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Abstract

Surface nanodroplets are nano-scale droplets immobilized on a solid surface with an

immiscible liquid environment. These droplets possess a large surface area to volume

ratio and some desirable properties such as a long lifetime and excellent stability,

compared to the bulk droplets. Surface nanodroplets can be formed in a simple and

highly controllable process of solvent exchange. Thus, surface nanodroplets have the

potential to be applied in lab-on-chip deceive design, highly sensitive chemical sensing,

micro-reactors, high-resolution imaging, catalytic reaction and others. The novelty

of our works is that we applied the advantages of accelerated mass transfer and re-

action rate of the surface nanodroplet in fast acid mixture detection and controllable

surface-bound materials synthesis.

This thesis reports acid detection and nanomaterials synthesis by using functional sur-

face nanodroplets. The surface nanodroplets containing halochromic chemical com-

pounds are formed by solvent exchange. A colorimetric reaction takes place in the

droplets by extracting acidic analyte from the bulk. The time scale of the color change

depends on the droplet size, interfacial properties and the dissociation constant of the

analyte. The decoloration time is specific to the acid type, giving the possibility to

distinguish the multi-component mixtures. Compared to other acid detectors, surface

nanodroplets give a faster and more visualized result based on the color change and

show potential in instrument-free detection. Furthermore, a partition shifting down

of the analyte is found by the coupled extraction and reaction process of the surface

nanodroplet. A higher sensitivity of the colorimetric reaction in droplets is obtained

compared to the bulk system. The coupled nanoextraction and chemical reaction
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have been theoretically investigated and show good agreement with the experimental

results. Finally, the surface nanodroplets are used as the template and nucleation

site to fabricate the surface-bound materials from the biphasic reaction. Surface nan-

odroplets enhanced the biphasic reaction, reducing the need of catalyst and additive

chemicals, compared to the reaction in bulk. Micro- or nano-structures of metal and

metal oxides are fabricated, which can be applied in photo-catalytic degradation and

surface enhancement Raman scattering.
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”Life is like riding a bicycle. To keep your balance, you must keep moving.”

- Albert Einestein
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Chapter 1

Introduction

Micro-sized and even smaller droplets are important in emulsion, lab-on-chip devices,

micro-reactor, chemical sensing, materials synthesis and among many others, as shown

in Figure 1.1.[1–7] The microdroplets have large surface area to volume ratios. Here

the surface area to volume ratio (s) can be defined as S/V. S is the surface area of

the droplets and V is the volume of the droplets. Recently, attention has been drawn

to the significantly enhanced reaction rate of the microdroplets.

1.1 Extraction, reaction and nanomaterial fabrica-

tion of microdroplets

1.1.1 Microdroplets for chemical extraction enhancement

Liquid-liquid extraction has been widely applied in chemical extraction and detec-

tion. The principle of liquid-liquid extraction is based on the solubility difference

of the target analyte between sample solution and extractant. For example, C2Cl4

is widely used to extract polycyclic aromatic hydrocarbons (PAHs) from water due
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Figure 1.1: Applications of micro-scale droplets on solid substrate. (With permissions

from Ref.[7]. Copyright (2019) American Physical Society.)
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to the much higher solubility of PAHs in C2Cl4 than in water[8]. Noticeably, the

sample solution should be immiscible with the extractant. The main drawbacks of

the traditional liquid-liquid extraction are time-consuming because of the excessive

processes of shaking, heating, centrifugation and filtration [9–14].

Researchers have tried to increase the extraction efficiency by enhancing the mass

transfer. Thus, microdroplets have been applied in liquid-liquid extraction to im-

prove the extraction efficiency due to the large surface area to volume ratio, as shown

in Figure 1.1. Two common microdroplet-based liquid-liquid extractions are used, in-

cluding single-droplet microextraction (SDME) and dispersive liquid-liquid microex-

traction (DLLME).

a. Single-droplet microextraction (SDME)

Single-droplet microextraction is an approach that uses a single droplet at a volume

of 1-10 µL to extract target analytes from sample solution liquid[15]. A syringe with

a fine tip was used to control the droplet volume and hold the droplet during the

extraction process. To achieve high-efficiency extraction, the extractant liquid micro-

droplet was fully immersed into the sample solution, realizing a completed interaction

between two liquids, as shown in Figure 1.2 right. Noticeably, the extraction liquid

should be immiscible with the sample solution. This method is also named as di-

rect immersion SDME (direct-SDME)[16, 17]. By using direct-SDME, researchers

achieved four orders of magnitude higher extraction rate of paraben and phthalate

than the conventional liquid-liquid extraction[18, 19].

When extracting a volatile or semi-volatile analyte, it is unnecessary to immerse the

extractant droplet inside the sample liquid. A more clean-up method named head

space SDME (HS-SDME) has been explicitly applied to this situation. In HS-SDME,

the droplet also was controlled and stabilized by a syringe with a fine tip. However,
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the droplet is suspended on the top of the vial without contacting the sample liquid,

as shown in Figure 1.2 left. The volatile analyte is evaporated from the sample solu-

tion and captured by the extractant droplet[20]. Generally, heating is used to enhance

the evaporation rate of the analyte and thus enhance the extraction efficency[20]. By

using HS-SDME, the sensitivity of the detection of terpenes can be enhanced up to

200 times of the traditional liquid-liquid extraction method[21].

Due to the limitation of the syringe precision, SDME can not form droplets with a

size less than 1 µL. Since the mass transfer rate of the liquid-liquid extraction is

inversely proportional to the droplet size, it has been proposed that the efficiency

of the liquid-liquid extraction can be further improved by using smaller droplets. A

novel self-emulsification method named dispersive liquid-liquid microextraction has

been invented to achieve more efficient extraction by using dispersive microdroplets

in bulk liquid[8].

Figure 1.2: General sketch of the single-drop microextraction: Direct-SDEM (right)

and HS-SDME (left).
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b. Dispersive liquid–liquid microextraction (DLLME)

The process of the DLLME is sketched in Figure 1.3. If the sample solution is aqueous,

the extractant needs to be a water-insoluble phase. When a mixture of extractant

liquid and disperse solvent is injected into the aqueous phase, the extractant liquid

spontaneously forms microdroplets and disperses in the sample solution due to the

existence of the disperse solvent[22]. Generally, the disperse solvent is the co-solvent

of extractant and sample solution. Those dispersed extractant microdroplets can ex-

ist for a few to tens of minutes and enable a high recovery rate. After the extraction

process, centrifugation is applied to separate sample liquid and extractant liquid.

Then the extractant liquid containing extracted analyte was taken out for analysis by

using analytical instruments, including GC-MS[23], HPLC[24], UV-vis[25] and among

other analytical instruments.

In DLLME, the disperse solvent is a co-solvent of sample solution and extractant

liquid. Thus, the self-emulsification process is also known as Ouzo effect[26]. The

principle of Ouzo effect emulsification is that when a poor solvent is added into a

mixture of good solvent and co-solvent, the miscibility reduces sharply, leading to an

oversaturation of good solvent and thus nucleation of the good solvent microdroplets.

The detail of the Ouzo effect will be explained in the following section (section 1.3).

The Ouzo effect can form the droplets with the volume of femtoliter and even a smaller

scale[26], enabling a much faster mass transfer rate than other methods. Compared

to SDME, DLLME have less time consumption. Most of the DLLME process can be

finished within one minute[15]. According to two recent review articles, 40 chemicals

in the analysis of forensic toxicity and 89 of pesticides and pharmaceuticals have been

extracted by this method[27, 28].

The advantages of the DLLME are small consumption of extraction solvent, short

time of extraction process and high enrichment factor. However, a downside of the

method is that it is difficult to avoid toxic extracting solvents (e.g. carbon tetra-
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chloride) or a large amount of harmful dispersive solvents (e.g. methanol). Next,

DLLME requires the consumption of relatively large volumes (i.e. mL) of disperser

solvents, which usually decreases the partition coefficient of analytes into the extract-

ing solvent. The technique is also time and reagent-consuming requires dedicated

instruments for separation, i.e., it is expensive. Moreover, although the performance

of DLLME in aqueous samples is excellent, it is not yet suitable in complex matrices

such as biological samples. Therefore, the method urgently needs further improve-

ments, miniaturization, and extensions, and the cost must be considerably reduced.

Figure 1.3: General sketch of the dispersive liquid-liquid microextraction procedure.

(With permissions from Ref.[22]. Copyright (2011) Elsevier Ltd.)
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1.1.2 Microdroplets for chemical reaction acceleration

The reaction rate in microdroplets can be significantly enhanced.[29] Microdroplets

can achieve even six orders of magnitude higher reaction rates compared to reactions

that happened in the bulk surrounding.[30, 31] Meanwhile, microdroplets enable spon-

taneous reactions that would require catalyst when they happen in a bulk environ-

ment.[32] Such advantages of the chemical reaction enhancement in microdroplets at-

tracted great research interest. Currently, five common methods are used to generate

microdroplets for reaction acceleration, including reaction in sprays, microdroplet-

microdroplet collision, microdroplet splashing on a substrate, individual levitated

microdroplets and thin films. By using these methods, many reactions have been

applied to achieve high output, including dehydration[33], Schiff base formation[34,

35], Oxidation of amine or sulfide[33] and among other reactions.

Currently, three hypotheses have been proposed, including the enthalpy effect, en-

tropy effect and fast diffusion and mixing. The solvation state plays an essential role

in the reaction rate constant in the enthalpy effect hypothesis.[36] When the reaction

happens in the gas phase (no solvation state), the rate constant can be very high due

to the low energy barrier, as shown in Figure 1.4a. In some cases, when the reaction

happens in the bulk phase (full solvation state), the rate constant is around six mag-

nitudes lower than the reaction in the gas phase, measured from the experimental

results. Thus, researchers proposed this difference by a high energy barrier in the

bulk phase due to a transition state formed during the reaction, as shown in Figure

1.4c. Wei et al.[29] attributed the acceleration of the reaction in microdroplets to the

intermediate state of the solvation between the gas phase and bulk phase, as shown

in Figure 1.4b. As partial solvation ions can be easily formed by microdroplets, due

to the coulombic explosions, as studied by mass-spectrometry[37]. The partial solva-

tion of the reactant in the microdroplet decreases the energy barrier for the reaction,

leading to a higher reaction rate constant than the reaction in the bulk phase.
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Another thermodynamic hypothesis is the entropy effect. Zhou et al. found an or-

dered orientation of the solute molecules at the surface of the droplets.[38] The ordered

distribution of the molecules may have a lower entropy and higher energy at the initial

state (before the reaction), leading to a lower energy barrier during the reaction than

the bulk. Wei et al. attributed this ordered orientation of the molecules at the surface

to electrostatic repulsion[29]. Further evidence to support this hypothesis is that the

water is more like to form an ice structure at the interface of gas-phase or solid-phase

than that in bulk due to the less polar of the water molecular at the interface[39].

However, if the droplet’s inner volume is considered the same as the bulk phase, the

total reaction enhancement should not be such noticeable since the interface region

of the droplet is only a small volume of the whole droplet. Other researchers think

that the fast mass transfer and mixing may be one of the main reasons for the re-

action acceleration by microdroplets. Fallah-Araghi et al.[40] proposed a model of

reaction-diffusion at the droplet interface based on Fick’s law. They found that the

reaction products at the interface could leave the surface region and then move inside

the droplets. Furthermore, if the reaction is much faster at the interface, the con-

centration gradient of the reactant and products from the interface to the center of

the droplet would be larger, leading to a more rapid diffusion. In addition, the flow

of the external phases can attribute to turbulence inside of the droplet, leading to a

faster diffusion and mixing[41].

In order to analyze the reaction process, some analytical instruments, including high-

performance liquid chromatography (HPLC), ultraviolet-visible spectroscopy (UV-

vis), nuclear magnetic resonance (NMR) and mass spectrometry (MS), were used to

monitor the consumption of reactant and generation of the product during the re-

action.[42–45] However, due to the short lifetime of the microdroplets, the current

methods only focus on the reaction that happens in micro-second and even shorter

time scale. Some other long-term reactions like reversible reactions and the very low

concentration still remain research interest.
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Figure 1.4: Dependence of the rate constants on reaction energy for the dilute gas

phase (a), microdroplet interface (b), and bulk phase (c). A and B refer to two

different reactants, S refers to solvent molecules, and C and D are two products. In

order to make an analogy to gas-phase reactions, A is assumed to be the ionic form

and B is neutral. A plus sign indicates that two particles are far from each other.

An ellipsis indicates that the two particles are approaching but no bond is formed.

A minus sign indicates bond formation. (With permissions from Ref.[29]. Copyright

(2020) Annual Reviews.)
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1.1.3 Microdroplets for materials synthesis

Many material syntheses are based on chemical reactions. As microdroplets have al-

ready shown good reaction enhancement, researchers proposed to use microdroplets

in materials synthesis enhancement. The electrospray has been considered to re-

place the traditional redox reaction in materials synthesis. Li et al. formed gold and

silver nanoparticles by using electrospray of gold and silver salts. The as-produced

nanoparticles range from 2.2 nm to 6.5 nm and show an excellent catalytic reaction in

reducing 4-nitrophenol. The rate constant of the catalytical reaction of the nanoparti-

cles forming by electrospray is two magnitudes higher than the nanoparticles forming

from traditional redox reaction[46]. By using different precursor solutions, the elec-

trospray method can also be used to fabricate other nanoparticles.

The size and morphology of the materials fabricated by electrospray show a rela-

tively large deviation due to the uncontrollable formation of the microdroplet during

the spray process. Thus, micro-fluidic systems have been applied to generate micro-

droplets with a stable size and morphology[47, 48]. The convection flow inside and

outside of the microdroplets in the micro-fluidic system can further enhance the mass

transfer and reaction[47]. Ameloot et al. applied biphasic reaction and micro-fluidic

system in the synthesis of metal-organic framework (MOF) hollow sphere structure.

The products show a fixed size with 375 µm in diameter and have been applied in the

selection of small molecules[49]. Especially, thanks to the highly controllable process

of the reaction, micro-fluidic systems have been used to fabricate Janus materials,

which have areas with different physical or chemical proprieties in individual parti-

cle[47]. For example, Yu et al., by using the microfluidic system, fabricated titanium

oxide and carbon black micro-spheres. When a patterned electric field was applied,

the titanium oxide area showed a white color while carbon black showed black.[50]

Such advantages of the materials synthesis by using microdroplets attracted thou-

sands of researchers and have been applied to a broad range of materials. Not limited
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to electrospray and micro-fluidic systems, different methods for microdroplet forma-

tion and different types of materials synthesis are still keeping developing.

1.2 Surface nanodroplets

The surface nanodroplets are the droplets immobilized on a solid substrate within an

immiscible phase (usually another liquid phase). Here, the nano refers to the height

of the droplets is ranging from tens to hundreds of nanometers. The base diameter of

the droplet may range from hundreds of nanometers to tens of micrometers. Surface

nanodroplets are spherical cape shape, as shown in Figure 1.5. The height of the

droplet (H) is the distance from the top of the droplet to the substrate. H may be

larger or smaller than the sphere radius (R) based on the contact angle (θ). Only

when θ =90◦, H and L/2 (lateral radius) equal to R. Here, L refers to the lateral

diameter. The contact angle is determined by Young’s equation[51]:

cosθ =
γSL − γSD

γLD
(1.1)

Here, γ is the interfacial tension. SL means the substrate-liquid interface. SD and

LD are substrate-droplet interface and liquid-droplet interface, respectively. From

Eq.1.1, the morphology of the surface droplet is determined by the properties of the

liquid phase, droplet phase and the substrate. The diverse selections of these three

phases make the surface droplet have multiple morphologies with different contact

angles θ and have broad application scopes.

The volume of the surface droplet (V) can be calculated by the lateral diameter (L),

Height of the droplet H and the contact angle θ. The relation can be written as:

V =
π

24
H(3L2 + 4H2) (1.2)

As mentioned above, the surface nanodroplets are tens to hundreds of nanometers in

height and hundreds of nanometers to tens of micrometers in lateral diameter. The
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volume of the surface nanodroplets is calculated as femtoliter scale from Eq.1.2.

Thanks to the pinning of the droplets on the substrate, the surface nanodroplets show

the advantage of a long lifetime. Compared to the microdroplets in bulk mentioned in

previous sections, the surface nanodroplets facilitate long-time reactions, which can

help to understand the reaction mechanism. The droplets in bulks are always keeping

moving due to the Brownian movement. However, surface droplets are stabilized on

the substrate, which allows in-situ and real-time research on the dynamic process of

reaction, extraction and among other techniques.

Efforts have been made on the formation method of the surface nanodroplets, includ-

Figure 1.5: General sketch of the surface nanodroplets.

ing injecting printing[52, 53] nanodeposition[54, 55] and de-wetting of thin films[56,

57]. The inject printing method for the formation of surface droplets is the direct de-

position of the droplets on a substrate by a fine tip[53]. The nanodeposition method is

similar to inject printing but utilizes spray, especially electrospray, to deposit a large

number of small droplets on the substrate surface[55]. As for the de-wetting of the

thin films, when the substrate is exposed to an electron beam, the surface properties

changes, leading to a difference in the wettability between the un-exposed area and

the exposed area. Thus the water film leaves the hydrophobic area and accumulates
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in the hydrophilic area, forming surface droplets on the substrate[57].

The methods mentioned above have unique advantages. For example, inject printing

shows the benefits of flexibility in size and liquid types, low cost, and potential for

automation. The de-wetting of the thin-film method is a highly controllable method

in fabricating the surface droplet and can fabricate the droplets with the size down

to a sub-micron scale. However, there are still some limitations of those methods due

to the capillary force, external energy and others.

Limited by the capillary force, the inject printing method currently can only fabricate

droplets with the size of tens micro-liter. The de-wetting of the thin film shows the

potential to reach the femtoliter scale of the droplet. However, the current challenges

include strict instrument requirements, low droplet aspect ratios, and low surface

coverage. As for the nanodepostion, the deposited droplet shows a large deviation in

the droplet sizes. Solvent exchange, inspired by the Ouzo effect, can overcome the

drawbacks motioned above and show advantages in a highly controllable manner, low

cost, convenience and flexibility in forming the surface droplet with a small volume

(femtoliter of smaller).

1.3 Ouzo effect

Ouzo is a very famous Greek alcoholic beverage which contains alcohol and anise oil.

When water was added, the Ouzo mixture became cloudy due to the spontaneous

formation of anise oil microdroplets. This phenomenon is named as Ouzo effect, also

known as nanoprecipitation[58], solvent displacement process[59],spontaneous emulsi-

fication[60] or solvent shifting[61]. Recently, the Ouzo effect has been widely applied

in many areas, not limiting in dispersed droplet formation, liquid-liquid extraction

and nanomaterials synthesis.

The mechanism of the Ouzo effect is quite interesting. As oil and water are immiscible,
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ethanol acts as a disperse liquid that is miscible whit both oil and water, also known

as co-solvent. When water is added to a mixture of oil and ethanol, the miscibility

of the oil reduces sharply, leading to an oversaturation of the oil. This oversatura-

tion provides the energy to overcome the barrier of nucleation. The as-nucleated oil

droplets formed a depletion area near the droplets. In this depletion area, no more

nucleation can happen, leading to a meta-stable phase of the oil droplets, as known

as the Ouzo effect.[26] The Ouzo effect is low-cost and energy effective for droplets

formation without the requirement for external energy, stirring or surfactants.

The ternary phase diagram in Figure 1.6 clearly shows the solubility equilibrium of

water-oil-cosolvent system. Here, S represents the co-solvent of oil and water. The

binodal curve is the equilibrium line (solubility line). The area above the binodal

curve is one phase region, while the area below the binodal curve is the phase sepa-

ration region. The Ouzo region is between the binodal curve and spinodal curve, as

shown in Figure 1.6. The ouzo region is a metastable region where oil droplets can

exist for a long time.

