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Abstract

Superhydrophobic coatings have been developed to warrant waterproof 

properties of synthetic materials for diverse applications, such as outdoor clothing, 

construction materials, and µPAD. Commonly, superhydrophobicity is achieved by 

increasing the surface roughness and lowering surface tension. Previously, substrates 

(paper, glass, and polymers) treated with dilute solutions of organosilanes have reached 

hydrophobicity. However, achieving superhydrophobicity via such conventional 

silanization reaction without fluorine-based precursors and complex fabrication 

procedures remains as a challenge.

The first work presented is that off-the-shelf laboratory filter papers can be 

treated into superhydrophobic with a binary solution of short- and long-chain 

organosilanes. SEM studies confirmed that it is the thickness rather than pore size of the 

cellulose filter paper governing the superhydrophobicity. The modified filter paper is 

chemically stable and mechanically durable; it can readily be patterned with UV/ozone 

treatment to create hydrophilic regions for colorimetric assays of various analytes.

Compared to conventional cellulose filter paper, glass microfiber filters are ideal 

for preparing quantitative fluorometric assays, owing to their extremely low fluorescence 

background. It was discovered that superhydrophobicity can be achieved on glass 

microfiber filters by reacting with MTS. Moreover, a fluorometric assay for quantitative 

copper detection based on “click chemistry” with a customized smartphone app was 

showcased on patterned glass microfiber filter substrates. This work augments the 

potential of superhydrophobic glass microfiber filters for multiplex fluorescent assays 

with ultralow background and high signal-to-noise ratio. 

The most remarkable finding in this thesis is the development of a protocol that 

OTS stoichiometrically hydrolyzes and condensates to micro-to-nanoscale hierarchical 

siloxane aggregates dispersible in industrial solvents. The coating exhibited superior 

performance in cost, scalability, robustness, and particularly the capability of 

encapsulating other functional materials. The unconventional silanization reactions to 

create superhydrophobic surfaces reported in this thesis are beyond the sole purpose of 

analytical chemistry research, and can be extended to develop marketable daily 

products with complete waterproofing properties. 
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Chapter 1.

General Introduction

This chapter provides the general background for the research described in this 

thesis, from naturally observed superhydrophobic surfaces and fundamental knowledge 

of surface wetting, to literature methods that create superhydrophobic materials. Surface 

modification to form self-assembled monolayers (SAMs) and sol-gel reactions to prepare 

solid-state nanomaterials with various organosilanes (conventional silanization 

reactions) are also described as they are related topics. The objective of the present 

research as well as the thesis structure are stated at the end of this chapter.
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1.1. From waterproof materials in nature to surface wetting

On a typical rainy and gloomy Vancouver (also known as “Raincouver”) night at 

SFU Burnaby Mountain campus, some glares abruptly dazzled my eyes when I was 

walking from 4D Labs to the parking lot. After looking closer, I realized that they were 

reflections from the water droplets on fallen leaves (Figure 1.1). In contrast to the wet 

pavement, the raindrops did not spread on the leaves’ surface but remained as beautiful, 

near-spherical droplets! In fact, this is not a rare phenomenon in nature, with many other 

examples such as lotus leaf, butterfly wing, gecko foot, and red rose petal, to name a 

few.1 The well-known term describing this non-wetting phenomenon is waterproof or 

water repelling.

Figure 1.1 A leaf found on the pavement of Science Road at SFU with nearly 
spherical raindrops on top. 

Figure 1.2. A waterproof NikeTM shoe is splashed with water. The shoe surface 
remains dry and water droplets roll off readily.
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Comparing others wandering with soaked sneakers, I was lucky to step freely in 

to puddles owing to my track shoes made of Gore-TexTM (a branded synthetic material 

that is waterproof) (Figure 1.2). I could even dance like Gene Kelly in the movie Singin’ 

in the rain, while my socks remained dry. Water can freely slide off from my shoes, with 

a few spherical water droplets remaining on the surface, just like those on the tree leaf. 

On the downside, the cost of waterproof shoes remained much higher than the normal 

ones, resulting from the rather expensive Gore-TexTM material used to manufacture 

them. 

In addition to waterproof shoes, I was also wearing a Gore-TexTM jacket to avoid 

the burden of carrying an umbrella. Although it effectively kept me from getting wet, the 

drab color and mediocre durability prevent Gore-Tex products to be ideal for my choice 

of everyday wearing. One more concern is the environmental challenges of the Gore-

TexTM material, since it composes fluorinated compounds that are harmful to the 

environment.2,3

Figure 1.3 Examples of commercial spray coatings avaliable in local stores 
include WoodsTM Waterproof Silicone Spary, KIWI® Camp Dry Heavy 
Duty Wter Repellent, ScotchgardTM Water Shield Heavy Duty Water 
Repellent Spray, Grangers® Footwear Repel, NIKWAX TX. Direct® 

Spray-on and KIWI Protect-AllTM Leather & Fabric Footwear (from left 
to right). 
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There are some other choices to replace Gore-TexTM; one of the most popular 

alternatives is to apply commercial spray coatings (Figure 1.3) on otherwise regular 

clothes, which are conveniently accessible and affordable from local stores. These 

coatings can be used for surfaces with intrinsically rough materials, such as tents, bags, 

footwear, and outdoor furniture. 

Besides clothing, waterproof materials are also useful in many other fields, such 

as antibiofouling coatings for boats, stain-resistance of iron or steel instruments, anti-

icing for bridges, water-oil separation, and micro-chip assays.4 However, current 

technologies to prepare waterproof coatings still have limitations on the performance, 

cost, environmental safety, robustness, and many other practical aspects. 

Understanding the mechanism of wetting processes and developing waterproof 

materials with these characteristics, therefore, are critical for the optimization with 

desired properties upon developing practical waterproof coatings.

θ

γLV

γSL

γSV

Figure 1.4 Schematic illustration of the correlation between the contact analge 
and interfacial tensions at a three-phase interface.

Evidenced from the observed spherical raindrops on tree leaves (shown in Figure 

1.1), a liquid droplet always minimizes its total free energy by ensuring the smallest 

possible liquid-air interfacial area, which essentially leads to curved surfaces. The shape 

of the droplet upon contacting a solid substrate is typically characterized by the so-called 

contact angle, which is the angle formed between the tangential to the liquid surface and 

the solid surface, as illustrated in Figure 1.4. It can be easily measured with a contact 

angle goniometer, an optical device that can capture the profile of the liquid drop.4 

The understanding of contact angle can be dated back to the19th century.5 In 

1805, Thomas Young proposed a mathematical relationship between the contact angle 

and three interfacial tensions (Figure 1.4) for an ideally flat solid surface (Equation 1.1),
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𝑐𝑜𝑠𝜃 =
𝛾𝑆𝑉 ― 𝛾𝑆𝐿

𝛾𝐿𝑉

Equation 1.1

where  is the contact angle; SV, SL and LV are the interfacial tensions for solid-vapor, 

solid-liquid, and liquid-vapor interfaces respectively (Figure 1.4). Young’s equation 

describes the contact angle resulting from the three-phase contact line, where each 

interfacial tension draws on the contact line to minimize the surface area of the liquid 

droplet. According to the equation, lowering the surface tension of the solid SV leads to a 

higher water contact angle, and on the other hand, lowering the surface tension of the 

liquid (LV) results in a lower contact angle.

Experimentally, the three quantities in Young’s equation, interfacial tensions 

(typically called surface tension in the case of solid-vapor and liquid-vapor interfaces), 

can be measured with a number of different methods.For the measurement of surface 

tension of a liquid (LV), there are four classical techniques as described below.6

(1) Capillary rising method

Rθ

H

f

G

Figure 1.5 Schematic illustration of the capillary rising method to determine the 
surface tension of liquid.

A liquid rises and wets a capillary tube if the surface tension of the tube is greater 

than the solid-liquid interfacial tension. When the liquid rises in the tube and forms the 

meniscus, the surface tension balances the gravity of the liquid in capillary tube 

(Equation 1.2 and Equation 1.3)

2𝜋𝑅 𝛾𝑐𝑜𝑠 𝜃 = 𝜌𝑔𝜋𝑅2𝐻 Equation 1.2
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𝛾 =
𝜌𝑔𝑅𝐻
2𝑐𝑜𝑠 𝜃

Equation 1.3

where  is the surface tension of the liquid,  is the contact angle at the meniscus, H is 

the height of liquid column in the capillary tube,  is the density of liquid, R is the radius 

of the tube, g is the gravitational acceleration constant. Therefore, the surface tension of 

liquid can be determined by measuring the height of the liquid in the capillary tube and 

the angle of the meniscus (Figure 1.5).7 To be more accurate, a correction should be 

made in considering the weight of the liquid that forms the meniscus. In a narrow 

capillary, the meniscus is approximately hemispherical (for which  = 0), therefore the 

Equation 1.3 can be simplified as:

𝛾 = 1 2𝜌𝑔𝑅(𝐻 + 𝑅 3) Equation 1.4

The capillary rise method is, when properly performed, the most accurate way for 

determining the surface tension of a liquid. The difficulty is to obtain a capillary tube of 

uniform bore. In practice, the capillary rise method is only used when the contact angle 

is close to zero.3

 (2) Wilhelm plate method

Figure 1.6 Schematic illustration of the Wilhelm plate method to determine the 
surface tension of liquid.

A thin metal plate (length x, width y and weight W) is allowed to touch the liquid 

in a large container. The lower edge of the plate is levelled with the liquid surface (Figure 
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1.6). The maximum force needed to drag the plate off the surface is F, which correlates 

with the surface tension of the liquid,6,8

𝐹 ― 𝑊 = 2(𝑥 + 𝑦)𝛾 Equation 1.5

𝛾 =
𝐹 ― 𝑊

2(𝑥 + 𝑦)
Equation 1.6

This method is also commonly used as its operation is easy without any 

complicated calculation. However, the liquid should thoroughly wet the plate, which limits 

the application of this method to measure the surface tension of less polar solvents.

 (3) Du Nouy ring method

R

r

F

Figure 1.7 Schematic illustration of the Du Nouy ring method for the 
determination of liquid surface tensions.

In this method, a metal ring touches the liquid surface, the force F required to 

detach the ring from the liquid surface (Figure 1.7) can be calculated from Equation 1.7 

and Equation 1.8,8

𝐹 = 2𝜋𝑅𝛾 + 2𝜋(𝑅 + 2𝑟)𝛾 = 4𝜋(𝑅 + 𝑟)𝛾 Equation 1.7
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𝛾 =
𝐹

4𝜋(𝑅 + 𝑟)
Equation 1.8

where r is the radius of the wire, R is the inner radius of the ring. In practice, due to the 

non-vertical direction of the surface tension and the complex shape of the liquid along 

the ring, a correction factor  is introduced to the calculation,β

𝛾 =
𝛽𝐹

4𝜋(𝑅 + 𝑟)
Equation 1.9

For the ring method, the experiment can be easily performed, but the correction 

factor  is empirical and influenced by many factors (balance time, contact angle, etc.). 𝛽

 (4) Drop−volume / drop-weight method

2R

Figure 1.8 Schematic illustration of drop-volume/ drop-weight method for the 
determination of liquid surface tensions.

Due to the gravity, drops of a liquid eventually detach from the tip of a vertical 

tube (Figure 1.8). At the point of detachment, the gravity of the drop and the surface 

tension are balanced:8

2𝜋𝑅𝛾 = 𝑚𝑔 =  Vρg Equation 1.10
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𝛾 =
Vρg
2𝜋𝑅

Equation 1.11

However, a correction factor  is needed due to the fact that (i) the liquid does 

not completely leave the tip, (ii) the surface tension force cannot be exactly vertical and, 

(iii) there is a pressure difference around the liquid surface. In this case,

𝛾 =
ϕVρg
2𝜋𝑅

Equation 1.12

Figure 1.9 Zisman plot of a Teflon surface showing a linear dependence 
between the cosine of contact angle and surface tension of n-
alkanes used for the measurements.

Note. Reprinted with permission from Fox. H. W.; Zisman, W. A. The spreading of liquids on low 
energy surfaces, I. Polytetrafluoroethylene. J. Colloid Sci.1950, 5, 514-531. Copyright 1950 
Elsevier Inc.

The surface tension of a solid (SV) is much more challenging to determine in 

comparison with liquids, for which the most acceptable method is the construction of a 

Zisman plot.9 In 1950, Fox and Zisman studied the wettability of poly(tetrafluoroethylene) 
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(Teflon) using a series of organic liquids (e.g., n-alkanes, di(n-alkyl)ethers, and n-

alkylbenzenes). A linear relationship was obtained between the cosine of the contact 

angle (cosθ) and the surface tension of the liquid (LV) (Figure 1.9).9

The intercept, at which the value of cosθ equals to one, of the best linear fit 

represents the surface tension of the solid substrate (SV) (18 mN/m for Teflon as shown 

in Figure 1.9). It is also known as the critical surface tension, owing to the fact that the 

solid surface will be completely wetted when the liquid surface tension is lower than the 

surface tension of the solid. This can be understood in terms of Young’s equation as 

described above. Although the Zisman Plot approach is a completely empirical method, 

it has been widely accepted for the determination of solid surface tensions in literature.10

The third term in the Young’s equation, the liquid/solid interfacial tension (SL) can 

be calculated by considering different contributions of the molecular interactions, such as 

London dispersion force, dipole-dipole interaction, and hydrogen bonding. If only 

dispersion components were considered, the liquid and solid surface tension (SL) would 

be determined by the following equation:8

𝛾𝑆𝐿 = 𝛾𝑆𝑉 + 𝛾𝐿𝑉 ― 2 𝛾𝑑
𝑆𝑉 ∙ 𝛾𝑑

𝐿𝑉 Equation 1.13

where SL is the solid/liquid interfacial tension, SV is the surface tension of the solid,  𝛾𝑑
𝑆𝑉

is the dispersion component of solid surface tension and  is the dispersion component 𝛾𝑑
𝐿𝑉

of liquid surface tension.8 If the solid surface has only a dispersion component, .𝛾𝑆𝑉 = 𝛾𝑑
𝑆𝑉
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Figure 1.10 (a) Droplet of water receding on a surface due to evaporation; the 
droplet is pinned at the three-phase contact line until θR reached 
position 2 and θR remains constant during subsequent evaporation. 
(b) A droplet of water advancing on a surface due to condensation; 
the droplet is pinned at the three-phase contact line until θA levels at 
6. (c) A droplet of water sliding on an inclined surface.

Note. Reprinted with permission from Gao, L.; McCarthy, T. J. Contact Angle Hysteresis 
Explained, Langmuir 2006, 2214, 6234-6237. Copyright 2006 American Chemical Society.

As described above, the wettability of a solid surface can be quantified based on 

Young’s equation, particularly the measurement of the contact angle of a liquid with 

known surface tension. However, it should be noted that the Young’s equation describes 

the static contact angle, i.e., thermodynamically equilibrated contact angle at the three-

phase interface. To better understand the surface properties, contact angles can be 

measured dynamically, i.e., determination of the advancing and receding contact angles. 

The difference between advancing contact angle and receding contact angle is defined 

as the wetting hysteresis ().11 There are two common methods to determine the 

wetting hysteresis: needle method and tilting method. For the needle method, the needle 

of a micro-syringe is brought close to the substrate surface, with a liquid droplet 

dispensed at the tip. if the liquid is carefully withdrawn from the droplet, the droplet 

decreases in volume, maintaining the same contact area initially with the surface until it 

begins to recede. It recedes with a constant contact angle, θR, which is the receding 

contact angle (Figure 1.10a). If more liquid is carefully added to increase the volume of 

the droplet, the same contact area is maintained until the droplet begins to advance 

(Figure 1.10b). The contact angle measured at this moment is the advancing contact 

angle, θA. For the tilting method, a liquid droplet is placed on the substrate to be 

measured and the substrate is tilted gradually. The advancing and receding angles are 
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measured at the point at which the droplet starts to move (slide down) on the tilted 

substrate. As shown in Figure 1.10c, the contact angle measured at the left side of the 

droplet is the receding contact angle (θR), while the one measured at the right side is the 

advancing contact angle (θA).

1.2. From Hydrophobic to Superhydrophobic: Wetting 
Mode Transition

Based on the measured water contact angle, the wettability of a surface is 

conventionally classified as hydrophilic ( <90°), hydrophobic ( >90°), or 

superhydrophobic ( >150°) (Figure 1.11). In practice, many surfaces, especially 

superhydrophobic ones, exhibit significantly higher water contact angle than the 

predicted values based on the Young’s equation. The reason is that Young’s equation 

assumes the solid as perfectly flat and smooth, so that only surface tensions arise from 

chemical compositions affect the contact angle. However, we need to consider the 

surface topography in order to explain the wetting properties of non-ideal substrates 

(composite or rough surfaces).

Figure 1.11 Schematic illustration of solid materials with different wettabilities.

In order to determine the contact angle of “real” surfaces, Wenzel proposed an 

empirical equation factoring in the surface roughness on the apparent contact angle 

(Equation 1.14) in 1936. Here  and  are the apparent contact angle and that 𝜃𝐴𝑝𝑝 𝜃𝑌

derived from the Young’s equation, respectively. The parameter r is the roughness factor 

defined as the actual surface area divided by the geometric surface area (Equation 

1.15). The value of r should always be greater than unity for surfaces with microscale 

roughness, since the actual contact area is larger than the geometric surface area with 

liquid penetrating all grooves (Figure 1.12).12 As a result, the contact angle derived from 

Wenzel’s equation is typically higher than that from Young’s equation and in better 

agreement with the experimental data.13 
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cos 𝜃𝐴𝑝𝑝 = 𝑟cos 𝜃𝑌 Equation 1.14

𝑟(𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
Equation 1.15

Figure 1.12 Schematic illustration of Wenzel’s state and Cassie-Baxter’s state.

Although the homogeneous wetting regime of the Wenzel state successfully 

describes some surfaces, the equation still underestimates observed contact angles for 

porous substrate or surface roughness with higher aspect ratio. In 1944, Cassie and 

Baxter discovered that water droplets do not wet the entire porous surfaces (cotton 

fabrics with coated paraffin wax),14 i.e., air bubbles are buried at the interface (Figure 

1.12), resulting in a drastically increased apparent contact angle. The so-called Cassie 

and Baxter wetting mode can be described as following (Equation 1.16):

cos 𝜃𝐴𝑝𝑝 = 𝑓(𝑐𝑜𝑠 𝜃𝑌 + 1) ― 1 Equation 1.16

where f represents the ratio of solid/liquid interface with respect to the entire real surface 

area of the porous material. The  and  are the apparent contact angle and that 𝜃𝐴𝑝𝑝 𝜃𝑌

derived from Young’s equation. Subsequently in 1948, Cassie refined this equation to a 

more general form, which describes the surface wetting of any composite substrate 

formed by two different compositions (Equation 1.17). The two components that form the 

heterogeneous surface are denoted as 1 and 2, with f and  representing the fractional 𝜃

area and contact angle on each pure component, respectively.15

cos 𝜃𝐴𝑝𝑝 = 𝑓1cos 𝜃1 + 𝑓2cos 𝜃2 Equation 1.17
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Furthermore, Wenzel and Cassie-Baxter wetting modes can be differentiated by 

measuring the wetting hysteresis. Comparing to the Wenzel state, contact angle 

hysteresis is normally lower for the Cassie-Baxter state (around 10°), owing to the partial 

solid-liquid contact of the heterogeneous interface.4,13

Superhydrophobic surfaces composed of nano- and microscale roughness 

always exhibit the Cassie-Baxter wetting mode rather than the Wenzel mode, i.e., the 

water contact angle for both naturally occurring and synthetic superhydrophobic 

surfaces, the experimental results correlated well with the Cassie-Baxter equation.13,16

Figure 1.13 Superhydrophobic surfaces in nature. (a) Lotus leaves showing self-
cleaning properties, note that dust is embedded in the water droplet 
at the center of the leaves. (b) SEM image of the surface structures 
on the lotus leaf. The scale bar represents 20 μm.

Note. Reprinted with permission from Zhang et al. Superhydrophobic surfaces: from structural 
control to functional application. J. Mater. Chem., 2008, 18, 621−633. Copyright 2008 The Royal 
Society of Chemistry; Barthlott et al. Purity of the sacred lotus, or escape from contamination in 
biological surfaces. Planta, 1997, 202, 1−8. Copyright 1997 Springer Nature.

Due to the limit of characterization techniques, the study of the microscopic 

structural nature of superhydrophobic surfaces had been limited before 1990s. In 1997, 

with the aid of scanning electron microscope (SEM) imaging, Neinhuis and Barthlott 

revealed that the existence of microscale papillae of epicuticular wax on lotus leaves 

(Figure 1.13).17,18 This is the key to the superhydrophobicity of these surfaces, as of the 

non-polar property of the wax coating and the micro-/nano-structural roughness (to 

create Cassie-Baxter state upon in contact with water droplets).
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Figure 1.14 Diagram summarizing the connection between roughening and self-
cleaning. While on smooth surfaces, the particles are mainly 
repositioned by water (a), they adhere to the droplets surfaces on 
rough surfaces and are removed when the droplets roll off the 
surface (b).

