeneous in structure. The scanning electron micrographs 

reproduced in Figure 9 show CylCCs after the microcapillaries were decorticated. The 

length and diameter of the CylCC can be controlled by changing the particle 

concentration and the diameter of the microcapillary. Figure 9a shows a CylCC, 

where the PS beads were arranged into an fcc lattice throughout the capillary without 

forming a hollow core. As noted from Figure 9c, colloidal crystals assembled inside a 

capillary exhibited helically ordered arrays, when the capillary was comparable to the 

particles in size.[38,39] 

 

In the method of Jun Hyuk Moon, etc al., ordered macroporous cylinders were 

produced by using colloidal crystals as templates, which were assembled inside the 

microcapillaries. The PU prepolymer (NOA60) was infiltrated into a microcapillary 

containing colloidal crystals and then photo polymerization proceeded to capture the 

preformed structure of CylCC. Figure 10 a,b are the SEM images of the polymeric 

inverted replica after the silica beads and microcapillaries were removed by HF 

etching. Ordered microporous cylinders of an inorganic substrate have also been 

fabricated as shown in Figure 10 c,d. 
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Figure 10. (a)SEMimage of an ordered macroporous cylinder of polyurethane 

substrate and (b) surface morphology. Silica particles of 0.7 μm in diameter and a 

silica capillary of 100 μm in diameter were used to fabricate the colloidal crystal 

template. (c) SEM image of an ordered macroporous cylinder of silica substrate and 

(d) surface morphology.[36] 

 

The above are the most popular methods that have been used to fabricate the porous 

membrane so far. In our work, we used the method by Jun Hyuk Moon, etc al. to 

fabricate the porous membrane, but we used the silver capped particles as template in 

stead of the non-modified particles. And the silver caps on the particles are fabricated 

by PVD method, which provide an even thickness and keep excellent arrangement of 

the particle template (the monolayer), in that there is not contact of extra matters on 

the surface of the substrate during the whole experiment procedure. Therefore, each of 

the template particles could get the same thickness of silver coating at one time 

through this metal evaporation method. 
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So far as I know, our work is the first one by using the template to deliver the 

catalysts into each pore of the porous membrane, since the previous works had only 

fabricated the porous membrane first and then added the different catalysts into the 

pores which could not provide an evenly dispersed catalyst loaded porous membrane. 

Furthermore, by using our method, catalysts other than silver could be directly loaded 

into each pore of the porous membrane precisely at one time, which is a great 

advantage in efficient utilization of the catalysts. Another advantage of this method is 

that we could control the impurities at a very low level, since all the fabrication 

procedures are done inside of the microcapillary by one step method. Therefore, the 

function of the catalysts in the pores of the porous membranes could be displayed at 

an optimized state. 

 

The application of the silver loaded porous membrane fabricated by us could be used 

as the absorbent of the formaldehyde in the air. As the air flow through the silver 

loaded porous membrane, the formaldehyde will be reacted with silver, since each of 

the pores is connected with the other pores around them with a small hole, and the 

dimension of the hole is about 1/4 of the diameter of the pore. This could control the 

flow speed and provide the sufficient reaction time between the silver and 

formaldehyde. In order to change the flow rate inside the porous membrane, diff erent 

sizes of the template particles could be used, therefore, the size of the holes among the 

pores could be altered. By changing the catalysts in the pores, this porous membrane 

could be used in other applications, and following this idea, some of the previous 

applications of porous membrane could be improved through our one step catalysts 

loading method, beside this more categories of catalysts could be applied in the pores 

of the porous membranes for more complicated applications, but each application 

needs sufficient and careful test before it can be realized. 
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2. Experimental part 

This project is mainly composed of four parts: the monolayer assembly, silver cap 

deposition, cylindrical colloidal crystal assembly, and the fabrication of porous 

membrane.  

 

Sulfate terminated polystyrene particles all from IDC corporation, 10 micron: solid 

concentration 4.2 %; 2.5 micron: solid concentration 8.2 %; and 1 micron: solid 

concentration 8.2 %. Evaporator used in convective assembly method is R308 EM 

(Ted Pella Inc. USA). Poly (methyl methacrylate) (PMMA) microcapillaries with 

Outside diameter (OD) 100 μm/ Inside diameter (ID) 50 μm were purchased from 

Polymicro Technologies. Photochemically curable polyurethane (PU) prepolymer 

(NOA60) was purchased from Norland. Tetrahydrofuran (THF) and toluene were 

purchased from Fisher Science. 364 nm long wavelength UV light source, bench top 

vibration machine, heater, bench top metal evaporator. Images of the colloidal 

dispersions inside the microcapillaries were taken using an optical microscope 

(Olympus). Images of the prepared colloidal crystals and their inverted structures 

were taken by scanning electron microscopy SEM EVO 40 ZEISS. 

 

2.1 Monolayer assembly 

There are two types of assembly methods were used, convective assembly method 

and spin coating method. The details for both assembly methods are discussed in the 

following sections. 