1.4 Formation of surface nanodroplets by solvent

exchange

Inspired by the Ouzo effect, Zhang et al. reported a simple and straightforward

method to form surface nanodroplets on a hydrophobic substrate in a water sur-

rounding[63]. The as-formed surface nanodroplets have the contact angle of 10◦.

This method is named solvent exchange. In the process, one solvent displaces an-

other liquid in a chamber. With further investigation of the solvent exchange, this

method has been demonstrated as a low-cost, environmentally friendly, simple, fast

and highly controllable for the formation of diverse surface nanodroplets. Impor-
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Figure 1.6: Sketch of the Ouzo region in ternary phase diagram. (With permissions

from Ref.[62]. Copyright (2016) Elsevier Ltd.)

tantly, an approach (See Figure 1.7) is developed to convert surface nanodroplets of

monomer to permanent surface microlenses via in-situ photopolymerization process.

The approach decreases the difficulty of characterization and further demonstrates

the volume of the surface nanodroplets with femtoliter volumes[64].

Typically, the solvent exchange is preformed in a narrow chamber, as shown in Figure

1.8. The fluid chamber firstly is filled with a good solvent of the oil (solution A) and

then the good solvent is slowly replaced by a poor solvent of oil (solution B). During

the replacement, oil microdroplets can be formed both in bulk and on the substrate

surface due to the oversaturation of oil at the mixing front. However, compared to

the bulk, the droplets on the solid surface have less surface area because of the spher-

ical cap shape. Thus, the required energy for nucleation is less for surface droplets

than for bulk droplets. In other words, droplets are more likely to be formed on the

solid surface during nucleation. Several factors can impact the formation process of

the surface nanodroplets by the solvent exchange, including flow conditions, solution
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composition, and substrate properties.

Figure 1.7: Sketch of the formation of permanent surface lens by surface nanodroplets.

(With permissions from Ref.[64]. Copyright (2012) Royal Society of Chemistry)

1.4.1 Flow conditions for the solvent exchange

The flow condition plays an important role in forming surface nanodroplets. Zhang et

al. found that the droplet volume increases with the flow rate and further investigated
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Figure 1.8: Sketch of the fluid chamber for solvent exchange process. (With permis-

sions from Ref.[65]. Copyright (2015) American Physical Society).

the mechanism of heterogeneous nucleation and the following growth of the surface

nanodroplets during the solvent exchange[66]. The over-saturation pulse at the mixing

front of good solvent and poor solvent can be expressed as:

ζ(t) =
c∞
cs

− 1 (1.3)

Here, ζ(t) is the over-saturation level as a function of time, cs is the solubility of the

oil in the solution, c∞ is the solubility of the oil at equilibrium state.

When the over-saturation front passes the substrate, the surface nanodroplets nu-

cleate, grow and stop growth after the mixing front passes. The growing process of

the droplet is based on the diffusive mass transfer of oil from the bulk to the droplet

surface. As we know, the diffusion process is driven by the concentration gradient

(∂rc
⃓⃓
R

). The growth model of the surface nanodroplets is assumed to be in a constant

contact angle mode and then can be expressed as[66]:

ṁ = 4πρoilR
2Ṙ = 4πDcR

2∂rc
⃓⃓
R

(1.4)

Dc is the diffusion constant.

The flow inside of the chamber is in a laminar region, the diffusion layer thickness (λ)

can be expressed as: λ ∼ R/
√
Pe[67], due to the Prandtl–Blasius–Pohlhausen-type

behavior. Here, Peclet number Pe is a dimensionless number expressed as: Pe = Q
wD

.

Q is the flux and w is the width of the chamber. Thus, the concentration gradient
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can be rewritten as:

∂rc
⃓⃓
R
∼ c∞ − cs,wat

λ
∼ cs,wat

ζ(t)

λ
∼ cs,wat

√
PeR−1ζ(t) (1.5)

After substituting Eq.1.5 to Eq.1.3, the growth process can be expressed as:

RṘ ∼ Dcs,wat

ρoil

√
Peζ(t) (1.6)

The above equation is integrated from 0 to Rf and from 0 to t=∞. ζ(t) can be

represented by ζmaxτ . Thus:

Rf ∼ (
Dcs,wat

ρoil
ζmaxτ

√
Pe)1/2 (1.7)

Here, τ is the duration of the over-saturation pulse passing a given location, that is,

the time scale of the droplet growth. In the fluid chamber, τ ∼ h2/D, due to the

laminar flow. h is the channel height of the chamber. Thus, the final relation between

droplet volume and flow condition (Pe) can be written as:

V ol ∼ R3
f ∼ h3(

cs,wat

ρoil
)(
cs,eth
cs,wat

− 1)Pe3/4 (1.8)

Eq.1.8 shows a good agreement with the experiment data, suggesting that the theo-

retical model is valid for the solvent exchange process.

The dynamic process of nanodroplet growth during the solvent exchange has been

investigated by Dyett et al. by using total internal reflection fluorescence (TIRF)

microscopy with a high temporal and spatial resolution[68]. TIRF enables monitor-

ing of the growth of surface nanodroplets during the solvent exchange. The duration

of the over-saturation (τ) is ∼ Pe−1/2, which can be described as the Taylor-Aris

dispersion[69]. The over-saturation can be expressed as:

ζ(t) = ζmaxe
−(t−t0)

2

2τ2 (1.9)

Thus, when substitute ζ(t) to Eq.1.6 and apply error function, then the new expression

is written as:

R(t)2 ∼ Dcs,wat

ρoil

√
PeζmaxτErf(

t− t0√
2τ

) (1.10)
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Eq.1.10 can be further simplified by using τ ∼ Pe−1/2.

R(t)2 ∼ h2 cs,wat

ρoil

√
PeErf(

t− t0√
2τ

) (1.11)

Further integration of Eq.1.11 gives the dynamic volume of the droplet V(t):

V (t) ∼ (R(t))3 ∼ Vf (Pe)(Erf(
t− t0√

2τ
))3/2 (1.12)

In 2015, Yu et al. investigated the gravity effect on the formation of surface nan-

odroplets by tilting the angle of the substrate during the solvent exchange[70], as

shown in Figure 1.9. They found that the centerline of the over-saturation pulse was

shifted to the gravitational direction, leading to a longer growth time for the upper

wall and shorter growth time for the lower wall. Archimedes number was applied to

evaluate the gravity effect:

Ar =
gh3

ν

∆ρ

ρ
(1.13)

Here, ν is the kinetic viscosity of the liquid.

When Ar is less than 1, the gravity effect can be neglected. To account for the gravity

effect, they assumed the position of the shifted centerline of the over-saturation pulse

(the maximum of the velocity) as α. Thus, Eq.1.8 can be re-written as:

V ol ∼ (1 − α)3h3(
cs,wat

ρoil
)3/2(

cs,eth
cs,wat

− 1)3/2Pe3/4 (1.14)

Eq.1.14 is helpful and can be used for the design of the channel height for the solvent

exchange.

1.4.2 Geometry of the fluid chamber

The equations above show that the droplet volume depends on ∼ h3. Zhang et al.

reported that the surface nanodroplets volume increases with the channel heigh[66].

In addition, stronger convection rolls in a deeper chamber lead to better mixing of

the ethanol and water and thus larger droplets.
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Figure 1.9: Sketch of solvent exchange process at different angles. (With permissions

from Ref.[70]. Copyright (2015) American Chemical Society)

Yu et al. further investigated the influence of the channel height on the droplet for-

mation by using a micro-structured channel with varied channel heights, as shown

in Figure 1.10. Larger droplets were found at the gap with a larger channel height.

Compared to the homogeneous chamber, the varied channel height leads to an en-

hancement of the droplet volume[66]. The author attributed the effects to the longer

time τ for droplet growth, asymmetric oil concentration in the gap, and the not fully

developed flow due to the gap, respectively.

1.4.3 Effects from solution composition

In principle, the nucleation and growth of surface nanodroplets are based on the over-

saturation of two solvents at the mixing front. Thus, the over-saturation level ζ would

be another factor to control the droplet formation during the solvent exchange.

Lu et al. investigated the influence of the solvent composition on the formation of wa-

ter droplets[72, 73]. The solution composition during the solvent exchange is shown

in Figure 1.11. Here, X0 is the initial composition of solution A (good solvent). While
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Figure 1.10: A sketch of the solvent exchange under the microchannel structure with

the notations of the geometrical parameters. w is the lateral channel width, hc is the

channel height, hg is the gap height, and lg is the length of the gap. (With permissions

from Ref.[71]. Copyright (2017) Royal Society of Chemistry)

Xend is the final composition after the solvent exchange (poor solvent). Thus, the red

line between X0 and Xend is the dilution path during the solvent exchange. When

replacing solution A with solution B, the ratio of ethanol and water in the whole

system is constant; thus, the red line is straight. The over-saturation happens when

the dilution path contacts the equilibrium curve at the point of Xs. The integrated

area between the dilution path and equilibrium curve thermodynamically represents

the over-saturation level during the solvent exchange. Large areas indicate a signifi-

cant over-saturation level, leading to a larger volume of the surface nanodroplets than

small areas.

By applying the above thermodynamic explanation, a more precise expression of

Eq.1.7 is:

Rf ≈ (
D

ρ
Pe1/2

∫︂ ∞

0

cs(t)ζ(t)dt)1/2 (1.15)

The droplet size is linear to the square root of the integrated area and shows good

agreement with the experimental data, as shown in Figure 1.11d. Remarkably, when
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the dilution path crosses the right part of the equilibrium curve, the above analysis

is not valid because the dilution path goes over the ouzo region. A tie line has been

applied to link the dilution path and Ouzo region, as shown in Figure 1.11c.

Recently, Li et al. formed the multi-component surface nanodroplets via the solvent

exchange[74]. In this process, the oil phase in solution A is a mixture of two or three

oils. Interestingly, the ratio of the oils in surface nanodroplets is not equal to their

proportion in solution A, but is related to the over-saturation level of each oil. As

different oils have different solubility curves in the water-ethanol-oil ternary diagram,

at the same dilution path, the integrated area between the dilution path and the

equilibrium curves are different, leading to differences in the over-saturation level. Li

et al. calculated the integrated areas for each oil based on the ternary diagram. The

ratio of the integrated area of different oils shows good agreement with the ratio of the

oils that ended up in surface nanodroplets. As shown in Figure 1.12, the agreement

indicates that the over-saturation principle is valid for a multi-component system.

1.4.4 Effects of physicochemical properties of the subsbtrate

a. Homogeneous substrate

As mentioned before, the droplet volume increased with the increase of the flow

rate[66]. Xu et al. found that the surface coverage of the droplet increases with

the flow rate and then reaches a plateau[75]. The maximum surface coverage of

the surface nanodroplets is between 35% to 50%, depending on the contact angle of

the droplets. The author used the distribution function and Voronoi tessellation to

analyze this phenomenon and then attributed this to the collective interaction effect

of the surface nanodroplets and the coalescence during the nucleation and growth,

as shown in Figure 1.13. The depleted area A increases linearly with the footprint

area by the Voronoi tessellation model, indicating the diffusive driven growth of the

22



Figure 1.11: Sketch of the solution composition during the solvent exchange in a

three-phase diagram. (a) The initial solution composition at X0 is undersaturated

with water. The dilution curve is the red line, following which the solution becomes

saturated at Xs. The temporary over-saturation level of water at point C is the

projection of line CD on the water axis. (b) The overall over-saturation level is

reflected by blue shaded area A. (c) Xs is above the Ouzo region. Macroscopic phase

separation occurs along the tie line (dotted red line). The oil-rich sub-phase at X ′
s

contributes to droplet formation. (d) The droplet size increases almost linearly with

A0.5. (With permissions from Ref.[72]. Copyright (2016) American Chemical Society)
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Figure 1.12: (a) Plots of binary droplet composition compared to the component ratio

in solution A. (b) Sketch shows the calculation of the over-saturation level from the

solubility phase diagram with a known oil-to-ethanol initial ratio. (With permissions

from Ref.[74]. Copyright (2018) American Chemical Society)
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droplet. The correlation between the droplet size and the footprint area is similar to

that for surface nanobubbles.[76]

Figure 1.13: Representative optical image of polymerised nanodroplets (a), and the

corresponding modified Voronoi tessellation (b), which is based on the distance be-

tween two the footprints of adjacent droplets. In (c) schematic top & side views. Nd

is the number of molecules in the droplet, and NV is the original number of molecules

in the depleted volume around the droplet, which scales as ∼ A3/2. (With permissions

from Ref.[75]. Copyright (2017) Royal Society of Chemistry)

b. Chemically heterogeneous substrates

For the nucleation of surface nanodroplets during the solvent exchange, the exis-

tence of the substrate decreases the energy barrier for the nucleation. For forming oil
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droplets, a hydrophobic substrate is usually needed, while a hydrophobic substrate

is needed for forming water droplets. Bao et al. fabricated chemically pre-patterned

substrate with hydrophobic micro-domains on a hydrophilic background[77]. By sol-

vent exchange, the droplets formed selectively on the hydrophobic domains, as shown

in Figure 1.14. Due to the pinning effect at the edge of the domain, a higher contact

angle of the surface nanodroplets was found at a higher oil concentration in solution

A. The ordered droplet arrays give the surface nanodroplets a border application po-

tential, especially in optical fields.

Bao et al. further used the patterned substrate for studying the growth mode of

surface nanodroplets[78], as sketched in Figure 1.15. The droplets grow at a constant

contact angle (CA) mode at the initial state. When the based diameter of the droplet

reaches the boundary of the patterned domain, further growth of the droplet follows

the constant radius (CR) mode. Thus, the theoretical model of the droplet growth

on a patterned substrate needs to be separated into two parts. When we look at an

individual droplet, the Eq.1.6 can be re-written as:

RṘ ∼ D

ρd
c(t)

√
Peζ(t) (1.16)

When assuming the competitive growth of the neighboring droplets and the vary early

state (R=0) can be neglected, after substituting and integration, the droplet growth

function in CA mode can be written as:

L2 ∼ Dcs,0
ρd

ζmaxPe1/2Erf(tc(L, Pe)) (1.17)

The following CR mode indicates that R is constant and contact angle θ increases

during the growth. Thus:

dθ

dt
=

4D

ρdL2
(1 + cosθ)2f(θ)cs(t)ζ(t) (1.18)

By integration Eq.1.18 from initial contact angle θc to final contact angle θf , the

droplet growth on patterned substrate under CA and CR mode can be determined.
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Figure 1.14: (a)–(l) Morphology and size of the polymerized droplets formed on

pre-patterned hydrophobic substrates at five different oil concentrations Cm. (With

permissions from Ref.[77].

c. Micro-structured substrate

In 2015, Peng et al. firstly reported the formation of surface nanodroplets around

a microcap[79]. Surface nanodroplets formed at the rim of the microcaps with a

symmetrical arrangement in the position, size, and mutual distance, as shown in

Figure 1.16d-i. Initially, a large number of small surface nanodroplets formed at the

rim of the microcaps. At this stage, those droplets were similar in their size. During

the later time, heterogeneous sizes of droplets were found. The number of the surface

nanodroplets decreased with time due to the coalescence, leading to an increase in

the individual droplet volume. In the end, only one surface nanodroplets remained

on the side of the microcaps, as shown in Figure 1.16a,b.

Further research on the dynamic mechanism of this phenomenon of growing droplets

was done by Dyett et al.[80]. The author used TIRF to in-situ monitor the coalescence

process of the surface nanodroplets around the microcaps rim. The coalescence of the

droplet happened in two neighboring droplets. The location of the merged droplet
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Figure 1.15: The sketch of droplet growth on patterned substrate under constant

angle (CA) mode and constant radius (CR) mode. (With permissions from Ref.[78].

Copyright (2016) American Chemical Society)

28



was re-assigned and following a scaling law: ∆θ1
∆θ2

≈ ( r1
r2

)−2. Where r1 and r2 are the

diameters of two droplets, respectively. While ∆θ1 and ∆θ2 are the angle differences

between two un-merged (parent) droplets and the final position of the as-merged

droplet, respectively. The scaling analysis suggested that the position of the merged

droplet was mainly impacted by the larger parent droplet. A further dynamical model

from the numerical analysis was established as : Φ ∼ r/R, as shown in Figure 1.16j,k.

Here, Φ =2π
N

. R is the radius of the microcaps.

Yu et al. reported the formation of surface nanodroplets on the wall surface of a

micro-fiber[81]. The surface now is not a plane but a curve. However, the surface

nanodroplets can still be formed on the surface, as shown in Figure 1.17. Compared

to the plane substrate, at the same condition, the droplet formation on a micro-fiber

was significantly enhanced due to the local flow condition changed by the micro-fiber.

Although the droplet size increased with flow rate, orientations of the fiber have a

significant influence on growth dynamics.

d. pH-responsive substrate

Lu et al. reported the formation of surface oil nanodroplets on a pH-sensitive substrate

via solvent exchange[82]. The gold substrate was coated with a monolayer of the

binary mixture of 11-mercaptoundecanoic acid and dodecanethiol. This substrate is

sensitive to the pH value, leading to a different surface wettability at different pH

values, as shown in Figure 1.18. At different pH values, the contact angle varied. The

MoS2 was used as the model sample with a 3D structure of different wettability. The

contact angle of the droplets at MoS2 face and edge varied on the plane and on the

edge due to the different wettability.
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Figure 1.16: Spatial arrangement of the nanodroplets around the microcap. (a, b)

AFM and SEM images of nanodroplets sitting on a microcap. (c) Notation of the

nanodroplets and the microcap. (d–i) AFM images of multiple nanodroplets around

one microcap with Symmetric N-gons from N=2-7 (d-i). (j) Representation of the

coalescence model when N = 9, 6, 3, respectively. The respective angles Φ between the

droplets before and after the coalescence process are also shown. (k) Angle Φ (light

blue line) and average angle Φ (red line) between droplets vs. r/R as revealed from

the model. (Reproduced With permissions from Ref.[79]. Copyright (2015) American

Chemical Society and Ref.[80]. Copyright (2018) Royal Society of Chemistry)
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Figure 1.17: (a) Imaging analysis process by using Matlab software: 1. Image contrast

enhancement and binarization; 2. edge detection; 3. surface droplet detection; 4.

circle fit through all detected droplets. The mean diameter of droplets was obtained

as the intersection of points between the fitted circles and the surface of the fiber. (b)

Confocal microscopy image of surface droplets on the microfiber. The shape of the

droplets (dyed in red) is that of a clam shell. The definition of the lateral diameter

Dd and the height H is notated in the sketch. The ratio of H to Dd is about 0.32.

(With permissions from Ref.[81]. Copyright (2018) Royal Society of Chemistry)
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Figure 1.18: Sketch of the droplet formed on pH sensitive substrate and MoS2 sample.

(With permissions from Ref.[82]. Copyright (2016) American Chemical Society)

1.5 Chemical reactions of surface nanodroplets

As surface nanodroplets can be stable on the surface, the reaction by surface nan-

odroplets can be detected easily without the influence of coalescence and move-

ment. Li et al. investigated the mechanism of the biphasic reaction by surface

nanodroplets[83, 84]. Oleic acid surface nanodroplets formed by solvent exchange

and then reacted with NaOH solution. The droplets shrinked during the reaction

due to converting oleic acid to soap and then were removed from the droplet to bulk.

The flow condition Pe and NaOH concentration were observed to affect the droplet

shrinkage rate significantly. The scaling analysis gives the reaction:

t ∼ Pe−3/2(Krcre,bulk)−1 (1.19)

Here, t is the lifetime of the droplet (from the original state to disappear), Kr is the

reaction constant and cre,bulk is the NaOH concentration in water.

The follow-up work to investigate the size effect on the reaction rate showed that

the reaction rate increased with the decrease in the droplet size[84]. The enhanced

32



reaction rate was independent of the surface coverage of the droplet and the flow rate

of the external phase. A scaling analysis suggested Ṙ ∼ R−2.