Note. Reprinted with permission from Barthlott et al. Purity of the sacred lotus, or escape from 
contamination in biological surfaces. Planta 1997, 202, 1−8. Copyright 1997 Springer Nature.

μ

Figure 1.15 (a) Large-area SEM image of the surface of a lotus leaf (Nelumbo 
nucifera). Every epidermal cell forms a papilla and has a dense layer 
of epicuticular waxes superimposed on it. (b) Enlarged view of a 
single papilla from (a). (c) SEM image of the lower surface of the 
lotus leaf. (d) The fitted curve based on calculated data (contact 
angle, in degrees, against the mean outer diameter of protruding 
structures, in micrometers).

Note. Reprinted with permission from Feng et al. Super-Hydrophobic Surfaces: From Natural to 
Artificial. Adv. Mater. 2002, 14, 1857−1860. Copyright 2002 John Wiley and Sons.
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The other related, remarkable property of these plants is self-cleaning, in which 

case the dust on the leaf surface can be easily removed by rolling-off water droplets 

(Figure 1.14).17,18 Taking the lotus leaf phenomenon as an example, water droplets on 

the surface can easily roll off without sticking to it owing to the ultra-low wetting 

hysteresis. As water droplets spread rapidly and run off leaves readily, dust particles on 

leaves can be easily carried along with the moving liquid droplets (Figure 1.14). As a 

result, the lotus leaf surface is “self-cleaned” as long as it tilts slightly upon contacting 

with water droplets. 

Based on the high resolution SEM studies of lotus leaf, in 2002 Jiang and co-

workers proposed that the nano-/microscale two-tier hierarchical structure is the crux in 

allowing the lotus leaves to achieve such self-cleaning property (Figure 1.15).19 Based 

on this finding, they proposed that the combination of micro- and nano-roughness is 

crucial for obtaining surfaces with high contact angle and low sliding angles. The 

apparent contact angle on such a surface can be determined by,

cos 𝜃𝐴𝑝𝑝 = 𝑓𝑠(𝐿 𝑙)𝐷 ― 2cos 𝜃 ― 𝑓𝑣 Equation 1.18

where the value of D (fractal dimension) in three-dimensional space is 2.2618, L 

and l correspond to the diameters of the papillae and branch-like nanostructures, 

respectively, fs and fv are the fractions of the surface under the water droplet occupied by 

solid material and air, respectively (fs + fv = 1).  and θ are the apparent contact angle 𝜃A 𝑝𝑝

and the contact angle derived from Young’s equation, respectively.19 



17

Figure 1.16 Schematic illustration of water droplets in contact with the petal of a 
red rose (the Cassie impregnating wetting state) and a lotus leaf (the 
Cassie-Baxter’s state).

Note. Reprinted with permission from Feng et al. Petal Effect: A Superhydrophobic State with 
High Adhesive Force. Langmuir 2008, 24, 4114-4119. Copyright 2008 American Chemical 
Society.

However, some surfaces in nature can have high water contact angles, while at 

the same time possess high sliding angles (wetting hysteresis). In order to explain this 

unusual wetting phenomenon, Feng et al. proposed a so-called Cassie impregnating 

state (Figure 1.16).20 In this case, grooves of the solid are filled with liquid while the solid 

plateaus are left dry. However, there are remaining islands that emerge above the 

“adsorbed” liquid film (Figure 1.16). It was then confirmed by replicating hierarchical 

micro- and nanostructures on the surface of petals on a polymer surface. The similar 

wetting performance of the polymer replica indicates that the wetting regime of rose 

petals is indeed in such Cassie impregnating state (both contact angles and sliding 

angles are high).

1.3. Fabrication of Superhydrophobic Surfaces

In general, methods to create superhydrophobic surfaces are typically based on 

generating non-polar micro/nanostructures, which is to combine low surface tension and 

high surface roughness.13 To date, previously reported studies can be categorized into 

top-down methods (creating roughness with special procedures, such as etching, vapor 

deposition)21,22 and bottom-up methods (relying on applying pre-existing roughness 

templates such as carbon nanotube, nanoparticles, and polymer blends).23−29
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1.3.1. Top-down protocols

Materials with low surface tension (e.g., PDMS, Polycarbonate, Teflon, and wax) 

are not difficult to find. Without further modification, most of these materials are 

hydrophobic (with water contact angles between 90 and 120°). A top-down method to 

create superhydrophobicity usually involves increasing the surface roughness on low-

surface tension materials via molding, lithography, plasma treatment, or solvent-assisted 

re-crystallization.4 In this section, representative top-down protocols for creating 

superhydrophobic surfaces will be reviewed. 

Figure 1.17 AFM height image of an i-PP coating on a glass slide prepared from 
its solution (20 mg/ml) in p-xylene. The solvent was evaporated by 
placing the sample in a vacuum oven at 70°C. The AFM image was 
taken in tapping mode using a silicon tip. The peak-to-peak 
roughness of the porous structure was 3200 nm, and the rms 
roughness was 300 nm.

Note. Reprinted with permission from Erbil et al. Transformation of a Simple Plastic into a 
Superhydrophobic Surface. Science 2003, 5611, 1377−1380. Copyright 2003. The American 
Association for the Advancement of Science.

In 2003, Erbil described a simple and inexpensive method for creating 

superhydrophobic surfaces with a coating solution prepared simply by dissolving 

isotactic polypropylene (i-PP) in p-xylene.30 The coating solution was then transferred on 

to the substrate (e.g., glass slide) surface followed by evaporating the solvent. AFM 

studies confirmed that the surface is coated with a porous film formed from a network of 

i-PP crystallites of different sizes and shapes. Bird-nest-like structures are created to 

connect the pores with i-PP cylindrical bridges (Figure 1.17). The surface roughness was 
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determined with AFM imaging and had a root mean square (rms) of 300 nm (~10 nm for 

flat i-PP). Remarkably, the recrystallized i-PP shows a water contact angle as high as 

160°, i.e., the otherwise hydrophobic i-PP (water contact angle of 104± 2°) is turned into 

a superhydrophobic material. It was also discovered that a higher drying temperature 

causes a lower water contact angle, which was attributed to the lower surface roughness 

created at high temperatures. Beyond the optimization of drying temperature, the author 

showed that mixing p-xylene with a nonsolvent (e.g., methyl ethyl ketone, MEK) results 

in a surface of the largest water contact angle. The polymer coating can be applied on a 

number of materials such as glass slides, aluminum foil, stainless steel, Teflon, 

polyethylene and polypropylene sheet. Moreover, it shows excellent thermostability 

(remain superhydrophobic from -20 to 160 °C), long-term usability (up to 2 months under 

ambient conditions), and high mechanical stability (no wear-and-tear observed under a 

force of 11.3 μN).

Figure 1.18 Illustration of the creation of a superhydrophobic surface via the 
replication of a lotus leaf.

Note. Reprinted with permission from Sun et al. Artificial Lotus Leaf by Nanocasting. Langmuir 
2005, 21, 8978-8981. Copyright 2005 American Chemical Society.

Other than utilizing plastics, Sun et al. turned another commonly used polymeric 

material into superhydrophobic using an interesting molding method.31 Inspired by 

naturally superhydrophobic lotus leaves, Sun et al. replicated the surface structure of the 



20

lotus leaf via poly(dimethylsiloxane) (PDMS) molding. The transparent and elastic PDMS 

is intrinsically hydrophobic, with a water contact angle of about 105°. As shown in Figure 

1.18, to make a positive replica of a lotus leaf, the first step is to mold a negative PDMS 

template. Upon lifting off of the leaf, the PDMS negative template was coated with a 

layer of anti-stick agent (methyltrichlorosilane, MTS). The second step is to produce the 

positive replica by molding the above prepared PDMS template. The measured water 

contact angle on the replica is as high as 160°, which is similar to that on a lotus leaf. 

SEM characterization revealed that the molded surface is covered with small papillate 

hills with height of approximately 6 μm, which matches the morphology of a lotus leaf. 

The PDMS replica also has excellent self-cleaning property because of its very low 

rolling-off angle (2°). 

Figure 1.19  (a) Schematic diagram of the backside 3-D diffuser lithography. (b) 
to (d) SEM images of the fabricated PDMS trapezoids with various 
magnifications and view angles. Dimensions of a trapezoid are H = 
11.9 μm, θside = 56°, P = 40 μm, and Wt = 26 μm.

Note. Reprinted with permission from Im et al. A robust superhydrophobic and superoleophobic 
surface with inverse-trapezoidal microstructures on a large transparent flexible substrate. Soft 
Matter 2010, 6, 1401−1404. Copyright 2010 The Royal Society of Chemistry.

Besides PDMS molding, a lithography method has been also utilized for 

fabricating superhydrophobic surfaces. Im et al. reported a robust, transparent, and 

flexible PDMS substrate that is both superhydrophobic and superoleophobic.32 It was 

etched with a three-dimensional diffuser-lithography approach. As shown in Figure 

1.19a, the surface of PDMS substrate is first covered with a layer of negative photoresist 
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by spin-coating on a metal-patterned glass substrate. Before shining on the photoresist, 

the incident UV light passes a special opal diffuser, an index matching liquid, and the 

glass wafer with metal patterns atop. The sidewall of the exposed photoresist region was 

controlled by manipulating the refractive index (n) of the index matching liquid (water 

was used in this work) (Figure 1.19). In this way, a well-aligned surface pattern was 

created on the substrate.

Figure 1.20 Critical role of re-entrant curvatures on the creation of 
superhydrophobic silicon wafer. (A and B) Cartoons highlighting the 
formation of a composite interface on surfaces with re-entrant 
topography (for both fibers and micro-hoodoos). The geometric 
parameters R, D, H, and W characterizing these surfaces are also 
shown. The blue surface is wetted while the red surface remains 
nonwetted when in contact with a liquid whose equilibrium contact 
angle is q (<90°). (C and D) SEM micrographs for two micro-hoodoo 
surfaces having square and circular flat caps, respectively. The 
samples are viewed from an oblique angle of 30°.

Note. Reprinted with permission from Tuteja et al. Designing Superoleophobic Surfaces. Science 
2007, 318, 1618−1622. Copyright 2007 The American Association for the Advancement of 
Science.

Other than PDMS, silicon has been widely adopted for making superhydrophobic 

surfaces via the fabrication of a variety of surface structures based on well-established 

micro- and nano-fabrication technologies. In 2007, Tuteja et al. created a 

superhydrophobic silicon surface by etching it into a micropatterned topography with re-

entrant curvatures.33 It was found that this unique re-entrant pattern is effective for 

achieving superhydrophobicity as it aids the transition from Wenzel to Cassie-Baxter 

state upon contacting with water droplets. Two different types of re-entrant patterns on 

the silicon surfaces were created (Figure 1.20); they were fabricated on Si wafers by 
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depositing a 300 nm thick silicon dioxide thin film, followed by etching both SiO2 and Si 

layers with vapor-phase XeF2. After treating with vapor phase 1H,1H,2H,2H-

perfluorodecyltrichlorosilane, the surface tension of the re-entrant curvatures is 

decreased. All these substrates are superoleophobic as measured with octane.

Figure 1.21 Liquid suspension on surface structures of three different 
topologies. (A) Simple structures require >90° to suspend water. 
p, is the pressure difference between the liquid and air. (B) 
Reentrant structures allow <90° to suspend oils or solvents. They 
would fail if  ~ 0°,as surface tension acts parallel to the horizontal 
overhangs with little vertical component to suspend the liquid. (C) 
Doubly reentrant structures allow  ~ 0° to suspend any liquid, as 
surface tension acts on the vertical overhangs with a substantial 
vertical component. If the liquid-solid contact fraction is small 
enough, the surfaces would also repel the liquids.

Note. Reprinted with permission from Liu. T. L. et al. Turning a surface superrepellent even to 
completely wetting liquids. Science 2014, 6213, 1096−1100. Copyright 2014 The American 
Association for the Advancement of Science.

Based on this exciting finding, in 2014 Liu et al. modified the hydrophilic silica 

surface into superhydrophobic by creating the “doubly re-entrant” structures (Figure 

1.21).21 They demonstrated that the superoleophobicity can be achieved by manipulating 

the roughness factor only. As the proposed superrepellency depends only on physical 

attributes, it was realized on both (i.e., tungsten) and polymer (i.e., parylene) substrates. 

More recently, by creating re-entrant channels, Huang et al. fabriated devices for 

directional self-transport of droplets; this approach can be potentially useful for the 

development of digital microfuidics, chemical analysis, bioassay preparation, and 

microreactor technology.34

1.3.2. Bottom-up methods

Different from the top-down methods, bottom-up methods involve the building (or 

designing) larger, more complex objects by integration of smaller building blocks or 

components. Till now, a number of bottom-up methods have been proposed for the 

preparation of superhydrophobic surfaces, such as chemical vapor deposition, spray 
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coating, or colloidal assembly.4 In this section, a number of representative top-down 

methods for creating superhydrophobic surfaces will be described.

Figure 1.22 (A) Photograph depicting sample preparation, for which a glass slide 
is held in the flame of a candle until a soot layer a few micrometers 
thick is deposited. (B) Scanning electron microscope (SEM) image 
of the soot deposit. (C) High-resolution SEM image showing a single 
particle chain made up of almost spherical carbon beads 40 ± 10 nm 
in diameter. (D) SEM image of the deposit after being coated with a 
silica. (E) High-resolution SEM image of a cluster after the carbon 
core was removed by heating for 2 hours at 600°C. (F) High-
resolution TEM image of a cluster after calcination, revealing the 
silica coating with holes that were previously filled with carbon 
particles. The silica shell is 20 ± 5 nm thick.

Note. Reprinted with permission from Deng et al. Candle Soot as a Template for a Transparent 
Robust Superamphiphobic Coating. Science 2012, 335, 67−70. Copyright 2012 The American 
Association for the Advancement of Science.

Deng et al. created a superamphiphobic coating with candle soot as the template 

for making nanoscale microstructure.23 Specifically, a thin film (a few micrometers in 

thickness) of candle soot was obtained by holding a glass slide in the flame. This coating 

exhibits a water contact angle above 160°. However, this physically deposited coating is 

fragile and easily removed even by washing. In order to improve its mechanical stability, 
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the candle soot layer on a glass slide was then coated with tetraethoxysilane (TES), 

followed by a calcination step to remove the candle soot. Then, the resulted coating was 

grafted with a layer of semi-fluorinated silane by chemical vapor deposition for lowering 

the surface tension (Figure 1.22). The final coating displayed a water contact angle of 

165±1° with a roll-off angle lower than 1°; the oil contact angles ranged from 154° (for 

tetradecane) to 162° (for diiodomethane). SEM images show that the surface was 

covered with loose, yet cross-linked network of nanoscale organosilane aggregation. 

This coating is thermally stable, and remains superhydrophobic after annealing at 450 

°C for 1 h. The coating (3 mm thick) is still transparent, with 90% transmittance as 

compared with pristine glass for the wavelength range from 500 nm to 1000 nm. Its 

mechanical stability was also confirmed by impinging with sand grains (100 to 300 μm) 

from a height of 10 to 40 cm, after which the superhydrophobicity remains. 

Figure 1.23 Photographs of (a) paper, (b) photograph, and (c) cotton on some 
part of which were spray-coated with ethanol suspension of SiO2 
nanoparticles (25 nm). The spray-coated areas are highlighted with 
red dash squares.

Note. Reprinted with permission from Ogihara et al. Simple Method for Preparing 
Superhydrophobic Paper: Spray-Deposited Hydrophobic Silica Nanoparticle Coatings Exhibit 
High Water-Repellency and Transparency. Langmuir 2012, 28, 4605−4608. Copyright 2012 
American Chemical Society.
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Ogihari et al. utilized silica nanoparticles as the template to create 

superhydrophobic coatings by modifying the surface with octadecyltrichlorosilane.25 It 

was discovered that the contact angle decreases as the particle size increases, with an 

optimal SiO2 nanoparticles size of 25 nm. Beyond the particle size optimization, different 

suspension solvents were also tested. Compared with others (1-propanol and 1-

butanol), the use of ethanol produced a surface with the highest water contact angle 

(155°) and lowest sliding angle (7°) (Figure 1.23). Low resolution SEM images showed 

that SiO2 particles uniformly cover the substrate surface with similar morphologies 

regardless of the solvent type. High resolution SEM images show that the coating from 

ethanol suspension forms a hierarchically rougher surface. The authors attributed this 

phenomenon to the difference in the aggregation states of SiO2 nanoparticles in different 

solvents. This coating was then applied on different substrates (paper, photograph, and 

cotton) with a simple spraying method. The transparency of the coated substrate is not 

altered, with the visibility of characters maintained after coating. Finally, the strength of 

the superhydrophobic coatings was tested by pressing the surface with a bare finger and 

folding the substrate. Both contact angle and sliding angle remain unchanged after these 

tests. 

Independently, Ge et al. utilized SiO2 nanoparticles coated with perfluorosilanes 

to fabricate superhydrophobic coatings upon suspending in isopropanol.35 The modified 

NPs can self-assemble into a quasi-amorphous photonic structure, which showed angle-

independent color in addition to their excellent superhydrophobicity (static water contact 

angle, 155° and roll-off angle 2°). By varying the particle size, the color of the coating 

can be tuned from blue, green, to moccasin. 
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Figure 1.24 Paint characterizations. (A) SEM (top) and TEM (bottom) of the 
constituent nanoparticles in the paint. Sizes varied from ~60 to 200 
nm for the TiO2 nanoparticles, whereas ~21 nm in size.

Note. Reprinted with permission from Lu et al. Robust self-cleaning surfaces that function when 
exposed to either air or oil. Science 2015, 347, 1132−1135. Copyright 2015 The American 
Association for the Advancement of Science.

Instead of utilizing single-size particles, Lu et al. utilized a mixture of dual-scale 

nanoparticles of titanium dioxide (TiO2) modified with perfluoro-octyltriethoxysilane to 

prepare superhydrophobic coatings.24 Compared with single-size particles, this dual-

scale particle protocol significantly increases the roughness of thus prepared coating by 

forming a hierarchical structure. For application, an ethanol-based suspension of the 

modified particles can be sprayed, immersed, or painted the surface of interest, such as 

glass, steel, cotton, and paper. The superior performance with a water contact angle of 

above 160° has been achieved together with its unprecedent chemical stability (remains 

superhydrophobic upon immersing in hexadecane for a prolonged period of time). The 

mechanical stability of the coating can be enhanced by combining with paint or 

adhesives, which was demonstrated with multiple types of abrasion experiments 

(including finger-wipe, knife-scratch, and multiple abrasion cycles with sandpaper). This 

type of robust coating can be potentially applied under harsh or oily environments.
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Figure 1.25 An illustration of the multi-fluorination strategy for the all-organic 
nanocomposite coating. a, The epoxy resin before fluorination, with 
a water contact angle (WCA) of ~43°. b, Fluoropolymer-grafted epoxy 
resin (denoted as FE resin); the WCA increased to ~80°. c, Blending 
the perfluoropolyether into the FE resin (denoted as KFE resin); the 
WCA further increased to ~93°. d, Incorporating PTFE particles to 
obtain nanocomposite coating (denoted as PKFE coating) with a 
WCA of ~158°. e, Fourier transform infrared spectroscopy diagram 
of pure epoxy resin, FE resin, KFE resin and the PKFE coating (all 
samples for Fourier transform infrared spectroscopy were hardened 
and dried at 100 °C for 1 h). The peaks at ~550−650 cm−1 and 
~1,150−1,250 cm−1 confirm the presence of −CF2 and −CF3 functional 
groups and the successful fluorination at every step.

Note. Reprinted with permission from Peng et al. All-organic superhydrophobic coatings with 
mechanochemical robustness and liquid impalement resistance. Nature Materials 2018, 17, 
355−360. Copyright 2018 Springer Nature.

Other than inorganic counterparts, organic particles were also explored to 

prepare templates for achieving superhydrophobicity.4,27,28 Peng et al. created an all-

organic superhydrophobic coating by reacting regular epoxy resin (diethylenetriamine) 

with heptafluorobutyric acid fluoropolymer, following by blending with perfluoropolyether 

(Krytox oil) and subsequent incorporation of polytetrafluoroethylene (PTFE) 

nanoparticles into the mixture.28 The initial advancing contact angle and wetting 

hysteresis of the resulted coating is about 158° and 3°, respectively, and these values 

are stable even after 6 months of storage (Figure 1.25). The mechanical stability of the 
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created superhydrophobic coating is incredible as it can resist tape peeling for up to 30 

cycles. This coating is also chemically robust, for which the superhydrophobicity remains 

after immersing into aqua regia or 1M NaOH solution for up to 60 min. Lu et al. attributed 

the robustness of such a coating to a “self-similar manner” of the surface structure, i.e., 

the exposed sections of this coating are similar to the bulk; upon abrasion, the “newly 

exposed” surface has the same hierarchical structure that warrants the unperturbed 

superhydrophobicity.

(a)

(b)

Figure 1.26 (a) The formation of and extraction of toluene from the 
methylsilicone network; (b) SEM images of a Lichao’s surface.

Note. Reprinted with permission from Gao et al. A Perfectly Hydrophobic Surface (θA/θR ) 
180°/180°). J. Am. Chem. Soc. 2006, 128, 9052-9053. Copyright 2006 American Chemical 
Society.