 

2.1.1 Convective Assembly Method 

The experimental setup is composed of an acrylic ring, a ready cut Parafilm, one 

cleaned silicon wafer, and a piece of glass slice. One hundred times diluted 2.5 μm 

polystyrene suspended solution (CV 5.9%, Solid concentration 8.2%) is used. The 

amount of one hundred times diluted sPS solution to be used is calculated according 

to the size of the particles and the inner ring area of the acrylic ring. With an acrylic 

 16



Catalyst loaded porous membranes for environmental applications – Smart Membranes 

ring inner diameter of DI = 9.65 mm, the calculated value of the amount of solution 

used is 130 μl, and the sPS particles in this solution is 2.5 μm. If the size and the solid 

concentration of the sPS particles are changed, the volume of the solution will be 

changed correspondingly. 

 

Experimental steps: 

1. Cut one side polished silicon wafer into 1×1 cm pieces. Wash the wafer with 

sulfuric acid and NoChromix mixture under the ration of 1:20 (the concentration of 

sulfuric acid is 5%) solution for 30 min, and then rinse with deionized water for 30 

min under sonication. 

2. Dry with nitrogen gas, and make sure both sides are absolutely dried. 

3. Fix the acrylic ring, Parafilm, silicon wafer and glass slide with four clamps. 

4. Keep the samples in the oven at 40 ºC for 4-5 hours. 

 

2.1.2 Spin coating method 

In this step, a uniform thin film will be fabricated on a silicon wafer. An excess 

amount of PS solution is placed on the silicon wafer, which is then rotated at high 

speed in order to spread the fluid by centrifugal force. 

 

Experimental steps: 

1. Cut one side polished silicon wafer into 1×1 cm pieces. Wash the wafer with 

sulfuric acid and NoChromix mixture under the ration of 1:20 (the concentration of 

sulfuric acid is 5%) solution for 30 min, and then rinse with deionized water for 30 

min under sonication. 

2. Open the pump, and generate the vacuum inside the spinner, then mount a cleaned 

piece of silicon wafer on the vacuum chuck and the sample is ready for spin 

coating.  

3. Set the parameters of the spin coating machine, the frequency and spinning time.  

4. Start the program; add the sPS solution onto the silicon wafer. 
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2.2 Silver deposition 

The equipment we used here is a bench top metal evaporator 308R system from Ted 

Pella Inc as shown in Figure 11. This system consists of three main parts: pumping 

system and vacuum chamber, LT750 power supply, MTM-10 thickness monitor 

system. Evaporation is a common method used for thin film deposition, in which the 

source material is evaporated in a vacuum, and the vacuum allows vapor particles to 

travel directly to the target object (substrate), where they condense back to a solid 

state. This is a very efficient approach to obtain a evenly deposited metal thin film on 

various surfaces, and the thickness of the layer could be controlled by the thickness 

monitor. The mechanism of this process is to change the heating rate through altering 

the voltage added onto the heating filament.  

 

 

Figure 11. 308R Dual Source Thermal Evaporator, consists of three parts: pumping 

system and vacuum chamber, LT750 power supply, MTM-10 thickness monitor 

system.[40] 

 

The physical principle of silver deposition involves two basic processes: a heat source 

material evaporates and condenses on the substrate. It resembles the familiar process 

by which liquid water appears on the lid of a boiling pot. Evaporation takes place in a 

vacuum, i.e. vapors other than the source material are almost entirely removed before 

the process begins. In high vacuum (with a long mean free path), evaporated particles 
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can travel directly to the deposition target without colliding with the background gas. 

(By contrast, in the boiling pot example, the water vapor pushes the air out of the pot 

before it can reach the lid.) At a typical pressure of 10-4 Pa, a 0.4 nm particle has a 

mean free path of 60 m.[41]  

 

Hot objects in the evaporation chamber, such as heating filaments, produce unwanted 

vapors that limit the quality of the deposition. Evaporated atoms that collide with 

foreign particles may react with them; for instance, if aluminum is deposited in the 

presence of oxygen, it will form aluminum oxide. They also reduce the amount of 

vapor that reaches the substrate, which makes the thickness difficult to control. 

 

The thickness of the deposited layer could be controlled by both the voltage applied to 

the heating filament and the deposition time. A thickness monitor and a voltage 

adjuster are usually accompanied with the metal evaporator, which provide a better 

control of the quality of the deposited layer. In the system we used to coat silver thin 

films onto sPS particles, a precise high resolution MTM-10 thickness measurement 

system utilizing a 6 Mhz quartz crystal. Using a thickness monitor is the only reliable 

method for controlling the coating thickness and to achieve consistent coating 

thickness. The MTM-10 can store four density and tooling factors and has a resolution 

of 0.1nm for a density of 2 g/cm3 (carbon).[40] 

 

2.3 Cylindrical colloidal crystal assembly 

A 100 μm OD/50 μm ID microcapillary is used as the template to fabricate the 

cylindrical colloidal crystals. Cut the microcapillary into short sections around 1 cm 

in length. Align them on a piece of clean glass slide, fix with double sided adhesive 

tapes. There are two groups of parallel experiments that have been done, one group 

only consists of sulfate terminated PS particles, while the other group consists of both 

sulfate terminated PS particles and silver capped PS particles as different sections of 

the cylindrical colloidal crystal. In each group, different sizes of sulfate terminated PS 
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particles are used in the sectional assembly, and the assembly times are different 

among each group due to the different weight of different sizes of sPS particles. 

 

In group Ⅰ (with only sulfate terminated PS particles) 

(1) 10 μm, 2.5 μm, and 1 μm sulfate terminated PS particles are assembled sectionally 

in microcapillary.  