1.6 Applications of surface nanodroplets

Surface nanodroplets formed by solvent exchange exhibit the advantages of a long

lifetime, excellent stability, flexibility and highly controllable formation. Those ad-

vantages make surface nanodroplets have broad applications, not limited to funda-

mental research in reaction kinetics, in-situ extraction and chemical sensing, materials

synthesis and optical enhancement.

1.6.1 Surface nanodroplets for chemical sensing

Li et al. reported a method that combines surface nanodroplets for chemical extrac-

tion and surface enhancement Raman scattering (SERS) to achieve one-step high sen-

sitivity chemical sensing[85], as sketched in Figure 1.19. Binary surface nanodroplets

of vitamin E (VE) and octanol were formed by solvent exchange. Then silver precur-

sor solution was injected to react with VE component, forming silver nanoparticles

on the surface of the droplet. After the reaction, an aqueous solution with the target

chemical was injected and the analyte was extracted into silver nanoparticles armored

droplets. The Raman spectrometer was applied to analyze the extracted chemicals.

The experiment results show that the limit of detection (LoD) for Rhodamine 6G

(R6G) can be down to 10−9 M with a quantitive analysis range of 10−6 M to 10−9

M. Compared to the traditional DLLME, this method can avoid multi-steps and the

contaminations from the dispersive solvent.

The interface between two immiscible liquids can somehow act as a protective bar-

rier. You et al. applied surface nanodroplets in the extraction of chemicals from a
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suspension solution[86]. The surface nanodroplets were formed on the inner wall of a

hydrophobized capillary tube with the total volume of the sub-milliliter scale. Then

a simulated oil sand wastewater with Nile red (model compound) was injected. The

narrow diameter of the capillary tube enables extraction with high efficiency. The

detection of Nile red was evaluated by the fluorescence microscopy with LoD of 10−8

M and also showed a good linear correlation of intensity and concentration from 10−6

M to 10−8 M. The low volume of the droplet liquid and feasibility in dirty suspension

liquid make this method can be green, sustainable nanoextraction in severe environ-

mental conditions.

Other works have been conducted to apply surface nanodroplets in chemical extrac-

tion and sensing, including the determination of partition coefficient[87] and encapsu-

lated droplet the extraction enhancement[88]. The above examples demonstrate that

the surface nanodroplets have broad application potential in this field.

1.6.2 Surface nanodroplets for optical enhancement

Surface nanodroplets show a perfectly spherical shape without any defect due to the

free phase of two immiscible liquids. The spherical shape shows good potential for

optical enhancement. For example, Li et al. found that the fluorescence intensity

in the encapsulated droplet is much higher than in bulk; even the bulk liquid is the

same as the encapsulated droplet[88]. They attributed this phenomenon to the lens

effect of the droplets that enhanced the intensity of the light.

Dyett et al. reported the focusing effect by the surface microlens[89]. Surface

nanolenses were fabricated from in-situ polymerization of monomer nanodroplets.

As shown in Figure 1.20A, when a surface lens was placed in the evanescent wave

field, significant light intensity enhancement was observed compared to the area with-

out the lens. The light intensity was enhanced by ∼ 20 times. The research further
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Figure 1.19: a) Schetch of the programmed flow sequence for the automation of forma-

tion of functionalised surface droplets. b) Schematic of the extraction, concentration,

and in situ detection based on surface droplets. c) The reaction scheme of VE with

AgNO3 to produce AgNPs. (With permissions from Ref.[85]. Copyright (2019) John

Wiley and Sons)
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showed that after being decorated with gold, the lens could generate plasmonic bub-

bles around the surface by laser illumination. The work demonstrated that the fo-

cusing effect of the light by the lens could lead to gas production at reduced power

input, as shown in Figure 1.20C.

Figure 1.20: (A) TIRF image of microlens decorated substrate immersed in a 50%

ethanol solution containing Nile red. Inset shows TIRF image of glass substrate

immersed in a 50% ethanol solution containing Nile red. (B) 3D representation of

a TIRF image for individual microlens. The height and color map are given by the

recorded experimental intensity. The lens is an added schematic. The approximate

focal length and enhancement are schematically depicted by the arrows. (C) Tilted

SEM of a representative gold decorated microlens and schematic representation of

the bubble growth via plasmonic heating. Scale bar = 1 µm. (With permissions from

Ref.[89]. Copyright (2018) American Chemical Society)
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1.7 Thesis Objectives

Micro-sized droplets have practical implements in many areas. Surface nanodroplets

are a specific type of micro-sized droplets immobilized on a solid surface. The ad-

vantages of the surface nanodroplets are long lifetime, stability, and others, which

are desirable for the design of lab-on-chip devices, high-resolution near-field imaging,

fast chemical sensing and many others. In recent research, the formation of the single

component and multi-component surface nanodroplets has been well established.

As state-of-the-art when my Ph.D. study started in 2018, Li et al. applied sur-

face nanodroplets in one-step ultra-sensitive chemical sensing by combining the na-

noextraction and SERS[85]. Their study reported the formation of binary surface

nanodroplets of VE and octanol, where VE component was a reactant for the for-

mation of silver nanoparticles. The as-produced silver nanodroplets were distributed

at the surface of the nanodroplets and acted as a SERS substrate. Then octanol,

as an extractant, extracted the target chemical from the bulk. The extracted target

chemicals were detected by SERS with super high sensitivity and a broad range of

quantitative detection. Surface nanodroplets have the potential to further simplify

the chemical detection process and even decrease the requirement for the instrument.

Furthermore, the surface nanodroplets have been proposed to determine not a single

compound from the bulk but diverse mixtures.

Therefore, based on this research foundation, the aim of this work is to understand

the solvent exchange process for the formation of functional surface nanodroplets, to

understand the extraction and reaction kinetics on a micro-scale and to broaden the

application of the surface nanodroplets in chemical sensing and further broaden the

applications of the surface nanodroplets. Furthermore, we expected that the surface

nanodroplets could be used as a template for micro- or nano-structures fabrication.

Thus, the specific objectives of this study were proposed as below.

1. To understand the process of functional (colored) surface nanodroplets formation
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by solvent exchange and then apply them in distinguishing of mixtures with different

acidic components.

2. To further understand (theoretically and experimentally) the coupled process of

mass transfer and chemical reaction by using functional surface nanodroplets as a

tool.

3. To develop the surface nanodroplets as a template for fabrication of surface-bound

materials in a simple, cost-effective and green manner and then apply the as-produced

materials in the photo-degradation area.

4. To further apply surface nanodroplets on the fabrication of metallic nano-structures

and apply them in surface enhancement Raman scattering for chemical sensing.

1.8 Thesis Outline

Based on the motivation and aims of this PhD study, the research that has been

conducted is outlined chapter by chapter.

Chapter 2. Integrated nanoextraction and colorimetric reactions in sur-

face nanodroplets for combinative analysis

(Published paper:Wei, Z., Li, M., Zeng, H., & Zhang, X. (2020). Integrated nanoex-

traction and colorimetric reactions in surface nanodroplets for combinative analysis.

Analytical Chemistry, 92(18), 12442-12450.)

In this work, we formed surface aqueous nanodroplets containing pH indicator and

then applied the droplet in combinative analysis of nanoextraction and colorimetric

reactions for the determination of multicomponent mixtures. The acids from external

phase were extracted into the droplet, leading to a color change of the droplet. The

time scale of the droplet decoloration was based to evaluate the rate of extraction

and reaction. We found that for acid mixtures, even they were in same pH value,

the decolor times were specific for each mixture. We further apply this approach in
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anti-counterfeiting of various alcoholic spirits by comparing decolor time of organic

acid mixtures in the spirits.

Chapter 3. Interfacial partitioning enhances microextraction by multi-

component nanodroplets

In press:Wei, Z., You, J., Zeng, H., & Zhang, X. Interfacial partitioning enhances

microextraction by multicomponent nanodroplets. The Journal of Physical Chemistry

C.)

Sensitive and reliable in-droplet chemical analysis benefits from enhanced partition

of an analyte into the droplets. In this work, we will show that chemical reactions

in surface nanodroplets can shift the partition of acid analytes from a highly diluted

solution to the droplets. As a result, acids appear to be more acidic in the droplets. In

our experiments, seven types of organic acids with partition coefficients (LgP) ranging

from -0.7 to 1.87 dissolved in an oil solution are extracted into aqueous nanodroplets

on a substrate. The timescale of coupled extraction and colorimetric reaction in the

droplets was revealed by the decoloration time of the droplets. Our results show that

the effective distribution coefficient of the acid can be shifted by 3 to 11 times of the

distribution coefficient in bulk. Such significantly shifted partition is attributed to

enhanced transfer of the acid across the droplet surface from a highly diluted solu-

tion. The chemical reaction in the droplets enhances the partition of the analyte.

Our results show that the interfacial activity of the analyte may be advantageous as

it may also improve extraction and partition. Such enhanced extraction by chemical

reaction in droplets may be leveraged for sensitive chemical detection using reactive

droplets.

Chapter 4. In-situ fabrication of metal oxide nanocaps based on biphasic

reactions with surface nanodroplets

(Published paper:Wei, Z., Dabodiya, T., Chen, J., Lu, Q., Qian, J., Meng, J., Zeng,

H., Qian, H.& Zhang, X. (2021).In-situ fabrication of metal oxide nanocaps based on

biphasic reactions with surface nanodroplets. Journal of Colloid and Interface Sci-
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ence, 608(3), 2235-2245.

Surface-bound nanomaterials are widely used in clean energy techniques from solar-

driven evaporation in desalination to hydrogen production by photocatalytic electrol-

ysis. Reactive surface nanodroplets may potentially streamline the process of fabri-

cation of a range of surface-bound nanomaterials invoking biphasic reactions at in-

terfaces. In this work, we demonstrate the feasibility of reactive surface nanodroplets

for in-situ synthesis and anchoring of nanocaps of metal oxides with tailored porous

structures. Spatial arrangement and surface coverage of nanocaps are predetermined

during the formation of nanodroplets, while the crystalline structures of metal ox-

ides can be controlled by thermal treatment of organometallic nanodroplets produced

from the biphasic reactions. Notably, tuning the ratio of reactive and nonreactive

components in surface nanodroplets enables the formation of porous nanocaps that

can double photocatalytic efficiency in the degradation of organic contaminants in

water, compared to smooth nanocaps. In total, we demonstrate in-situ fabrication

of four types of metal oxides in the shape of nanocaps. Our work shows that reac-

tive surface nanodroplets may open the door to a general, fast and tuneable route

for preparing surface-bound materials. This fabrication approach may develop new

nanomaterials needed for photocatalytic reactions, wastewater treatment, optical fo-

cusing, solar energy conversion and other clean energy techniques.

Chapter 5. Nanorings of silver nanoparticles for surface enhancment Ra-

man scattering

(Under preparation:Wei, Z., Li, Y., Zeng, H., & Zhang, X. Nanorings of silver

nanoparticles for surface enhancment Raman scattering)

Surface enhancement Raman scattering (SERS) is a powerful and ultra-sensitive

chemical sensing method in biomedical diagnosis, forensic, food safety, environment,

control of illicit, drug use and among others. In this work, we fabricated highly or-

dered nanorings of silver nanoparticles by simple droplet-based approach for SERS.

The biphasic reaction between Vitamin E in surface nanodroplets array and silver salt
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in the surrounding produces a ring of silver nanoparticles. The reaction conditions

(pH values and precursor concentrations) were tuned to optimize the nanoring array

for high SERS activity in the detection of a model compound Rhodamine 6G in an

aqueous solution. SERS signal from nanoring arrays were quantitatively correlated

with the analyte concentration ranging from 10 µM to 10 nM. Good reproduciblity

in SERS signal internsity enables quantification by using nanoring arrays of silver

nanoparticles. In addition, nanorings fabricated on a transparent glass substrate

further improve the SERS activity with LoD of 1 nM. Our droplet-based approach

demonstrates a feasible, controllable and green (no toxic solvent) method to fabricate

SERS substrate for quantitative analysis of chemicals.

Chapter 6. Conclusion and outlook

This chapter summarizes the major contributions of this thesis and recommends fu-

ture research on surface nanodroplets formation by solvent exchange process.
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Chapter 2

Integrated nanoextraction and

colorimetric reactions in surface

nanodroplets for combinative

analysis

2.1 Introduction

Surface nanodroplets are liquid droplets on a solid substrate in contact with an im-

miscible fluid medium. These droplets are tens to several hundreds nanometer in the

apex and several hundred nanometer to tens of micrometer in the base diameter.[64]

These droplets with femtoliter or even less in the volume are stable for a long time

against evaporation or dissolution, due to an immiscible external liquid phase, pos-

sessing desirable characteristics that enable novel applications in the field of chemical

analysis. As compounds with higher solubility in the droplet liquid can be extracted
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and concentrated in surface nanodroplets, liquid-liquid nanoextraction can be em-

ployed for in-situ ultrafast analysis of liquid samples with very small volume (such as

sneezing droplets) [90], and for automated determination of partition coefficient(LgP)

of drug molecules in a continuous flow system.[74]

Thanks to the large surface-to-volume ratio, nanodroplets also provide a steady and

well-controlled microcompartmentalized environment for biphasic reactions in need

of reagents in the immiscible phases of droplets and an external solution in the flow.

[87] Many chemical reactions in microdroplets are found to be faster and more effi-

cient than their macroscopic counterparts in a bulk medium[91]. Even some reactions

impossible in the bulk system without catalysts can occur spontaneously in micro-

droplets. Combining reactive component and non-reactive extractant in surface nan-

odroplets is especially powerful, as these binary droplets provide enhanced sensitivity

from a high concentration of the analyte extracted into the droplets. The concept of

integrating nanoextraction and chemical detection has been demonstrated in quanti-

tative in-situ detection by surface-enhanced Raman spectroscopy[74].

Recent advance in nanodroplets generation by solvent exchange offers new opportu-

nities for nanodroplets-based chemical analysis, as it is possible to produce multi-

component droplets by this simple method.[74] The ratio of different components in

the droplets is controlled by their respective oversaturation created by the solvent ex-

change.[74] Droplets can contain various types of solvents, their combinations or solid

solutes, [85, 90] providing a general plat form for droplet-based sensing. Up to now,

what rarely explored is the characteristic time scale from integrated nanoextraction

and chemical reactions in surface nanodroplets for chemical identification. For a given

external concentration of the compound, the extraction rate of surface nanodroplets

is not specific to the compound but is associated with its solubility difference in the

droplet and in the surrounding liquid at equilibrium (i.e. partition coefficient). If the

extracted analyte reacts with a chemical in the multicomponent droplets, the reac-

tion rate will reflect the solubility of the analyte, allowing for categorizing compounds
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based on the solubility. If other property of the analyte can also play a role in the

reaction rate, the timescale of the product from the droplet reaction will be resulted

from the synergistic effect from the solubility and other property, and hence more

specific to the compound. With increasing the number of analytes extracted to the

reactive droplets, the time scale for the product can be more complex from combined

effects of all components in the solubility family, and be even unique for the mixture.

To demonstrate this concept of combinative analysis by using reactive surface nan-

odroplets, we choose the detection of a mixture of organic acids in one-step.

Detection of acidic compounds is critically important in many areas, such as con-

trolling the flavors and quality of food, and anti-corrosion of petroleum and gasoline

products. [92–96]. In many cases, acidic compounds are presented in the oil phase,

ranging from heavy oils, petroleum products to cooking oil, beverages and essential

oils for well being and medical use [92–94].

Colorimetric detection of organic acids in an aqueous medium could contribute to

eliminating the risks of using highly toxic organic solvents in analysis of acids in

oil. However, there are challenges for detecting acidic compounds in oil by using the

aqueous solution of the indicator, as the reaction requires access to the reagents in

two immiscible liquids, oil and water. Intrinsic characteristics of biphasic reactions

could be severely influenced by the inefficient mixing, due to the limited interface

between oil and water in the bulk medium. Thus it often requires a long time for

acidic compounds to achieve equilibrium within the oil-water system.[97]

Furthermore, as the colorimetric reaction occurred in aqueous solution reveals the

acids that are transferred into the water, the acid concentration in the oil phase may

be determined only when the oil-water partition coefficient (lgP) of the acid is known.

[98, 99] In many cases, lgP of the acid is not necessarily available for given detection

conditions and the determination of lgP is also time and equipment consuming. [87,

100–102] To overcome the above challenges, a detection process that can reduce the

time for partition equilibrium and can minimize the chemical consumption becomes
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highly valuable for detection of acidic compounds in oil.

In this work, we will show a nanodroplets-based combinative approach for colorimetric

detection and identification of organic acid family in oils. The droplets containing pH

indicators show visible and sensitive colorimetric response to organic acids extracted

from the surrounding oil flow. The rate of the response is related to the type of acids,

due to the effect of partition coefficient and dissociation constant of the acid on the

transport into the droplets. The colorimetric reactions in the droplets are utilized

to identify the profiles of acidic compounds in a mixture. The potential applica-

tion of combinative analysis by nanodroplets is demonstrated in anti-counterfeiting

of expensive alcohol drinks.

2.2 Experimental section

2.2.1 Chemicals and materials

1-octanol (95%, Fisher Scientific, Canada) was selected as a modeling oil because

the partition coefficients of many chemicals in octanol and water are available in

the literature. The halochromic compounds were Bromocresol green (BG, yellow to

blue at pH 3.8 to 5.4), bromocresol purple (BP, yellow to purple at pH 5.2 to 6.8).

All halochromic compounds were purchased from Fisher Scientific (Canada). Several

different types of acids in oils were tested, including citric acid (99.5%), gallic acid

(97.5%), 4-hydroxybenozic acid (99%), benzoic acid (99.5%) and trimesic acid (99%),

all purchased from Sigma-Alderich (Canada). Acetic acid (99.7%) and heptanoic acid

(98%) were purchased from Fisher Scientific (Canada). The LgP and dissociation

constant (pKa) of each acid are shown in Table2.1. Water was obtained from Milli-Q

water purification unit (Millipore Corporation, Boston, MA, USA).
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Table 2.1: Molar mass, pKa and LgP of each acid from literature

Acids Molar mass /g×mol−1 pka[103–

109]

LgP [104–108,

110, 111]

Citric acid 192.12 3.13pKa1 -1.64

Acetic acid 60.05 4.76 -0.17

Heptanoic acid 130.18 4.4 2.42

Gallic acid 170.12 4.4 0.7

4-Hydroxybenzoic acid 138.12 4.54 1.58

Benzoic acid 122.12 4.2 1.87

Trimesic acid 210.14 3.12pKa1 -0.56

2.2.2 Formation of pH sensitive femtoliter droplets

Formation of surface droplets was performed in a fluid chamber through the procedure

of solvent exchange [66]. The setup of the fluid chamber is similar to the one used in

our previous report [74], as shown in 2.1a. In brief, silicon substrate (University Wafer,

USA) was coated by 3-aminopropyl triethoxysilane (APTES) [112]. The APTES-

coated substrate was cut into a slab and placed on the bottom of the chamber. The

top plate of the fluid chamber was a cover glass that was cleaned by Piranha solution

(30% H2O2 and 70% H2SO4). The distance between the cover glass and substrate

surface was 300 µm. The length and width of the channel was 4.5 cm and 1.3 cm,
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respectively.

Solution A was a solution containing water, 1-octanol, ethanol (95%, Fisher Scientific,

Canada), and halochromic chemical compounds (BP or BG). The ratio of ethanol,

water and 1-octanol in solution A was 60:26:14 by volume. Colored droplets were

formed by solvent exchange using solution A containing BG or BP. When BP was

used as the indicator in the droplets, 0.1g of BP and 0.1g of sodium acetate were added

into 50 ml solution A. Here sodium acetate (buffer, 99%, Fisher Scientific, Canada)

was used to adjust the initial pH of the droplets. When BG was the indicator in the

droplets, 0.1g of BG was dissolved in 50 ml solution A.

Solution B was 1-octanol saturated by water. During the process of solvent exchange,

the fluid chamber was filled with solution A that was then displaced by solution B

at a controlled flow rate. Water droplets containing halochromic compounds were

formed on the surface of the substrate after solvent exchange, as shown in Figure

2.1b.