Different from the utilization of pre-fabricated nanoparticles (or composites), in 

2006 Gao and McCarthy reported their unique approach to prepare superhydrophobic 

silicon surface via the modification with methyltrichlorosilane, MTS.36 Particularly a 

silicon wafer was simply immersed in the toluene solution of MTS, followed by 

quenching with ethanol; the resulting surface exhibits excellent water-repellency with 

both advancing and receding contact angles of ~180°. SEM images confirmed that a 3D 
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network of linear silicate “fibers” with diameters of about 40 nm is formed on the treated 

surface (Figure 1.26).

Figure 1.27 UV−vis spectra showing the transmittance of glass slides: untreated 
(black trace); hydrophobic (red line); superhydrophobic prepared at 
room temperature (green line); superhydrophobic glass prepared at 
4 °C (blue line). The inset image shows a water droplet on a 
transparent superhydrophobic slide.

Note. Reprinted with permission from Wong et al. Preparation of Transparent Superhydrophobic 
Glass Slides: Demonstration of Surface Chemistry Characteristics. J. Chem. Edu. 2013, 90, 
1203−1206. Copyright 2013 American Chemical Society.

Stemming from the pioneering research of Cao and McCarthy, we have 

demonstrated that it is possible to obtain a transparent superhydrophobic glass surface 

with self-cleaning abilities via the treatment with methyltrichlorosilane under carefully 

controlled reaction conditions.29,37 UV−vis absorption spectra (Figure 1.27) proved that 

the optical transmittance of the modified superhydrophobic glass slides can be as high 

as 99% (λ = 550 nm), which is even superior to untreated slides (93%). 
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1.4. Conventional Silanization Reactions

Organosilanes are monomeric silicon-based chemicals, which are invaluable 

intermediates in organic synthesis and important building blocks in material sciences. 

Conventional silanization reactions involve (1) the formation of self-assembled 

monolayers on hydroxylated surfaces with long-chain alkylsilanes; (2) the preparation of 

solid-state materials via sol-gel process typically with tetraethyl orthosilicate (TEOS) and 

derivatives. Due to the close correlation with the thesis research, these topics will be 

briefly described below.

1.4.1. Creation of Self-assembled Monolayers (SAM)

Self-assembled monolayers (SAM) are molecular assemblies formed 

spontaneously by immersing the substrate of interest into a solution of active precursors. 

The concept of monolayer formation was initially reported by Zisman in 1946;38 the 

research regarding SAMs had not been active until mid 1980s. In the past few decades, 

SAMs of various compositions on different substrates have been widely and 

comprehensives studied, particularly alkanethiols on gold, organosilanes on silanol 

surfaces (silicon, glass), and organic acids on oxides.39 In comparison, organosilane-

based SAMs demonstrated high mechanical and chemical stability,40 which have 

attracted significant interests for diverse technological applications.

In the past few decades, a large variety of organosilanes have been investigated 

to prepare SAMs for different applications,41,42 one of which is to serve as linkers for the 

immobilization of biological macromolecules on electrode surfaces (ITO, SiO2, and TiO2; 

for biosensing).43−45 Organosilane SAMs have been also popularly utilized in the 

functionalization of the separation columns for liquid chromatography (LC), which have 

been well-developed and mass produced.41

Organosilane SAMs are generally prepared by covalently attaching trichloro-, 

trimethoxy- or triethoxysilanes onto solid substrates with hydroxyl groups.39 The most 

typical SAM precursors are alkyltrichlorosilanes, which consist a headgroup (-SiCl3), an 

alkyl chain (CH2)n and a tail group (-CH3). The headgroup provides the functionality to 

covalently bind to the surface and is crucial to the stability of SAMs. The tail group 

introduces to the surface with desired physical and chemical properties, such as HS-, 
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NH2, -OH. The van der Waals interaction among the long alkyl chains promotes the 

organization and orientational order of the monolayer.46

It is generally accepted that the silanization reaction to form SAMs on surfaces 

undergoes four stages: physisorption, hydrolysis, covalent grafting to the substrate, and 

in-plane reticulation (Figure 1.28).47 Due to the existence of atmospheric water on 

hydroxylated surfaces (typically polar and hydrophilic), long-chain organosilanes can 

physically adsorb on the surface (stage 1). After physisorption, the trichlorosilane head 

groups are hydrolyzed to form trisilanols (stage 2) by the interfacial water. Moreover, due 

to the presence of the thin film of fluidic, long-chain silanes could laterally move in-plane. 

Hence, by properly controlling the reaction conditions (e.g., temperature and humidity), a 

densely packed monolayer can be formed. At the same time, siloxanes covalently bond 

to the substrate (stage 3) In addition, trisilanol head groups can intermolecularly 

crosslink with each other and finally result in a 2D network of polysiloxane (stage 4).47 

Figure 1.28 General scheme proposed for the silanization reaction on surface. 
Note the presence of a thin, adsorbed water layer over the "bare" 
silica surface.

Note. Reprinted with permission from Brzoska et al. Silanization of Solid Substrates: A Step 
toward Reproducibility. Langmuir 1994, 10, 4367-4373. Copyright 1994 American Chemical 
Society.
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The creation of predictable and reproducible structures is desired in the 

preparation of SAMs, for which optimization of the reaction conditions (humidity, 

temperature, and solvent) is essential.48,49In fact, the most important factor is the chain 

length, i.e., long chain organosilanes can form ordered SAMs, while the short chain 

organosilanes will lead to 3- crosslinked structures on substrates.37 In addition to the 

seminal work reported by Gao and McCarthy for the creation of superhydrophobic 

coating from MTS (methyltrichlorosilane) described in Section 1.3.2, our group has 

carefully compared the reaction of long-chain organosilane (octadecyltrichlorosilane, 

OTS) and MTS with glass; OTS forms a well-packed methyl- (Me-) terminated 

monolayer at the surface (Figure 1.29) that changes the polarity of the glass (with water 

contact angle of 112 ± 2°), whereas MTS forms a three-dimensional polymethylsiloxane 

network that is superhydrophobic. (Figure 1.29B and inset SEM image). 

Figure 1.29 Schematic representation of a normal hydrophilic glass surface after 
treatment with (A) octadecyltrichlorosilane that results in the 
formation of a highly ordered self-assembled monolayer 
(hydrophobic) and (B) methyltrichlorosilane that results in the 
formation of a 3D polymethylsiloxane network (superhydrophobic). 
The inset shows a SEM image of the superhydrophobic surface.

Note. Reprinted with permission from Wong et al. Preparation of Transparent Superhydrophobic 
Glass Slides: Demonstration of Surface Chemistry Characteristics. J. Chem. Educ. 2013, 90, 
1203−1206. Copyright 2013 American Chemical Society.



33

1.4.2. Sol-gel Process

Figure 1.30 Mechanism of sol-gel process catalyzed by acid and base.
Note. Reprinted with permission from Buckley et al. The sol-gel preparation of silica gels. J. 
Chem. Educ. 1994, 71, 599−602. Copyright 1994 American Chemical Society.

The sol-gel process is a method that produces solid materials with controllable 

structure from small molecules. In this process, the precursor solution or sol undergoes 

a sol-gel transition, after which it becomes a rigid, porous mass.46 In the sol-gel process, 

the precursor for preparing colloid is usually a metal or metalloid element surrounded by 

various ligands. Typically, less reactive organosilanes (e.g. the most widely used 
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tetraethoxysilane, TEOS) were mixed with large amount of water to create solid 

materials (e.g. thin films, coatings, monoliths, powders, grains, spheres, fibers, 

composites, porous gels and membranes). Among all sol-gel processes, the most 

thoroughly studied example is the process of preparing silica particles from TEOS). This 

is a single-phase solution that undergoes sol-gel transition to a rigid, two-phase system 

of solid silica (SiO2) and solvent-filled pores.50 The reaction involves two steps: 

hydrolysis and condensation. The hydrolysis occurs when TEOS and water are mixed in 

a mutual solvent, generally ethanol. 

After partial hydrolysis, intermediates containing Si-OH are produced. It should 

be noted that complete hydrolysis of Si(OC2H5)4 to Si(OH)4 would yield silicic acids, but it 

does not typically happen in sol-gel process. Instead, condensations may occur between 

either two silanols or a silanol and an ethoxy group to form a bridging oxygen or a 

siloxane group Si-O-Si.50,51 An example of the condensation step between two silanols is 

shown above.

After mixing TEOS with water, the hydrolysis and condensation steps proceed 

rapidly. As catalyzed under acid or base conditions, both hydrolysis and condensation 

steps are in fact bimolecular nucleophilic substitution reactions. Under acidic conditions, 

the -OR or -OH substituents bound to Si deprotonate rapidly; for basic conditions, 

however, hydroxyl or silanolate anions attack Si directly. Typically, mineral acids or 

ammonia are introduced to the sol-gel process to catalyze the reaction.51 The detailed 

mechanisms are outlined in Figure 1.30.

After the hydrolysis, colloidal particles (condensed silica) would form. At low pH 

or pH 7-10 with the presence of salt, the silica tends to form linear molecules that are 

occasionally cross-linked. These molecular chains entangle and form additional 

branches resulting in gelation. Under basic conditions or pH 7-10 without salts, TEOS 

undergoes rapid hydrolysis and the dendritic-structure clusters are not inter-entangled 

before drying. Therefore, this method forms discrete particles (Figure 1.30).46
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Figure 1.31 Polymerization behavior of aqueous silica. In basic solution (B) 
particles grow in size with decrease in number; in acid solution or in 
the presence of flocculating salts (A), particles aggregate into three-
dimensional networks and form gels.

Note. Reprinted with permission from C. Jeffrey Brinker, Sol-gel science: The physics and 
Chemistry of Sol-Gel processing. 1990, Elsevier Inc.

When sufficient interconnected Si-O-Si bonds are formed in a region, TEOS 

respond cooperatively as colloidal particles, or a sol. As time passes, the colloidal 

particles and condensed silica species cross-link to form a 3-dimensional network. At the 

stage of gelation, the viscosity increases sharply, resulting in a solid in the shape of the 

mold used. The product of this process at the sol-gel transition is called an alcogel. After 

the sol-gel transition, the solvent phase can be removed by conventional drying, such as 

evaporation, leading to the formation of xerogels. If it is removed via supercritical 

evacuation, the product is termed aerogel. These processes are illustrated schematically 

in Figure 1.31.46,50,51

1.5. Research objectives and thesis structure

Although a number of surface modification protocols have been developed, a 

method that is simple, green, versatile for the creation of mechanically stable and 

durable superhydrophobic coating is still in great demand. The objective of the present 
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research is to develop unconventional silanization methods to modify hydrophilic 

substrates to be superhydrophobic for applications in chemical assays and materials 

science.

Chapter 2 describes a binary silanization protocol developed for fabricating 

superhydrophobic cellulose filter paper for applications in colorimetric assays. Chapter 3 

reports a silanization method for superhydrophobic glass microfiber filters (WhatmanTM 

GF/A) for applications in multiplex fluorescent assays due to its low fluorescence 

background. Chapter 4 presents the development of a single-step protocol with 

stoichiometrically controlled hydrolysis and condensation of long-chain organosilanes, 

which can successfully create superhydrophobicity on various materials through a 

simple dipping or spraying treatment. Finally, the general conclusion of the research as 

well as future plans are presented in Chapter 5, which summarize the contributions of 

the study and sheds light on even broader applications of the developed protocol. 
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Chapter 2.

Superhydrophobic substrates from off-the-shelf 
laboratory filter paper: simplified preparation, 
patterning, and assay application

Off-the-shelf laboratory filter paper of different pore-sizes and thicknesses can be 

modified with fluorine-free organosilanes to be superhydrophobic, patternable, and ready 

for quantitative assay applications. In particular, it was demonstrated that the cellulose 

filter paper treated with a binary hexane solution of short (methyltrichlorosilane, MTS) 

and long (octadecyltrichlorosilane, OTS) organosilanes, exhibits remarkably high water 

contact angles (>150°) and low wetting hysteresis (~10°). Beyond the optimized ratio 

between the two organosilanes, it was confirmed that the thickness of the filter paper 

rather than the pore size dictates the resulting superhydrophobicity. Scanning electron 

microscopy (SEM) images showed that silianization does not damage the cellulose 

microfibers; instead they are coated with uniform, particulate nanostructures, which 

should contribute to the observed surface properties. The modified filter paper is 

chemically stable and mechanically durable; it can be readily patterned with UV/ozone 

treatment to create hydrophilic regions to prepare chemical assays for colorimetric pH 

and nitrite detections. 

 Adapted from: Zhang, L.; Kwok, H.; Li, X.; Yu, H.-Z. ACS Appl. Mater. Interfaces 2017, 9, 39728-
39735. Copy 2017 American Chemical Society. Yu, H.-Z. supervised the project in all aspects and 
conceived the initial concept. Zhang, L. performed major parts of the experiments. Kwok, H. 
performed the modification of different grades of filter paper. Zhang, L., Li, X. and Yu, H.-Z. 
composed the manuscript.
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2.1. Introduction

The history of paper has been traditionally traced back to ancient China almost 2 

millennia’s ago.52 Because their excellent properties such as biodegradable, renewable, 

hygroscopic and economic, paper products have been widely used in our daily life 

(household, offices, and laboratories).53 For a much shorter period (last decade also), 

paper has been adapted as a new substrate material to the development of analytical 

assays such as home pregnancy strips, blood glucose test strip, and pH test paper.54,55 

In 2007, Martinez et al. reported the deposition and patterning of photoresist on 

chromatography paper to fabricate the first generation of paper-based microfluidic 

analytical devices (μPADs).56 The basic idea was to create hydrophilic regions (confined 

by hydrophobic areas) for the selective spotting of assay-specific reagents, which allows 

small volumes of samples to be tested. Because of their ease of use, low cost and 

universal applicability, μPADs have been very popular in recent years.4,42,56−67 

Particularly, an assortment of analytes has been targeted, for example, metals,62 

anions,63,64 and proteins,42,56,61 with differently designed and fabricated μPADs. It should 

also be noted that the flexibility in designing microfluidic patterns allowed for multiplex 

assays to be conducted on a single device.56−61 

For the fabrication of μPADs, the primary challenge is to modify the wettability of 

paper substrates (i.e., from hydrophilic to hydrophobic). In the past decade, several 

methods have been developed to fabricate hydrophobic paper substrates, which were 

based on either physical deposition24,25,56,68 or chemical modification approaches.22,69−80 

Martinez et al. patterned filter paper by ink-jet printing a photoresist film followed by 

lithography;56 whereas Ogihara et al. sprayed dodecyltrichlorosilane-coated SiO2 

nanoparticles on paper, resulting in superhydrophobic surfaces (water contact angle, 

water>150°).25 Li et al.75 and Delaney et al.76 utilized the esterification reaction between 

alkylketene dimer (AKD) and −OH groups of cellulose to modify the filter paper to be 

hydrophobic (water>110°). In comparison, silanization is a simpler alternative to above 

mentioned paper modification protocols; He et al. reported the OTS modification method 

to produce hydrophobic filter paper (water>120°);69 Glavan et al. produced “omniphobic” 

paper by reacting with different fluoroalkyltrichlorosilanes in the vapor phase.22 In most 

cases of silanization, the treated filter paper or cellulose did not show superhydrophobic 

properties, i.e., the water contact angles of modified filter paper surfaces are in a range 
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of 100°−130°.72,73,77,78 As a matter of fact, superhydrophobic paper was only achieved 

either via specialized reaction conditions (controlled vapor deposition)56 or with 

fluoroalkylsilanes.81 Unfortunately, these organofluorine compounds can be accumulated 

in the ecosystem and are acutely or chronically toxic to organisms.82,83

It should be emphasized that an improvement from hydrophobic to 

superhydrophobic is not simply the increase in water contact angles or the decrease in 

surface energy but the switching in the contact mode between water droplet and solid 

substrates.16 Particularly, for the superhydrophobic surface there are trapped air bubbles 

in between water droplets and solid substrates, which facilitates the movement of 

reagents within designed hydrophilic “channels” on μPADs. The fact that most μPADs 

utilized hydrophobic filter paper with a water contact angle slightly above 90° as 

substrates, which can still lead to leakage of liquid into the hydrophobic regions. If paper 

is made to be superhydrophobic with water contact angles >150°,4 the hydrophilic 

channels and reaction regions of the μPADs become completely defined. In addition, for 

the fabrication of μPADs the patterning of the modified filter paper (either hydrophobic or 

superhydrophobic) is an essential step; therefore, the modification protocols should be 

carefully considered with the feasibility of further patterning. 

Herein this chapter reports a facile and simple modification method to produce 

superhydrophobic assay substrates from off-the-shelf filter paper via controlled 

silanization reactions. As described below, the key advancement is to adapt a binary 

silane solution for the modification; upon optimizing the composition superhydrophobicity 

was able to be achieved on a number of WhatmanTM laboratory filter paper. In addition, it 

has been shown that they can be patterned with conventional UV lithography, and 

therefore adapted for the fabrication of quantitative assays for various chemical analysis 

(pH test and nitrite detections).

2.2. Results and discussion

2.2.1. Preparation of Superhydrophobic filter paper via binary 
silanization

Organosilanes have been commercially used to achieve hydrophobicity on 

various materials; in the field of surface chemistry silanization has also been extensively 
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studied.29,36,37,49,84−86 It has been widely accepted that long-chain alkylsilanes (e.g., OTS) 

can form ordered monolayers on the surface,86,87 whereas short alkylsilane (e.g., MTS) 

produces rough surfaces with three-dimensional (3D) nanostructures (because of the 

polymerization and condensation of the silanols) which end up with superhydrophobicity 

on the surface.29,37,49 Our initial tests to treat filter paper with MTS did not produce 

satisfactory results (not superhydrophobic, as discussed below), we have then explored 

the binary silanization approach, which was to treat the surface with a binary solution of 

long and short alkylsilanes (vide infra).
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Figure 2.1 Water contact angles of modified filter paper strips with different 
pore sizes and thicknesses. All samples were treated with a binary 
solution of OTS and MTS with a volume ratio of 1:1 (0.2% in total). 
Grade 1 (△); Grade 3 (☐), Grade 4 (○); Grade 6 (◇), Grade 113 (▲), 
Grade 520B (■), Grade 597 (●) and Grade 602h (◆). The right insets 
show the pictures of water droplets (10 μL) on untreated (top) and 
silanized Grade 3 filter paper (bottom). 

As commercial filter paper is available in different grades, with significant 

variations in pore size and thickness, experiments were performed on several types of 

filter paper that are popularly used in the laboratory (Table A1 in Appendix A). With a 

total concentration of 0.2% (in hexane) and 1:1 ratio of the two silanes (OTS and MTS), 
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we have observed remarkable changes in the surface properties of filter paper samples 

(Figure 2.1); it is clear that all of them are no longer wicking to water and show contact 

angles above 125°. Notably, three types of filter paper (WhatmanTM Grade 3, Grade 113, 

and Grade 520B; Figure 2.1) became superhydrophobic upon treatment in the binary 

silane solution. Intriguingly, the water contact angle seems to be independent of the pore 

size (ranging from 2 to 30 μm) as we initially expected. Instead the water contact angle 

increases as the thickness increased from 160 to 550 μm; in fact, all three 

superhydrophobic samples have a thickness of >350 μm. It is known that besides low 

surface energies the superhydrophobicity relies on the creation of the so-called 

Cassie−Baxter state,88 in which case microsize air bubbles are trapped in between water 

droplets and underneath solid substrate. While the pore size is essentially the nominal 

dimension of the “pores” in the filter paper, which is determined by the size of the 

particles that they can retain; the thickness dictates the “depth” of the micro-

/nanostructures (vacancies or gaps between the interconnected fibers). Despite different 

pore sizes (from 2 to 30 μm), all thicker filter paper samples produce 

superhydrophobicity, indicating that the depth of “vacancies” or “gaps” is indeed the key 

structural parameter. 

Our SEM studies on the morphology of three representative types of filter paper 

confirmed the above hypothesis. Grade 597 (Figure 2.2a) has a pore size similar to the 

Grade 3 (Figure 2.2b) but is much thinner. By contrast, Grade 3 and Grade 602 have 

similar thicknesses but different pore sizes. With thicker filter paper (the 

superhydrophobic samples, Figure 2.2b, c), the “vacancies/gaps” in between the fibers 

are much deeper (indicative of higher roughness factor) in comparison with the thinner 

sample (Figure 2.2a). The SEM images show slight differences in the packing densities 

of the cellulose fibers (Figure 2.2b vs 2c); apparently, this is not the key factor for 

achieving superhydrophobicity. 



42

(a)

(b)

(c)

151±2°

152±2°

137±2°

100 μm

100 μm

100 μm

Figure 2.2 SEM images of a piece of WhatmanTM filter paper with different pore 
sizes and thicknesses: (a) Grade 597 (pore size: 4-7 μm and 
thickness: 180 μm); (b) Grade 3 (pore size: 6 μm and thickness: 390 
μm); (c) Grade 113 (pore size: 30 μm and thickness: 420 μm). The 
inset images display water droplets and corresponding contact 
angles on the silanized filter paper. 