(2) 10 μm, 2.5 μm, and 10 μm sulfate terminated PS particles are assembled 

sectionally in microcapillary. 

(3) 10 μm, 2.5 μm, 10 μm, and 2.5 μm sulfate terminated PS particles are assembled 

sectionally in microcapillary. 

(4) 10 μm, 2.5 μm, 1 μm 10 μm, 2.5 μm, and 1 μm sulfate terminated PS particles are 

assembled sectionally in microcapillary. 

 

In group Ⅱ (with both sulfate terminated PS particles and silver capped PS particles) 

(1) 10 μm sulfate terminated PS particles, 2.5 μm silver capped PS particles, and 1 μm 

sulfate terminated PS particles are assembled sectionally in microcapillary. 

(2) 2.5 μm sulfate terminated PS particles, 2.5 μm silver capped PS particles, and 2.5 

μm sulfate terminated PS particles are assembled sectionally in microcapillary. 

 

2.4 Fabrication of porous membrane 

The first step is the infiltration of curable polyurethane (PU) prepolymer (NOA60) 

into the as prepared cylindrical colloidal crystals. Since the viscosity of PU 

prepolymer is high, the infiltration usually takes 2 days. After the microcapillaries 

with cylindrical colloidal crystals are completely infiltrated, remove all the PU 

attached on the outside wall of the microcapillaries, and move the samples to another 

clean glass slide. Then put them under the 364 nm long wavelength UV light. 

Exposing the samples under long wavelength UV light for 1 hour until the PU 

prepolymer is fully cured. Move each microcapillary onto a small piece of silicon 

wafer, and fix with double sided adhesive tapes. Each of them will be treated with 
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THF and toluene, respectively. THF could dissolve the PMMA microcapillary and PS 

particles, and toluene is to remove all the residual substances attach on the silicon 

wafer and the wall of the porous membrane. All the procedures related to the organic 

chemicals are done in the fume hood, since they are easy to evaporate and harmful to 

human. Therefore, gloves, white coat and protect goggle should always be worn. 

 

For 10 μm sPS particles and silver capped sPS particles, vibration is needed when 

assembling the cylindrical colloidal crystal. Because the particles are heavy the 

dragging force generated by the evaporation from the other end of the microcapillary 

is not strong enough to pull them into the microcapillary. Therefore, vibration is 

required to assist the movement of those heavy particles. If no vibration force is added, 

the 10 μm sPS particles and silver capped sPS particles will deposit onto the bottom 

of the microcapillary, and the cylindrical colloidal crystal will not be formed. 

 

 

3. Results and Discussion 

3.1 Monolayer Assembly 

There are two approaches were used in this project to assemble the monolayer, the 

results from the different approaches are various. The results will be discussed in the 

following parts separately. 

 

3.1.1 Convective Assembly Method 

For the monolayers assembled by the convective assembly method, as show in Figure 

12, the temperature and humidity are critical points. If the temperature goes too high, 

some of the particles tend to fuse together in the center part of the wafer. This may be 

caused by the long exposure to the high temperature. As a result of the surface tension 

of the solution, the thickness of the solution film in the center part is smaller than that 

of the rim area. Therefore, the central area will dry first, and the particles in the center 

will be exposed to the high temperature for a relatively long time. 
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The formation of the monolayer in the convective assembly method is due to the 

surface tension of the solution. As mentioned above, the center part of the area inside 

the acrylic ring will be dried first. The solution around this area will generate an 

interface between the dried area and the rest of the solution. The amount of sulfate 

terminated PS particles in the solution has been calculated in advance to form just a 

single layer inside the acrylic ring. Therefore, as the solution evaporates, the sPS 

particles in the solution will form the single layer spontaneously on the silicon wafer 

substrate according to the surface tension of the solution.  

 

As shown in Figure 12, the monolayer is formed under the surface tension of the 

solution. Due to the size distribution (indicated by the arrows) of the sPS particles in 

the solution, the layer of the sPS particles was not a uniform monolayer.  

 
Figure 12. Optical microscope image of 2.5 μm sulfate terminated PS monolayer by 

convective assembly method under 40 ºC for 5 h. 

 

The assemble time and temperature also influence the formation of the monolayers. 

Generally, the amount of the solution added into the acrylic ring dried out according 

to the temperature of the oven. The higher the temperature was the shorter time was 

needed. We must control the time and temperature carefully, if the solution is not 

dried out when we take the sample out of the oven, the areas that are not dried will not 

form the monolayer but instead multilayers will be generated. In addition, if all the 

solution is evaporated, and the sample is still kept in the oven, the sPS particles will 
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fuse together, which will result in the failure of the monolayer assembly. 

 

Figure 13 shows the results of monolayers assembled by same sPS particles at 

different time and temperature. We can see from the optical microscope images that 

Figure 13(a) is the best result, which is assembled under 40 ºC for 5 h. The particles in 

other images are more or less fussed together. From Figure 13(d) we can observe that 

the sPS particles are seriously fused together, and the boundaries of the particles could 

hardly be observed. 

 

 
Figure 13. Optical microscope image of 2.5 μm sulfate terminated PS monolayer by 

convective assembly method under different time and temperature. (a) 40 ºC for 5 h. 