2.2.3 Detection of acids in oil phase

After formation of the surface droplets, solution C was injected into the fluid cell at

constant flow rate. Here solution C refers to water-saturated 1-octanol containing

different types and concentrations of organic acids (i.e. target analytes). Solution

C was made by directly dissolving the different acids into water-saturated 1-octanol

by molar concentration. An upright optical microscope (Nikon H600l) equipped with

10X lens and a camera was used to capture the process of the color change of the

droplets when the acids partitioned into the droplets, as shown in Figure 2.1b and c.

To quantitatively measure the concentration of the partitioned acid in droplets, the

time required for droplet color change was recorded at different concentrations of the

acid. The time of discolor refers to the time that the color intensity of the droplet
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Figure 2.1: Schematic of preparing and applying surface droplets for the extraction

and detection of acidic compounds in oil. (a) The sketch of the fluid chamber.(b)

The formation process of the surface droplets containing pH indicator by solvent

exchange and detection of the acid in oil (Solution C) by droplets contacting with the

Oil flow.(c) Acid molecules in the oil phase are extracted into the aqueous droplets

and react with halochromic compound in the droplets.
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reached a fixed value from contacting with the acid in the oil. The color intensity,

known as the color luminance, was directly measured by ImageJ.

2.2.4 Detection of acids in an organic phase by bulk mixing

To compare with the droplet-based approach, we performed bulk solution-based de-

tection of acids in an oil phase by directly mixing the oil with an aqueous solution

containing halochromic compounds. A cosolvent ethanol was used to facilitate the

mixing process. The halochromic compound, BP or BG, was dissolved in water-

ethanol solution (water: ethanol = 60:26 by volume ratio) at the concentration of

0.04% by mass ratio. Then 1-octanol containing acetic acid at different concentra-

tions was added into the solution of the halochromic compound at 1:1 volume ratio,

leading to formation of emulsion due to ouzo effect (oversaturation) [113, 114]. In

another bulk mixing method, BP or BG was dissolved in water at the concentration

of 0.04% by mass, and one volume of the prepared solution was added into a half

volume of 1-octanol containing acetic acid at different concentrations.

2.2.5 Colorimetric identification of acid mixtures and anti-

counterfeiting of alcohol spirits by droplets

Acid mixtures were prepared by directly dissolving three different acids (acetic acid,

gallic acid and benzoic acid) into 1-octanol with three different concentrations, as

shown in Table 2.2. Those ratios of acid mixtures have the same pH value in water.

The pH values of the acid mixtures were measured by pH meter (Fisher, USA).

Four popular Chinese Liquors, Erguotou, Fenjiu, Fenjiu (30 years hoard time) and

Maotai, were purchased from a local liquor store. To extract the acids from the liquor,

200 µL of each spirit sample was added into 10 mL 1-octanol. The mixture was shaken

for a few seconds and left standing for overnight. Afterward the mixture separated
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into two phases. The top layer of octanol-rich phase was taken out (namely solution

C) and injected into the flow chamber to interact with the indicating droplets for acid

detection. The pH value of each spirit was shown in Table 2.3. All the pH values

were measured by a pH meter(Fisher, USA). All the above experimental procedures

were conducted at 25◦C.

Table 2.2: Composition of different acid mixtures.

Acid mixtures acetic acid/M gallic acid/M benzoic acid/M pH

1 2.6×10−4 1.7×10−3 2.0×10−4 3.36

2 1.8×10−5 3.3×10−4 3.0×10−3 3.36

3 5.6×10−3 1.6×10−4 1.2×10−4 3.36

Table 2.3: pH value of Chinese spirit

Spirits Erguotou Fenjiu Fenjiu(30 years) Maotai

pH 3.76 3.49 3.47 3.46
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2.3 Results and discussion

2.3.1 Formation of colored droplets for acid extraction and

detection

Following the process illustrated in Figure 2.1, droplets prepared by the solvent ex-

change[66] are few to tens µm in the lateral radius(R). For droplet sizes in this range,

the color change of the droplets during the colorimetric reaction can be clearly de-

tected by optical microscope. At the same time, the polydispersed droplets enable us

to examine the effect from droplet size.

These droplets contain aqueous solution of halochromic compounds, exhibiting differ-

ent colors to indicate the pH level inside droplets. The color of droplets containing two

halochromic compounds used in this work, bromocresol green (BG) and bromocresol

purple (BP), is shown in Figure 2.2. In an aqueous solution, the color of BG changes

from blue to light yellow as pH decreases from 5.4 to 3.8 while BP changes from dark

purple to light yellow as pH decreases from 6.8 to 5.2.

We have added sodium acetate into solution A to adjust the pH value above 7 in

the formed BP droplets. The initial color of the droplets was purple, as shown in

Figure 2.2a. Similarly, the initial color of BG droplets without sodium acetate was

blue (Figure 2.2b). The formation of colored droplets demonstrates that incorporat-

ing halochromic compounds into droplets can be achieved by the simple process of

solvent exchange.

The optical images in Figure 2.2 show the color change of droplet in contact with

the flow of oil containing acetic acid after 5 minutes. The extracted acid from oil

reacts with the halochromic compound in the droplets, leading to the loss of droplet

color. The indicating formula of BP and BG with acid are presented in Figure 2.2.

As control, the droplet color remained intact after the same period of time injection

of pure 1-octanol.
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Figure 2.2: Color of a droplet containing halochromic compound before and after

contact with acid. Molecular structures of BP and BG are shown on the bottom

row. Top row: a droplet before (left) and after (right) in contact with 1-octanol for

5 minutes. Middle row: a droplet before (left) and after (right) contact with octanol

containing 1.7× 10−4M acetic acid for BP droplet in (a) and 1.0× 10−4M acetic acid

for BG droplet in (b). Length of the scale bar: 25 µm.

2.3.2 Sensitivity of colorimetric reaction in droplets

The color of droplets is sensitive to the presence of acid in the oil. Figure 2.2a shows

that BP droplets changed color after the injection of oil containing acetic acid at a

concentration of 0.17 mM , suggesting such acid concentration in the droplets was

high enough to shift the equilibrium of BP into colorless product. At an even lower

concentration of the acid (0.1 mM) in oil, BG droplets changed from blue to colorless.

Below these concentrations of acetic acid in oil, the amount of the extracted acid in
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the droplets is so low that the droplets remain the original color. We simply refer

this concentration of the acid in oil as the limit of detection (LoD) of the colorimetric

reaction in droplets. The LoD of BP droplets for acetic acid in oil was around 0.17

mM and of BG droplets were even lower, around 0.1 mM .

We compared the LoD of droplets and two common shake-flask bulk methods shown

in Figure 2.3. When the acid in oil was directly mixed with an aqueous solution of BP

or BG, the dark blue color of the aqueous solution after oil-water phase separation

changed to bright orange when the initial concentration of acetic acid in oil solution

was above a certain level. The LoD was found to be 0.17 M for BP and 0.1 M for

BG, three orders of magnitude higher than that of droplets. By the second method,

acetic acid in oil was mixed with the solution of BG or BP in an ethanol aqueous

solution (water: ethanol=60:26 by volume). Upon mixing, an emulsion formed due

to the presence of the cosolvent ethanol through the well-known Ouzo effect [113].

The LoD was determined to around 0.17 M for BP mixture and is 0.01 M for BG

mixture. We attributed the less sensitivity of BP due to the buffer sodium acetate

existed in BP mixture, leading to a consumption of the acid component. Although

the emulsion formation improves the sensitivity of the shake-flask bulk method, the

LoD is still 2 orders of magnitude higher than that of droplets containing the same

halochromic compound.

We attribute such sensitive response of colorimetric reactions in droplets to the prefer-

able microcompartmentalized environment in the droplets. The partition of the acid

from oil phase to water phase gives rise to a higher concentration of a water soluble

acid in droplets. The limitation of droplet-based method is that acid has to be ex-

tracted into the droplets to react with the pH indicator in droplets, so the droplet

color is less sensitive for those acids with long hydrophobic chains and much higher

solubility in oil than in water. This droplet-based acid detection in oil is performed in

a flow condition so it is fast, requiring a small amount of samples. Nontoxic solvent

is involved in the entire process.
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2.3.3 Acid specificity of colorimetric reaction rate in droplets

Apart from high sensitivity, an even more powerful feature of droplet-based detection

is time-dependent response of droplet color. Figure 2.4a,c show the droplets of three

representative sizes in contact with oil containing acetic acid of two different concen-

trations, 0.5 mM(a) and 0.1 mM(c). The plots showing the change of color intensity

as a function of time within different sizes of droplets are presented in Figure 2.4b,d,

respectively. For 0.5 mM of acetic acid, the required time (t) for droplet decolor (i.e.,

becoming colorless) was ∼ 75 s for a droplet diameter R of 8 µm, and extended to ∼

185 s for R of 43 µm (Figure 2.4b). At given concentration of a specific acid, clearly

the decolor time t increases with the increase in the droplet size. The faster color

change suggests that the colorless product reaches a critical concentration faster in

smaller droplets. When the concentration of acetic acid was reduced to 0.1 mM , t

was 120 s for R of 9 µm and extended to 259 s for R of 39 µm (Figure 2.4d). The

results suggest that for lower concentration of acid, the decolor time of droplets is

longer. In addition, the dependence of the decolor time on the droplet size becomes

increasingly pronounced at a lower concentration of acid.

The impact of droplet size on the colorimetric processing time was then systemat-

ically studied. Figure 2.5a shows the plot of the decolor time t against the droplet

radius at different acid concentrations. Results reveal the dependence of decolor time

on the droplet size is pronounced for larger droplets than smaller droplets. When the

droplet radius is below 1 µm, there is not much difference in decolor time, possibly

due to similar transport rate of the acid into such small droplets and the limitation of

the instrument to identify the slight difference. Moreover, the decolor time is depen-

dent on the acid concentration. That is, at lower acid concentration, the dependence

of decolor time on the droplet size is more pronounced. In addition to acetic acid, we
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Figure 2.3: Test of two bulk mixing methods for detection of acetic acid in octanol

by BP (a) and BG (b) aqueous solutions. 0.04% aqueous solutions of BP (1) and BG

(1′) were perpetrated by mass fraction. From (2) to (5), 1 mL (top row) and 2 mL

(bottom row) of prepared BP solution were added into 1ml 1-octanol containing acetic

acid from the concentration of 1.7 × 10−4M to 1.7 × 10−1M with 10 times intervals.

From (2′) to (5′), 1 mL (top row) and 2 mL (bottom row) of prepared BG solutions

were added into 1 mL 1-octanol containing acetic acid from the concentration of

1.0 × 10−4M to 1.0 × 10−1M with 10 times intervals.
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Figure 2.4: Detection of acetic acid in oil by surface droplets containing BG. (a) Time

series images of droplet discoloration from 5 × 10−4M acid in oil. The droplet size

decreases from the top to the bottom row. Length of the scale bar: 25 µm. (b)

The color intensity at different time after the droplets in contact with oil containing

5 × 10−4M . (c) Time series images of droplet discoloration from 1 × 10−4M acid in

oil. (d) The color intensity at different time after the droplets in contact with oil

containing 1 × 10−4M . The error bar is from three repeats of the measurement.
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have also tested six other acids listed in Table 2.1. The results in Figure 2.5b show

similar trends for all acids at the concentration of 5 mM . Comparing with a higher

concentration of 50 mM (Figure 2.5c), the change of time is sharper at lower acid

concentration.

Most importantly, the decolor time of droplets t exhibits specificity to the acid at

Figure 2.5: Detection of different acids and acid mixtures in oil by surface droplets

containing BG. Time of the droplet discolor as a function of the droplet radius at

different concentrations of acetic acid (a). The acid concentration is 5 mM in (b)

and 50 mM in (c). (D) Detection of acid mixtures at different ratio in oil by surface

droplets containing BG. Acetic acid, gallic acid and benzoic acid were mixed at dif-

ferent ratio, as shown in Table 2.2. Dotted lines are the linear fitting. The error bar

is from two to three repeats of the measurement.

a low concentration, that is, the decolor time for the same-sized droplets depends on
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the acid type. For instance, decolor time for a droplet of 20 µm in radius is 200 s in

response to 5 mM benzoic acid in the solution, but is only 25 s to trimesic acid at

the same concentration. With shorter decolor time for smaller droplets for all acids,

the decolor time is around 100 s for benzoic acid and 20 s for trimesic acid. There is

also a significant difference between benzoic acid and gallic acid at 5 µm. As the acid

concentration increases, the decolor time becomes so short that no clear difference

can be measured for different types of acids. For instance at 50 µm, the decolor time

of the droplet at any size is close to 20 s for trimesic acid and the same-sized droplet

is similar for both gallic acid and benzoic acid.

To explain the acid specificity in decolor time of droplets, we consider a simplified

case where the transport of acid molecules from the oil into the droplet is a rate-

determining step. Immediately after the intake into the droplets, acid molecules

dissociate and react with pH indicator. The flow rate of the acid solution is constant

in all measurements, so any influence of the external flow on the acid transport is

expected to be the same for all experiments. The intake of the acid from the oil

into the aqueous droplet is driven by the partition of acid in water. With time, the

concentration of acid in water C with time t can be described by first-order reaction,

as established in the early work on solvent extraction of a single droplet [115–118].

dC

dt
=

A

V
D(pCo − Cw) (2.1)

Here the effective diffusion coefficient (D) of the acid in the oil is on the same order of

magnitude for different acids, considering that the effect from Taylor-Aris dispersion

is same for all experiments at the same flow rate[68, 69, 119, 120] and the diffusion

coefficients of all acids are similar in the oil solution. A is the surface area of the

oil-water interface of the droplet where the intake of the acid takes place and V is the

volume of the droplet. Co and Cw are the concentrations of the acid in the oil phase

and the water droplet at time t, respectively. p is the distribution coefficient p = Co

Cw

at equilibrium state. At decolor time t, C reaches C∗(the critical concentration) so
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that the proton from acid dissociation reaches the level that is sufficiently high for the

color change of the pH indicator. After integration and transformation[115], Eq.2.1

can be re-written.

t ∼ R

D
ln(1 − pC∗

Co

) (2.2)

Where R is the radius of the droplets. Based on Eq. 2.2, it is clear that from the same

type of acid at given acid concentration, the decolor time is longer for larger droplets

and the time increases linearly with increase in the size of the droplets. For different

acids, the decolor time depends on the distribution coefficient p, which influences Cw

in the droplets. Both distribution coefficient and dissociation constant of the acid in

the droplet contribute to the transfer rate of the acid into the droplets, giving rise to

the acid specificity of the decolor time.

The timescale for the acid transport analyzed above is only one of the steps that

can influence the decolor time. Other possible steps are dissociation of the acid to

produce protons and eventually reaction kinetics of the acid with the pH indicator in

the droplet.

For a weak acid with a long hydrophobic chain, the adsorption and desorption on the

droplet surface may also play an important role in the decolor time. Future work is

required to establish quantitative correlation between decolor time and all steps that

contribute to the acid specificity.

Here we can also provide a good correlation between acid properties and their LoD in

droplet. Considering the volume of droplets is very small, on an order of femtoliter,

we can assume that the acid concentration in the droplets can reach an equilibrium

with the oil phase. We estimate the concentration of H+ in the droplets from the

concentration in oil, partition coefficient, the dissociation coefficient in water. For a

polyprotic acid, such as citric acid, we only consider the first order of dissociation

because the second and third dissociation are very weak (with each decreasing in

the orders of magnitude). The partition coefficient lgP is defined by the equilibrium

constant of the acid in water and oil.
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LgP = Lg
[HA]O
[HA]W

(2.3)

[H+]W = (K × [HA]W )1/2 (2.4)

[HA]O and [HA]W are the concentration of the acid in oil and the un-dissociated

acid in water[121], respectively. K is the dissociation constant of the acid in water

droplets.

To show the dependence of LoD on lgP in oil and water, we determined the LoD of

four organic acids with the partition coefficient ranging from -1.6 to 2.48. As listed

in Table 2.4, a lower partition coefficient of the acid in oil leads to a lower LoD and

more sensitive detection by colorimetric reaction in droplets. Considering the same

dissociation constant, the acid concentration in the droplets is expected to be higher

for an acid with a higher partition coefficient at a given acid concentration in the oil

phase.

The correlation among partition coefficient LgP, dissociation constant and LoD of

acid in colorimetric reactions allows us to determine one parameter if the other two are

known. For acetic acid, our measurements show that the minimum concentration in

oil needed for the color change of droplets (i.e. LoD of acetic acid in oil) is 1×10−4M .

At the LoD, the corresponding concentration of acetic acid in water droplets [HA]W

is determined to be 1.48 × 10−4M according to Eq.2.3 with LgP of -0.17 based on

the literature[122]. The dissociation constant (pKa) of acetic acid in water is 4.76 in

literature [103]. Therefore for 1.48 × 10−4M of HA in droplets, the concentration of

[H+] from dissociation is 5.07× 10−5M (pH of 4.29), calculated from Eq.2.3 and 2.4.

This calculated [H+] in the droplets is in good agreement with the range of pH level

for BG to change from yellow to blue at pH of 3.8 to 5.4. Similarly, if we know both

the dissociation constant of the acid in water and the partition coefficient of the acid

between water and oil, we can predict the LoD of the droplets in our measurements,

which is the minimum concentration of a certain acid in the oil phase in equilibrium
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Table 2.4: LOD of different acids by using BG droplets and the calculated LgP of

each acid.

Acids LoD from experi-

ment

LgP from calcula-

tion

LoD from calcula-

tion

Citric acid 0.001mM -0.55 8 × 10−5mM

Acetic acid 0.1mM -0.17 0.1mM

Gallic acid 0.5mM 0.88 0.32mM

Heptanoic acid 50mM 2.48 16mM

with the concentration of H+ in the droplets for color change.

Identically, for a given pH indicator(H+ is known), when we know the LgP and pKa

from the literature, the theoretical LoD(HAO) can be calculated by using Eq. 3 and 4.

The calculated LoD of acids are shown in Table 2.4. The calculated LoD of all acids,

except citric acid, have good agreement with the experimental one, suggesting the

important role of participation coefficient and dissociation constant in the colorimetric

reactions in the droplets. The calculated LoD of citric acid is very low due to its low

LgP. At very low concentration of citric acid, much longer time is needed for the

completion of extraction process, as revealed by Eq. 2. In our experiments, the

time window for decoloration is around 5 minutes to ensure the droplets cannot be

dissolved by the continuous solution flow. This time window may not be sufficient for

complete extraction of citric acid, which may lead to higher LoD from the experiment

than that from calculation.
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Although the dependence of decolor time on the type of acid is not as specific as

fingerprints in molecular spectra, this specificity can be very useful when we compare

acid matrix in a solution. We demonstrate this concept by using model mixtures of

acids and then apply the concept for identifying alcoholic drinks of good and bad

quality in anti-counterfeiting. Figure 2.5d shows the detection of acid mixtures with

compositions listed in Table 2.2. With three different combinations of three acids,

the pH value of all three mixtures is at 3.36 as determined from the measurements

by using a pH meter. However, when BG droplets are in contact with oil containing

the acid mixture, the decolor time t is different especially for larger droplets. It takes

the longest for mixture 1 and the shortest for mixture 3. Therefore the decolor time

of the droplets can be used for identifying whether the acid profile is the same when

the total acid level is the same.

2.3.4 Colorimetric analysis of acid mixtures for anti-counterfeiting

alcoholic drinks

To demonstrate one possible application based on colorimetric reactions in droplets,

we show an identification of a counterfeit alcohol spirit by evaluating the profile of

organic acids in the alcoholic beverage. Counterfeit spirits are normally inferior spirits

to replace upmarket spirits. For instance, a typical counterfeit Maotai may be a cheap

spirit on the market or even a home-made one. Our droplet-based method is capable

of distinguishing different types of spirits because each spirit has its characteristic

acid profile. We expect such a complex acid matrix can give distinct decolor time for

each spirit.