With the above success, we further looked into if we can optimize the 

performance of binary silanization for modifying the filter paper. Figure 2.3 shows the 
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resulted contact angles with a solution of different ratios of MTS and OTS to modify 

WhatmanTM Grade 3, Grade113, and Grade 520B filter paper (the total silane 

concentration was kept as 0.2%). It is evident that neither pure OTS nor MTS creates 

superhydrophobic surface, and that the resulting water contact angle indeed depends on 

the ratio between the two organosilanes in all three cases. By increasing the amount of 

MTS in the binary solution, the water contact angle of the modified filter paper initially 

increases, up to a maximum (153° for Grade 3 filter paper) with the volume ratio around 

OTS:MTS = 3:7 (a molar ratio of 1:3.4). The highest contact angles achieved for the 

other two samples are slightly lower (150° and 151°), and the optimal ratio was about 1:1 

(OTS/MTS) in both cases. 
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Figure 2.3 Water contact angle of the modified filter paper as a function of the 
OTS/ MTS ratio (v/v) in the binary organosilane solution. The insets 
show the pictures of water droplets on the Grade 3 filter paper 
modified with pure OTS, OTS/MTS (3:7), and pure MTS, respectively. 
The dash line is to guide the eyes only. 

Beyond the observed, remarkably high water contact angles, we estimated the 

surface tensions of the three superhydrophobic paper samples based on the 

measurements with mixtures of water and ethanol (i.e., the construction of Zisman 

plots).89 All three samples show similar wicking resistance at 33±1 mN m−1 and the 

surface tension was determined to be as low as 27±1 mN m−1 (Figure A1 in Appendix A). 

This value is comparable with that of the “fluoroalkylated paper” prepared by Glavan et 

al. (28 mN m−1) via vapor-phase silanization,22 slightly higher than those reported by Ly 

et al. (26.1 mN m−1)78 and Gaiolas et al. (~25 mN m−1).81 The other experimental 
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observation is the low wetting hysteresis (i.e., the difference between advancing and 

receding contact angles); for all three superhydrophobic paper substrates, they are 

within 8° to 14° (Figure A2 in Appendix A), indicative of their uniform, nanoscale 

roughness (vide infra). 

In the preparation of the above-mentioned superhydrophobic filter paper 

samples, we have set the reaction time as 7 min, which was based on the reaction time 

reported by He et al. for the fabrication of hydrophobic filter paper with OTS silanization. 

To determine the optimal reaction time for binary silanization, we have followed the 

reaction by measuring the water contact angles at different immersion times. As shown 

in Figure 2.4, the silanization reaction of Grade 3 filter paper is rather fast; the water 

contact angle increases exponentially and reaches 150° in less than a minute. The 

reaction reaches the “equilibrium” in about 5–8 min, indicating that we have indeed 

chosen the optimal reaction time. In comparison with the existing surface modification 

protocols, the solution-phase silanization is as efficient as plasma treatment and 

chemical vapor deposition.22,68 

Figure 2.4 Water contact angle of the modified Grade 3 filter paper as a 
function of the immersing time in a binary OTS/MTS (3:7) solution. 
The total concentration of the organosilanes was kept at 0.2%. The 
dash line is to guide the eyes only.

The remarkable wetting properties of laboratory filter paper upon binary 

silanization lead to our further investigation of the structural changes on the 

micro/nanoscale. As mentioned above, we have shown that the morphologies of filter 
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paper of different grades are significantly different (Figure 2.2); the thicker filter paper 

would be more ideal to create “Cassie-Baxter state” upon in contact with the water 

droplets. Taking Grade 3 filter paper as an example, we have obtained high resolution 

SEM images to examine the morphological changes upon silanization (Figure 2.5). The 

silanization did not change the primary fiber structure, although the formation of 

nanoparticles and the creation of nanoscale porous structures are evident. For the 

sample treated with pure OTS solution, the surface of the fibers remained smooth 

(Figure 2.5a), which is similar to the untreated filter paper (Figure 2.2b). We should note 

that the water contact angle on this surface is 140°–145°, which is not in the 

superhydrophobic range. 

The MTS-modified samples show significant differences, that is, the fiber is now 

coated with nanoparticulate structures (“islands”) in the range of 200–400 nm in 

diameter. They are rather uniformly distributed along the microfibers, with a minimal 

level of aggregation. As shown in Figure 2.5c, the morphology of the filter paper treated 

with the binary silane solution is rather unique, i.e., the microfiber becomes extremely 

porous and two types of nanoscale structures can be clearly identified. The dominant 

type consists of hollow particles with diameter of 200–300 nm (the inset of Figure 2.5c); 

the other type is porous “nanonetworks” (the bottom-right inset of Figure 2.5c). 
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(a)
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(d) OTSMTS
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Figure 2.5 High resolution SEM images of Grade 3 filter paper after silanization 
with (a) OTS, (b) MTS, and (c) a binary solution of OTS and MTS (v/v 
= 3:7). (d) Schematic view of the nanostructured surfaces of the 
modified paper fiber. The inset in (c) shows a zoom-in picture of the 
particulate nanostructures on modified Grade 3 filter paper.
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Both OTS and MTS have been widely used for the modification of hydroxyl 

(−OH) terminated solid surfaces (e.g., silicon oxide, metal and glass),13,24,29,36,37,49,86−89 

but with a less extent for paper.69 It is also known that their reactivity toward 

hydroxylated surfaces is different, that is, OTS tends to form ordered monolayers on 

SiO2 or glass because of the strong interchain van der Waals forces, whereas MTS 

would form three-dimensional, aggregated nano/nanostructures, as discussed above. 

The hydrolysis of MTS occurs more rapidly and thus formed methylsilanols condense in 

an uncontrollable manner to form 3D interconnected nanofibers or nanospheres. We 

believe that the intriguing results obtained with binary silanization should be attributed a 

combined effect of OTS and MTS modification; as depicted in Figure 2.5d, MTS 

molecules react with the cellulose fibers rapidly and primarily form nanospheres on the 

surface, while OTS would terminate the reaction and lower the surface energy. We note 

that the in-depth morphological studies and their relationship with the silanization 

condition are warranted, but it is beyond the scope of this work. 

2.2.2. Superhydrophobic paper patterning and assay development

As mentioned above, μPADs have been developed for many different analytes 

under various measurement conditions, for example, they might be used in solutions of 

different pH and stored for prolonged period.24,68,90 It is important to examine the stability 

of the modified filter paper under different conditions; the modified superhydrophobic 

filter paper substrates were soaked in aqueous solutions of different pH for 1 h. We have 

shown that the water contact angles measured on these samples did not change 

significantly from those determined on freshly prepared samples for the pH range of 4–

11, indicating their stability under mild acidic and basic conditions. It was observed that 

the contact angles dropped slightly under strong acid conditions (i.e., pH <4), which 

could be attributed to the potential hydrolysis of Si–O bonds (Figure A4 in Appendix A).91 

More importantly, the modified filter paper remains superhydrophobic (152± 1° for Grade 

3) even after being stored for 3 months under ambient conditions. Within the entire 

course of water droplets evaporated from the surface, there were no indications of either 

leakage or adsorption through the substrate.

The other important requirement of the modified filter paper as bioassay 

substrates is the wetting property with respect to biological samples; we have so far only 

demonstrated their superhydrophobicity with either water or pH buffers. We went ahead 



48

to test the three types of silanized filter paper samples with a number of biological 

samples, including human saliva, human urine, serum-free media (SFM), and 10% fetal 

bovine serum (FBS). In addition, tris buffer (100 mM, pH = 7.42) solution was also tested 

for comparison. The as-prepared superhydrophobic paper substrates were first soaked 

in biological samples for 30 min, before taking the contact angle measurements. As 

shown in Figure 2.6, the measured contact angles on the three types of silanized filter 

paper are all above 150°, indicating that the superhydrophobicity remains when 

contaminated with biological macromolecules. It is also noticeable that the variations of 

the repeated measurements are slightly higher than the data determined with pure 

water, particularly in the case of Grade 113 filter paper. The rather large pore size might 

be responsible for such a change, especially when the protein or salt concentration was 

high (sample 4 and 5). 
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Figure 2.6 Contact angles of different biological samples on the 
superhydrophobic filter paper substrates. Samples 1–5 are human 
saliva, human urine sample, SFM, 10% FBS, and tris buffer, 
respectively. For each sample, three types of filter paper from left to 
right (Grade 3, Grade 520B and Grade 113) are tested for 
comparison. The top insets show the biological sample droplets on 
superhydrophobic grade 3 filter paper, indicative of their resistance 
to bio-sample contamination.

The third essential requirement of new substrates for μPADs is the ability to be 

patterned into different sections of varied wetting properties; in retrospect UV lithography 
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has been the most popular method of degrading organosilanes to create hydrophilic 

reaction areas/channels on an otherwise hydrophobic paper substrate.69,92 We have 

shown previously that UV/ozone treatment (185 nm/245 nm) is a more efficient protocol 

than conventional UV irradiation (350 nm) in the activation of plastic substrates 

(polycarbonate in particular);93 herein, the superhydrophobic filter paper substrates were 

treated for different periods of time to explore the patterning feasibility. 
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Figure 2.7 Water contact angles on silanized Grade 3, Grade 113, Grade 520B 
filter paper as a function of UV/ozone treatment time. The dashed 
line is to guide the eyes only. The top-right inset shows a picture of 
patterned paper substrates on silanized Grade 3 filter paper (with 
eight hydrophilic reaction zones). The dyed water droplet at the 
center shows that the untreated sections of the substrate remains 
superhydrophobic.

As shown in Figure 2.7, the water contact angles on modified Grade 3, Grade 

113, Grade 520B filter paper decreases exponentially; the surface becomes hydrophilic 

( <90°) in about 30 min and completely wet by the water droplets within 2.5 h. There 

are no significant differences in terms of the degradation rates among all three 

superhydrophobic paper substrates, though the Grade 3 filter paper (with the smallest 

thickness) seems to be a bit faster than the other two (Figure A5 in Appendix A). Our 

SEM studies showed no significant change of the surface morphology of either the 

cellulose fibers or the nanoparticulate structures upon UV/ozone treatment. The inset 
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picture of Figure 2.7 is a demonstration of patterning eight hydrophilic zones (0.7 mm in 

diameter) on such a superhydrophobic filter paper substrate. Not only the irradiated 

areas are totally wicked by the ink solution, but also the borders are well-defined and the 

area in between remained superhydrophobic. In comparison with the UV/O3 patterning of 

the hydrophobic filter paper reported by He et al. (1.5 h),69 the degradation time of the 

superhydrophobic paper is somewhat longer. Beyond the difference in the water contact 

angles (150° vs 120°), the thickness of the filter paper (390-550 μm) herein is much 

thicker than that used in their studies (Grade 1, 180 μm).69 It should be noted that the 

activated filter paper substrates remain hydrophilic (wicked by water dropped on top) 

even after 1 week of aging under ambient conditions (Figure A6 in Appendix A). 

The patterned filter paper was then adapted for different assay applications; as 

pH test is the most widely performed analysis in the laboratory, it was chosen as the first 

example. The YUI was prepared according to the literature recipe,94 and spotted on the 

eight hydrophilic regions patterned above. As shown in Figure 2.8a, upon adding 

solutions of varied pH (as indicated in the picture) the assay develops expected color 

changes. To verify the accuracy of the expected color for particular pH values, the same 

test was performed on a microtiter plate (Figure 2.8a, bottom). For pH range from 3 to 

10, the assay color changes from orange to violet, which is consistent with the results 

reported by Foster et al.91 and the paper assay (Figure 2.8a, top).
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Figure 2.8 Colorimetric assays prepared on the superhydrophobic filter paper 
substrates. (a) Comparative pH tests performed on a piece of paper 
and on a microtiter plate and (b) nitrite assay based on the Griess 
reaction. The inset shows the original picture of the developed 
assay (the number below is the analyte concentration in millimolar).

Figure 2.8b shows the results of a quantitative nitrite assay performed on the 

patterned superhydrophobic filter paper. The conventional protocol, Griess reaction was 
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adapted: nitrite ion reacted with sulfanilamide and N-1-naphthylethylenediamine 

dihydrochloride (NED), followed by the formation of a magenta azo compound.69 As 

shown in the inset, different magenta stains were generated, and the color becomes 

stronger upon increasing the nitrite concentration. With the JPG picture captured with an 

iPhone 5 camera, we were able to determine the color intensity with the ImageJ software 

program. Figure 2.8b shows that the color intensity increases initially as the 

concentration of nitrite increases but approaches saturation above 1.5 mM. These 

results are comparable with the data reported He et al.;69 on the superhydrophobic filter 

paper substrates we were able to achieve a detection limit of 0.1 mM and a linear 

response range between 0.1 and 1.5 mM for the standard nitrite assay. 

2.3. Conclusion

Superhydrophobicity can be achieved on a number of off-the-shelf filter paper via 

a simple and rapid binary silanization reaction. It has been shown that the remarkable 

wetting properties of the modified filter paper do not depend on the pore size but the 

thickness. The high-resolution SEM images revealed distinct (hollow particle and porous 

network) structures when the filter paper was treated with a binary silane solution. It was 

believed that the different reactivities of short and long alkanesilanes are responsible for 

the observed superhydrophobicity; that is, MTS molecules rapidly aggregate into 3D 

nanostructures and OTS molecules terminate the surface with low surface energy of 

long-chain alkyl groups. Most importantly, the superhydrophobic filter paper can be 

readily patterned with UV/O3 treatment, and adapted for both qualitative (pH test) and 

quantitative (nitrite detection) assays. Extended research with these novel 

superhydrophobic paper substrates for the creation of other more advanced μPADs is 

currently in our laboratory. 

2.4. Experimental section

2.4.1. Materials and reagents

All filter paper samples (WhatmanTM Grade 1, 3, 4, 6, 597, 602h, 502b, 113) were 

purchased from GE Healthcare (Mississauga, ON). Methyltrichlorosilane (MTS, ≥99%), 

octadecyltrichlorosilane (OTS, >90%), citric acid, Na2HPO4 and NaH2PO4 were 

purchased from Sigma Aldrich (St. Louis, MO). Hexane was ordered from ACP Chemical 
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Inc. (Montreal, Quebec). Thymol blue was purchased from Matheson Coleman & Bell 

(Cincinnati, OH), phenolphthalein from Baker & Adamson (Morristown, NJ). Methyl red 

and Bromophenol blue were purchased from Fisher Scientific (Pittsburgh, PA). Na2CO3 

was purchased from Mallinckrodt (Paris, KE); NaHCO3 and NaOH from Merck KGaA 

(Darmstadt, Germany). Ethanol (95%) was purchased from Commercial Alcohols 

(Brampton, Ontario). Deionized water (>18.3 MΩ cm) was produced with a Barnstead 

EasyPure UV/UF compact water system (Dubuque, IA). All reagents are of ACS reagent 

grade unless specified otherwise.

2.4.2. Filter paper modification and characterization

The modification reaction of small pieces of filter paper (13 cm2) was performed 

in disposable glass scintillation vials (20 mL with a cap). At first, a binary solution of 

different ratios of MTS and OTS was prepared in 10 mL hexane, under an argon 

atmosphere. Then, the paper strip was immersed in the solution for different periods of 

time (from 1 s to 20 min). During the reaction, the vial was capped to ensure airtight; 

afterwards the filter paper was removed from the solution and gently dried under 

nitrogen stream. 

To pattern the modified filter paper, the sample was irradiated in an UV/ozone 

cleaner (PSD-UV, Novascan Technologies Inc., IA) with a designed plastic mask on top. 

The water contact angles were measured using 1.0 μL droplets with a goniometer (AST 

VCA system, Billerica, MA). For each sample (at least 3 paper samples prepared under 

the same condition), 3 to 5 different regions were tested to verify the uniformity. The 

surface morphology was imaged with a scanning electron microscope (SEM) (FEI Nova 

NanoSEM 430, Hillsboro, OR). 

2.4.3. Assay preparation and testing

A plastic mask with eight openings (holes of 0.8 cm in diameter, same pattern as 

in Figure 2.8A) was used to pattern the superhydrophobic filter paper, i.e., create 8 

hydrophilic reaction regions. For the pH test, 5.0 μL of universal pH indicator solution 

was pipetted onto each of the hydrophilic regions of the filter paper, following by adding 

20 μL solutions of different pH. Different ratios of citric acid and NaOH were used to 

make buffers with pH from 3 to 6; Na2HPO4 and NaH2PO4 pH = 7 and 8; Na2CO3 and 
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NaHCO3 for buffer with pH = 9 to 10). The universal pH indicator was prepared using 

Yamada Universal Indicator (YUI) recipe, for which 12.5 mg thymol blue, 31.0 mg Methyl 

red, 125.0 mg bromothymol blue, and 250.0 mg phenolphthalein were dissolved in 250 

mL 95% ethanol; it was then neutralized with 1.0 M NaOH and diluted to 500.00 mL with 

water. Griess reagent for the detection of nitrite was prepared with 50 mM sulfanilamide, 

330 mM citric acid, and 10 mM N-(1-Napthyl)ethylenediamine in methanol solution. 

Initially, 5.0 μL of this indicator solution was pipetted onto the reaction zones; following 

by 20 μL different concentrations of nitrite solutions were then added. The results were 

analyzed by taking photos with an iPhone 5 and processed with the ImageJ program 

(ver. 1.48). 
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Chapter 3.

Superhydrophobic glass microfiber filter as 
background-free substrate for quantitative 
fluorescent assays

It was discovered that commonly used laboratory glass microfiber filters can be 

functionalized as background-free superhydrophobic substrate for quantitative 

fluorometric assays. Particularly glass microfiber filters (WhatmanTM GF/A) were treated 

with low-concentration (20 mM) methyltrichlorosilane/toluene solution to be 

superhydrophobic (water contact angle >150°) in less than 5 min. Scanning electron 

microscopy (SEM) images showed that modified glass fibers are covered with uniform, 

spherical nano-aggregates, which should contribute to the observed 

superhydrophobicity. More importantly, modified glass microfiber filters can be readily 

patterned with UV/Ozone irradiation to create hydrophilic reaction zones on the 

otherwise superhydrophobic substrate. Compared with traditional cellulose filter paper, 

the glass microfiber filter has extremely low fluorescence background, which makes it an 

excellent substrate for preparing quantitative fluorescent assays. In conjunction with 

smartphone imaging and color space analysis, we have showcased a copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC)-based fluorescent assay for µM-copper 

quantitation on the patterned superhydrophobic glass microfiber filter substrates. Both 

the limit of detection and the linear response range are comparable with the fluorometric 

quantitation in solution, which augments the application potential of superhydrophobic 

glass microfiber filters as ideal (e.g., background-free) fluorometric assay substrates. 

 Adapted from: Zhang, L.; Chen, K.; Yu, H.-Z. ACS Appl. Mater. Interfaces (doi:  
10.1021/acsami.9b17432, accepted Jan. 20, 2020). Yu, H.-Z. supervised the project in all aspects. 
Zhang, L. performed major parts of the experiments. Zhang, L., Chen, K. and Yu, H.-Z. composed 
the manuscript.
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3.1. Introduction

Microfluidic paper-based analytical devices (μPADs) have attracted great 

attention in the past two decades based on which a number of point-of-care (POC) 

analysis and diagnosis protocols have been developed.95−97 Compared with conventional 

materials such as glass, quartz, and polymeric substrates that are used to fabricate 

microanalytical devices, cellulose filter paper has light-weight, low-cost and 

biodegradable characteristics.55,96,98−100 In practice, µPADs are fabricated by creating 

miniaturized hydrophilic areas and channels (reaction zones) on hydrophobized paper 

substrates in which liquid flow can be effectively confined and guided within the 

designed areas.70,101 For an example, Martinez et al. demonstrated the modification of 

chromatography paper by first soaking it into an SU-8 photoresist solution, followed by 

lithographical patterning for the simultaneous determination of glucose and protein in 

urine.56 Mentele et al. printed designed patterns on filter paper using a wax printer for the 

measurement of metal-containing aerosols at worksites.62 Recently, our group explored 

the conversion of off-the-shelf laboratory filter paper into the superhydrophobic substrate 

(with water contact angles >150°) via a simple binary silanization reaction (proceeded 

with UV/ozone irradiation patterning) for the qualitative pH test and quantitative nitrite 

detection.102 Compared with conventional hydrophobic paper substrates (water contact 

angles typically between 90° and 120°), the superhydrophobic counterparts can help to 

enhance the performance of µPADs by increasing the wettability contrasts between the 

reaction region and barriers, preventing the absorption of water/moisture, and resisting 

biological contaminations.103,104

Although cellulose filter paper has been widely utilized for fabricating μPADs, two 

major drawbacks limit its application for fluorometric detections: intrinsic background 

fluorescence (raised from various whitening additives introduced during cellulose paper 

manufacture) and backscattering.95,105 It was reported that a wide range of fluorescent 

emissions from the commercially available cellulose filter paper have been detected 

under UV excitation.106 Such “autofluorescence” decreases the signal-to-noise ratio, 

which essentially jeopardizes the detection performance of the device prepared from 

cellulose filter paper. To reduce the background interference from cellulose filter paper, 

upconversion phosphors have been adapted as they can be excited at a longer 

wavelength (infrared or near-infrared).107,108 To minimize the interference of paper 
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substrate’s fluorescence background, Shah et al. have recently developed the 

“autofluorescence index” by carefully studying the excitation-emission fluorescence 

spectra of a series of laboratory porous media in the visible region.109 Despite the 

excellent signal improvements offered by some of these precautions, the intrinsic 

problem with the fluorescence background remains for the application of cellulose paper-

based substrates. Thus, seeking an easily accessible and background-free substrate 

with the ability to be patterned into hydrophobic/hydrophilic arrays remains a challenge 

for improving fluorescence detection on µPADs.