(b) 40 ºC for 12 h. (c) 60 ºC for 4 h. (d) 80 ºC for 4 h. 

 

3.1.2 Spin Coating Assembly 

The first step is to clean the wafer as described above for the convective assembly 

method. Then use the spin coater to coat the silicon wafer. Here we assemble the 2.5 

μm PS particles on a 1 inch silicon wafer. As shown in Figure 14. 

 

This method has both advantages and disadvantages, the advantages are that the 

method is efficient, easy to manipulate and observable during assembly. The whole 
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assembly process can be done within one minute. The disadvantages are that the 

amount of solution consumed is high and that the assembly process is difficult to 

control. For each sample we need 500 μl undiluted solution, and the resulting particle 

layers are not always closed packed. However, the particles needed for the silver 

coating do not need to be close packed. What we need is only the sPS particle layers 

as the templates and then coats them with silver, but close packed samples will be 

preferable, since the amount of the sPS particles on the close packed samples will be 

larger than those of the loosely packed samples. Only a few close packed samples will 

be needed instead of many loosely packed samples. 

 

By using the spin coating method, we can avoid the fusing problem observed from the 

sPS particles assembled with the convective assembly method. If the parameters of 

the spin coater are set properly, some close packed monolayers can be obtained. 

However, close packed samples are not easily obtained, because the assembly process 

is very difficult to control. If the spin coating machine rotates too fast, the close 

packed particle layers will not be obtained. However, if the spin coating machine 

rotates too slow, multilayers will be formed.  

 

 
Figure 14. Optical microscope image of 2.5 μm sulfate terminated PS monolayer by 

spin coating. 

 

We also tried to assemble a monolayer of 3 μm carboxylate terminated PS particles. 
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This is to test whether the surface group will influence the physical property (i.e., 

adhesion) of the silver coating. In addition, this experiment is also used to test 

whether the silver coating will change into a film of particles under the bonding with 

another chemical group. The results are discussed below. 

 

3.2 Deposition of Silver Coating 

This is a relative simple process, all the steps in the procedure are performed by the 

machine called — Bench Top Metal Evaporator. The mechanism is the same as in 

physical vapor deposition (PVD), which is a technique used to deposit thin films one 

atom (or molecule) at a time onto various surfaces (e.g., onto semiconductor wafers). 

The coating source is physical (i.e., solid or liquid). 

 

Initially, very thin silver films (5.8 nm) were deposited, but they became oxidized 

right after the preparation. As shown in Figure 15, there are many particles visible on 

the surface of the sPS particles. This might be caused by two reasons: de-wetting 

and/or oxidation. Because the silver coating is very thin, and the surface of sulfate 

terminated PS particles might not be wetted by silver. Therefore, due to the surface 

tension of the silver coating, it will form a thermodynamically favorable dot-like 

morphology.  

 

In fluid mechanics, de-wetting is one of the processes that can occur at a solid-liquid 

or liquid-liquid interface. Generally, de-wetting describes the rupture of a thin liquid 

film on the substrate (either a liquid itself, or a solid) and the formation of droplets. 

The opposite process (spreading of a liquid on a substrate) is called wetting. The 

factor determining the wetting and de-wetting for a drop of oil placed on a liquid 

substrate (water here) with ambient gas, is the so-called spreading coefficient S. 

S = γgw − γgo − γow

Where γgw is the gas-water surface tension, γgo is the gas-oil surface tension and γow is 

the oil water surface tension (measured on the fluids before they are brought in 
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contact with each other) 

 

When S > 0, the surface is considered wettable, and if S < 0, de-wetting occurs.[42] 

 

De-wetting often exists when the deposited layer is not too thick, and the substrate 

does not have a specific force (mechanical or chemical) to keep the deposited material 

as a layer on it. In short, when the binding force among the particles of the deposited 

material is smaller than the surface tension, de-wetting will happen. 

 

 
Figure 15. SEM image of silver coating on 2.5 μm PS particles. The dot like patterns 

shows that the silver coating has already been oxidized or has de-wetted the surface. 

 

EDAX is used to examine the composition on the surface of the silver coated sulfate 

terminated PS particles. Only a very weak silver peak is observed. This might be due 

to the small amount of silver deposited, because the silver coating for these particles 

is only 5.8 nm. The EDAX spectrum is shown in Figure 16. Because of the very thin 

layer of silver deposited, the silver ions in the nano-sized silver films are easily 

reacted with the oxygen in the air, and they are not cover the entire upper surface of 

the sPS substrate particles and form the dot like morphology. Before the sample had 

been characterized by SEM shown in Figure 15, it had stored for one week after 

preparation, so the silver thin film on the surface had been oxidized completely. 
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Elem     Wt %  At % K-Ratio    Z       A       F 

------------------------------------------------------------- 

  C K   82.55  91.71  0.2470  1.0098  0.2964  1.0000 

  SiK   17.45   8.29  0.1591  0.9524  0.9574  1.0000 

       Total  100.00 100.00 

Element  Net Inte.  Backgrd  Inte. Error  P/B  

------------------------------------------------- 

 C K      54.44       7.92      1.54      6.87  

 SiK     124.09       2.32      0.91     53.49 

Figure 16. EDAX spectrum of silver coated 2.5 μm sulfate terminated PS particles. 

 

In order to avoid the de-wetting of the silver coat, a thicker layer of silver is deposited. 