We tested four most popular Chinese spirits, Erguotou, Fenjiu (less expensive), Fenjiu

(30 years) and Maotai. Erguotou and Fenjiu are the same type of Fen-flavor, while

Maotai is soy sauce flavor. All of these four spirits contain over 27 types of organic

acids from the brewing process with a high concentration (over 735 mg/L)[123, 124].
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Figure 2.6a and b show the time series images of the droplets changing color in contact

with oil containing the organic acids extracted from Fenjiu and Erguotou. At a similar

droplet size, it takes 123 s for the droplets to decolor by interacting with Fenjiu, while

a substantially longer time of 233 s, is required for the Erguotou samples prepared in

the same way. The difference of t for Fenjiu and Erguotou samples demonstrates the

potential application to distinguish different spirits by our method. Figure 2.6c shows

decolor time t versus the droplet size R for Erguotou, Fenjiu, and Maotai. The time

for the droplets to complete color change is longer for Erguotou than other spirits,

indicating that the acid profiles of these two spirits are different, even they have a

similar pH value.

A higher ratio of the hydrophilic acids in the sprits will lead to faster decoloration of

the droplets. For Fen-flavor spirit, Fenjiu (30 years) is the most expensive and the

cheapest one is Erguotou. Our method also can distinguish the spirit with different

hoard time in the same brand (same feed stock and process). Figure 2.6d shows the

time for the droplets to complete color change is shorter for Fenjiu (30 years) than

common Fenjiu. Long hoard time of the spirit would help the long chain organic acid

to break into short chain organic acid and help development of richer, more complex

and more pleasant organic acid profile. The above results demonstrate that our

surface droplet-based colorimetric detection can provide a fast reference to evaluate

the organic acids profile, which is effective in distinguishing authentic spirit from the

counterfeit samples.

Finally, we note that the droplet-based spirit detection can be possibly acquired by

simply using the camera on a smart phone. Figure 2.6e and f show the images of the

colored droplets with visually observed sizes are captured by a smartphone camera

Huaiwei(P30 Pro). When the sample extracted from the Fenjiu was introduced into

the detector, a distinct decolor of the droplets was observed within 180 s, as presented

in Figure 2.6e. In contrast, the decolor of the droplets can not be completed within

the same period when the detection of Erguotou was carried out, as presented in
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Figure 2.6f. The fast and optical assessment to the acid level in beverages may be

potentially applied to distinguish the spirits with different years of aging (e.g., 5 years

versus 10 years), based on the difference in the acid profile in the drinks. The results

demonstrate the low-cost and equipment-free potentials of the colorimetric detection

based on surface droplets for broad applications.

2.4 Conclusions

In summary, we have demonstrated a novel approach for combinative analysis of

mixtures based on functional surface nanodroplets. The model analysts are organic

acid mixtures. The halochromic compound in aqueous nanodroplets changes color

in response to the dissociation of extracted acids from the oil. The coupled effect

of partition coefficient and dissociation constant determines the nanoextraction rate,

giving rise to the specificity of decolor time on the acid type. Such specificity of

the colorimetric reactions in the droplets provides a sensitive method to compare the

acid profiles in multiple component mixtures without time-consuming and expensive

equipment. We demonstrate the application of nanodroplets-based combinative anal-

ysis in identifying counterfeit spirits of different brands. The principle behind the

combinative analysis is general, relying on nanoextraction and chemical reactions in

femtoliter droplets. The detection is obviously not limited to simple organic acids

in our model systems, but applicable to many compounds that are extractable from

sample solutions.
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Figure 2.6: Determination of counterfeit Chinese spirit through surface droplet based

nanodetector. (a) Time series pictures of the droplet discoloration from Fenjiu. (b)

Time series pictures of the droplet discoloration from Erguotou. (c) Time of the

droplet discolor versus the reciprocal of the droplet size from different spirit.(d) Time

of the droplet discolor versus the reciprocal of the droplet size at two types of Fenjiu.

Dotted lines are the linear fittings. The error bar is from three repeats of the mea-

surement. The images of the droplet decoloration in contact with oil that contains

compounds extracted from Fenjiu (e) and from Erguotou (f) at 0 s, 180 s and 240 s

by using a commercial smartphone camera. (Length of scale bar: 25 µm in a,b and

2 mm in e and f)
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Chapter 3

Interfacial partitioning enhances

microextraction by

multicomponent nanodroplets

3.1 Introduction

Sample pretreatment plays a vital role in chemical identification and quantification

with reliability and sensitivity. [8, 125–127] Many analytic techniques require the

analytes to be separated from interfering substances in the sample or be transferred

to a suitable medium for meaningful and high-quality measurements. Standard bulk

protocols for separation of the analyte from a complex sample consume a large num-

ber of toxic solvents and therefore are regarded as one of the most polluting steps in

chemical analysis. It is estimated that the solvent waste from liquid chromatography

alone is about 34 million liters in a year.[128]

Integrating separation and detection of the analyst in small droplets is a way to mini-
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mizing solvent use, automating and streamlining sample pretreatment and detection,

and developing greener and cleaner analytic protocols. Transferring the analyst to

small droplets can be fast and efficient across the interface of two immiscible phases

due to the large surface area to volume ratio of the droplets. Moreover, the droplets

may provide a discrete local environment where indicative reactions with the extracted

analyte may take place to produce detectable signatures for in-droplet analysis. How-

ever, a fundamental question to be addressed for in-droplet chemical analysis is how

the chemical reaction in droplets impacts the dynamics and the equilibrium of the

analyst partition from the surrounding medium.

Liquid-liquid microextraction is based on the solubility difference to extract the com-

punds from the surrounding phase into microdroplets.[121] The concentration of the

compound in microdroplet is related to the droplet size, the solubility of the com-

pound and the extraction time.[115, 129] Assuming the droplet is water and the

compound is dissolved in oil at the concentration of Co, Cw(t) is the concentration of

the compound in the water droplet at time t.

dCw(t)

dt
=

A

Vw

β(
Co

p
− Cw(t)) (3.1)

Here Vw is the volume of the droplet and A is the interface area where the partition

of the compound takes place. β is a coefficient that describes the interfacial transfer

of the compound from the surrounding solution into the droplet. At thermodynamic

equilibrium, the enrichment efficiency is limited by the partition coefficient p ( Co

Cw(f)
),

defined as the ratio of the analyte solubility in the extractant liquid and the aqueous

solution. Eq. 3.1 suggests that for a given concentration of the surrounding solution

Co, the concentration of the solute in extractant droplets increases faster for smaller

droplets.

As separation and extraction of the analyte is coupled with chemical reaction, the

rate of the entire process is determined by the slowest rate-limiting step. The dimen-

sionless number Damköhler number (Da) relates the timescale of chemical reaction to
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that of the mass transport in a system. [130] However, the reaction rate in droplets

is a complicated topic that has not been fully addressed in the literature, even for

some basic and well-known chemical reactions.

Many chemical reactions are reported to be usually much faster in smaller droplet than

in the bulk [83, 131], such as acid-base reaction,[83] dehydration,[33] organometallic

reactions[132], and among others. The reaction rate in microdroplets may be accel-

erated to a factor of one million, [29, 31] while other reactions that requires catalysts

in the bulk may take place spontaneously in micro-sized droplets without a catalyst.

[32] Accelerated chemical reactions in droplets are also confirmed under various con-

figurations,[33, 35, 133, 134] including spray droplets[133, 135], colliding droplet [31,

136], or levitated droplets, [33, 137] and among others. [138, 139]

To date, the mechanism that leads to the accelerated chemical reaction in micro-

droplets remains elusive.[29]. The hypothesis is that the molecules are more energetic

at the droplet surface, [38] analogous to the enhanced rate of reaction and product

collection at the liquid-liquid or liquid-gas interfaces [29]. Perhaps the interface region

of the droplets may also have a faster refresh rate than in bulk liquid. [40] Apart

from the chemical reaction rate in the droplets, chemical species at the interface may

also have a profound influence on the thermodynamic equilibrium of the partition of

the compound in the droplets [40], especially for those amphiphilic molecules with a

strong affinity to the interface. [140, 141].

Recently surface nanodroplets have emerged to be a well-controlled platform for in-

tegrated droplet extraction and chemical analysis. These nanodroplets are ultrasmall

droplets on substrates submerged in an immersible liquid surrounding [66]. Here

nanoscale refers to the maximal height of droplets that are tens to several hundreds

of nanometers, although the base diameter of the droplets ranges from several hundred

nanometers to tens of micrometers. [85] Several characteristics of surface nanodroplets

are advantageous for integrated extraction and analysis. With such small dimensions

surface nanodroplets remain stationary for long time under a flow, complementary to
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extracting microdroplets that flow in microfluidic devices. The concentration of the

analyte in the surrounding that surface nanodroplets are exposed to can be easily me-

diated by the flow condition of the analyte solution. Furthermore, the concentration

of the reactive components in surface nanodroplets can be tuned during a bottom-up

nanodroplets production by the solvent exchange method. [7, 74, 142]

In our latest work [129], surface nanodroplets of an aqueous solution were applied to

separate and quantify mixtures of organic acids from oil solutions. The originally blue

droplets lost color due to the reaction between the extracted acid and the halochromic

compound in the droplets. Interestingly, the timescale of the reaction as reflected by

decoloration time was found to be specific to the acid type as well as the combination

of acids in a mixture of the same pH level. Although the acid specificity of droplet

decoloration time may be possibly related to the interfacial properties of individual

acids, it remains unclear how interfacial phenomena are intertwined with microex-

traction and the reaction of the analyte in the droplets.

In this work, we try to address the role of interfacial partitioning in integrated extrac-

tion and chemical reaction in colorimetric detection by multicomponent nanodroplets.

Our model compounds are organic acids that are extracted into surface nanodroplets

and react with a pH indicator dissolved in the droplets. The timescale of the col-

orimetric reaction in the nanodroplets will be examined as the droplets are exposed

to diluted and concentrated solutions of seven types of acids with a wide range of

partition and solubility properties. Significant shifting in acid partitioning is revealed

at low concentrations of acids in the surrounding solution. A unified theoretic model

is proposed to rationalize the rate of integrated extraction and reaction in droplets

and the enhanced partition of the acids. This work may contribute to better under-

standing of extraction efficiency of reacting droplets, in particular, on the coupling

between interfacial transfer and chemical reaction with highly diluted analytes. The

insights from this work may be valuable for downscaling the processes of separation

in sensitive detection by using nanodroplets.
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3.2 Experimental section

3.2.1 Chemicals and materials

Two groups of acids were tested for nanoextraction and colorimetric reaction. Group

one consisted of alkyl acids, including acetic acid (99.7%), n-butyric acid (99.0%),

valeric acid (98.0%) and heptanoic acid (98.0%). Group two consisted of aromatic

acids, including gallic acid (97.5%), 4-hydroxybenzoic acid (PHBA, 99%), and benzoic

acid (99.5%). Acetic acid and heptanoic acid were purchased from Fisher Scientific

(Canada). Valeric acid, n-butyric acid, gallic acid, PHBA and benzoic acid were pur-

chased from Sigma-Aldrich (Canada). Some relevant properties of these organic acids

(dissociation constant (pKa) and partition coefficient(LgP) along with their chemical

structures are listed in Table 3.1. When LgP>0, the acid is unfavorable to the water,

while LgP<0 is favorable to the water.

1-Octanol (95 %, Fisher scientific, Canada) was used as the solvent for droplet for-

mation and for the analyte solution. Ethanol (90 %, Fisher scientific, Canada) was

used as a co-solvent in our ternary liquid system (1-octanol, water and ethanol). The

halochromic compound (pH indicator) was Bromocresol green (BG), which changes

color from blue to yellow at a pH of 5.4 to 3.8. Water was obtained from the Milli-

Q water purification unit (Millipore Corporation, Boston, MA, USA). Silicon wafer

(University Wafer, USA) coated by APTES (3-aminopropyl triethoxysilane) was cut

to 1.3 cm × 1.5 cm as the substrate in our fluid chamber. The procedure for prepar-

ing APTES coating was followed identically to the reported work [112]. A frame of

silicon rubber was used as a spacer to control the channel height of the fluid chamber

to 300 µm. A transparent glass slide was cleaned by piranha solution (30% H2O2 and

70% H2SO4)(caution: piranha solution is highly caustic!) and then used to seal the

fluid chamber as cover.

70



Table 3.1: Dissociation constant (pKa), partition coefficient (LgP), critical concen-

tration (C∗
w) and molecular structure (MS) of the acids used in this work.

Acids Acetic

acid

N-

butyric

acid

Valeic

acid

Heptanoic

acid

Gallic

acid

PHBA Benzoic

acid

Pka 4.76 4.82 4.84 4.4 4.4 4.54 4.20

LgP -0.7 0.79 1.39 2.42 0.7 1.58 1.87

MS

3.2.2 Formation of functional surface nanodroplets

Following the process illustrated in Figure 3.1a, aqueous droplets containing BG are

formed on a substrate in a microfluid chamber by solvent exchange. The protocol is

the same as our previous report.[129]. Colored surface nanodroplets were preformed

in a microchamber by the solvent exchange[85, 129], as sketched in Figure 3.1 (a).

In the process of the solvent exchange, solution A was firstly injected into the fluid

chamber to completely fill it. Due to the solubility difference of the 1-octanol in

two solvents, the colored surface droplets were then formed during the process of

replacing of solution A with solution B at a constant flow rate of 15 ml/hr. Solution

A for solvent exchange was prepared by mixing 1-octanol, ethanol, and water at a

volume ratio of 60:26:14. Then BG was added into solution A at the concentration

of 0.002 g/ml. The other two concentrations of BG in solution A, 0.02 g/ml and

0.0004 g/ml, were also used to test the influence of BG concentration in the project.
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Solution B was 1-octanol saturated with water.

Figure 3.1: Sketch of forming droplets (a) and the acid extraction and the colorimetirc

reaction in the droplets (b).

3.2.3 Extraction of acid from the flow and colorimetric reac-

tion in droplets

Once colored droplets were formed, acid extraction was from solution C , which had

been prepared by dissolving a predetermined amount of various acids in 1-octanol.

Solution C was injected into the fluid chamber at a constant flow rate of 50 ml/hr

to replace solution B, as shown in Figure 3.1b. The acid concentration gradually

increases at the mixing front of the solution B and C, due to the Tayler-Aris disper-

sion.[69, 119]. When the injected solution C was in contact with the droplets on the

substrate, acid extraction and its reaction with BG in the droplets were triggered.

The acid concentration in solution C was constant due to the large volume of solution

C compared to the small volume of the droplets. The color of blue droplets gradually

changed to yellow as a result that the acid concentration in the droplet reached the
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critical concentration (C∗). The process of the droplet decoloration with different

concentrations of acids was recorded using an upright optical microscope equipped

with a high-resolution camera (Nikon H600l). The recorded images and videos were

analyzed by ImageJ for further evaluation.

3.2.4 Determination of temporal solute concentration in the

flow

A fluorescence dye, Rhodamine 6G (R6G), was used as the marker to trace the

concentration of the solute in the flow at the mixing front of two solvents. R6G

was directly dissolved in pure octanol as the tracer solution. The fluid chamber was

firstly filled with pure octanol. Afterward, octanol was replaced by a flow of the tracer

solution into the fluid at the flow rate of 50 ml/hr, the same as other experiments. The

exposure time was 200 ms for each concentration. The fluorescence emission intensity

of the tracer solution was detected and recorded by the microscope (Nikon H600l)

equipped with a fluorescence filter. The recorded videos were analyzed by ImageJ.

Three different concentrations of the R6G (1 × 105 g/L, 5 × 105 g/L, and 1 × 104

g/L) were tested with 3 repeats for each concentration to verify the reproducibility of

the results. The exposure time was 200 ms for each concentration. The fluorescence

emission intensity of the tracer solution was detected and recorded by the microscope

(Nikon H600l) equipped with a fluorescence filter.
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3.3 Results and discussion

3.3.1 Temporal concentration of the solute in the external

flow

The temporal concentration of the analyte in a displacing flow supplied to surface

nanodroplets is characterized by the fluorescence intensity of a dye solute in the

solution. The plots in Figure 3.2 show that at given flow rates and chamber dimensions

in our experiments, the analyte concentration increased from 0 to the maximum after a

transient period. Here the time of 0 is defined to be the moment when the fluorescence

intensity appeared in the field of view. At the completion of the flow displacement,

the final fluorescence intensity corresponds well to the concentration of the dye in the

solution (Figure 3.2(c)).

In the laminar flow regime, the temporal concentration of the analyte in the displacing

flow is well-described by Tayler-Aris dispersion.[68] The real-time concentration of

the analyte as represented by the fluorescence intensity can be fitted with an error

function, as explained in our previous work[68].

Co(t) = Cini × Erf(
t

τ
) (3.2)

Here, Co(t) is the real-time compound concentration in the external solution in con-

tact with the surface nanodroplets at time t (in second). Cini is the organic acid

concentration in solution, and is also the concentration when Co(t) reaches the max-

imum. τ is a characteristic timescale determined by the flow condition. From the

fitting shown in Figure 3.2 (d) and Figure 3.8, τ was determined to be around 12.87

seconds.

The temporal concentration of the model analytes of organic acids in our following

experiments is expected to follow the same error functions for the dye concentration

in the displacing flow. The acid concentration will increase initially from 0 to Cini
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in the oil solution and afterward remained constant at Cini. The acid concentration

Co(t) in the displacing flow will be determined by Eq.3.2 with the same τ based on

the dye concentration.

Figure 3.2: (a) Images of the fluorescence intensity changes during displacing pure

octanol by the dye solution. (b) Fluorescence intensity (I) from the solution as a

function of time. The dye concentration was 1×105, 5×105, and 1×104g/L, respec-

tively. (c) Logarithmic plot of maximal fluorescence intensity versus the concentration

of the dye in the solution. (d) Error function fitted (dashed line) dye concentration

as a function of time at the dye concentration of 1 × 105g/L.
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3.3.2 Partition-dominated droplet decoloration at high con-

centration of acids

The organic acids used in our experiments can be defined as two groups, the alkyl

acid group and the aromatic acid group. The molecule structure, partition coefficient

(LgP in octanol and water) and the dissociation constant (pKa) of those acids in water

are shown in Table 3.1. We first compared the decoloration time of the droplets at

a given concentration of acids. A representative case in Figure 3.3a shows the color

of droplets in contact with the flow of acid solution at Co of 50 mM. The droplets

were 25 µm in radius. All the droplets changed from blue to colorless within 100

s. Figure 3.3b shows the plot of the droplet decoloration time as a function of the

droplet size. The droplet decoloration is systematically slightly faster from valeric to

gallic acid. There is no significant difference in decoloration time for other types of

acids, except acetic acid. We attribute the fast decoloration of acetic acid to its low

partition coefficient in water (LgP < 0). At an even higher concentration (100 mM)

of PHBA and benzoic acid, the decoloration time of the droplets is also close to each

other, as shown in Figure 3.9a.

Figure 3.3c shows the plot of the droplet decoloration time as a function of the

droplet size for heptanoic acid at Co of 50 mM to 2.5 M. Here, 50 mM is the lowest

concentration of heptanoic acid that can lead to decoloration, defined as the limit of

detection (LoD). Compared to others acids, it takes the longest time for the droplets

to decolor at 50 mM. The slowest decoloration may be due to the highest partition

coefficient of heptanoic acid (least soluble in water) among all acids. To determine

the decoloration time, we need to consider the acid concentration in the droplet with

time. In our experiments, the acid concentration was not constant in the initial 25 s.