In addition to cellulose-based filter papers, the glass microfiber filter is another 

widely used laboratory filtration membrane for solid–liquid separation and particularly 

gravimetric determination due to its thermostability, pH resistance, and chemical 

inertness.110 More importantly, it does not emit fluorescence under UV excitation (vide 

infra), yet the modification of its surface property has not been well studied. Bandara and 

co-workers reported that the hydrophobic glass microfiber filter (Grade GF/A) can be 

prepared by spin-coating polycaprolactone solutions evenly onto the surface followed by 

oxygen radical exposure, which yields a superhydrophilic network for total protein 

content analysis.110 Yin et al. tuned the surface property of glass fiber mats to be 

superhydrophobic by dipping them into a 2-(perfluorohexyl)ethyl acrylate solution.111 

Siyal et al. modified the glass fiber filter to be hydrophobic with fluorographite particles 

and PDMS (polydimethylsiloxane).112 Movafaghi et al. modified a glass microfiber filter to 

be superomniphobic with fluorinated silanes, which was then utilized for pH detection.113 

However, most of the reagents used in these preparations are fluorine-based 

compounds,111−113 which are extremely reactive and problematic for environment.83 It 

should be emphasized that superhydrophobic substrates are preferred to make µPADs; 

as low adhesion prevents reactants and products from aggregating on the device 

surface, which ensures the fluid to flow sufficiently only within the designed channels. 

114,115 Therefore, a simple method that can tune the wettability of the glass microfiber 

filter from hydrophilic to superhydrophobic is desired. 

In the following sections, we describe a benchtop method to create 

superhydrophobic glass microfiber filter via conventional silanization reaction and the 

exploration of their application for making µPADs based on the fluorescence readout. 

With the success of surface modification and photolithographic patterning, we will 

showcase a “click chemistry”-based fluorescence assay for the quantitation of copper 
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ions on the superhydrophobic glass microfiber filter substrate. The data analysis will be 

performed with a customized mobile app (“ImageLab”) based on the color analysis of the 

assay image taken with a regular smartphone.

3.2. Results and discussion

Figure 3.1 (a) Photos of glass microfiber filter and (b) cellulose filter paper 
under ambient light (left) and UV lamp (365 nm, right) and in the 
middle are their SEM images correspondingly. The insets in in the 
left photos show the chemical structures.

As shown in Figure 3.1, the WhatmanTM GF/A glass microfiber filter shows the 

same physical appearance as the WhatmanTM Grade 1 cellulose filter paper under 

ambient light, despite their completely different chemical compositions (detailed 

comparison is listed in Table A1). It was observed using scanning electron microscopy 

(SEM) that both substrates consist of entangled microfibers. The major difference 

between the morphologies of the two substrates is the microfiber properties, which are 

derived from their distinct compositions and manufacturing processes. The glass 

microfiber filter substrate is prepared by blowing streams of air to pull the glass filament 

from melted glass marbles,116 which form distinctive and elongated microfibers.117 In 

contrast, cellulose filter papers are manufactured by pressing wet α-cellulose pulp 

together.102 The rather smooth and uniform fibers of the glass microfiber filter have much 

smaller diameters (from 1 to 5 μm) than that of cellulose filter paper (from 5 to 20 μm). 

To proof that, we compared the two most widely used WhatmanTM products (GF/A glass 

microfiber filter and Grade 1 filter paper).
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We also examined the two substrates under UV light (365 nm), which look 

remarkably different: the glass microfiber filter is basically invisible, whereas the 

cellulose filter paper appeared to be bright blue. Such strong fluorescence is certainly 

not from the cellulose fiber itself, but from various whitening additives introduced during 

the manufacture.55 When examined with a fluorescence microscope at different 

excitation wavelengths (λ = 350, 470, and 535 nm), the glass microfiber filter was found 

to be remained nonfluorescent, while the cellulose filter paper emitted strong fluorescent 

signal (cyan, green, and red respectively; Figure B1 in Appendix B). Therefore, the 

exceptionally low fluorescence background augments the glass microfiber filter substrate 

as a promising platform for preparing quantitative fluorometric assays.

3.2.1. Superhydrophobic Glass Microfiber Filter: Preparation and 
Patterning

As discussed above, the modification of glass microfiber filter to be hydrophobic 

has not been well studied;111,118,119 we herein explore the possibility to achieve its 

superhydrophobicity via conventional silanization reactions. Based on our previous 

success in creating superhydrophobic yet optically transparent glass slides as well as a 

number of cellulose filter papers,29,37,102 we have initially tried to treat the glass microfiber 

filter substrate with either methyltrichlorosilane (MTS), octadecyltrichlorosilane (OTS), or 

a binary solution of them. Both silanes react rapidly with hydroxylated surfaces even with 

trace amount of water, which have been very widely utilized for surface 

modifications.29,120 The hydrophobic alkyl chains/groups of MTS and OTS can also 

decrease the surface tension, which would improve the hydrophobicity.37 For the 

treatment of both trichlorosilanes a dilute toluene solution was prepared (total volume 

ratio in toluene is 0.2%), and the sample was immersed for a defined period of time (7 

min). MTS and OTS are trifunctional organosilanes, which undergo rapid hydrolysis with 

trace amount of water, forming silanols that are react with “neighboring” silanes and the 

hydroxy groups on the surface.121 It was a pleasant surprise that in all cases we were 

able to create superhydrophobic glass microfiber filters with water contact angles above 

150°. Different from the situation of cellulose filter paper, we have confirmed that the 

modification with various ratios of the MTS/OTS mixture did not show any significant 

differences in the achieved water contact angles (WCA) (Figure B2 in Appendix B). 

Although using either pure MTS or OTS only can tune the glass microfiber filter to be 
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superhydrophobic, the modification with MTS (CH3SiCl3) is much faster.49 The 

modification with MTS alone has previously shown a great success for preparing 

superhydrophobic glass slides (similar composition with a glass microfiber filter) and 

silicon oxide surfaces.29,36 In considering the above results, we have decided to proceed 

with pure MTS for the modification of glass microfiber filters.

Time (min)

0 2 4 6 8 10 12

C
on

ta
ct

An
gl

e
(d

eg
.)

120

125

130

135

140

145

150

155

160
[MTS] (mM)

0 20 40 60 80 100 120

C
on

ta
ct

An
gl

e
(d

eg
.)

130

135

140

145

150

155

160

(b)

2 mm

(a)

Figure 3.2 Optimization of the reaction conditions to prepare 
superhydrophobic glass microfiber filter. (a) Water contact angle of 
the modified glass microfiber filter as a function of the MTS 
concentration in the deposition solution (1 to 120 mM). The inset 
photos show a droplet of dye solution (30 μL) standing on the 
modified sample (right), while wicked into the unmodified section 
(left). (b) Water contact angle measured on the glass microfiber filter 
modified by 20 mM of MTS solutions as a function of immersion time 
(5 s to 12 min). The dashed lines are to guide the eyes only.
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To optimize the modification protocol, we have further investigated the effect of 

MTS concentration in the presence of 100 μL of HCl acting as the catalyst.50 As depicted 

in Figure 3.2a, the concentration of MTS indeed plays an important role in tuning the 

surface property of the glass microfiber filter. The surface became hydrophobic (WCA is 

136°) after immersing in the lowest MTS concentration solution (1.0 mM) tested and 

turned to superhydrophobic once the concentration reached 10.0 mM. The remarkable 

change in wettability of the surface is illustrated with a droplet of dye solution that wicked 

into an unmodified filter but remains near-spherical atop of the modified sample 

(modified with 20.0 mM, Figure 3.2a, inset photos). There were no substantial changes 

in the WCA when the concentration of MTS was increased further (up to 120 mM). This 

could be ascribed to the fact that the surface is fully covered with MTS aggregates (vide 

infra), which impedes subsequent silanization reaction at the surface.102,121 

To investigate the effect of the immersion time on the wettability of the glass 

microfiber filter, we kept the concentration of MTS constant (20 mM, which gives the 

highest WCA) for all the experiments. Based on the measured WCA values, the surface 

property of the glass microfiber filter changed drastically within the first few minutes of 

reaction (Figure 3.2b). The water contact angle reached 130° after 5 s and achieved 

superhydrophobicity (154°) with 5 min. Compared with the hydrophobic glass fiber 

membranes prepared by Chen et al. via reactions with various alkylsilanes (WCA 

131.88°),119 our fabrication protocol attained superior superhydrophobicity (WCA 154°). 

The wetting hysteresis measured on these superhydrophobic glass microfiber filters is 

as low as 6 ± 3°. As the water contact angle hysteresis lower than 10° is considered to 

be superhydrophobic,1 the low wetting hysteresis together with ultrahigh water contact 

angles (>150°) ensures that we have indeed achieved superhydrophobic glass 

microfiber filters. With the above optimization, we have confirmed that the otherwise 

water wickable glass microfiber filter can be tuned to be superhydrophobic within 5 min 

by reacting with 10 mM concentration of MTS.
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Figure 3.3 SEM images of (a) unmodified GF/A glass microfiber filter and (b) 
superhydrophobic glass microfiber filter. The inset in (b) is a zoom-
in image showing nanoparticulate structures on the modified glass 
microfiber filter. (c) Schematic illustration of the surface morphology 
of the superhydrophobic glass microfiber filter. After modification, 
the glass microfiber surface (grey rod) is covered with MTS (black 
spheres) aggregations. The inset is a picture of a water droplet on 
the superhydrophobic glass microfiber filter.
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The remarkable change in the wettability of glass microfiber filter upon MTS 

treatment led us to further study its morphology at the micro-/nanoscale using scanning 

electron microscopy (SEM). As shown in Figure 3.3a, before the modification the surface 

of glass microfibers is rather smooth and free of any nanoscale features. After 

silanization, we have observed that nanospherical particles with sizes between 20 and 

50 nm resided on the surface; yet, the primary glass microfiber structure was not altered. 

The existence of both micro- and nanometer-scale structural features warrants the 

formation of the Cassie–Baxter state upon contact with a water droplet on top.121 As 

schematically shown in Figure 3.3c, MTS molecules not only react with the hydroxyl 

groups on the surface, but aggregate into 3D nanonetworks atop the fibers. It has been 

previously proposed that on both glass and silicon surfaces the superhydrophobicity is a 

result of the aggregated nanostructures (formed from facile hydrolysis and condensation 

reactions of MTS).36,37,102,122

Beyond the achieved superhydrophobicity, the other essential step is to create 

hydrophilic regions on the substrates for the preparation of multiplex assays or 

microanalytical devices. It has been previously demonstrated that UV/ozone irradiation is 

effective in turning organosilane-treated substrates into hydrophilic, particularly with 

cellulose filter paper.102,122 In fact, we have discovered that the UV/ozone irradiation also 

works for the reactivation of the superhydrophobic glass microfiber filter. As shown in 

Figure 3.4, the WCA decreases exponentially with an increasing UV/ozone treatment 

time, and the surface became hydrophilic (  <90 ) in about 35 min. After 150 min, the θ °

water droplet can completely wick into the filter, a process that is similar to the activation 

of silanized cellulose filter paper.102 It was generally accepted that the oxygen radicals 

generated from the decomposition of ozone (produced in situ from atmospheric O2 by 

the 185 nm irradiation) are strong oxidizing agents capable of scissoring the 

hydrocarbons but not the siloxane moieties.92,123 
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Figure 3.4 Water contact angles of superhydrophobic glass microfiber filter 
upon UV/Ozone irradiation for different periods of time. After 150 
min, the contact angle is too low to be measured. The inset shows 
superhydrophobic glass microfiber filter substrate patterned with 
two parallel rows of well-defined hydrophilic zones. The dyed 
droplet in between shows that the untreated area of the substrate 
remained superhydrophobic (the scale bar is 1 cm). The dashed line 
is to guide the eyes only.

With the above success, we then explored the patterning otherwise 

superhydrophobic substrates by using a plastic mask with an array of holes (7 mm in 

diameter). With this setting, only selective regions exposed to the UV irradiation become 

hydrophilic. As shown in the inset of Figure 3.4, the activated areas on the same 

substrates are wicked by the dye solution uniformly with well-defined boarders; yet other 

sections remained superhydrophobic (i.e., the droplets sit atop). There are several types 

of hydrophobic glass microfiber filters commercially available (typically prepared from 

polytetrafluoroethylene with additional support or binders), which may be further 

explored for the same type of applications. Besides the potential environmental 

concerns, the patterning with conventional UV irradiation is challenging for superior 

super stable fluorinated polymers.83,124
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3.2.2. Fluorometric Assay on Superhydrophobic Glass Microfiber 
Filter: Copper Quantitation

Although copper is an essential trace element in living organisms, an excess 

amount of copper accumulated in the body would be a threat to human health.125 To 

validate the feasibility of using the superhydrophobic glass microfiber filter as a 

background-free substrate for quantitative fluorescence assays, we performed the 

copper detection based on the reaction of copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC). Specifically, the assay is based on the cycloaddition of 3-azide-7-

hydroxycoumarin and propargyl alcohol in the presence of Cu+ (reduced from Cu2+ using 

sodium ascorbate, NaAsc) (Scheme 3.1). Due to the azido group on the 3-position of 

coumarin, its fluorescence is largely quenched; upon reacting with propargyl alcohol, the 

fluorescence should be significantly increased by forming the triazole ring structure.126,127

Scheme 3.1 Reaction of the copper-catalysed azide−alkyne cycloaddition 
(CuAAC). The “non-fluorescent” 3-azido-7-hydroxycoumarin reacts 
with propargyl alcohol in the presence of Cu (I) (reduced from Cu2+ 
using sodium ascorbate, NaAsc) and forms the fluorescent triazole 
product.

Conventional fluorescence spectrophotometry was used to monitor the reaction 

before and after the introduction of Cu2+ (100 µM) and NaAsc (2.5 mM). As shown as the 

black curve in Figure 3.5a, the solution of 3-azido-7-hydroxycoumarin and propargyl 

alcohol has a very weak fluorescence signal. In contrast, the fluorescence emission 

increases dramatically after the addition of Cu2+ and NaAsc (green curve) into the 

reaction mixture. The strong emission at 470 nm (ex = 365 nm) confirms the 

transformation of an azide to a triazole ring structure, which no longer affects the 

fluorescence emission of the coumarin moiety. To evaluate the correlation between the 

copper concentration and the resulted fluorescence intensity increase, the normalized 

intensities (I/I0) of a series of standard solutions containing different concentrations of 

Cu2+ (0–160 µM) were determined. As shown in Figure 3.5b, the fluorescence signal 

increases linearly with the concentration of Cu2+ in the range of 20–120 µM before 

saturation, indicating that the enhancement in the fluorescence signal can be used to 

assess the Cu2+ level in solutions. Based on the best linear fit to the experimental data 
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(solid line in Figure 3.5b), the detection limit was calculated to be 12.1±2.8 µM. The 

selectivity of this assay with respect to several other cations (Pb2+, Mg2+, Ca2+, etc.) was 

confirmed; that is, even with 10 times higher concentrations of the interfering cations, the 

increase in the fluorescence intensities is below 5% (Figure B3 in Appendix B).

Figure 3.5 (a) Fluorescence spectra of the “click chemistry” mixture measured 
before (black line) and after (green line) the addition of Cu2+ and 
sodium ascorbate. (b) The fluorescence intensity increase (I/I0) as a 
function of the copper concentration. The solid line shows the best 
linear fit for the concentration ranging from 20 to 120 μM, for which 
the equation and R2 value are listed in the inset.

Prior to preparing and reading the quantitative assay for copper based on above 

described CuAAC reaction, we have compared the wavelength ranges of the excitation 
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source (a handheld UV lamp) and the emission spectrum of the product to the RGB (R = 

red, G = green, B = blue) channels (1931 CIE).128 As illustrated in Figure 3.6, the 

excitation source (UV lamp) locates in the blue region (B), and the emission band 

(ranges from 400 to 630 nm, with the maximum intensity at 470 nm) matches the green 

band (G). The near-perfect “alignment” of the excitation and emission spectra with RGB 

color space ensures the feasibility of obtaining quantitative results by analyzing the color 

intensity of the assay photos, for which the details of smartphone imaging and mobile 

app (ImageLab) analysis were presented in Figure B4 in Appendix B. 

Figure 3.6 Correlation of the UV lamp spectrum (blue line), the emission 
spectrum of the produced triazole complex (green line) and the RGB 
channels (based on 1931 CIE).

We then investigated the background interference when preparing fluorescent 

assays on modified cellulose filter paper and the glass microfiber filter, respectively. With 

the same volume (10 μL) but different concentrations of (50 – 500 μM) fluorescent dye 

(7-hydroxy-4-methylcoumarin) added to the hydrophilic detection zones, we can see that 

in both cases the assay sites are clearly distinguished from the background (Figure 3.7a) 

and that the assay prepared on glass microfiber filter has much darker background (i.e., 

better contrast between the assay site and the background). In Figure 3.7b, we have 

shown quantitively the superior performance of the glass microfiber filter-based assay, 

that is, the G/G0 values are approximately 10 times higher than that on the cellulose filter 
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paper. This result built our confidence to proceed with the preparation of the copper 

detection assay on the superhydrophobic glass microfiber filter.
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Figure 3.7 Comparison of patterned superhydrophobic glass microfiber filter 
and cellulose filter paper for preparing quantitative fluorometric 
assays. (a) Photos of trial fluorescent assays on patterned cellulose 
filter paper (up) and on glass microfiber filter (down) by adding 
different concentrations of 7-hydroxy-4-methylcoumarin. The 
hydrophilic detection zone is 7 mm in diameter; (b) Comparison of 
the normalized green intensities (G/G0) versus the dye 
concentration. The G0 value was determined from the assay site that 
has no dye added (0 μM).
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Figure 3.8 (a) Photo of the fluorescent assay prepared on superhydrophobic 
glass microfiber filter substrate under UV lamp (365 nm); the 
diameter of the assay spots is 0.7 cm. (b) RGB values obtained with 
the ImageLab app from the assay photo versus the copper 
concentration. (c) Normalized green intensity (G/G0) versus the 
copper concentration.

In Figure 3.8a, we have shown a photo taken under a handheld UV lamp (365 

nm) of the copper assay prepared on the patterned superhydrophobic glass microfiber 
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filter substrate, which illustrates strong contrasts between assay spots and other 

sections of the substrate. It should be noted that the reaction rate on the glass fiber filter 

is the same with the one in solution (Figure B5 in Appendix B). It is also clear that the 

assay spot becomes much brighter with higher concentrations of copper added. The 

individual color intensities (RGB values) were plotted as a function of the copper 

concentration in Figure 3.8b, which showed significant differences between the three 

channels. It is not surprising that the R values are generally weak (in accordance with 

the data shown in Figure 3.6), while both G and B channels correlate with the tested 

copper concentrations and show strong intensities. In comparison, the B value has a 

much higher background signal and reaches the saturation (255) at a Cu2+ concentration 

of 80 µM. 

In Figure 3.8c, we have shown that the normalized G signal (G/G0) is indeed 

proportional to the copper concentration up to 100 µM before reaching the maximum. As 

listed in the inset of Figure 3.8c, the best linear fit yields a R2 value as high as 0.992. 

The determined detection limit, 14.0±0.5 μM, is comparable to the conventional 

spectrophotometry measurement (Figure 3.5b), confirming the satisfactory performance 

of the assay transferred from standard fluorescence spectrophotometric measurements 

in solution to the superhydrophobic glass microfiber filter substrate.

It should be pointed out that the CuAAC-based copper detection was merely 

adapted as a trial system to demonstrate the feasibility of using the superhydrophobic 

glass microfiber filter as the background-free substrate for quantitative fluorescence 

assays. In fact, the detection and quantitation of copper are of practical importance for 

both environmental monitoring and biomedical diagnosis. Till now, many different 

methods have been reported based on either conventional instrumentation126,129 or 

advanced nanomaterial manipulation.130 Without particular optimization, the detection 

limit and linear response range we have achieved are comparable with the commercial 

copper detection kits, most copper detection kits on the market today rely on either 

colorimetric or fluorometric readout, with a linear response range of about 1–50 µM and 

a 10–30 min operation time. The copper quantitation kits typically require the use of 

cuvettes or 96-well plates for sample handling and a standard spectrophotometer or 

microplate reader for measuring the signals.131 With respect to practical applications, the 

performance of our fluorometric copper assay prepared on superhydrophobic glass 

microfiber filter can accommodate the need for water quality monitoring as the maximum 
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allowed copper ion level in drinking water recommended by the World Health 

Organization is 30 μM.132 It also can handle the test of serum copper concentrations, 

which should be between 11 and 22 μM for a healthy adult.133 

3.3. Conclusion

Conventional laboratory-use glass microfiber filters can be modified to be 

superhydrophobic via a simple silanization reaction with low-concentration of reagents 

(mM) within a short period of time (<5 min). The modified substrates have water contact 

angles above 150° (with the water contact angle hysteresis at 6 ± 3°). The high-

resolution SEM images revealed the formation of uniform nanoparticulate structures on 

the microfibers, resulting from the facile hydrolysis and condensation of MTS molecules. 