The silver layers with the thickness of 31.4 nm are deposited on monolayers 

assembled by spin coating and convective assembly method. Both sulfate and 

carboxylate terminated PS particles are used to test the influence of the chemical 

group on the silver coatings. No difference is found, as shown in Figure 17. Both 

particle types yield stable silver coatings. The samples are kept under the vacuum in 

the SEM chamber for 18 hours after deposition. Thus, sPS particles are chosen to be 

used for assembly of monolayers and to fabricate silver-capped particles.  

 

   
Figure 17. SEM images of (a) silver coated 2.5 μm sulfate terminated PS particles, (b) 

silver coated 2.5 μm carboxylate terminated PS particles. 
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After all the monolayers are evenly coated with silver caps, the next step is to separate 

the silver capped particles from the silicon wafer. Sonication of each sample for 2 min 

in a very small amount of DI water, and washing of the wafers with DI water to wash 

off the particles attached to them leads to colloidal suspensions of silver-capped 

particles. Then use the centrifuge to concentrate the silver capped particle suspension. 

Finally, the volume of suspension of the silver capped particles is reduced to 100 μl, 

the solid percentage is around 8%. The particles are stored under at a temperature of 

4ºC. At this point, the fabrication of silver capped particles is completed. We can 

simply re-disperse the particles in the solution by sonicating.  

 

3.3 Sectioned Colloidal Assembly 

The aqueous dispersion of monodisperse particles is injected by soaking a 

microcapillary (inside diameter 50 μm) in a sulfate terminated PS colloidal dispersion 

(8.2 wt %). To control the direction of water evaporation, we immerse one end of the 

capillary tube in the colloidal dispersion for several minutes until evaporation-induced 

colloidal crystallization starts from the other end. Then, as the colloidal crystallization 

proceeds, the length of the colloidal column is shortened due to evaporation through 

the open end. Finally, colloidal assemblies of cylindrical shape are obtained inside the 

microcapillaries after drying for 4-6 h.  

 

The fabrication time of different sizes of sPS particles to reach the same length of the 

cylindrical colloidal crystals are varying from each other, because of the size of the 

sPS particles and the inside diameter of the microcapillary, solid concentration and the 

weight of different sPS particles. Table 1 shows the time needed for each kind of sPS 

particles to assemble the 1 mm length of cylindrical colloidal crystal in an OD100 

μm/ID50 μm microcapillary. From this table we can see the relation among those 

parameters, and we can find that 2.5 micron particles are the most efficient ones due 

to their size and proper weight. 
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Table 1. The time needed for each kind of sulfate terminated PS particles to assemble 

1 mm length of cylindrical colloidal crystal in an OD100 μm/ID50 μm microcapillary 

Size of the PS particles 
(μm) 10 2.5 1 

Solid concentration (%) 4.2 8.2 8.2 

Time needed to assemble 
1 mm CylCC (min) 5 0.5 4 

 

Theoretically, in an evaporation-induced colloidal self-assembly, the thickness (or the 

number of layers) of deposited colloidal crystals on a substrate is proportional to the 

meniscus height.[36] Meanwhile, the meniscus height increases with Bond number 

(BBo ). The relation is shown in the following equation. 

2
0 /B grρ σ= [43] 

σ is the surface tension, g is the gravity, F is the density and r is the capillary radius. 

Therefore, a smaller capillary radius or higher surface tension yields a proportionally 

shallower meniscus, that is, fewer deposited colloidal crystal layers. 

 

 

 
Figure 18. Optical microscope image of sectioned cylindrical colloidal crystals 

assembled in the microcapillary. (a) From left to right 10 μm, 2.5 μm and 1 μm sulfate 

terminated PS particles. (b) From left to right 10 μm, 2.5 μm and 10 μm sulfate 

terminated PS particles. 
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Figure 18 shows the optical microscope image of sectioned cylindrical colloidal 

crystals assembled inside the microcapillary. The length and diameter of the 

cylindrical colloidal crystals can be controlled by changing the particle concentration 

and the diameter of the microcapillary. Close-up images of the interfaces between two 

sPS particles with different sizes in the cylindrical colloidal crystal are shown in 

Figure 19. From Figure 19 we can conclude that the PS beads arrange into an fcc 

lattice throughout the capillary without forming a hollow core. 

 

   

Figure 19. Optical microscope images of the interfaces within the sectional 

assembled cylindrical colloidal crystals. (a) Between 10 μm and 2.5 μm sulfate 

terminated PS particles. (b) Between 2.5 μm and 1 μm sulfate terminated PS particles. 