As the solution of acid in octanol solution was introduced into the chamber, the acid

concentration changed from 0 to Co at the mixing front, where the extraction already

happened. The concentration of acid (HA) in the oil solution Co is a function of t,
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Figure 3.3: (a) Optical images and the time scale of the droplet decoloration in contact

with the oil containing 50 mM of different acids. (b) The plot of droplet decolor time

as a function of droplet size after injecting oil containing 50 mM of acids. (c) The

plot of droplet decolor time as a function of droplet size after injecting oil containing

50 mM, 500 mM and 2500 mM of heptanoic acid.

determined by the flow rate of the acid solution. The flow rate was same in all of our

experiments, giving the same profile of the acid concentration. Thus, we replace Co

by Co(t) in Eq.3.1:

dCw(t)

dt
=

3

R
β(

Co(t)

p
− Cw(t)) (3.3)

Here, Co(t) is represented in Eq.3.2. The extracted acid dissociates, producing pro-

tons that lead to the colorimetric reaction. The concentration of acid that is sufficient

for droplet decoloration is defined as critical acid concentration C∗
w, calculated by pKa

of a given acid and the pH value of the pH indicator.[129] When pH value is 3.8, the

proton concentration is 1.85 × 10−4M, the droplet finished the decoloration. Then,

by using the simple acid dissociation equation, C∗
w can be obtained. The values of C∗

w

for all the acids are listed in Table 3.2. LgP and pKa of a given acid were found from

the data available in the literature, as listed in Table 3.1. Co is known as our experi-

mental condition, Eq.3.3 can be integrated to obtain the decoloration time tdecoloration

for Cw(t) to increase from 0 to C∗
w. The interfacial transfer coefficient β is a fitting

parameter.
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The solid lines in Figure 3.3b and c are fitted by the theoretical model analysis of

Eq.3.3. The predicted tdecoloration from Eq.3.3 is in good agreement with the exper-

iment results. The difference in decoloration time of different acids is attributed to

the variation in the partition coefficient of the acid in water and octanol.

At the acid concentration from 50 mM and above, the solid lines shown in the plots

(Figure 3.4b, c and Figure 3.9a) fit all well with the theoretical model analysis based

on Eq.3.3. The results show that the dependence of the decoloration time on droplet

size can be described well simply based on the mass transfer from the displacing flow

into the droplets through the partition. Coupled with the temporal concentration

profiles of the solute in the displacing flow, the established partition mechanism for

microextraction of droplets is sufficient to predict the timescale required for droplet

decoloration. Any possible effect of chemical reaction in the droplets can be neglected

at a high concentration of acids. At a high concentration of the solute in the sur-

rounding phase, the chemical reaction inside the droplets does not show a significant

impact on the extraction rate of the acid.

3.3.3 Enhanced partition at low concentration of acids

Interesting phenomena of enhanced extraction are discovered at low concentrations

of acids. As shown in Table 3.1 and 3.2 for 5 mM acid solution, the concentration

of acids in water droplets (Cw) was calculated from the partition coefficient of the

acids and the dissociation constant of the acids at the equilibrium state. C∗
w was

estimated from pKa of the indicator in water. At low acid concentration, the extracted

acid in a droplet would not reach critical concentration C∗
W if the only partition is

responsible for the extraction. At the concentration of extracted acid in water (Cw)

that was lower than the predicted critical concentration of the acid (C∗
w) for droplet

decoloration, we found that the droplets can still lose color. For the least water-soluble
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acid (heptanoic acid), the decoloration at low acid concentration was found at 50 mM.

The extracted acid was expected to be 2 × 10−4M according to the partition, lower

than C∗(6 × 10−4M). The results suggest that the pure partition is not sufficient to

produce enough acids in the droplets for decoloration. An additional pathway must

exist to provide more protons in the droplets for color change.

Table 3.2: Decoloration time of 5 µm droplets from 5 mM of acid and the acid

concentration (Cw) in the droplets calculated from partition coefficent LgP.

Acid Acetic N-

butyric

Valeric Gallic PHBA Benzoic

Time (s) 12.7 41 42.8 30.7 48 63

Cw (mM) 6.25 0.81 0.2 0.54 0.13 0.07

C∗
w (mM) 1.44 1.66 0.6 0.7 0.9 0.4

Apart from the droplet decoloration at unexpectedly low concentrations of acids,

reducing the concentration of acid in the displacing flow slows down droplet decol-

oration. For example, a 5-µm droplet became colorless at 63 s from 5 mM benzoic

acid, in contrast to the decolor time of 18 s from 50 mM acid in the flow. As Co(t)

reached the plateau, it is expected that partition equilibrium can be reached in a

few seconds at most due to the small dimension of the droplets. However, the de-

coloration time as listed in Table 3.2 is much later than the moment when the acid

concentration reaches equilibrium in the surrounding.
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Figure 3.4: (a) Optical images of the same sized droplets (R=25 µm) that change

color at 5mM of acid in oil. Scale bar: 25 µm. (b) The plot of droplet decolor time

as a function of droplet size after injecting oil containing 5 mM of n-butyric acid and

valeric acid. (c) and (d) are the plots of droplet decolor time as a function of droplet

size after injecting oil containing 5 mM of acetic acid and aromatic acids, respectively.

Solid lines in (b) were fitted from Eq.3.3. Dashed lines in (c) and (d) were fitted from

Eq.3.7.
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3.3.4 Interfacial partition enhanced by nanodroplets reaction

To rationalize the extraction in droplets at low concentration of acids, we propose

interfacial partition enhanced by nanodroplets reaction as below. The droplet decol-

oration process is decoupled into several steps as depicted in Figure 3.5. (1) Partition

Figure 3.5: (a) Sketch of four steps in nanoextraction and colorimetric reaction in

droplets. Acid molecules penetrated the oil-water interface by direct dissolution and

surface adsorption-desorption (step 1: t1). Acid dissociated to release protons (step

2: t2). The protons react with the BG, leading to a color change (step 3: t3). The

total time scale of the colorimetric reaction is the combination of those four processes

(1/t=1/t1+1/t2+1/t3). (b) The concentration gradient of the acid at the interface.

at the rate of 1/t1: A fraction of acid (HA) molecules dissolve into the aqueous

droplets through partition. Those amphiphilic acid molecules may preferentially stay

at the interface due to the interfacial adsorption. The mass transfer process can be

expressed as:

HAo → HAw (3.4)

(2) Dissociation at the rate of 1/t2: The acids adsorbed at the interface or dissolved

in the droplets dissociate and form H+ and A−. The dissociation rate is determined
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by the intrinsic dissociation constant(r1) of the acids at the droplet surface, which is

a very fast. Here, the dissociation rate 1/t2 can be expressed as d[H+]
dt

.

HAw
r1−→ H+ + A− (3.5)

(3) Colorimetric reaction at the rate of 1/t3: In aqueous droplets, the pH indicator

R− in the droplets combines with H+ and converts to a product of HR. Here, the

reaction rate r2 can be expressed as d[HR]
dt

.

H+ + R−(blue)
r2−→ HR(yellow) (3.6)

The influence from 1/t2 and 1/t3 is not evident at the high concentration of the solute

in the surrounding phase, because the time is short for the acid concentration of the

solute in the droplets to reach a level for decoloration. However, 1/t1, 1/t2 and 1/t3

can not attribute to the rate-limiting step for decoloration at a low concentration

of acid, because the decoloration is also much slower than the partition, as shown

in Table 3.2. Once acid are extracted in water droplets, the dissociation and the

protonization of the indicator can be completed on a timescale of less than 1 ms.

The proposed interfacial enrichment of acids may explain both the long duration of

decoloration and the high sensitivity of droplet decoloration to the acid at low con-

centrations. We noticed that the long duration of decoloration occurs for acids with

a positive partition coefficient which is more concentrated in the surrounding octanol

than in water droplets. There is a boundary layer with a concentration gradient of

acids that is lower in water droplets, and higher in the oil phase in the external solu-

tion, as sketched in Figure 3.5b.

The concentration inside the droplet is regulated by the acid dissociation and reaction

between protons and the indicator. The colorimetric reaction consumes the extracted

acid, driving a net influx of the acid into the droplet. Such influx is slow, because the

transfer through the interface of the droplets remains quasi-equilibrium. Therefore,

step 1 is the rate-limiting step.

82



The above partition shifting of acids to the droplets could happen, as the liquid-liquid

interface is permeable and dynamic. In the absence of chemical reactions (step 2 and

3) in droplets, the amount of molecules into the droplet is same as that of molecules

out of the droplets at the equilibrium of partition. However, for reacting droplets, the

fast chemical reaction through step 2 and then 3 cleans up the captured molecules

quickly from the interface, so the droplets surface is adsorbed and reset to accom-

modate more acid molecules from the outside solution. The droplet decoloration can

take place even if the concentration of acid in bulk is below the level predicted by

pure partition, based on the solubilities in two phases.

Although not required, the interfacial activity of the acids may also contribute to the

enhanced microextraction of the droplets. Several acids are like surfactants, accumu-

lating at the droplet interface. Those amphiphilic acid molecules may preferentially

stay at the interface, due to the interfacial adsorption. The transfer through the

oil-water interface of the droplets remains at adsorption-desorption equilibrium.

3.3.5 Theoretical decoloration rate coupling interfacial par-

tition and chemical reaction in droplets

At low concentration of acids, the reaction rate may not be simply neglected for acids.

As discussed above, the chemical reaction may drive the extraction of the acid to the

droplets. Cw(t) is expressed as:

dCw(t)

dt
=

3

R
β(

Co(t)

p
− Cw(t)) + rCw(t) (3.7)

The first term on the right determines acid transfer (partition and interfacial trans-

fer). The second term determines reaction in the droplets (acid dissociation and pH

indicator protonation).

A reaction rate r of (r=r1 × r2) accounts for the effects from acid dissociation and

chemical reaction in the droplets. Here, r1 represents the acid dissociation rate and
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r2 represents the reaction rates of acid and the indicator in droplet. Both r1 and r2

defined in Eq.3.5 and 3.6 are given by the acid dissociation and by the reactant in

the droplets, respectively. Eq. 3.7 can be integrated to obtain the decoloration time

tdecoloration, that is, the time for Cw(t) to increase from 0 to C∗
w. The fitting param-

eters are the apparent partition coefficient p∗, the reaction rate r and mass transfer

coefficient β. The shift of distribution coefficient from p to p∗ accounts for more acids

extracted into the droplet to the level of C∗
w.

3.3.6 Rate-limiting step in droplet decoloration at low acid

concentration

Eq.3.7 show good agreement with our measured decoloration time for all types of

acids, although decoloration time varies clearly with the properties of acids. As

shown in Figure 3.4a, the droplet decoloration becomes faster for more hydrophilic

acid. For a given size of the droplet (R of 25 µm), the order of decoloration is acetic

acid, gallic acid, n-butyric acid, PHBA, valeric acid and benzoic acids.

At the low acid concentration of 5 mM in Figure 3.4(b-d), the decolor time from the

two long-chain alkyl acids (n-butyric acid and valeric acid) can be described by Eq.

3.7, as shown in Figure 3.6c. Here, the value of the fitting parameter apparent par-

tition p∗ is much lower than the intrinsic coefficient of the acid in octanol and water

in the absence of chemical reactions. The other fitting parameter r is 0 from these

two alkyl acids. Similar to surfactant, the hydrophilic part (carboxylic acid group) of

these acids can penetrate the oil-water interface and stay in the water phase, while

the hydrophobic component remains in the oil phase. The rates of acid dissociation

(step 2) and colorimetric reaction (step 3) in the droplets are fast compared to inter-

facial transfer. So the second term on the left side of Eq. 3.7 can be neglected (r=0).

As for acetic acid, its solubility in water is much higher than in the surrounding.
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Compared to water-less soluble valeric acid and butyric acid, aromatic acids have the

less surface activities. Droplet decoloration from acetic acid and aromatic acid show

good agreement with the prediction from Eq. 3.7. Different from r=0 for valeric acid

and butyric acid, a positive value of r was obtained in Eq. 3.7, as shown in Figure

3.6d. Park et al. demonstrated that the dissociation of acetic acid is a very fast pro-

cess, completed in few picoseconds.[143] However, the effect from the reaction rate r

on the decoloration time can be revealed in decoloration rate, possibly due to the fast

partition process of acetic acid and aromatic acids in droplets. We also found that r

decreases with Co, as shown in Table 3.3, 3.4 and 3.5, suggesting less influence from

chemical reaction in droplets and more solubility-dominated partition at higher Co.

The partition shifting happens to the droplets at low concentrations specific of acids.

The apparent distribution p∗ obtained at all concentrations, is shown in Figure 3.6 a

and b. The revers of p∗ represents the concentration in droplets over that in the sur-

rounding. As the acid concentration decreases, the partition shifting (p/p∗) becomes

more significant. Up to 11 times larger p∗ was found for butyric acid at Co= 1 mM in

Figure 3.6. p and p∗ become the same at high concentrations of acids, for example,

at 2.5 M for heptanoic, and 100 mM for benzoic acid and PHBA, 50 mM for other

acids.

3.3.7 Acid specificity of mass transfer coefficient β

The mass transfer coefficient (β) shown in Figure 3.6c mainly reflects the rate of the

acid crossing the interface. We found that β is independent of the concentration in

the oil phase (Co) for a given acid. But for different acids, expect heptanoic acid, β

increases with the distribution coefficient p. As shown in Figure 3.6c, possibly acids

with a lower distribution coefficient (p) established as lower the acid concentration

gradient between the droplet and the surrounding for a slow transfer of the acid.

The interfacial activity of the acid also influences the transfer coefficient β. At the
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Table 3.3: Mass transfer coefficient (β), reaction coefficient (r) and apparent distri-

bution constant (p∗) of acetic acid and aromatic acid at the concentration (Co) of 0.5

mM to 5mM in the octanol solution.

Co (mM) Parameters Acetic acid Gallic acid PHBA Benzoic acid

0.5

β 0.55

r 0.005

p∗ 0.3

1

β 0.45

r 0.01

p∗ 1.2

5

β 0.55 0.45 1.2 1.3

r 0.01 0.03 0.001 0.001

p∗ 0.67 4.5 5.2 12
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Table 3.4: Mass transfer coefficient (β), reaction coefficient (r) and apparent distri-

bution constant (p∗) of acetic acid and aromatic acid at the concentration (Co) of 50

mM to 100 mM in the octanol solution.

Co (mM) Parameters Acetic acid Gallic acid PHBA Benzoic acid

50

β 0.55 0.45 1.2 1.3

r

p∗ 0.67 5.01 25 60

100

β 1.2 1.3

r

p∗ 38 74
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Table 3.5: Mass transfer coefficient (β), reaction coefficient (r) and apprent distri-

bution constant (p∗) of long-chain alkyl acid at the concentration (Co) in octanol

solution.

Co (mM) Parameters N-butyric acid Valeric acid Heptanoic acid

1

β 0.7

p∗ 0.54

5

β 0.7 3

p∗ 1.8 2.9

50

β 0.7 3 0.55

p∗ 6.2 24.5 37

500

β 0.55

p∗ 120

2500

β 0.55

p∗ 243
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Figure 3.6: Distribution coefficient shift down with the decrease in the acid concen-

tration in oil (Co) for heptanoic acid (b) and other acids(a), respectively. (c) β from

the fitting of Eq.3.1 at high concentration as a function of p for alkyl and aromatic

acids. (d) r from the fitting of Eq.3.7 at 5 mM as a function of apparent distribution

coefficient (p∗) for aromatic acids.
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same p, the coefficient β of aromatic acids with lower interfacial activity is lower

than that of alkyl acids. On the other hand, the long hydrophobic chain in the

heptanoic acid molecule makes it much more likely to stay on the oil phase than

in water droplets. Hence, transferring heptanoic acid into water droplets becomes

energetically unfavorable, leading to a very low β.

3.3.8 Effects of reactant concentration in droplets on reac-

tion rates

In the above, the concentration of the BG in the droplets was the same in all of

the experiments (0.02 g/ml in solution A). Considering the crucial role of chemical

reactions in the droplets for acid detection, another important parameter to influence

the detection sensitivity is the concentration of BG in the droplets. We varied the pH

indicator concentrations by changing the concentration of BG in solution A. After the

formation of the droplets by solvent exchange, a higher concentration of BG showed a

darker color (lower color intensity), as shown in Figure 3.7a. We used benzoic acid as

the model analyte to measure the LoD under different BG concentrations in solution

A. The results in Figure 3.7b demonstrates that a higher concentration of BG had a

higher LoD.

Higher sensitivity (lower LoD) in a lower concentration of BG in the droplets is

attributed to a shorter time to reach the critical concentration. The decoloration of

the droplets is determined by the ratio of the concentration of HR and R− ( [HR]
[R−]

),

as shown in the Eq.3.6. As the [R−] increased when the BG concentration increased

in the droplets, the amount of the HA for droplets to accomplish the decoloration is

also increased.

More HA molecules need a longer time to reach the critical concentration. When

the concentration of the HA increases, the reaction rate (r2) also increases. However,

compared to the reaction rate, the acid dissociation rate (r1) is faster.[143] Considered
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Figure 3.7: The initial color intensity along droplet diameter and the images (a)

and the limit of detection (LoD) (b) for benzoic acid. The droplets were formed by

solution A containing BG at the concentration of 0.02 g/ml, 0.002 g/ml and 0.0004

g/ml. Scale bar: 25 µm. Here the distance of 0 means the edge of the droplets.

the organic acids used in this work are weak acid and thus the acid dissociation

is partial, more acid molecules accumulated in the droplet. Those redundant HA

molecules slow down the mass transfer rate due to the decreases of the driven force

(Co-Cw).

3.4 Conclusions

This work experimentally and theoretically investigates the rate and efficiency of in-

tegrated extraction and detection of analytes in surface nanodroplets. Seven acids

were used as the model analysts, and the extraction of the acid was coupled with

a colorimetric reaction in surface nanodroplets. We found a significant shift in the

partition of the acids into the reacting droplets at a low concentration of acid in the

external solution. The interfacial partitioning of the acids was proposed to be the

rate-limiting step in integrated extraction and detection, and meanwhile contribute

to the highly sensitive detection from the shifted partition of the acids. The pro-
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posed theoretical model for the extraction process that takes the partition shift into

consideration is in good agreement with experimental results. This work provides a

comprehensive analysis for the enhance of extraction and sensitive colorimetric etec-

tion in nanodroplets.

Figure 3.8: Error function fitting (dotted line) of the fluorescence intensity that in-

creases from time 0 at the dye concentration of 5 × 105g/L (a) and 1 × 104g/L (b).
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Figure 3.9: The plot of droplet decolor time as a function of droplet size after injecting

oil containing 100 mM of PHBA and benzoic acid (a), 1 mM of n-butyric acid and

gallic acid (b) and 0.5 mM of acetic acid (c). The solid line is fitted from Eq.3.3. The

dash line is fitted from Eq.3.7.
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Chapter 4

In-situ fabrication of metal oxide

nanocaps based on biphasic

reactions with surface nanodroplets

4.1 Introduction

Surface-bound nanomaterials are key components in many clean energy techniques

from lithium batteries, solar absorber,[144] solar-driven interfacial evaporation in de-

salination [145–147], photocatalytic reactions,[148, 149] to wastewater treatment and

environment remediation by photolysis [150, 151]. Maximizing the performance and

functionalities of the materials requires control of spatial distribution and coverage

of nanomaterials deposited on a supporting substrate. Exploration of small reactive

droplets on surfaces represents a novel strategy for the fabrication of surface-bound

nanomaterials. Reactions with droplets on surfaces potentially streamline the process

of synthesis and immobilization of surface-bound nanomaterials to obtained desired
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spatial arrangement, surface coverage and materials nanostructures. Recent research

has demonstrated the high reactivity of small droplets with possible 1-million time

enhancement in reaction rates, compared to the bulk counterpart [29]. However, it

remains to be explored how to mediate the reactions between droplets and the bulk

surrounding and to establish simple and effective routes for the fabrication of surface-

bound nanomaterials.

Small-sized droplets allow the reactant to be compartmentalized at high concentra-

tion and fast mass transfer rate from the surrounding phase[29, 40]. The large surface

area of the droplets provides more space for the chemical reaction that needs access to

reactants in both droplets and the surrounding phase. The asymmetric local environ-

ment on the droplet surface provides active sites for biphasic chemical reaction [29,

83], or nucleation and growth of new phases [131, 152]. The asymmetric local environ-

ment refers to the interface between the droplet and the surrounding environment.