More importantly, thus prepared superhydrophobic glass microfiber filters can be 

patterned lithographically (UV/ozone irradiation) and adapted as background-free 

substrates for quantitative fluorescence assays, which were demonstrated with the “click 

chemistry”-based copper detection. The determined detection limit of the fluorescent 

assay on this created substrate is 14.0±0.5 μM, which is comparable with commercial 

copper detection kits. On the basis of such initial success, further studies with these 

novel superhydrophobic glass microfiber filter substrates for preparation of other more 

advanced microanalytical devices or multiplex assays based on fluorescence reading 

are currently underway in our laboratory.

3.4. Experimental section

3.4.1. Materials and reagents

Glass microfiber filter (WhatmanTM grade GF/A) and cellulose filter paper 

(WhatmanTM Grade 1) were purchased from GE Healthcare (Mississauga, ON). Toluene 

was ordered from Fisher Scientific (Ottawa, ON); concentrated hydrochloric acid (37%) 

was from Anachemia (Montreal, QC); 3-azido-7-hydroxycoumarin (98%) was from AK 

Scientific Inc. (Union, CA); methyltrichlorosilane (MTS, 99%), sodium ascorbate 

(crystalline, 98%), copper (II) sulfate pentahydrate (98%), propargyl alcohol (99%), 

and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (99.5%) were all from 

Sigma-Aldrich (St. Louis, MO). All reagents were of ACS reagent grade unless otherwise 
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specified. Deionized water (>18.2 MΩ·cm) was produced from a Barnstead EASYpure 

UV/UF compact water system (Dubuque, IA).

3.4.2. Glass microfiber filter modification and characterization

The Whatman Grade GF/A glass microfiber filter was cut into small pieces (1×3 

cm2) These strips were immersed in 10 mL of toluene solutions containing different 

concentrations of MTS (from 1 to 120 mM) and 100 μL of HCl (37%) in disposable glass 

scintillation vials (20 mL, with cap). After the reaction (from 5 s to 12 min), the samples 

were removed from the vials and were air dried. 

Water contact angles were measured with a goniometer (AST VCA system, 

Billerica, MA). For each modified glass microfiber filter sample, three to five randomly 

selected spots were tested by depositing 1.0 µL of water droplet onto the surface. At 

least triplicate samples were tested for each set of the experimental conditions. 

The surface morphology was characterized using a scanning electron 

microscope (FEI Nova NanoSEM 430, Hillsboro, OR). The filter substrates were initially 

sputtered with Ir (5nm in thickness) with a Leica EM ACE600 system (Wetzlar, 

Germany) to improve their conductivity.

3.4.3. Substrate patterning and assay testing

The superhydrophobic glass microfiber filter with a plastic mask (with eight holes 

of 0.7 cm diameter) placed on top was irradiated in a UV/Ozone cleaner (PSD-UV, 

Novascan Technologies Inc., IA) for 3 h. After removing from the UV/Ozone cleaner, the 

samples were washed with water and characterized with contact angle measurements. 

Comparison of the patterned superhydrophobic glass microfiber filter and 

cellulose filter paper for quantitative fluorometric assays was performed as following: an 

amount of 10 μL of a fluorescent dye (7-hydroxy-4-methylcoumarin) at different 

concentrations (50–500 μM) was deposited on the hydrophilic detection zones patterned 

on the two filter substrates individually. Images of the two assays were captured with a 

smartphone camera under a hand-held UV lamp (λ = 365 nm) and analyzed. The 

background signal (G0) was obtained from the top left round area (0 μM fluorescent dye 

added), and G values were from the reaction areas.
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Different concentrations of copper solution were added separately to a series of 

1.0 mL test solution containing 100 μM 3-azido-7-hydroxycoumarin (AC), 100 μM 

propargyl alcohol (PA) and 2.5 mM sodium ascorbate (SA) prepared in HEPES buffer 

solution (10 mM, pH = 7.0). After 10 min of reaction, fluorescence spectra of the 

standard solutions were acquired with a PTI Quantamaster spectrofluorometer 

(excitation wavelength at 395 nm, both excitation and emission slits were set at 2 nm). 

For preparing the assay on the modified glass microfiber filter, different 

concentrations of copper solutions were added individually to each of the hydrophilic 

reaction zone and were left to dry prior to the addition of 20 μL of the testing solution ( as 

described above). After 10 min of reaction, a photo was captured using an Android 

smartphone (Samsung Galaxy S2) under a handheld UV lamp (365 nm) and was 

subsequently analyzed using the ImageLab app installed on the same device. 
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Chapter 4.

Functional and versatile superhydrophobic coatings 
via stoichiometric silanization

Superhydrophobic coatings have tremendous potential for application in different 

fields, which have been commonly achieved by increasing roughness and lowering 

surface tension. Nevertheless, limited by either the nature of nano-structural templates 

or the complication of fabrication procedure, the preparation of superhydrophobic 

coatings that are simple to manufacture and practical in real-life applications remains a 

major challenge for both academic investigation and industrial R&D. Herein, we report 

an unconventional protocol based on a single-step, stoichiometrically controlled 

hydrolysis and condensation of long-chain organosilanes, which creates micro-to-

nanoscale hierarchical siloxane aggregates dispersible in industrial solvents (as the 

coating mixture). Excellent superhydrophobicity (ultrahigh water contact angle >170° and 

ultralow sliding angle <1°) has been attained on solid materials of various compositions 

and dimensions, by simply dipping in or spraying on the coating mixture. It has been 

demonstrated that this coating method holds superior performance in terms of cost, 

scalability, robustness, and particularly the capability of encapsulating other functional 

materials.

 Adapted from: Zhang, L.; Zhou, A. G.; Sun, B. R.; Chen, K. S. and Yu, H.-Z. (manuscript submitted, 
under review). Yu, H.-Z. supervised the entire project in all aspects. Zhang, L. conceived the initial 
concept, carried out the major part of the experimental work; Zhou, A. G.; Sun, B. R. and Chen, K. 
S. performed water-repellent property demonstration experiments; Zhang, L. and Yu, H.-Z. wrote 
the manuscript.
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4.1. Introduction

Superhydrophobicity is a commonly observed phenomenon in nature, which has 

been explored for application in many different fields.18,134 In retrospect, surface coating 

techniques to attain an ultimate waterproof capability has attracted both industrial and 

scientific interest for decades.5 To create a superhydrophobic coating, the crux is to 

combine the micro/nano-structure with low surface tension.13,16 Till now, most coating 

methods reported have been relied on applying pre-existing “rough” structure with 

materials of low surface tension 19,23,24,27,28,135−137 or creating roughness on existing 

materials with intricate procedures.21,22,26,30,33 Limited by the difficulty in balancing 

surface roughness and low surface tension, a coating method that is facile, low-cost, 

scalable, mechanically stable, environmental-friendly and versatile is always in great 

demand.5 To solve these challenges, we herein disclose an unconventional fabrication 

protocol for superhydrophobic coatings via a controlled, spontaneous reaction of 

organosilanes with stoichiometric amount of water under ambient conditions. 

For the coating fabrication, octadecyltrichlorosilane (OTS), an ever popular 

organosilane derivative, is the only reagent required other than water and hexane. This 

mass-produced chemical is well-known for modifying the surface properties of various 

solid substrates by forming a compact and highly-oriented self-assembled monolayer.120 

Its fluorine-free composition eliminates potential environmental or health hazards.2,3,138 

Conventionally, chlorosilane derivatives have a reputation of vigorously reacting with 

trace amount of water and create large aggregates that are futile for obtaining high-

quality monolayer coatings.139,140 Therefore, a rigorously controlled humidity is generally 

required when applying chlorosilanes to surface modification. However, for OTS, its C18 

long alkylchain sterically reduces the reaction rate when it is exposed to water or 

moisture. With the reaction being kinetically controllable, we were able to “harness” the 

aggregation of OTS to create the desired surface coating upon reacting with a 

stoichiometric amount of water. This strategy is also conceptually different from 

conventional sol-gel processes, for which rather less-reactive organosilanes (e.g., 

tetraethoxysilane) were mixed with large amount of water to create solid materials (e.g. 

thin films, coatings, monoliths, powders, grains, spheres, fibers, composites, porous gels 

and membranes).46
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4.2. Results and discussion

The coating mixture was prepared by directly reacting water with pure OTS, 

followed by dilution with hexane. As shown in Figure 4.1A, the consecutive photos 

depicted a trial experiment of adding of water to OTS with a molar ratio of 1:2, e.g., 40 

μL (2.2 μmole) of water is required for 2.0 mL of OTS (4.4 μmole), which is exactly 1/3 of 

the amount of water needed to complete the hydrolysis of OTS. It was followed by 

immediate mechanical mixing with vortex and sonication. The mixture was then diluted 

with hexane (5% v/v OTS/hexane) before its application to a number of solid surfaces 

(vide infra). It is remarkable that the reaction between water and OTS is rather mild with 

minimal volume increase and gas (HCl) release. 

Figure 4.1 Fabrication and characterization of the superhydrophobic coating. 
(A) Preparation of the coating solution that can be applied on 
various solid substrates: (1) 2.0 mL of pure OTS added with 20 μL of 
water; (2) upon mixing by vortex and sonication; (3) upon incubation 
for 2 h under ambient conditions; and (4) upon dilution with hexane 
(5% v/v OTS/hexane). (B) Morphological characterization of a 
microscope glass slide treated with the coating solution. The optical 
image at the far left is a picture showing a water droplet (5.0 μL) on 
the substrate. The three SEM images show that the surface is 
covered with aggregated particles; these micro-particles (2 μm to 20 
μm) are consist of entangled nanofibers (width: 150 to 200 nm, 
length >2 μm).

We first investigated the modification of standard glass slides, an intrinsically flat 

substrate. As shown in Figure 4.1B, a 5.0 μL of water droplet stays as a near-perfect 
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sphere on the surface, and hardly remains at one spot. The water contact angle of 

modified glass was measured to be 172±1°, with an ultralow sliding angle (0.7±0.2°). 

Tested at a speed of 1 m/s (momentum energy of 2.5 μJ), the 5.0 μL water droplet 

bounces off the surface freely without pinning onto it. The trajectory of a water droplet 

jumping from one side to the other side of the superhydrophobic glass slide was 

captured by a high-speed camera. Apparently, both the ultrahigh water contact angle 

and ultralow sliding angle (minimum wetting hysteresis) warrant the excellent water-

repellency (non-sticky property) of the modified glass surface.

After modification, the glass slide is covered with a layer of uniform particles with 

diameters ranging from 2 to 20 μm (Figure 4.1B). The high resolution SEM illustrated 

that these microparticles are in fact formed from entangled nanofibers (150 to 200 nm in 

diameter and 2 to 10 μm in length), which beautifully mimics the micro-to-nanoscale 

hierarchical morphology on lotus leaves.5 More impressively, the seminal hierarchical 

model proposed previously by Feng et al. 19 can be adopted for simulating such an 

extreme hydrophobicity:

cos 𝜃𝑎𝑝𝑝 = 𝑓𝑠(𝐿 𝑙)𝐷 ― 2cos 𝜃 ― 𝑓𝑣 Equation 4.1

The value of D (fractal dimension) in three-dimensional space is 2.2618.19 For 

the modified glass surface (Figure 4.1B), the value of fs was estimated to be 0.2 (fv = 

0.8), L is 10 μm and l being 175 nm. The calculated water contact angle is 171°, which 

matches the experimental determination very well (172±1°). This excellent simulation 

result affirms that the extreme hydrophobicity should be attributed to the lotus-like micro-

to-nanoscale hierarchical roughness.

Plywood Filter Paper Aluminum Cotton fabric Plastic (PET)

170±1°(0.7±0.2°) 169±1°(0.7±0.2°) 169±1°(0.7±0.2°) 170±1°(0.7±0.2°) 170±1°(0.7±0.2°)

Figure 4.2 Creation of superhydrophobicity on a diverse array of solid 
materials. Water droplets (7.0 μL) on different substrates treated 
with the coating solution. The values below each image are water 
contact angles (black) and sliding angles (red), respectively.



78

Besides the glass surface discussed above, the coating solution can be applied 

on many other different materials regardless of roughness, flexibility and rigidity. 

Particularly, we have demonstrated that above coating method on (1) paper (laboratory 

filter paper), (2) fabric (100% cotton shirting fabric) (3) wood (maple plywood), (4) metal 

(aluminum thin sheet), and (5) plastics (polyethylene terephthalate, PET) as immediate 

examples. As shown in Figure 4.2, all solid substrates that were immersed in the coating 

solution resulted in high water contact angles (168-171°) and very low sliding angles (~ 

0.7°). The above-mentioned micro-to-nanoscale hierarchical structure has been also 

confirmed on other substrates (e.g., on porous filter paper, Figure C1 in Appendix C). 

Figure 4.3 Optimized fabrication and mechanistic investigation. (A) to (C) show 
the obtained water contact angle on modified glass slides as 
function of the mole ratio (H2O/OTS), aggregation time, and dilution 
factor of the aggregated OTS in hexane, respectively. (D) and (E) are 
SEM images of the hierarchical aggregates at different reaction 
stages. (F) shows the cross-section of a particle “anchored” on the 
substrate surface (cut with FIB).

Besides the superior water-repellent property, the nature of such an 

unconventional alkylsilane/water reaction is also intriguing, which correlates with the 

optimization of the reaction conditions. As shown in Figure 4.3A, the key factor is the 

amount of water added to the OTS, i.e., at a molar ratio of 1:2 (water : OTS) the best 

performance was achieved. Less or more water leads to a decrease of the water contact 

angle of the treated surface. As mentioned above, this stoichiometrically controlled 

hydrolysis and condensation of OTS is conceptually different from either the monolayer 

formation with long-chain alkylsilanes (which is performed under a strictly controlled 



79

humidity) or the conventional sol-gel process (which mixes organosilanes with bulk 

amount of water).50,120 Although the molar ratio between the two reactants is 1:2, in fact 

the volume percent of water in the mixture is only ~2%. After applying the mechanical 

dispersion, such a small amount of water mixes well with OTS and quickly decrease to 

submicron-to-nanometer size droplets,141 which leads to the formation of a stable and 

uniform water-OTS emulsion with the hydrophilic end of OTS molecules orienting 

towards water droplets and the hydrophobic chain facing outward (Figure C2A in 

Appendix C). The continued hydrolysis and subsequent condensation of OTS consume 

water and generate HCl gas, which created an acidic condition for further catalyzing the 

reaction.50,142 Consequently, nanoparticles (100 − 200 nm) are formed with the surface 

covered with alkyl chains (Figure 4.3D and Figure C3A in Appendix C). Next, due to the 

energy barriers to encounter during aggregation, nanoparticles formed in the emulsion 

tend to form head-to-head linear fibers (Figure 4.3E and Figure C3B in Appendix C), 

which further aggregate and form micro-size particles subsequently (Figure 4.3F, Figure 

C2B and Figure C3C in Appendix C).143 This silanization reaction would last for 

approximately 6 h (Figure C4 in Appendix C), although the highest water contact angle 

(172°) is achieved after 2 h (Figure 4.3B). The continued variation of the resulted water 

contact angles after this point indicates that the reaction was not complete, i.e., reactive 

sites (-Si-OH or -Si-Cl) on the particles still exist. Hence, the micro-size aggregates can 

covalently bond with the substrates providing hydroxyl groups are present,142 i.e., the 

particles would anchor on the surface and form hierarchical structures. In Figure 4.3F, 

we have shown the “FIB-cut” cross-section of a particle that is anchored on the substrate 

surface (also shown in Figure C3D and Figure C5 in Appendix C). The hypothesis for the 

formation of hierarchical structure was further confirmed by adding HAuCl4 in water 

when preparing the coating mixture to trace the entire process. We were able to identify 

the existence of gold elements (presumably in the form of gold nanoparticles) found in 

the emulsion and therefore verified the existence of water (Figure C5A and B in 

Appendix C) in the fibers of siloxane particles. Meanwhile, in between particles the 

surface was covered with small particles (Figure C5C and D in Appendix C). It should be 

emphasized that the entire reaction was performed in a controlled-manner, which 

complements the conventional understanding of utilizing organosilanes for sol-gel 

reaction or surface modification as mentioned above.46,120 The other important 

fabrication step is the dilution of the stock solution (Figure 4.1A), which can be done with 
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common organic solvents (hexane or mineral spirit). As shown in Figure 4.3C the 

optimal concentration was determined to be 5.0% (v/v); such a low concentration 

achieved the best performance ensures the feasibility of large-scale fabrications. 

As mentioned above, an interesting phenomenon is that gold nanoparticles can 

be encapsulated in the coating (Figure C5 in Appendix C). To further test and visualize 

this capability, water-soluble fluorescent dye (Rhodamine B) was tested as a trial 

luminescent chromophore. The ring-open structure of Rhodamine B makes the molecule 

polar and soluble in water but not in organic solvents. The solution of Rhodamine B (30 

mM) instead of pure water was added to the OTS in the procedure mentioned above 

(Figure 4.1A) and the coating mixture was subsequently applied on laboratory filter 

paper. The resulted surface showed a pink color under ambient light; the color remains 

after washing with water and organic solvents indicating that the dye molecules are not 

physically adsorbed on the surface. As shown in Figure 4.4A, a water droplet (dyed with 

another water-soluble fluorescent dye, pyranine) sits perfectly atop, which confirms the 

unperturbed superhydrophobicity (Figure 4.4A, left photo). It is more remarkable that 

under UV light (λ = 254 nm), this superhydrophobic filter paper displayed bright red 

emission, while strong green fluorescence was observed from the water droplet (right 

picture of Figure 4.4A). The reflections from air bubbles trapped under the water droplet 

confirms the formation of the Cassie-Baxter state.102 The fact that the encapsulation of 

organic chromophores does not influence either the ultrahigh water contact angle or the 

sliding angle, arguments broader application potentials such as designing colorful or 

luminescent waterproof coatings. 

The other intriguing property of superhydrophobic surfaces is self-cleaning 

capability, which can be adapted to various daily life scenarios such as building 

construction, clothing, and machining materials. In Figure 4.4B, we have shown with a 

series of photos taken at different time that a water droplet readily rolls off a slightly tilted 

(0.7±0.2°) glass slide prepared above and carries away the dust (MnO particles) from 

the surface. 
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Figure 4.4 Encapsulation capability and real-life applicability of the siloxane 
superhydrophobic coating. (A) A drop of dye (pyranine) solution on 
a superhydrophobic filter paper surface encapsulated with a 
luminescent chromophore under daylight (left) and UV lamp (right); 
(B) Demonstration of the self-cleaning property on a treated glass 
slide; (C) Mechanical stability test of modified glass slides with sand 
abrasion (left) and water jetting (right) experiments; the insets show 
water contact angles measured on the surface after abrasion; (D) 
Side view of water splashed off from the treated, superhydrophobic 
cotton T-shirt (left); water splashing test on a 0.3 × 0.5 m2 piece pine 
wood treated with the spray method (right).

In addition to the application versatility, the mechanical stability is considered as 

a vital criterion for surface coatings.144 To apply the coating in daily life, 

superhydrophobic surfaces are desired to survive under harsh conditions. The 

mechanical stability of surface coatings was typically tested by sand abrasion and water 

jetting experiments. As shown in Figure 4.4C, the modified superhydrophobic glass 

substrate remained superhydrophobic (>160°) after sand abrasion (4.5 kJ) for 10 min, or 

water jetting (90 kJ) for 10 min. It was also confirmed that water immersing for three 

days and tissue wiping for 20 times do not change the surface hydrophobicity 

significantly. To compare with other superhydrophobic coatings with excellent 

performance reported recently,24,144 we have performed the “standard” abrasive test, i.e., 

the modified glass substrate was pressed on a piece of silicon carbide sandpaper (Grit 

No. 400) under the pressure of 2.5 kPa, and then abraded along a distance of 50 cm 

(Figure C6 in Appendix C). It is remarkable that the glass slide retained a high water 

contact angle (161±2°) and a low sliding angle (~1°). Such an exceptional anti-abrasion 
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property can be explained with the fact that the siloxane aggregates are “covalently” 

bound to the surface. As shown in Figure 4.3F and Figure C7 in Appendix C, the SEM 

image with a “FIB cut” shows that the hierarchical particles and the solid substrate are in 

fact “merged” together due to the continued formation of siloxane compounds (as 

discussed above). The chemical bonding provides higher stability compared with 

physical adsorption or deposition, leading to the strengthened robustness of the 

superhydrophobic coating.142,145 Besides, the anti-abrasion property could be also 

attributed to the fiber-entangled porous structure of the micro-size particles. After 

abrading off the top layer, the remaining structure is similar to the original surface, which 

retains the hierarchical roughness that is essential for the superhydrophobicity (Figure 

C8 in Appendix C). Different from the combined anti-abrasion strategy performed by 

Peng et al.,27 which achieve robustness by combining a compliant texture to soft the 

abrading pressure and a porous structure for providing a similar morphology after 

abrading top layers, our strategy demonstrated that a self-similar structural strategy can 

achieve the anti-abrasion property for superhydrophobic coatings as well. Hence, the 

anti-abrasion property achieved herein provided new insights to create the mechanically 

stable superhydrophobic surfaces. Such a mechanically robust coating is potentially 

useful for building construction, ship building and outdoor gear, which typically 

undergoes harsh conditions from wind, rain, or daily wearing.