 

The silver capped particles are now used to assemble the sectioned cylindrical 

colloidal crystals. Sonicate the silver capped particles for 5 min to disperse them in 

the solution. At the same time, assemble the first section with sPS particles, and 

followed by the second section with silver capped particles and then use sPS particles 

again for the final section. The optical images in Figure 20 show the results of 

sectional assembled cylindrical colloidal crystals, the middle part is silver capped 

particles as can be seen by the difference in appearance, i.e., the center section has a 

metallic shine to it. 
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Fierce vibration is added when the silver capped particles are assembled. Because the 

silver capped particles are much heavier than the uncapped sPS particles, if no 

additional force exists to assist them with moving, they will deposit on the bottom of 

the microcapillary. Although fierce vibration is added, the silver capped particles still 

move very slowly. To assemble 1 mm length of silver capped particles in an OD100 

μm/ID50 μm microcapillary takes several hours with fierce vibration. And during the 

whole process the solution should not dry out, due to the fierce vibration, the solution 

evaporates faster than usual, so new solution with silver capped PS particles should be 

added constantly. Once the solution is dried out, air will be sucked into the 

microcapillary, and form a bubble inside the microcapillary to generate a pressure 

equal to the atmospheric pressure outside the microcapillary. Under this condition, no 

more solution can go into the microcapillary, and the assembly will stop. This 

circumstance should be avoided, in that the silver capped particles are very difficult to 

obtain. Therefore, before using silver capped particles, the sPS particles are used to 

practice this process several times in order to guarantee the success of the silver 

capped PS particle assembly. 

 

 

Figure 20. Optical microscope image of sectioned cylindrical colloidal crystals with 

silver capped particles (a). Interface (b). 
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3.4 The forces behind cylindrical colloidal crystals assembly 

Microcapillaries are put into contact with a suspension of latex particles. The 

capillaries spontaneously suck-in the colloidal suspension and close-packed 3D arrays 

of particles are found to fill-up the micro-channels under appropriate evaporation 

conditions. The final morphology of the particles assembly is determined by the form 

of the template used. It should be noted that the ordering of the latex particles in these 

experiments is not driven by capillary forces. The authors mentioned[44] that the 

particles pack in the micro-capillaries mainly under the action of a hydrodynamic drag 

force, created by the water evaporation at the capillary exit.  

 

The colloidal particles were not adsorbed on the tube wall during colloidal 

crystallization inside the capillary, unlike the previous evaporation-induced colloidal 

deposition.[37] Theoretically, in an evaporation-induced colloidal self-assembly, the 

thickness (or the number of layers) of deposited colloidal crystals on a substrate is 

proportional to the meniscus height, which is mainly related to the lateral capillary 

force. The lateral capillary force is given by the derivative /F d W dL= − Δ , which 

yields: 

1 2 12 ( )F Q Q qK qLπσ≈ − kr L

L

    ( ) [45] 

K1 is modified Bessel function. The asymptotic form of above for  (  

mm for water): 

1qL 1 2.7q− =

1 22 /F Q Qπσ= −     [45] 1( )kr L q−

This equation looks like a two-dimensional analogue of Coulomb’s law for the 

electric force. This is the reason for calling Q1and Q2 ‘capillary charges’. Generally 

speaking, the capillary charge characterizes the local deviation of the meniscus shape 

from planarity at the three-phase contact line.[45] 

 

Kralchevsky and Nagayama, etc al. had given comprehensive reviews on capillary 

forces and particle structuring.[46, 34] The following diagram shows different kinds 
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of capillary forces that may occur in the microcapillary during the assembly of the 

cylindrical colloidal crystals. 

 

The normal capillary forces can be due to either liquid-in-gas or gas-in-liquid 

capillary bridges, which lead to particle-particle and particle-wall interactions, the 

force is directed normally to the contact line. In the case of lateral capillary forces 

Figure 21 (b,c,d,e) the force is parallel to the contact line. In the case of flotation force 

the deformations are caused by the particle weight and buoyancy. For immersion 

forces Figure 21 (c,d,e) the deformations are related to the wetting properties of the 

particle surface. The detailed explanation could be found in reference 34. 

 

 

Figure 21. Different types of capillary forces. (a) The normal capillary forces, (b) 

flotation force. (c, d, e) are immersion forces.[45] 
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3.5 Fabrication of porous membrane 

In this section, two groups of parallel experiment were carried out. The porous 

membrane in Group 1 is fabricated from cylindrical colloidal crystals consists only 

sPS particles, and in Group 2, the porous membrane is fabricated from the cylindrical 

colloidal crystals containing silver capped particles. Group 1 has two functions: the 

first one is the comparison to Group 2, in order to familiar with the difference 

between sectional sPS cylindrical colloidal crystal assembly and silver capped sPS 

particles assembly; the second one is to test the sectional assembly method, because 

the silver capped sPS particles are difficult to obtain, so after adept at the sPS particles 

assembly, it will be easier to assemble the CylCC with silver capped particles. 

 

3.5.1 Porous membrane from sPS particles 

In this project, the ordered microporous cylinders are produced using colloidal 

crystals as templates, which are assembled inside the microcapillaries. The PU 

prepolymer (NOA 60) is infiltrated into a microcapillary containing the colloidal 

crystal and then photo polymerization is employed to capture the preformed structure 

of the PU prepolymer around and within the cylindrical colloidal crystals. Here we 

use long wavelength UV light, the wavelength of which is 364 nm. After the PU 

prepolymer has been cured under the UV light for 1 hour, each microcapillary is 

moved to one piece of silicon wafer, and then THF is used to dissolve the PMMA 

microcapillary and PS particles. Finally, toluene is used to remove all the residual 

polystyrene and PMMA from the silicon wafer and the PU structure with only the 

silver caps remaining in the pores is left behind. Figure 22 shows SEM images of the 

polymeric inverted replica after the sPS particles and microcapillaries have been 

removed by THF. We could clearly observe the interface between different sizes of 

pores, and the SEM images also show that the particles are uniformly close packed, 

since there reverse replica pores are in good order. The dark lines beside the porous 

membranes are the residue of the PMMA microcapillaries and sPS templates. 
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Figure 22. SEM images of the polymeric inverted replica after the sPS particles and 

microcapillaries were removed by THF. All the images are the interface between 10 

μm and 2.5 μm sPS particles. 