Compared to current techniques developed for selective deposition of metal oxide

nanomaterials including direct growth, chemical bonding, electrostatic adherence, or

seeding on selectively activated areas [153–156], droplet reactions are especially ef-

fective for material synthesis from chemical reactions between reactants dissolved in

immersible organic and inorganic phases [29].

Droplet-based synthesis approaches are endorsed by controlled formation of surface

nanodroplets that are liquid droplets on a solid surface in contact with an immiscible

surrounding liquid [83, 152, 157]. Here nano refers to the height of these droplets that

range from tens to a few hundred nanometers. Specifically, the solvent exchange is

the fast and straightforward solution-based process for forming surface nanodroplets.

[66] Without complex dynamics in evaporating droplets [158–160], the formation of

surface nanodroplets can be tuned by the solution, flow and surface conditions. [66,

142] Solvent exchange is flexible for the types of substrates, applicable for droplet

formation on planar substrates with or without micropatterns, microfibers and even

curved wall of microcapillary tubes [81, 161].
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Complementary to those droplets flowing in microfluidic channels, surface nanodroplets

are stabilized by the substrate. Hence a reactant solution in a flow can be introduced

to react with nanodroplets without leading to the uncontrolled collision, coalescence

or Ostwald ripening. Reactions between nanodroplets and the reactants in the flow

can be leveraged to synthesize surface-bound materials through sequential reactions.

As a demonstration, silver nanoparticles were synthesized on droplet surface for fast

extraction and sensitive chemical detection.[85]

Up to now, limited studies are available on surface nanodroplets for the synthesis of

surface-bound metal oxide. As a common and low-cost photocatalyst with various po-

tential polymorphic characteristics, α−Fe2O3 has been widely used in photocatalytic

reactions, [162] with advantages in narrow band-gap and high efficiency of absorption

up to 40% of the solar spectrum in the visible range.[163, 164] In established protocols,

iron oxide-based nanomaterials can be adjusted by varying bottom-up synthesis ap-

proaches such as hydrothermal, solvothermal, co-precipitation and many others.[165–

168] Iron salt of organic acid, especially iron oleate, is prominently used as precursors

in synthesizing nanocrystalline iron oxide-based nanoparticles.[169–172] The external

conditions, such as temperature, pressure and among others, are responsible for the

secondary noncrystalline phase during the thermal decomposition.[168, 173]

In this work, we will take iron oxide as a typical example to demonstrate a simple

approach for the in-situ fabrication of surface-bound nanocaps of a range of metal

oxides. By our method, oleic acid nanodroplets with desired number density and lo-

cation are preformed over a solid substrate inside a flow chamber. A flow of iron salt

solution is introduced to react with nanodroplets and produce nanocaps of certain

spatial arrangement and surface coverage. Moreover, we will show that the compo-

sition of nanodroplets can be varied to mediate the nanostructures of the caps and

create nanopores along the cap surface. Beyond iron oxide nanocaps, our approach

can also be applied to the synthesis of other metal oxides including copper oxide,

zinc oxide and yttrium oxide. Our work demonstrates the feasibility of reactive sur-
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face nanodroplets as a novel route for in-situ synthesis of surface-bound metal oxides.

The prepared nanocaps may be optimized for photodegradation of organic materi-

als in water as demonstrated in this work, and also for optical focusing, plasmonic

resonance and among other applications.

4.2 Experimental section

4.2.1 Chemicals and materials

Ethanol (90 %), octadecyl trichlorosilane (OTS, 98.9 %), oleic acid (90 %), 1-octanol

(95 %) and decane (99 %) were purchased from Fisher Scientific (Canada). While iron

(III) chloride (97 %), copper acetate (98 %), yttrium acetate (99 %) and zinc oxide (98

%) was purchased from Sigma-Aldrich (Canada). Water was obtained from a MillI-Q

water purification system (MA, USA). OTS-coated cover glass (Fisher scientific) and

silicon wafer (University wafer, USA) were used as the substrate. The coating of OTS

was prepared by following the protocol reported in the literature.[64]

4.2.2 Preparation of metal oxide nanocaps on a substrate

Nanodroplets of oleic acid were produced on a substrate placed in a narrow fluid

chamber. The detailed procedure of solvent exchange, as shown in Figure 4.1a, has

been introduced in earlier work.[83]. The fabrication methodology of these surface

nanocaps is sketched in Figure 4.1a and b. In the beginning, a ternary solution

(Solution A) with volume ratio as ethanol: water: oleic acid (70:30:3.5) filled the

chamber. Oleic acid droplets formed on the OTS-coated surface after injecting water

(solution B) at a flow rate of 20 ml/hr in step 1. Subsequently, in step 2, Solution C

of 0.04 M iron chloride aqueous solution flowed into the fluid chamber at 15 ml/hr.

The droplets of oleic acid react with the iron cation in the flow, forming iron oleate
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and the complexes droplets over the substrate, as shown in Figure 4.1b. The reaction

for the formation of iron oleate is shown in Eq.4.1. Finally, in step 3, water at a flow

rate of 40 ml/hr flowed into the chamber for 5 minutes to remove excessive unreacted

precursors. The substrate was taken out from the fluid chamber after the reaction

and then annealed in an oven at different temperatures and environmental conditions

as listed in Table 4.1.

Fe3+ + (C18H34O2)3 → Fe(C18H33O2)3 + H+ (4.1)

The preparation process for copper oxide, yttrium oxide and zinc oxide is similar

to that of iron oxide nanocaps. The only difference is that solution C (precursor

solution) changes to 0.04 M copper acetate, 0.04 M yttrium acetate or 0.04 M zinc

acetate, respectively.

4.2.3 Preparation of porous iron oxide nanocaps from binary

droplets

For the preparation of the porous iron oxide nanocaps, 1-octanol and decane were

used as the secondary oil phase, respectively. The ratio of water, ethanol and oil in

solution A is the same as above. However, the oil phase here is a mixture of oleic acid

and another oil. In the mixture of oleic acid and the secondary oil, the volume ratio is

2:1.5 for oleic acid and octanol and 2.2:0.3 for the oleic acid and decane. The ternary

phase diagram of three oils is shown in Figure 4.1c and d. The ratio of the oils in

surface droplets after the solvent exchange is based on the integrated area between

the dilution path and the binodal curve in the Ouzo region, as explained in previous

work.[74]

98



Figure 4.1: Brief sketch of the fluid chamber (a) and surface nanodroplets formation

and reaction in the fabrication of nanocaps of iron oleate (b). Solution A: ternary

solution of ethanol, water and oleic acid. Solution B: water. Solution C: precursor so-

lution. (c) and (d) are ternary phase diagrams of ethanol, water and oil mixtures and

the enlarge images of the ouzo region. Here, the red lines represent oleic acid. While

gray lines represent decane (a) and 1-octanol (b), respectively. The blue lines repre-

sent the dilution path during the solvent exchange process as the dilution path pen-

etrates the solubility line of the oil. oil droplets form due to the over-saturation.[66]

Ternary diagram of oleic acid is reproduced from [Li et al. J. Phys. Chem. C. 125, 28,

2021, 15324–15334.]. Copyright [2021] American Chemical Society. Ternary diagram

of 1-Octanol is reproduced from [Arce et al. J. Chem. Eng. Data. 39 (2), 1994,

378-380.]. Copyright [1994] American Chemical Society. Ternary diagram of decane

is reproduced from the IUPAC-NIST solubility database.
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4.2.4 Characterization of size and structures of metal oxide

nanocaps

Optical images were obtained using an upright optical microscope (NIKON H600l)

coupled with a 10X and 100X lens. A scanning electron microscope (SEM, HITACHI

S4800) and atomic force microscope (AFM, Bruker) were used to characterize the sur-

face morphology of the samples. The cross-section of the samples was characterized

by a helium ion microscope (Zeiss Orion NanoFAB with Ga FIB). X-ray photoelec-

tron spectroscopy (XPS, Kratos AXIS Ultra) was used to analyze the element and

the crystalline state of the samples. The peaks in XPS spectra were analyzed by

OriginLab. The TEM characterization was performed by using Hitachi H-9500 En-

vironmental Transmission Electron Microscope (ETEM). An accelerating voltage of

300 kV was applied for the characterization. The selected area electron beam diffrac-

tion (SAED) technique was employed for phase identification. The simulation of the

SAED pattern was carried out by using Desktop Microscopist (DM). The simulation

of high resolution TEM image was then performed by using MacTempasX (Total

Resolution).

The nanocaps were prepared on a SiN window (Norcada, Canada) for the imaging

of TEM. The dimension of the SiN was 0.05 mm × 0.05 mm. The SiN window was

directly used as the substrate in our fluid chamber, where the surface nanodroplets

of oleic acid surface nanodroplets were formed and then reacted with the iron pre-

cursor. Iron oleate droplets on the SiN window were heated in air at 500 ◦ for 2 hr,

respectively. After the samples were cooled down to room temperature, the samples

were put into a TEM chamber.

The cross-section images of iron oxide nanocap that was heated at 500◦C in air for 2

hr were obtained by FIB-HIM (Zeiss Orion NanoFAB with Ga FIB). A high-energy

beam of Ga ion that is perpendicular to the substrate was used to mill the nanocap.

Half of the nanocap was milled and from the top view, semicircular of the naoncap
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Table 4.1: Experimental conditions for fabrication of metal oxide nanocaps.

Metal Precursor Heating temperature Heating time Mark

Iron FeCl3

75 ◦C 0.5 hr I

300 ◦C

0.5 hr II

2 hr III

500 ◦C

0.5 hr IV

2 hr V

Copper Cu(CH3COO)2 300 ◦C 2 hr NA

Yttrium Y (CH3COO)3 500 ◦C 2 hr NA

Zinc Zn(CH3COO)2 300 ◦C 2 hr NA

remains on the substrate. Then the cross-section of the nanocap appears after the

milling by FIB. In order to obtain the thickness of the nanocap, the stage was tilted

by 57◦ from the top view, leading to an elliptical view of the spherical shape. The

sketch of the FIB process is shown in Figure 4.9.

4.2.5 Photodegradation catalyzed by iron oxide nanocaps

Photodegradation of model compounds methyl orange (MO) was performed in a

flow chamber, similar to our chamber for performing solvent exchange process. The
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chemical structure of the model compounds and the degradation path are shown in

Figure 4.10. Glass substrate decorated with iron oxide nanocaps was used as the top

plate. The channel height of the fluid chamber was kept at 150 µm. The solution

of MO (5 mg/l) was continuously injected into the chamber, controlled by a syringe

pump at a constant flow rate of 1 ml/hr. It took 45 minutes for injected MO solution

to pass the fluid chamber. The fluid chamber was exposed to 21.6 W/m2 intensity

of the simulated solar light. The exposure time of the solution was also 45 minutes.

To avoid the adsorption of the dye molecule by the porous structure, we discarded

the first 1 ml of the photo-illuminated liquid. The treated solution was collected

and characterized by a UV-vis spectrometer (Varian Cary 50). The efficiency of the

photodegradation is defined as:

E =
(Absbefore) − (Absafter)

Absbefore
(4.2)

Here, E is the efficiency of degradation. Absbefore and Absafter are the UV absorbance

of MO solution at the peak of 464 nm before and after the photodegradation, respec-

tively.

In order to evaluate the efficacy of the different nanocaps, we normalized the efficiency

by the surface coverage of nanocaps:

En =
(Ecap) − (Eglass)

S
(4.3)

Here, Ecap refers to the degradation efficiency by using the nanocaps-decorated top

plate. While Eglass refers to the degradation efficiency by using bare glass as the top

plate. S is the surface coverage of the nanocaps.
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Figure 4.2: (a) Optical images of surface nanodroplets during the reaction at 0 s, 14

s, 36 s and 193 s. (b) Iron oxide nanocaps on the substrate. (c) Morphology of the

nanocaps obtained by AFM after heating at 500◦C for 2 hours in air. (d) The height

profiles of the nanocaps from AFM reveal that the contact angle of the nanocaps

around 7◦. Length of scale bare: 20 µm in (a) and 50 µm in (b).
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Figure 4.3: Images of three nanocaps milled by focused ion beam at diameter of (a)

4.5 µm, (b)7.8 µm and (c) 16.1 µm. The images on the left were taken at 57o from

the normal plan to the substrate. Length of the scale bar: 1 µm.

4.3 Results and discussion

4.3.1 Formation and morphology of iron oxide nanocaps

Surface nanodroplets of oleic acid were produced by using the solvent exchange pro-

cess. The droplet size was controlled from a few to tens of µm in lateral radius (R).

The flow of iron chloride aqueous solution was injected into the chamber to react with

surface nanodroplets.

Droplets change the shape during reaction with iron cation as shown in Figure 4.2a.

Initially, at t=0 s just after the injection of iron chloride solution, oleic droplets have

no significant change. Further proceedings of the reaction at t=14s, a boundary

rim was developed around the bigger surface droplets and some small droplets were

formed on the space area. Splitting of the reactive droplets may be due to interfa-

cial tension stress induced by heterogeneous distribution of chemical species on the

droplet surface.[174] After a specific time interval, the tiny droplets expanded and
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merged into larger droplets. Finally, at 193 s, some adjacent droplets merged while

other droplets still remained as individuals, but all droplets assumed spherical cap

shape eventually.

At the completion of the droplet reaction, the substrate with iron oleate droplets

was taken out from the chamber and heated at elevated temperatures. The final

products appear to be semitransparent with colorful Newton rings clearly visible in

optical images, as shown in Figure 4.2b. The semitransparent suggests the ultra-thin

structure of the product after heating. Cross-sectional profiles of three structures

were obtained from the AFM images in Figure 4.2c and d. These structures have the

shape of spherical caps with an apex less than 1 µm even for the exceptionally large

one. The height of the structure in Figure 4.2 ranges from 164 to 500 nm and the

lateral diameter from 5.4 to 19.6 µm, with a contact angle around 7◦. Following the

naming convention of surface nanodroplets, we refer to these structures as nanocaps.

The surface coverage of oleic acid droplets was 40% before the reaction and deceased

to 11% after heating. The shrinkage at elevated temperature is due to decomposition

of iron oleate (Fe(C18H33O2)3) to iron oxide (Fe2O3). The mass loss from thermal

decomposition is around 91% based on simple elemental analysis. The size distribu-

tion of surface droplets also changed after the heating process, as shown in Figure

4.11. The surface nanodroplets are dominated at the diameter of 1 to 2 µm. The

nanocaps are most at the diameter of 3 to 4 µm with a thickness of 180 to 270 nm.

When the surface oleic acid reacts with the iron precursor, the droplets are expanded,

as shown in Figure 4.2a. Some small droplets merge together to form a larger droplet.

While other small droplets disappear during the heating due to the shrinkage. This

phenomenon is why the most probable size of the nanocaps is larger than that of oleic

acid droplets.

The surface coverage of nanocaps can be varied by conditions from the formation

of surface nanodroplets. Larger surface nanodroplets with a large interval of each

other formed larger nanocaps with low surface coverage after reaction and heating,
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as shown in Figure 4.12.

The inner structure of the nanocap was analyzed by using FIB that can mill half

of the nanostructures. The cross-section of the nanocap is exposed along the central

line. As shown in Figure 4.3, the nanocaps of all sizes have a homogeneous filled inner

structure. Such internal structure indicates that the reaction was not limited to the

droplet surface. Oleic acid inside the droplet was also converted to oleate by reacting

with an iron precursor in the solution. Meanwhile, the nanocaps with the diameter

from 4.5 µm to 16.1 µm are from 118 nm to 356 nm in height, which is consistent

with the previous AFM profiles showing the contact angle of the nanocaps.

The morphology of the nanocap suggests that the reaction between iron procures and

oleic acid droplets is not only happened at the interface but within the whole droplet.

Specifically, the carboxyl group of oleic acid reacts with the iron cation at the droplet

surface, which results in the formation of iron oleate, Fe(C18H33O2)3. During the

reaction process, the -OH group of the oleic acid was replaced by O-Fe. The formed

iron oleate may diffuse inside of the droplet. The fresh oleic acid molecules move to

the interface, leading to a continuous reaction. The reaction occurs from the water-

oil interface and then extends to the whole droplet within a few minutes when the

droplets stopped deformation.

4.3.2 Effect of time and temperature of heating

Figure 4.4 shows the XPS spectra of oleate droplets and nanocaps treated at different

heating temperatures and times. Iron oleate remains in the liquid state until 80◦C

without decomposition.[183–185]. The peaks of Fe 2p, O 1s and C 1s listed in Table

4.2 and 4.3 are compared to distinguish the chemical states of the products.

The deconvolution of Fe2p spectra resolves the peaks at 715.6 eV, 726.6 eV and 734.3

eV due to the presence of Fe3+ states within the iron oleate complex. The presence of
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Figure 4.4: XPS spectra of the surface droplets after various heating process. (a)

Iron Fe2p spectra (b) Oxygen O1s spectra (c) Carbon C1s spectra. Black solid line

is cumulative observed values of binding energy for each element.Filled area under

different colours denotes decovoluted peaks during peak fittings. (d) Optical images

of nanocaps after different heating process. Treatment conditinos I-V are listed in

Table 4.1. Length of scale bar: 15 µm.
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Table 4.2: XPS peaks of Fe2p

Peak location(eV) Indicated component Treatment conditions

715.6 Fe3+2p3/2[175] I

726.6 Fe3+2p1/2[176] I

734.3 Fe3+2p1/2 satellite[176] I-V

710.9, 713.2 Fe3+ octahedral[177] II, III

724.5 Fe3+2p1/2 in Fe2O3[177] II-V

709.9, 711.3, 713.0 α− Fe2O3 [175] IV, V

719 Fe2O3[177, 178] II-V
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Table 4.3: XPS peaks of O1s and C1s

Peak location(eV) Indicated component Treatment conditions

533.3-533.8 SiO2[179] I-V

530.8 Oxide species[180] IV, V

285.1 Alkyl chains[177] I, II

287.0 C-O bound[181] I, II

290.5 C (carboxyl)[182] I

Fe3+ in the complexes is attributed to the reaction between FeCl3 and the droplets

of oleic acid. [186, 187].

The binding energy of oxygen for O1s at the peak of 533.3 eV is assigned to SiO2 of

the substrate.[179] XPS peak for carbon (C1s) at ∼ 285.1 eV indicates the existence of

alkyl chain in oleate,[177] while the peak of 287.0 eV is attributed to C-O bond[181]

from the oleate. The peak at 290.5 eV is assigned to carboxyl carbon in organic

acid.[182] Single carbon-oxygen (C-O) and carboxyl carbon are present in both oleic

acid and iron oleate complex.

As the heating temperature increased to 300◦C at 0.5 hr and 2 hr, iron oleate droplets

solidified as shown in Figure 4.4d-II and III. XPS analysis of heated droplets at 300

◦C shows that presence of Fe2O3 instead of Fe3O4 [177, 178]. The peaks of 285.1 eV

and 287.0 eV, as explained above, originate from the iron oleate, possibly due to the

incomplete decomposition of the iron oleate during heating to 300◦C at both 0.5hr

and 2 hr.[186, 188]

109



The XPS analysis above suggests that the decomposition of iron oleate started at 300

◦C.

Fe(C18H33O2)3 + O2 → Fe2O3 + CO2 + CO + H2O (4.4)

when the heating temperature increased to 500 ◦ at 0.5 hr and 2 hr, we observed the

formation of iron oxide (α − Fe2O3) phase nanocaps after 2 hr, as shown in Figure

4.4d-IV and V. XPS analysis of the heated substrate at 500◦ for 2 hr confirms the

appearance of α−Fe2O3 phase. Here the analysis of XPS spectra shows that heating

at 500◦C provides sufficient temperature for the formation of iron oxide from the iron

oleate complex. The formation of the α − Fe2O3 can be further confirmed by TEM

and simulation.

To further confirm the formation of α − Fe2O3 after heating at 500◦C for 2 hr.