To be practically viable, superhydrophobic coating methods should be industrially 

scalable,5 which becomes our next task to evaluate our new protocol. The initial test was 

to coat a regular cotton T-shirt, which in turn showed an excellent water repellent 

property (Figure 4.4D). Water (dyed in green) was readily bounced off the treated T-shirt 

that was left clean and dry. It is noteworthy that the treated, superhydrophobic fabrics 

remained good air permittivity (Figure C9 in Appendix C), augments the potential of such 

waterproof clothing for commercial products. 

The subsequent task is to explore different application methods, i.e., from 

solution dipping to spray coating. The latter represents the standard way of using today’s 

commercial products, which is easy-to-use upon loading the coating solution in a 

standard spray bottle. After comparing different organic solvents (Figure C10 in 

Appendix C), a widely used spray coating solvent, mineral spirit, was adopted for the 

dilution step (Figure 4.1A-4). The performance of the spray coating was compared with 
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several types of commercially available products (WoodTM, GrangersTM, KiwiTM, NikwaxTM 

and ScotchgardTM, as examples) on glass and cotton fabrics; the surfaces treated with 

our coating solution (sprayed once and air dried for 2 h) showed superior waterproof 

properties, i.e., we have achieved superhydrophobicity on both surfaces (162°-165°) but 

other coating are merely just hydrophobic (90° to 120°) (Table C1). The coating solution 

was also sprayed on a large piece of pine wood (0.3 m × 0.5 m) to further demonstrate 

the scale-up capability; as shown in Figure 4.4D (right) water would not stick to the 

treated wood surface and runs off readily. 

The last, not the least set of application requirements for the novel coating is the 

aging effect and overall cost. We have shown that after 180 days exposure to ambient 

conditions, the spray coating applied on a number of surfaces showed no sign of 

degradation (the treated cotton T-shirt and plywood remained superhydrophobic). More 

importantly, the cost of producing large waterproof surfaces with the present coating 

method is inexpensive since no advanced instrumentation or expensive materials are 

involved in the production process. Our estimation shows that more than 100 kg of 

coating solution can be produced with a cost of about 300 US$ and production can be 

carried out daily per operator under ambient conditions. Moreover, this new protocol is 

based on a rather simple, and mild hydrolysis/condensation reactions of organosilanes; 

the only by-product is HCl gas, which can be easily recycled for producing the 

precursor.146 Therefore, in principle there is minimal environmental impact; therewith the 

simple synthesis and instrument-free production warrants its large-scale industrial 

production. 

4.3. Conclusion

In summary, the invented superhydrophobic coating protocol, based on an 

unconventional, stoichiometrically controlled aggregation of organosilanes, promises a 

versatile and practical method for surface modification at industrial scales for real-life 

applications. This protocol eliminates many of the limitations of today’s waterproof 

coating solutions, such as expensive materials and time-consuming preparation 

procedures. The encapsulation capability of the coating makes it possible to be utilized 

as an extremely versatile platform for extended applications of superhydrophobic 

materials with desired optical and photoelectrical properties. Moreover, the created 
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micro-to-nanoscale hierarchical structures can be extended as templates for many other 

superoleophobic or even super-omniphobic surface coatings by applying oleophobic 

layers (e.g., Teflon) on top. 

4.4. Experimental Section

4.4.1. Materials and reagents

Octadecyltrichlorosilane (OTS, ≥90%), Rhodamine B (≥95%; HPLC), 8-

hydroxypyrene-1, 3, 6,-trisulfonic acid trisodium salt (Pyranine, 99%), MnO (powder, 60 

mesh, 99%) and chloroauric acid (≥99.9% trace metals basis) were ordered from Sigma 

Aldrich (St. Louis, MO). Mineral spirit (Recochem Inc., Vancouver, BC), hexane (ACS 

reagent grade, ACP Chemical Inc. Montreal, QC), sand standard (Ottawa, particle size 

30-100 mesh, Anachemia, Montreal, QC), maple plywood and pine wood (Windsor 

Plywood, Burnaby, BC), and Fabric (100% cotton shirting fabric) were all purchased 

locally. Filter paper (Grade 1) was ordered from GE Healthcare (Mississauga, ON). 

Polyethylene terephthalate (PET) was acquired from an empty Pepsi Cola bottle 

(Quebec City, QC). Glass slides (25 mm  75 mm  1 mm microscope slides, plain) 

were ordered from Globe Scientific Inc (Mahwah, NJ). Aluminum thin sheet (Alcan 50) 

was ordered from Reynolds consumer products Canada Inc. (Toronto, ON). T-shirts 

(100% cotton) were ordered from Hanes (Winston-Salem, NC). Microcentrifuge tube (1.7 

mL prelubricated, Cat No. 3207) was purchased from Costar (Corning, NY).  Deionized 

water (>18.2 MΩ cm) was produced with a Barnstead EasyPure UV/UF compact water 

system (Model No. D8611, Dubuque, IA).

4.4.2. Sample preparation

For the initial preparation of the coating solution as described in Figure 4.1A of 

the main text, in a 1.7 mL microcentrifuge tube, 20 μL of deionized water was added to 

1.0 mL of pure OTS. The tube was then capped and immediately put on a vortex mixer 

(Fisher Scientific Model: 9454FIALUS) at 3200 rpm for 10 s, followed by sonication in an 

Ultrasonic cleaner (Aquaponic, Model 50T) for 10 s (without the cap) and another round 

of vortex mixing for 10 s (with cap on). Afterwards 500 μL of the resulted emulsion was 

transferred to a 20 mL scintillation vial (with cap on, but not airtight); after 2 h, 10 mL 

hexane was added to the vial and mixed by shaking before use. 
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For the surface modification, all solid substrates were cut into small pieces (1 × 3 

cm2) and immersed in the coating solution prepared above for 2 h. The treated sample 

was then removed from the solution and washed three times with hexane and then dried 

in air. For the gold “tracking” and chromophore encapsulation experiments, 60 mg 

chloroauric acid was dissolved in 100 μL deionized water or 15 mg of rhodamine B was 

dissolved in 1.0 mL deionized water; the prepared solution was then used in place of 

deionized water in the above steps of the coating solutions preparation. 

For the large-scale preparation and for spray experiments, 200 μL deionized 

water was added to 10 mL of OTS in a glass vial. It was then followed the preparation 

procedure mentioned above. After 2 h of incubation, the solution was diluted with 200 

mL mineral spirits. Then the solution was transferred to a plastic spray bottle; the 

spraying was performed above the sample at a 30° angle toward the sample to be 

treated. 

4.4.3. Sample characterization

Photos and normal speed videos were captured with a Sony mirrorless digital 

camera (Alpha a7RII, Japan) with a Canon macro lens (EF 100mm f/2.8L IS USM, 

Japan). Slow-motion video was captured with a high-speed camera (Promon U750) from 

AOS Technologies AG (Baden, Switzerland). Water contact angles (WCA) were 

measured with a goniometer (AST VCA system, Billerica, MA). A 1.0 μL droplet was held 

with a syringe needle, slowly moved down to contact the sample surface. At least three 

samples prepared under the same condition were tested; for each sample 5 different 

regions were examined.

The morphology of the treated samples was imaged with a FEI Nova NanoSEM 

430 system (FEI Company, Hillsboro, OR). The substrates were first sputtered with Ir (5 

nm) with a Leica EM ACE600 (Wetzlar, Germany) deposition chamber to improve the 

conductivity.The cross-section view of the samples was obtained either using a FEI 

Strata DualBeam DB235 (FEI Company, Hillsboro, OR) or a FEI Helios NanoLab 650 

SEM/FIB System. The substrates were coated with carbon (15 nm) in this case. During 

the imaging, the samples were tilted for 52° following by a gallium ion beam (30 pA) 

cutting for 15 min. Elemental analysis was acquired with an EDAX detector installed on 

the FEI Strata DualBeam DB235 system. The element mapping was performed using 
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the EDAX detector installed on the FEI Helios NanoLab 650 SEM/FIB System (with the 

energy at 8 kV).

The dynamic light scattering (DLS) data was obtained using a Zetasizer Nano ZS 

system (model: ZEN 3600) from Malvern Instruments, UK. The viscosity of OTS (14.674 

mPa·s at 20 ºC) was determined with a μVisc viscometer (RheoSense, Inc, San Ramon, 

CA); its refractive index (1.5122 at 532 nm) was determined with a Metricon Model 

2010/M refractometer (Pennington, NJ). 
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Chapter 5.

Concluding remarks and future work

5.1. General summary of the thesis research 

It has been demonstrated in this work that common hydrophilic substrates (from 

laboratory filter paper to construction plywood) can be modified conveniently to be 

superhydrophobic with unconventional silanization reactions; their potential applications 

in both the development of more efficient microfluidic paper-based microanalytical 

devices and the production of complete waterproof materials have been illustrated. 

The study began with mixing two organosilanes with different alkyl chain lengths 

(OTS and MTS) to derivatize off-the-shelf laboratory filter papers. It was discovered that 

a number of cellulose filter paper can be treated into superhydrophobic via such a simple 

and rapid binary silanization reaction. The resulting paper substrates exhibit superior 

water repellent property compared to treating them with either OTS or MTS alone. High-

resolution SEM images revealed nanoscale structures on the modified filter paper that 

contain hollow particles and porous networks. This characteristic morphology stems from 

the rapid aggregation of MTS molecules into 3D nanostructures, as well as the 

termination of surface reaction with low-surface-energy long-chain OTS. The created 

superhydrophobic filter paper substrate was then patterned successfully using standard 

UV lithographic method and employed as substrates for both qualitative (pH test) and 

quantitative (nitrite detection) assays.

The subsequent studies explored the treatment of glass microfiber filters, for 

which superhydrophobicity can be achieved via the reaction with either OTS or MTS 

alone at low concentrations. The modified glass microfiber filter can be patterned via UV-

irradiation to create hydrophilic reaction zones or microchannels. Due to their non-

fluorescent background, these superhydrophobic substrates are ideal for preparing 

fluorometric assays, which has been demonstrated with the quantitative detection of 

copper based on the “click chemistry”.

As detailed in chapter 4, an unconventional protocol to prepare a universal 

superhydrophobic coating solution based on a single-step, stoichiometrically controlled 
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hydrolysis and condensation of long-chain organosilanes was reported. The reaction 

produces micro-to-nanoscale hierarchical siloxane aggregates dispersible in industrial 

solvents (as the coating mixture). The coating solution can be applied on various 

materials with diverse dimensions and compositions to achieve excellent 

superhydrophobicity. This novel method is conceptually different from conventional 

silanization reactions of surface self-assembly or sol-gel processes. The present coating 

protocol demonstrated superior performance in almost every application aspect, 

including cost, scalability, robustness, and particularly the capability of encapsulating 

other functional materials.

5.2. Future directions to expand the thesis research

5.2.1. Short-term projects

(1) Assay applications of superhydrophobic filter paper

In chapter 2 and 3, cellulose as well as glass fiber filter paper were silanized with 

binary organosilane solution and MTS/toluene solution, respectively to create 

superhydrophobic substrates. Proof-of-concept colorimetric and fluorometric assay 

applications for both substrates have been also demonstrated. Indeed, there are many 

other assays can be designed with these systems tailored toward real-life applications 

that are in great demand. In the field of on-site chemical analysis and point-of-care 

biomedical testing, microfluidic paper-based microanalytical devices (so called μPADs) 

are extremely useful and under extensive investigations. Currently in our lab, DNA/CeO2 

nanoconjugate based-fluorometric assay on glass microfiber filter is being developed 

toward the detection of total arsenic in water. By and large, simple and rapid detection 

platforms for other critical chemical and bio-analytes can be designed and tested either 

colorimetrically or fluorometrically. 

(2) Optimization of the stoichiometric silanization protocol

As discussed in previous chapters, organosilanes with different chain length will 

result in different morphologies on the modified surfaces. In chapter 4, we utilized a long 

chain alkylsilane (OTS) for preparing superhydrophobic surfaces via stoichiometric 

silanization. It is anticipated that exploring alkylsilanes with varying chain lengths would 

be valuable in studying the reaction mechanism of stoichiometric silanization reaction 
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apart from the optimization of the superhydrophobicity of the created surfaces. In fact, 

there are quite a few alkylsilane derivatives available for testing, such as 

trichlorooctylsilane, hexadecyltrichlorosilane and derivatives with side chains. 

(3) Preparation of superoleophobic coatings

In chapter 4, the development of unconventional silanization protocol to introduce 

superhydrophobicity on various materials has been demonstrated, however, the treated 

materials are not superoleophobic. While waterproof products such as clothing, shoes, 

and windshields are greatly beneficial in daily life, the remaining challenge is that they 

cannot prevent commonly encountered oil-based stains, such as fingerprints. The 

limitation is the surface tension of hydrocarbon chains (part of the precursor compound, 

OTS), so that a new route to superoleophobicity may be explored.

Figure 5.1 Schematic illustration of the fabricaiton of superoleophobic coating. 
The created micro-to-nanoscale structure (light grey particles) is 
coated with a fluoropolymer film for achieving superoleophobicity. 

The first method, as illustrated in Figure 5.1, is to coat the stoichiometrically 

silanized substrate (method presented in chapter 4) with an additional layer of low 

surface tension materials. Examples of materials for this purpose include 

polytetrafluoroethylene, also named Teflon, with a surface tension of 19 mN/m and 

polyhexafluoropropylene with a surface tension of 12 mN/m. Although the stability of the 

doubly coated surface may be a challenge, fabrication techniques, such as chemical 

vapor deposition (CVD) and plasma deposition, can be adopted to promote covalent 

bonding between the coating and the surface. 

The second method is to activate the prepared superhydrophobic surface with 

UV light, which should generate hydroxyl (-OH) functional groups (as demonstrated in 

Chapters 2 and 3). This procedure will be followed by surface modification with 

perfluorosilane that can react with the -OH groups.

The third approach would be testing the stoichiometric silanization method with 

perfluorosilane instead of OTS. There are several perfluorosilane compounds 
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commercially available, such as trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

(CF3(CF2)5CH2CH2SiCl3) and 1H,1H,2H,2H-perfluorotetradecyltrichlorosilane 

(CF3(CF2)11CH2CH2SiCl3). However, the choice of solvents would be a challenge as their 

solubilities are typically low.

5.2.2. Long-term exploration

(1) Creating of superhydrophobic coatings with functions

As mentioned in section 1.1, superhydrophobic coatings have been utilized in 

many daily scenarios, such as painting, clothing, self-cleaning building materials, glass, 

and interior fabrics.5 Among most of the applications, being able to achieve diverse 

appearance, especially in color variation, is an important feature. Commonly 

encountered materials for superhydrophobic coatings, including metals, metal oxides, 

inorganic oxides, and polymers, which are hard to customize in color and other 

properties.147 Till now, a few fabrication techniques have attained angle-dependent color 

from quasi-amorphous or periodic structures of the material.35,148 Nevertheless, 

complicated modification procedures and limited color options remain as impediments 

for superhydrophobic coatings with desired color. So far with the developed 

stoichiometry silanization method, pink and golden coatings have been achieved based 

on the encapsulation of gold nanoparticles and the structural color (c.f. discussion in 

chapter 4).

Besides the pink and golden colors (as described in chapter 4), we can try to 

encapsulate materials with other colors, such as KMnO4, Cr2O3, CuSO4 and fluorescein. 

However, owing to the release of HCl during the reaction as well as the relatively low 

solubilities of the compounds employed, the fabrication protocols and the way how these 

compounds being incorporated need to be investigated in detail.

(2) Anti-icing application of extreme superhydrophobic surfaces. 

Due to the significant economy, energy, and safety implications, anti-icing 

surfaces are of great interest and under emergent investigations.134 Typical anti-icing 

strategies include actively anti-icing/de-icing solutions, such as electrothermal heating, 

use of chemicals, or physically crack and release of the ice.149 
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Aizenberg and co-workers have recently reported a new strategy for ice-phobic 

surfaces designated “slippery liquid-infused porous surfaces” (SLIPS). It was designed 

by trapping a layer of immiscible lubricant in a porous microstructure on the surface. Due 

to the lack of pinning spots on the surface and the slippage created by the lubricant 

layer, water would slide off the surface easily, without forming ice.150,151 

In Chapter 4, the SEM images shows that the surfaces after silanization have the 

typical morphology of porous hierarchical structures. In between the microfibers created, 

there is still enough space for oil to penetrate. Hence, the present systems could be 

further developed for anti-icing properties by applying an appropriate lubricant to the 

micro/nanostructured surface.

(3) Evaporation of water microdroplets on superhydrophobic surface: 
mechanistic understanding

Figure 5.2 Schematic representation of (A) the evaporation of drops on 
surfaces; (B) the surface used in this investigation. 

Note. Reprinted with permission from Yu et al. Evaporation of Water Microdroplets on Self-
Assembled Monolayers: From Pinning to Shrinking. ChemPhysChem, 2004, 5, 1035−1038. 
Copyright 2004 Wiley-VCH Verlag GmbH & Co KGaA.

Our group have previously confirmed the correlation between evaporation and 

wetting hysteresis. We utilized binary SAMs (HS(CH2)9CH3 and 11HS(CH2)11OH) on gold 

as model surfaces to help understand the fundamental mechanism of liquid evaporation 

on solids. It has been demonstrated that the evaporation of water microdroplets change 

from constant contact area mode (i.e., pinning) to constant contact angle mode (i.e. 
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shrinking), independent of the wettability or polarity of the surfaces (Figure 5.2). This 

phenomenon is correlated with the wetting hysteresis of the solid substrate.
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Figure 5.3 Evaporation of water microdroplet on superhydrophobic filter paper 
under ambient condition: contact area as a function of the 
evaporation time. 

Figure 5.4 Rates of evaporation of water microdroplet on a  superhydrophobic 
cellulose filter paper surfaces: drop volume as a function of 
evaporation time. 
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Figure 5.5 Evaporation of water microdroplet on superhydrophobic cellulose 
filter paper surface under ambient condition: water contact angle as 
a function of the evaporation time.

After achieving superhydrophobicity on the Whatman (grade 3) cellulose filter 

paper (chapter 2), we also tested water evaporation on the created superhydrophobic 

cellulose filter paper surface. The evaporation rate and contact mode switching (from 

pinning to shrinking) were similar to the one on hydrophobic surfaces tested (Figure 5.3 

and Figure 5.4).152 However, the change of water contact angle (from steady to sharp 

drop, as shown in Figure 5.5) was contradict to the one on hydrophobic surfaces (from 

slowly decrease to remain steady). The different evaporation mechanism on 

superhydrophobic surfaces could likely be attributed to the micro/nanostructures created 

on the surface. Hence, more experiments should be performed to investigate the liquid 

evaporation mechanism and study the evaporation on other superhydrophobic 

substrates, such as the evaporation of fluoropolymer treated surfaces.

In summary, the research of unconventional silanization to create functional 

superhydrophobic surfaces can be expanded to many different fields; herein a number of 

short-term projects and long-term experiments have been described as merely examples 

of unlimited potential. While some of these topics are currently investigated in our 

laboratory, it is the hope that the lab mates will make this unique surface chemistry 

research into truly diverse, interdisciplinary, and application-driving.
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Appendix A. 

Supporting Information for Chapter 2

Additional experimental data including the determination of surface tensions and 

wetting hysteresis of superhydrophobic paper substrates; the stability tests in different 

pH solutions; aging effects and SEM morphology studies of as-prepared and UV/ozone 

activated paper substrates. Tables summarize the characteristics (pore size, thickness, 

and application) of WhatmanTM filter paper and relevant references of paper silanization, 

respectively. 

Table A1. Characteristics of different types of WhatmanTM filter paper tested 
in this work. Further information is available online at 
http://www.gelifesciences.com.

WhatmanTM filter
paper type

Pore size
(μm)

Thickness
(μm)

Application

Grade 1 11 180 Traditional qualitative analytical
separations

Grade 3 6 390 Double the thickness of grade 1, 
for the retention of finer particles
and allows for more precipitate to 
be held without clogging

Grade 4 20-25 205 Extremely fast filtering with 
excellent retention of coarse
particles

Grade 6 3 180 Twice as fast as Grade 3 with 
similar fine particle retention

Grade 597 4-7 180 Medium fast filter paper with 
medium to fine particle retention

Grade 602h < 2 160 A dense filter paper for collecting 
very small particles and removing 
fine precipitates. Used in sample
preparation.

Grade 520B 20 550 Made from super-refined cellulose,
designed for technical uses

Grade 113 30 420 High wet strength from the stable
resin, for qualitative applications
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Table A2.  List of references for filter paper modification with different 
organosilane precursors and specified experimental conditions. 

Correspondin
g author

Precursor (s) Modification 
method

Water contact 
angles

Ref
.*

K.-H. Paik CF3(CF2)7(CH2)2Si(OCH2CH3)3;
CH3(CH2)16CH2SiCl2CH3;
(CH3)2SiCl2.