 

The SEM images in Figure 23 show the porous structure is formed. It also shows that 

there are some big pores among the small ones near the boundary. This is due to the 

fact that the 10 μm particles first assembled get attached to the inside wall of the 

microcapillary. This might be avoided by drying the microcapillary after each type of 

particle is assembled. The meniscus at the air water interface will drag all the particles 

attached to the inside wall of the microcapillaries to the end of the colloidal crystal. 

But this will cause another problem. When rewetting the microcapillaries, some of 

them will not be easily wet. In my opinion, this might because of the bubbles formed 

during drying of the microcapillary. The pressure inside the bubble within the 

microcapillary is same as the atmospheric pressure, so when the microcapillary is 
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merged into water again no water will be pulled in, even though the evaporation is 

continue to happen at the open end of the microcapillary. Therefore, no capillary force 

will emerge. According to this problem, I tried to keep one end of the microcapillary 

in water for a longer time after each type of particle was assembled, and the number 

of particles attached to the inside wall of the capillary was decreased. However, there 

are still a few particles firmly attached to the inside wall of the capillary which can 

not be removed. 

 

 
Figure 23. SEM images of the polymeric inverted replica after (a) 2.5 μm, (b) 10 μm 

sPS particles and microcapillaries were removed by THF. 

 

3.5.2 Fabrication of porous membrane containing silver caps 

The silver capped particles are assembled using the same method. First 2.5 μm plain 

particles are assembled to form the cylindrical colloidal crystal. The capillaries are 

then set in contact with the suspension of 2.5 μm silver capped particles in the 

presence of mechanical vibration. The purpose of the vibration is to avoid the 

deposition of silver capped particles on the bottom of the microcapillaries. Because 

the silver capped particles are heavier than the plain particles, they deposit more easily. 

The assembly will take a long time, due to the weight of the silver capped particles 

and the solid content in the suspension of the silver capped particles. Finally, another 

section of 2.5 μm plain particles is added to form the sectioned cylindrical colloidal 

crystals.  
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Figure 24. The SEM image of porous membrane containing silver caps. 

 

Those sectional assembled close packed cylindrical colloidal crystals are infiltrated 

with polyurethane pre-polymer. Then the polymer is cured by exposure to long 

wavelength UV light for half an hour. Subsequently, the particles and dust attached to 

the outside wall of the microcapillary are removed by acetonitrile. Next, the polymer 

is cured by exposure to long wavelength UV light for another half an hour. When all 

the polymer is fully cured, each of the samples is moved to a separate piece of silicon 

wafer. After that, the PMMA microcapillary and PS particles are dissolved by 

immerging the cured sectionally assembled close packed cylindrical colloidal crystals 

into THF. Finally, toluene is applied to remove all the residue on the silicon wafer, in 

order to get a clear image of the porous structure. The SEM image of porous 

membrane containing silver caps is shown in Figure 24. 

 

Figure 26 is a corresponding EDAX image of the sample shown in Figure 25. From 

this EDAX image we can clearly observe a silver peak, which proves the existence of 

silver inside the micropores. The sulfur peak in this image shows that there is some 

residue of the sulfate surface group in the micropores, but whether they are on the 

silver cap or on the inside wall of the micropore could not be determined. 

 

 

 37



Bin Ren, Master Thesis, MATCHEM, MSE, KTH, 2007 

 

 
Figure 25. SEM image of porous membrane containing silver caps. 

 

Elem   Wt %  At %  K-Ratio    Z       A       F 
------------------------------------------------------------- 

  C K   41.46  66.84  0.0555  1.0539  0.1269  1.0000 
  SiK   37.19  25.64  0.3257  0.9928  0.8778  1.0050 
  S K    8.70   5.25  0.0613  0.9811  0.7148  1.0048 
  AgL   12.66   2.27  0.0953  0.7933  0.9488  1.0000 

       Total  100.00 100.00  
Element   Net Inte.    Backgrd  Inte. Error   P/B  

------------------------------------------------- 
 C K       2.67       0.10      8.17     26.83  
 Si K      55.53       0.56      1.75     98.38  
 S K       9.06       0.50      4.51     18.20  
 AgL       4.93       0.45      6.31     11.00  

 

Figure 26. EDAX spectrum of a spot scan on the silver cap area. 

 

Figures 27 and 28 show another corresponding SEM image and a spot scan by EDAX 

on the surface of a silver cap inside the micropore. In Figure 27, some small dots are 

visible on the surface of the silver caps inside the micropores (see arrows in Figure 

27). This is also due to the two reasons mentioned earlier: de-wetting and oxidation. 

From Figure 28 we can see both silver and an oxygen peak which shows there might 

be some Ag2O. Since silver is easily oxidized, we have to work out a method to 
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protect the coating, such as coat it with another layer of a more stable metal or cover it 

with a polymer film. The purpose of this is to separate the metal silver from the 

oxygen and keep it unoxidized. 

 

 
Figure 27. SEM image of porous membrane containing silver caps. 

 

Elem    Wt %  At %  K-Ratio    Z       A       F 
------------------------------------------------------------- 

  C K   52.64  70.56  0.0961  1.0305  0.1771  1.0001 
  O K   11.35  11.42  0.0186  1.0133  0.1615  1.0003 
  SiK   26.65  15.27  0.2313  0.9714  0.8910  1.0026 
  S K    3.83   1.92  0.0288  0.9547  0.7850  1.0027 
  AgL    5.52   0.82  0.0440  0.7738  1.0284  1.0000 
Total  100.00 100.00 
        Element  Net Inte.  Backgrd  Inte. Error  P/B  
             ------------------------------------------------- 
          C K     5.36      0.40      5.34     13.43  
          O K     2.74      0.32      7.74     8.58  
          Si K    45.64      0.17      1.71     264.08  
          S K     4.93      0.27      5.46     18.55  
          Ag L    2.63      0.15      7.49     18.00  

 
Figure 28. EDAX spectrum of a spot scan on the silver cap inside the micropore. 

 

From Figure 27, the high magnification image of the porous membrane, we could 

observe that the inside of the cylindrical colloidal crystal is not hollow, and the pores 

are arranged uniformly. This shows that the PS particles with silver caps had arranged 

into a closed packed fcc lattice throughout the capillary without forming a hollow 
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core, just the same result as the cylindrical colloidal crystals that are assembled by 

sPS. 

 

In addition, we can also observe some translucent films exist at the outside of the 

porous structures. In my opinion, these are the residue of the PMMA microcapillary 

which did not get completely removed during the THF treatment. In order to avoid 

this, a longer immersion time is needed during the THF treatment process.  

 

3.6 The application of the porous membrane 

The application of the porous membrane with silver caps is to remove the 

formaldehyde in the air, because silver is a well-known absorbent for formaldehyde. 

However, the performance of these silver caps loaded porous membrane needs further 

testing.  

 

3.6.1 Langmuir-Hinshelwood kinetic model for decomposition of formaldehyde 

The reaction inside the silver cap loaded porous membrane with the formaldehyde is a 

gas-phase/solid reaction. This gas-phase/solid reaction of catalytic decomposition of 

formaldehyde can be described quantitatively with the Langmuir-Hinshelwood kinetic 

model,[47] where the rate of the unimolecular decomposition reaction r will obey 

Equation (1): 

1
app eq

app eq

kK C
r

kK C
=

+
               Equation (1) 

k is the surface rate constant, Kapp is the apparent adsorption coefficient, and Ceq is the 

adsorption equilibrium concentration. The Langmuir-Hinshelwood kinetic model 

assumes: (1) adsorption of the molecules from the gas-phase is faster than the 

rate-determining surface reaction step occurring between two molecules in the 

adsorbed state, (2) heat of adsorption is the same for every molecule, and (3) molecule 

that hit an adsorbed molecule immediately return to the gas phase. Thus, the 

chemisorption equilibrium is established during this reaction.[48-50] 
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3.6.2 Formaldehyde decomposition on silver oxide catalyst [51-53] 

The catalytic decomposition of formaldehyde on metal oxides[54-56] has been 

studied extensively and can be summarized in the following reaction scheme: 

FTIR bands (cm-1) 

(1) HCHO(g) + O(a) HCHOO(a)        ν C-H (2843/2783)       

ν C-O(1746) 

(2) HCHOO(a) HCOO(a) + H(a)        ν C-H (2872)             

ν OCO (1550/1365) 

(3) HCOO(a) H(a) + CO2(g) 

(3a) HCOO(a) + H(a) HCOOH         ν C=O (1670-1685)  

ν C-H (1325-1335)  

ν C-O (1275-1280) 

(4) 2H(a) + O(a) H2O(g) 

Formaldehyde adsorbs from the gas phase (g) onto the oxide surface and forms 

surface-adsorbed formaldehyde HCHOO(a), reaction (1). Dissociation of a C-H bond, 

reaction (2), leads to formation of the formate intermediate, HCOO(a), and surface 

hydrogen H(a). A second C-H bond dissociation leads to desorption of CO2(g) and a 

second surface-bonded hydrogen atom, reaction (3). Lower temperature seems to 

favor CO2 production, when methanol is oxidized over a silver oxide catalyst.[57] 

Two surface-bonded hydrogen atoms can react with surface oxygen desorbing from 

the surface as H2O, reaction (4). An undesired side reaction is formation of formic 

acid, reaction (3a). 

 

The above are the theoretical and experimental results of the possibility for the 

application of as prepared silver oxide catalyst as the media to remove the 

formaldehyde in the air. If this silver oxide catalyst could be used with titanium oxide 

together, the effect for the absorption of formaldehyde will be improved, because TiO2 

is also an effective absorbent for formaldehyde. 
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4. Future Work 

In the future, we will try to substitute the PS particles with silica particles, due to their 

high stiffness. However, the use of silica particles will require the application of 

hydrofluoric acid for the dissolution of the templating particles. In addition, different 

surface modification groups will be applied to the PS or silica particles, so that 

different kinds of metal, metal oxide and polymers can be firmly coated onto their 

surfaces. Those coatings may have various environmental and energy applications, 

and each kind of catalysts loaded porous membrane needs careful test, which is also a 

large amount of works. 
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