Vapor deposition 120°- 130° 31

M. N. 
Belgacem

CF3(CH2)2Si(OCH3)3;
CF3(CF2)5(CH2)2Si(OCH2CH3)3.

High tempt.
Vacuum

140° 32

L. R. Arcot CH3(CH2)16CH2SiCl(CH3)2;
CH3(CH2)16CH2SiCl2CH3;
CH3(CH2)16CH2SiCl3.

Immersing 100°-120° 33

G. Guan CF3(CF2)6(CH2)2SiCl3. Vapor deposition 156° 34

N. Belgacem CH2=CH2Si(OCH3)3;
CH2=CH2COO(CH2)3Si(OCH3)3.

Plasma 
treatment

100° 35

G. M 
Whitesides

CH3SiCl3;
CH3(CH2)9SiCl3;
CF3(CF2)5CH2CH2SiCl3;
CF3(CF2)7CH2CH2SiCl3;
CF3(CF2)9CH2CH2SiCl3.

Vapor deposition 130°- 160° 23

L. Cai CH3(CH2)17Si(OCH3)3 Immersing 123° 26

L. Cai CH3(CH2)17Si(OCH3)3 Immersing 123° 27
Q. He CH3(CH2)17SiCl3  Immersing 125° 22
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Figure A1. Zisman plots for three superhydrophobic filter paper substrates 
prepared by treating with binary silane solutions (with a total silane 
concentration of 0.2% and volume ratio of OTS: MTS = 1:1 for Grade 
520B and Grade 113 filter paper, OTS:MTS = 3:7 for Grade 3 filter 
paper). Solutions of different surface tensions were prepared by 
mixing ethanol and ultrapure water (Vazquez, G.; Alvarez, E.; 
Navaza, J. M. J. Chem. Eng. Data 1995, 40, 611−614). 1.0 μl of each 
solution was dropped onto the paper substrate, followed by 
measuring the contact angle. As mentioned in the main text, all 
three samples show similar wicking resistance at 33±1 mN m−1 and 
the surface tension was determined to be as low as 27±1 mN m−1.
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Figure A2. Advancing water contact angle (a), receding contact angle (r), and 
wetting hysteresis (a-r) of the three types of superhydrophobic 
filter paper. They were prepared in the same manner as described in 
Figure S1 and experimental section of the main text.
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Figure A3. Stability tests of the superhydrophobic filter paper substrates 
(Grade 3). Water contact angles as function of the solution pH in 
which the paper substrates were immersed for an hour. The samples 
were prepared in the same manner as detailed in Figure S1. The 
preparation of the pH solutions ranging from 2 to 11 was described 
in the experimental section of the main text. 
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Figure A4. Leakage and adsorption tests of the three types of 
superhydrophobic filter paper with dyed water droplets: Grade 3 (a), 
Grade 11 (b) and Grade 520B (c). (a’)-(c’) show the pictures upon 
total evaporation of the dyed water droplets, and (a”)-(c”) show the 
back side of the substrates. It is clear that within the entire 
evaporation period (50 min) there is no leakage or adsorption of the 
dyed water droplets on or through the silanized filter paper, i.e., the 
dye stains stay on the surface and did not wicked through.
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Figure A5. SEM images of superhydrophobic filter paper (Grade 3) as prepared 
(a-d) and after UV/ozone treatment for 3 h (a’-d’). There are no 
obvious changes on the surface morphology as illustrated with low 
to high magnifications. The samples were prepared in the same 
manner as described in Figure S1 and experimental section of the 
main text.
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Figure A6. Aging effect of the as-prepared superhydrophobic filter paper and 
upon activation with UV/ozone treatment (3 h). Upon stored under 
ambient conditions for a week, there are no apparent changes in the 
water contact angles, i.e., the as-prepared samples remained 
superhydrophobic, while the activated samples are still hydrophilic 
(wicked by the water droplets). The right insets show the pictures of 
substrates stored for a week with a dyed water droplet on top. The 
samples were prepared in the same manner as described in Figure 
A1 and experimental section of the main text.
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Appendix B. 

Supporting Information for Chapter 3

Additional experimental data including the fluorescent background comparison of 

glass microfiber filter with cellulose filter paper under different excitation wavelengths, 

water contact angle of the modified glass fiber filter as a function of the ratio of 

OTS/MTS in the binary solutions, selectivity test of the CuAAC based detection, and 

validation of the “ImageLab” app for color analysis. Detailed comparison of the physical 

property and application of WhatmanTM GF/A glass microfiber filter and Grade 1 fitter 

paper and the list of current copper detection methods were tabulated, respectively. 

Figure B1. Fluorescent background comparison of glass microfiber filter with 
cellulose filter paper under UV/Vis illumination at different 
wavelengths. Images were captured using a fluorescence 
microscope (Motic, AE31) with the attached lamp (100 W Mercury 
illuminator) as the light source. Proper filters were used to define 
the illumination wavelength. 
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Figure B2. Water contact angles measured on the modified glass fiber filters as 
a function of OTS:MTS ratio (v/v) in the binary solutions. The volume 
of the water droplet use for each measurement was 1.0 µL. 
Measurements were repeated in triplicate with freshly prepared 
samples. 
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Figure B3. Selectivity test of the CuAAC-based copper detection in solution 
using a standard fluorophotometer. The concentration of Cu2+ was 
100 μM, and the concentrations of all other metal ions were kept at 
1.0 mM. The concentrations of 3-azido-7-hydroxycoumarin, 
propargyl alcohol, and sodium ascorbate were 100 µM, 100 µM, and 
2.5 mM respectively. 
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Figure B4. Performance validation of the customized “ImageLab” app for color 
analysis. (a) Primary colors (red, green and blue) values ranging 
from 0 to 255 were printed on a commercial white printing paper 
using an HP 2055DN printer (Hewlett-Packard Company) at a 
resolution of 300 DPI. It was then placed under a white LED light 
(spaced 14 cm from the paper) for photo taking. The app (ImageLab) 
installed on a Samsung Galaxy S2 smartphone (Android 4.0.3) were 
used to scan and analyze the color bars. (b) RGB values obtained 
with the app “ImageLab” vs. the preset RGB values. 
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Figure B5. Comparison of the reaction rates on patterned glass fiber filter 
substrate (a) and in solution (b). The assay solution containing 100 
μM of Cu2+, 100 μM of 3-azido-7-hydroxycoumarin (AC), 100 μM of 
propargyl alcohol (PA) and 2.5 mM of sodium ascorbate was 
prepared in HEPES buffer (10 mM, pH = 7.0). The reaction rates in 
solution and on glass microfiber filter are very similar, which is 
exponential in the first 15 min and reach the plateau in 20 min.
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Table B1. Comparison of WhatmanTM Grade GF/A glass microfiber filter and 
WhatmanTM Grade 1 filter paper.

Grade GF/A Glass Microfiber Filter Grade 1 Filter Paper
Material Borosilicate glass Cellulose
Binder type Binder-free N/A
Max. temperature 550 °C 120 °C
Pore size 1.6 μm 11 μm
Thickness 260 μm 180 μm
Application Gravimetric determination

High-efficiency filtration
Routine applications with 
medium retention and flow 
rate

Other features pH resistance
Extensive filter life
Wide range of particulate load
Prevent sample contamination

N/A
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Table B2. Comparison of copper detection methods reported in literature. 

Reference Detection Method Reagents & Reactions Response 
range &
detection limit

[B1] Rostovtsev 
et al. Angew. 
Chem. Int. Ed. 
2002, 41, 2596-
2599

This paper 
demonstrates the 
suitable reagents used 
to proceed the 
regiospecifically ‘click’ 
reaction. 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between phenyl propargyl ether 
and benzyl azide to produce 1,4-
disubstituited 1,2,3-triazoles 

2.4 mM utilized 
for synthesis

[B2] Hu et al. 
Anal. Bioanal. 
Chem. 2003, 
375, 831-835. 

RP-HPLC equipped 
with UV/Vis detector

Pre-column derivatized with 
tetra(m-aminophenyl) porphyrin 
to generate colored chelates 
followed by solid-phase 
extraction with C18 cartridge to 
preconcentrate the samples. 
 

4.7 pM - 8.2 
nM
31 pM

[B3] Sivakumar 
et al. Org. Lett. 
2004, 6, 4603-
4606. 

Reduction of Cu2+ by C6H7O6- 
induces 1,3-dipolar cycloaddition 
reaction between 3-
azidocoumarins and terminal 
alkynes. 

Every 1 mM 
azide and 
alkyne 
required 16 
mM Cu2+ and 
C6H7O6-. 

[B4] Ackermann 
et al. Org. Lett. 
2008, 10, 3081-
3084. 

Cu+ induces “click” reaction 
between alkyl-substituted azides 
and terminal alkynes. 

10 mol % of 
Cu+ is required 
to catalyze the 
reaction. 

[B5] Sanji et al. 
Tetrahedron 
Lett. 2011, 52, 
3283-3286. 

Fluorometric detection 
in solution using 
fluorescence 
spectrometer 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between azide-modified 
tetraphenylethene and 
diethylene glycol to generate 
triazole compounds. 

0-20 µM 
1.0 µM

[B6] Shen et al. 
Chem. 
Commun. 2012, 
48, 281-283. 

Fluorometric detection 
in solution using 
fluorescence 
spectrometer

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the ligation 
reaction between alkyne groups 
and azide groups that are linked 
at the end of two complementary 
DNA strands to generate 1,2,3-
triazole compounds 

0.5-10 µM
0.29 µM
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Reference Detection Method Reagents & Reactions Response 
range &
detection limit

[B7] Hua et al. 
Analyst 2012, 
137, 82-86. 
 

Colorimetric detection 
in solution using a 
UV/Vis 
spectrophotometer 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between azide-tagged AuNPs 
with 1,4-diethynylbenzene to 
generate 1,2,3-triazole-linked 
aggregates. 

1.8-200 µM 
1.8 µM

[B8] Yao et al. 
Anal. Chem. 
2013, 85, 5650-
5653. 
 

Color changes 
monitored by naked 
eyes 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between 1-azidododecane and 
N,N,N-trimethylprop-2-yn-1-
ammonium bromide to produce 
amphiphilic molecules which 
disassembles sodium poly(2-(4-
methyl-3-
thienyloxy)propanesulfonate to 
induce a color change. 

3 µM (visual 
detection)
0.8 µM 
(fluorescence 
spectrometer)

[B9] Qiu et al. 
Biosens. 
Bioelectron. 
2013, 41, 403-
408. 
 

Fluorometric detection 
in solution using a 
fluorescence 
spectrometer

In the presence of sodium 
ascorbate, Cu2+ derived from 
CuNPs, which is formed and 
enriched on the dsDNA, is 
reduced to Cu+, which induces 
the reaction between 3-azido-7-
hydroxycoumarin and propargyl 
alcohol to generate 1,2,3-triazole 
compounds. 

5.0-50 µM

[B10] Shen et al. 
Biosens. 
Bioelectron. 
2013, 41, 663-
668
 

Colorimetric detection 
in solution monitored 
using a UV-Vis 
spectrophotometer.

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between azide group-labeled 
and short alkyne-modified group-
labeled oligonucleotides to form 
a ssDNA that is complementary 
to a designed DNA strand. 
Successful ligation of the 
oligonucleotides promotes the 
aggregation of AuNPs. 

0.5-10 µM
0.25 µM
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Reference Detection Method Reagents & Reactions Response 
range &
detection limit

[B11] Ge et al. 
Anal. Chem. 
2014, 86, 6387-
6392. 

Colorimetric detection 
in solution using a 
UV/vis 
spectrophotometer

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the reaction 
between azide- and alkyne-
modified G-rich sequences to 
generate G-quadruplex 
complexes, which are used in 
subsequent chemical reactions. 

0.05-50 µM 
5.9 nM

[B12] Wang et 
al. Analyst. 
2014, 139, 656-
659. 
 

Fluorometric detection 
in solution using a 
fluorescence 
spectrometer. 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze reaction between 
3-azido-7-hydroxycoumarin and 
propargyl alcohol to form 1,2,3-
triazole compound.

0.25-2.5 µM
0.08 µM

[B13] Shen et al. 
Biosens. 
Bioelectron. 
2014, 55, 187-
194. 
 

Fluorometric detection 
in solution using a 
fluorescence 
spectrophotometer. 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze reaction between 
azide-modified and alkyne-
modified G-rich strands which 
are the complementary strands 
to strand C to generate 1,2,3-
triazole compounds, which are 
used in subsequent steps. 

0.1-3 µM
0.065 µM

[B14] Ye et al. 
RSC Adv. 2015, 
5, 102311-
102317. 
 

Colorimetric detection 
in solution using a UV-
Vis spectrophotometer. 

Aggregation of 
polyvinylpyrrolidone-capped 
AuNPs promoted by 2-
mercaptobenzimidazole is 
prevented upon addition of Cu2+ 
into the reaction system. 

0.5-10 µM
0.5 µM

[B15] Situ et al. 
Sens. Actuator B 
2017, 240, 560-
565. 
 

Fluorometric detection 
in solution using a 
fluorescence 
spectrometer. 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyzed reaction 
between azido-functionalized 
tetraphenylethene (BATPE) and 
terminal alkyne which leads to 
the aggregation of fluorescent 
BATPE. 

0.2-12 μM
0.2 μM

[B16] Copper 
Assay Kit (MAK 
127)

Colorimetric detection 
using a UV-Vis 
spectrophotometer. 

The formation of a colored 
complex converted from a 
chromogen upon the specific 
addition of copper ions. 

1.0-47 μM
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Reference Detection Method Reagents & Reactions Response 
range &
detection limit

[B17] Copper 
Test kit (3354)

Colorimetric, semi-
quantitative test in vials 
by comparing the 
resulted color with the 
standard color card

N/A 6.3-63 μM

[B18] Copper 
and Iron Test 
Strip Kit (2994)

Colorimetric, semi-
quantitative test in vials 
by comparing the 
resulted color with the 
standard color card

N/A 4.7-47 μM

[B19] Copper 
Assay Kit 
(KA1615)

Colorimetric 
determination of 
copper with a plate 
reader or a 
spectrophotometer

N/A 1.0-47 μM
1.0 μM

[B20] Copper 
Detection Assay 
Kit (K899-100)

Fluorometric detection 
on 96-well plates 

In the presence of sodium 
ascorbate, Cu2+ is reduced to 
Cu+ to catalyze the fluorescent 
reaction

1.0-10 μM
1.0 μM
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Appendix C. 

Supporting Information for Chapter 4

100 μm 2 μm 500 nm1 mm

Figure C1. Morphology of superhydrophobic filter paper (WhatmanTM grade 1) 
prepared according to the procedure described above. From left to 
right are SEM images of different magnifications. The cellulose 
microfibers are coated with microparticles that are consist of 
entangled nanofibers, which was also observed on the treated glass 
slides.

Figure C2. (A) Schematic view of a micelle formed around a water microdroplet; 
(B) the aggregated particle size vs. incubation time based on DLS 
measurements. It is clear that the average particle size increases 
with the incubation time, which reaches 2-3 μm in about an hour. 
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Figure C3. Schematic view of the formation of particles consisting of entangled 
nanofibers . (A) the formation of micelles (blue circles) when 
introducing water into OTS (grey matrix); (B) the formation of 
nanoparticles (dark grey) resulted from the facile hydrolysis and 
condensation of OTS (light grey matrix); the nanoparticles in turn 
form head-to-head linear fibers; (C) the fibers aggregate and form 
the micro-size particles (dark grey); (D) side-view of the modified 
surface with a waterdrop atop. 

0 h 4 h3 h2 h1 h 5 h 6 h

Figure C4. Photos showing the continued reaction of the OTS/water mixture at 
different incubation time. For a better visualization, 3 mL reaction 
mixture prepared according to the procedure described above was 
transferred to a plastic cuvette. The reaction is initially fast, 
particularly for the first hour, with noticeable amount of gas 
generated. It was slowing down after 2 hours; at about 6 hours, the 
product turned into a gel, which is no longer dispersible in solvents. 
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Figure C5. “Gold tracking” study of the formation mechanism of the micro-
particles. (A) Side view of a FIB- cut particle on treated glass 
surface. The EDX data (B) show the element composition of red 
square in (A). As gold salt is soluble in water and insoluble in 
organic solvents (hexane and OTS), the presence of Au in 
nanofibers indicates that these fibers are formed from the sols. (C) 
SEM image of the surface in between microparticles (inset is the 
overlay of gold mapping with surface morphology). (D) shows the 
elemental composition with the gold peak.
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Figure C6. Abrasion test of modified superhydrophobic filter paper (grade 1). A 
small piece of the treated paper (1×2 cm) was affixed at the bottom 
of a weight (50 g), which was then drugged on the surface of a 
sandpaper (Grit No. 400). From (A) to (C) shows one round of 
abrasion (50 cm). This method was adopted from Science 347, 
1132−1135 (2015), and the water contact angle was measured before 
(inset in A) and after (inset in C) the test. 

2 μm 2 μm

(D)(C)

(A) (B)

1 μm2 μm

Figure C7. Top (A and B) and side view (C and D, tilted for 52°) of the micro-size 
particles on treated glass surface before (A and C) and after (B and 
D) FIB cutting. It is shown that there is no discernible boundary 
between the particle and surface. 
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SubstrateSubstrate
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Figure C8. Schematic explanation of the anti-abrasion property of the treated 
substrate. The created micro-to-nanoscale structure (light grey 
particles) remains similar to the original after abrading, which keeps 
the hierarchical roughness of the surface (in turn retaining of the 
superhydrophobicity). 

Figure C9. Gas penetration test of the treated, superhydrophobic cotton fabric. 
(A) Schematic view of the set-up. The modified fabric piece was 
clapped in between two pieces of PDMS (polydimethylsiloxane) 
plates. A bigger square was cut on the top layer of PDMS, a smaller 
circle was cut on the bottom layer of PDMS. In the bottle below, 50 
mg Na2S solid was added to 0.1 M HCl solution; the generated H2S 
gas would penetrate through the fabric, react with CuSO4 trapped at 
the top PDMS plate (hold by superhydrophobic cotton fabric and the 
PDMS plate). (B) top view of CuSO4 solution before reaction, (C) top 
view of the solution after reaction. A dark circle was formed after 
reaction, indicative of the formation of CuS (method adopted from 
Adv. Funct. Mater. 24, 60−70 (2014)). This result confirms that the 
superhydrophobic cotton fabric is gas permeable. 
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Figure C10. Comparison of different solvents for the dilution of the coating 
mixture. The OTS/water mixture (as prepared above) was diluted in 
solvents with different polarities. The water contact angles were 
measured on a 13 cm2 grade 1 filter paper that was immersed in the 
diluted solutions for 2 h.
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Table C1. Comparison of the coating described herein and commercially 
available spray coatings. The listed cost is the selling price per 100 
mL spraying solution (in US$). *Considering marginal profits, only 
material cost is calculated. The price of mineral spirits and OTS 
were 1000 US$/ton and 1100 US$/ton, respectively (based on 
average industrial material price). Hence, the total material cost is 
0.1 US$. We assume the total cost is 3 times the material cost, which 
is 0.3 US$. 

Product Solvent Function 
Materials 

Cost Applicable 
products

WCA (deg.)
Glass; Fabric

This work Mineral spirits Aggregate
d OTS

0.3* glass, wood, 
paper, fabric, 
plastic, glass and 
metal

162±2; 165±2

WoodsTM 
Waterproof 
Silicone Spray

Heptane, Propane, 
Stoddard solvent

Not known 4.6 Nylon, polyester 
tent, awnings, 
leeping bags, 
snowsuits

108±2; 139±3

GrangersTM 
Footwear Repel

Water siloxane 4 Footwear, suede, 
leather, fabric, 
nubuck, nylon, 
Sheepskin

101±3; 138±8

WoodsTM Instant 
Waterproof 
Spray

Heptane, propane, 
mineral spirits

Not known 3.7 Tents, jackets, 
backpacks, 
footwear, 
headwear

116±2; 133±6

KIWITM Protect-
AllTM Leather & 
Fabric Footwear

Mixture of 
hydrocarbons C7, 
Butane, Propane, N-
Butyl acetate, 
Isobutane.

Not known 6.4 Shoes, bags, 
coats, outdoor 
equipment, suede, 
leather

108±3; 120±3

NIKWAX TX. 
Direct Spray-On

Water-based >50%; 
Acetic acid <2%

Not known 6.3 Garments with 
knitted, wicking 
linings, bevy 
sacks, synthetic 
sleeping bags

94±4; 119±4

Scotchgard 
Water Shield 
Heavy Duty 
Water Repellent 
Spray

Hydrotreated light 
petroleum distillates, 
Liquified, sweetened 
petroleum gases.

Trimethylat
ed silica

3.4 Outdoor furniture 
fabrics, jackets, 
tents, hunting 
clothes, canvas 
shoes

82±7; 130±4

KIWITM Camp 
Dry Heavy Duty 
Water Repellent

Mineral spirits or heavy 
naphtha, Xylene, 1,2,4-
trimethylbenzene

Silicone 2.4 Tents, tarps, 
boots, hunting 
apparel, outdoor 
gear, boat covers

100±2; 134±5