TEM and its simulation were used. Regions with deep contrast are emerged in the

nanocap, as shown in Figure 4.5a. The corresponding SAED exhibits a spot-like

feature of the typical crystalline phase, as shown in Figure 4.5b. The simulation of

the SAED pattern in Figure 4.5b suggests that α − Fe2O3 formed. The reflection

spots circled are related corresponding to the labeled dots in the SAED simulating

pattern. Close check the diffraction pattern finds that instead of a sharp, well-defined

circular shape, the reflection spots are stretched into the curved shape. This depicts

the formed α− Fe2O3 possesses a certain extent of texture.

Usually, the driving force for crystallization is mainly due to dislocation, grain bound-

ary energy, surface energy and strain energy or their combinations. During the crys-

tallization process, a texture structure can form. It is well known that surface energy

plays an important role in the formation of texture structures. In the study of Stirner

et al about the surface energy of α− Fe2O3[189], they found that the surface energy

decreased in a sequence of {0112} < {0001} < {1120} < {1010} ≈ {1011} < {1126}

< {1012}. The {1011} shown in the current study (see Figure 4.5b) is at a position

of high surface energy in the sequence. We postulate that the surface energy does

not play the main role in the texture formation mechanism; rather, strain energy has
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Figure 4.5: (a) TEM images of nanocaps heated at 500◦ for 2 hrs. (b) The corre-

sponding selected-area electron beam diffraction (SAED) pattern image together with

its simulation. (c) The high-resolution TEM (HRTEM) image of (a). (d) HRTEM

of a higher magnification for the area indicated by a square in (c) and the simula-

tion of the HRTEM image illustrated by a rectangle inset with white profile. The

lattice-spacings belong to {1011} (d-spacing 0.42 nm) and {1102} (d-spacing 0.37

nm)

.
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more impact on the texture structure arrangement.

The high resolution TEM (HRTEM) image indicates that α − Fe2O3 possesses a

well-defined crystal structure (Figure 4.5c). This suggests that crystalline α−Fe2O3

has already formed before 500◦C. Heating at 500◦C for 2 hr gives α− Fe2O3 enough

energy and time to grow into a complete structure. Because dislocation is an impor-

tant reason for the formation of texture structure, the rare existence of dislocation in

the TEM observation for α − Fe2O3 treated at 500◦C indicates that a well-defined

crystal structure does form. As shown in Figure 4.5d, the simulated HRTEM image

is overlapped with the experimental one. It is seen that they match very well. This

is, from an alternative way, to confirm the formation of 500◦C phase.

Hematite nanocrystals (α−Fe2O3) were synthesized previously using oleic acid as pre-

cursor solution or surfactant.[190]. The development of crystalline phase of α−Fe2O3

for iron oxide material was largely synthesized by using various conditions such as

time-dependent (1-72 hr), different temperature ranges and change in precursors.[163,

191] Here, we coined a simple, straight and facile approach to develop α − Fe2O3

phase via solvent approach without using any post surfactant and precursor solution

modification.

4.3.3 Formation of porous nanocaps from binary surface nan-

odroplets

The morphology and structure of the nanocaps can be modulated by doping nonreac-

tive liquid in nanodroplets. As shown in Figure 4.6a and b, when the droplets consist

of a mixture of oleic acid and octanol, the produced nanocaps exhibit many crevices

on the surface. In contrast, the surface of the nanocaps synthesized from pure oleic

acid shows a rough but uncracked surface, as shown in Figure 4.6d. Those crevices

on the nanocaps are around 40 nm in width. When the droplets are a mixture of

oleic acid and decane, the structure that is synthesized from binary droplets of oleic
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Figure 4.6: Surface and inner structures of iron oxide nanocaps fabricated from binary

surface nanodroplets. (a) shows the creviced surface of the nanocap from oleic acid-

octanol binary surface droplets. (b) The FIB-milled nanocap was fabricated from oleic

acid-octanol binary surface droplets. (c) shows the inner structure of (b), indicating

that the height of the nanocap increases toward to the center. (d) The rough but

uncracked surface of the nanocap from pure oleic acid droplets. (e) and (g) show

the inner structure of the nanocap synthesized from oleic acid-decane binary surface

droplets (f), similar to the shape of (c). (h) High resolution images of the porous

structure of the nanocaps synthesized from oleic acid-octanol binary surface droplets

and oleic acid-decane binary surface droplets, respectively. (i) The sketch of the

reaction process of binary surface nanodroplets with iron precursor.
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acid-decane also have the shape of a thin and solidified spherical cap with a similar

aspect ratio as the nanocaps from a single droplet, as shown in Figure 4.6(e-g).

A distinct feature of the nanocaps formed from binary droplets of oleic acid and

octanol is the highly porous inner structure, as shown in Figure 4.6h. In contrast,

the nanocaps synthesized from the binary droplets of oleic acid and decane are more

porous in the segment near the supporting substrate (Figure 4.6h).

It is interesting why the porous inner structure of nanocaps is formed from binary

droplets. Based on the ratio of oleic acid and the solubility diagram in Figure 4.1c and

d, the binary droplets mainly consist of oleic acid.[74] The appearance of the porous

inner structure of nanocaps is most likely caused by the formation of the daughter

droplets from the nonreactive liquid (1-octanol and decane) inside the droplets as

well as the produced liquid from the reaction of oleic acid and iron precursor. The

secondary oil small droplets may template the porous inner structure of the final

nanocaps.

There is a difference in the surface activity of octanol and decane. Octanol is am-

phiphilic similar to oleic acid, while the later molecules are non-polar. Thus, during

the reaction with the iron precursor, decane may reside inside the droplets. As oleic

acid is converted to oleate, decane is pushed away from the droplet surface. As de-

cane is oversaturated, forming daughter droplets located near the substrate base, as

sketched in Figure 4.6i. In contrast, octanol uniformly distributes in the droplet due

to its amphiphilic property. During heating, octanol or decane droplets evaporates,

leading to permanent pores inside of the nanocaps. Same as the nanocaps prepared

from pure acid droplets, the nanocaps fabricated from binary droplets (both acid-

ocatnol and acid-decane) exhibit the crystalline structure of αFe3O3, as shown in

Figure 4.15 and Figure 4.16.
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4.3.4 Formation of other metal oxide nanocaps

The droplets of oleic acid are able to react with many metal precursors; hence the

surface nanodroplets template method is effective for the synthesis of a wide range

of metal oxide nanocaps. As a demonstration, we have expanded the approach for

the synthesis of copper oxide, yttrium oxide and zinc oxide nanocap on the substrate,

as shown in Figure 4.7. The reaction for the formation of metal oleates and the

subsequential thermal decomposition process is shown below.

Men+(solution) + C18H33O3(droplet) → Me(C18H33O2)n(droplet) + H+
(solution) (4.5)

Me(C18H33O2)n(droplet)+O2(gas)
Heating−→ Me2/nO(cap)

+CO(gas) ↑ +CO2(gas) ↑ +H2O(gas)↑

(4.6)

Here, Me represents metal elements. The mass loss in the production of CuO, Y2O3

and ZnO from the thermal decomposition is estimated to be 87.3%, 87.6% and 87.0%

, respectively, leading to a significant reduction in surface coverage compared to that

of initial droplets. Optical microscope images show that yttrium oxide nanocaps are

yellow in the center and blue around the rim, while zinc oxide nanocaps show a light

blue color all over the caps, as shown in Figure 4.7b and c. As for copper oxide, the

optical image shows a dark and imperfectly spherical cap shape, as shown in Figure

4.7a. The color difference in nanocaps of copper oxide, yttrium oxide and zinc oxide

and the iron oxide may be attributed to the refractive index of these two metal ox-

ides. SEM images in Figure 4.7 show that the morphology of yttrium oxide is similar

to iron oxide with a smooth surface. In contrast, copper oxide has a rough surface

caused by the aggregation of the copper oxide nanoparticles. While zinc oxide shows

a close texture of aggregation of non-spherical nanoparticles.

The successful synthesis of nanocaps of copper oxide, yttrium oxide and zinc oxide

demonstrates that our method is general for forming diverse metal oxide nano/mi-

crostructures on a substrate. The universality of this method has the potential for

developing surface-bound nanomaterials in many areas, including plasmonic effect,
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photo-illumination enhancement, catalytic reaction and among others.

The as-produced nanocaps show strong adhesion to the substrate. The stability of

Figure 4.7: Optical (first column) and SEM images (second and third columns) of

nanocaps of copper oxide (a), yttrium oxide (b) and Zinc oxide (c). Length of scale

bare: 25 µm (first column), 15 µm (second column) and 2 µm (third column).

the surface-bound nanocaps of iron oxide has been tested by sonication. After sonica-

tion for 60 minutes, the small nanocaps remained intact on the surface (SI-5a), while

some of the large nanocaps were removed from the substrate. The surface coverage

reduction by sonication treatment is more obvious for large nanocaps than for small

nanocaps (Figure 4.13c).

We attribute the particularly strong adhesion between the caps and the substrate to

the intimate contact between the iron oxide and the supporting substrate formed dur-

ing the in-situ fabrication process and their strong van der Waal’s interaction.[192].

Small nanocaps are even more resilient to sonication due to less probability of collid-
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ing the cavitation bubbles.

4.3.5 Porous nanocaps for photodegradation

Nanocaps prepared in this work have the direct application potential for photocat-

alytic reactions in a flow-in chamber, demonstrated by photodegradation of methyl

orange (MO) in the flow. As a demonstration, the iron oxide nanocaps of three dif-

ferent porosities were fabricated on a hydrophobized glass substrate and then was

heated at 500 ◦C in air for 2 hours. The products have been proven to be α−Fe2O3

from the characterization in Figure 4.4. Nanocap (1) was prepared from pure oleic

acid droplets. Nanocap (2) was from oleic acid-decane binary droplets and Nanocap

(3) was from oleic acid-octanol binary droplets. As shown in Figure 4.8b and c, the

surface coverage of those three nanocaps are 25%, 22% and 10%, respectively. The

relative low photodegradation efficiency from the low surface coverage allowed us to

identify the enhancement from porous structures.

The photo-catalytical reaction was performed in a micro-fluid chamber under visible

light. The model compound was a dye (MO). As shown in Figure 4.8a, the nanocaps

of iron oxide on the top glass plate headed down to the inner chamber as the dye

solution flow through before being collected into a vial from the outlet.

The spectra of the UV-vis of the dye solution show a peak of absorbance around 464

nm. The efficiency of the degradation was evaluated by the intensity of the peak,

as shown in Figure 4.14. The existence of the iron oxide nanocap can improve the

efficiency at least more than 7 times of the bare glass slide. The improvement in

degradation efficiency is attributed to the catalytic activity of iron oxide nanocaps.

As shown in Figure 4.2c, 4.4b and 4.8a, the as-prepared nanocaps are ultra-thin and

semitransparent. The light can pass the nanocaps into the solution phase. Herein,

they are suitable for photocatalytic reactions.
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The nanocaps with porous structures have obviously higher degradation efficiency.

In Figure 4.8, the degradation efficiencies from three porosities are normalized by

the surface coverage of the nanocaps. The normal efficiency for the most porous

Nanocaps (No. 3) is more than twice of the efficiency for smooth nanocaps (No. 1).

Nanocaps (1) without pores are the least effective for photodegradation. Clearly, the

porous structure enhances the photodegradation due to the more surface area avail-

able for catalysis. The degradation efficiency may be further improved by optimizing

the exposure time and, more effectively, by increasing the surface coverage of iron

oxide nanocaps.

4.4 Conclusions

In conclusion, we firstly demonstrate an approach based on reactive surface nan-

odroplets for in-situ fabrication of metal oxide nanocaps with the controlled spatial

arrangement and surface coverage on a solid surface. Compared to the published work

on fabrication of the surface-bound materials or iron oxide nano materials,[153, 154,

156, 186, 193] our method shows a low chemical consuming, fast process in reaction,

highly tunnable on the morphology and inner structures. The crystalline structure

of nanocaps can be conveniently varied in the post-synthesis process of the droplet

reaction via thermal treatment. Notably, nanocaps with nanoporous structures can

be produced by doping nonreactive liquid in reactive surface droplets. As applied

to catalyze photodegradation of organic compounds in water, the porous nanocaps

exhibit better performance as compared to smooth nanocaps. Reactive surface nan-

odroplets may open the window to the in-situ synthesis of a range of surface-bound

nanomaterials. We expect that, in future work, the formation condition of nanocaps

maybe further improved for optimal efficiency. The approach of surface nanodroplets

reaction may be extended to other materials catalytic reaction, optical focusing and

solar energy conversion.
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Figure 4.8: (a) Sketch of the fluid chamber for photo-degradation test. (b) Optical im-

ages of non-porous nanocaps (No.1), moderately porous nanocaps (No.2) and highly

porous nanocaps (No.3) on the glass slide. (c) The surface coverage of the nanocaps

corresponding to (b). (d) Normalized efficiency of photodegradation by nanocaps.

The efficiencies are normalized by dividing the net efficiency of (Ecap-Eglass) by sur-

face coverage (S). Length of scale bar in (b): 25 µm (top row) and 15 µm (bottom

row).Error bars in (c) and (d) were obtained from 3 repeats of the experiment.
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Figure 4.9: Sketch of the milling process by FIB..

Figure 4.10: The chemical structure of the methyl orange and the degradation path.
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Figure 4.11: Optical images of surface oleic acid nanodroplets(a) and the iron oxide

nanocap after heating at 500◦C (b). Probability density function (PDF) of the surface

droplets (c) and nanocap (d), corresponding to (a) and (b), respectively. (e) The

surface coverage decreases after formation of nanocaps, indicating the significant mass

loos during this process. Scale bar: 50 µm.
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Figure 4.12: (a) and (b) are surface oleic acid droplets at larger size and intervals. (c)

and (d) are the nanocaps after heating, corresponding to (a) and (b), respectively.

122



Figure 4.13: Optical Images of nanocaps at high surface coverage (a) and low surface

coverage (b), before and after 60 min sonication and (b) at 25 ml/hr, before and

after 60 min sonication. White circles represent the broken nanocap after sonication.

(c) The surface coverage of the nanocaps on the surface before and after 60 minutes

sonication. Scale bar: 100 µm.

Figure 4.14: (a) The UV-vis spectra of the MO before and after degradation. The

degradation efficiencies by using transparent cover glass and the cover glass with

non-porous nanocap (No.1), moderately porous nanocap (No.2) and highly porous

nanocap (No.3), respectively.
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Figure 4.15: (A) Low magnification TEM images of the nanocaps from acid-octanol

binary droplets. The SAED pattern shown as an inset is high magnification TEM

images of the nanocaps (B). The marked rings assigned to (01-12) and (10-14) of

α − Fe2O3, respectively. (C) HRTEM image obtained from marked area in (B)

displays a similar crystalline feature as the nanocaps from pure acid droplets.
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Figure 4.16: (A) Low magnification TEM images of the nanocaps from acid-decane

binary droplets. The SAED pattern shown as an inset is high magnification TEM

images of the nanocaps (B). The indexation on the SAED pattern suggests it be

α−Fe2O3.(C)The HRTEM image obtained from marked area in (B) displays a similar

crystalline feature as the nanocaps from pure acid droplets.
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Chapter 5

Nanorings of silver nanoparticles

for surface enhancement Raman

scattering (SERS)

5.1 Introduction

Surface enhancement Raman scattering (SERS) is a widely used strategy to en-

hance the Raman spectra signal by using metallic materials, especially metallic nano-

structures[194]. When a laser irradiates to metallic nano-structure, the free electrons

on the metallic nano-structure surface would oscillate, leading to an enhancement of

the electric field on the surface. This electric field can enhance the intensity of the

Raman signal, giving a lower detection limit. This enhancement of Raman signal

by the surface electric field is known as SERS. The SERS is mostly used in ultra-

sensitive chemical sensing field[195–198]. SERS is feasible to combine with some

pre-concentrate method to increase the sensitivity, such as extraction[85], evapora-
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tion[199] and among others. SERS can even reach the single-molecule level of detec-

tion[195, 199]. The principle of SERS is based on the electric field from the surface

plasma resonance of the metallic nano-structures[197]. Such high sensitivity of SERS

reduces the reproducibility of the chemical detection, which limits the practical ap-

plication of SERS in chemical quantification[200–203].

The main reason for the low reproducibility of SERS is that the uncertain hotspots

give unstable Raman signals during the measurement.[204, 205]. To overcome this

uncertainty, highly ordered structures have been used to improve the reproducibility

of SERS by fixing certain hotspots of each scan[206–212]. Some approaches, such as

self-assembly[198, 213], template[214, 215] and electron beam lithography[216], have

been applied to fabricate highly ordered structures, including film[217], nanorod[211],

nanodot[209] and among others, to improve the SERS reproducibility. The current

approach to fabricate SERS substrate with good performance needs to use a large

amount of highly toxic chemicals. For example, Xu et al. fabricated an ordered SERS

substrate that can achieve the detection of Rhodamine 6g (R6G) with LoD of 10−11M

and a quantification range from 10−8M to 10−11M [218]. The LoD and the concen-

tration correlation range of some reported work is summarized in Table5.1. How-

ever, Fabrication of nanostructures with high precision dimensions require expensive

equipment and dedicated clean room. Thus, simple, cost-effective, and solution-based

methods on the fabrication of highly ordered substrates are valuable to widely spread

applications of SERS.

Surface nanodroplets show the potential to micro-fabrication of highly ordered nano-

or micro-structures bound on a substrate. Surface nanodroplets are the nano-scale (in

height) droplets immobilized on a solid surface with an immiscible liquid surround-

ing[65]. Apart from advantages of bulk microdroplets in reaction and extraction

enhancement[7, 18, 21, 27, 30, 31, 33]. surface nanodroplets are stable in an exter-

nal flow. Recently, Li et al. combined the nanoextraction and surface enhancement

Raman scattering (SERS) by using surface nanodroplets to achieve highly sensitive
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chemical sensing with LoD of 10−9M and a quantitative range from 10−6M to 10−9M

in the detection of R6G. Binary surface nanodroplets of VE and octanol were pro-

duced on a homogeneous substrate to achieve the extraction and detection of the

chemicals by SERS.[85] This method enables a one-step of chemical extraction and

sensing, which is much simplified compared to the traditional dispersive liquid-liquid

microextraction (DLLME)[140]. However, the dispersed distribution of the droplets

and the requirement for storing them in the liquid phase still limit the practical ap-

plication.

In our previous work, surface-bound metal oxide with tunable size and porous fabri-

cated from surface nanodroplets via biphasic reaction of droplet liquid and metal salts

precursor solution[219]. This approach shows a simple, feasible and green method on

fabrication surface nano- or micro-structures.

In addition, Bao et al. formed a highly ordered surface nanodroplets array by using

chemically heterogeneous substrate[77]. Thus, we expected that the surface nan-

odroplets array would show excellent potential on the fabrication of highly ordered

metallic micro-structures act as SERS substrate.

In this work, we formed the highly ordered silver micro-structures array from

the biphasic reaction of the highly ordered surface nanodroplets array. The as-

produced silver micro-structures show a ring structure corresponding to the surface

nanodroplets. We explored the pH value and concentration of precursor solution effect

on the fabrication of the silver micro-structures and found the optimized condition for

detection of rhodamine 6G by SERS in a fluid chamber. This substrate shows a low

LoD and broad d quantitative detection range. A further increase of SERS activity

can be done by fabricating the highly ordered silver micro-structure on a transparent

glass plate. Our approach shows a simple, cost-effective, and green method on the

fabrication of SERS substrate.
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Table 5.1: List of the reported LoD on highly ordered substrate for SERS.

Work Materials Model com-

pounds

LoD/M Quantitative

range/M

Chu,2015[208] Ag nanocomplex 4-ATP 10−8 NA

Xu,2015[209] Ag nanodot R6G 10−11 NA

Chen,2015[211] Au/Ag nanorod R6G 10−8 NA

Xu,2017[218] Ag nanoparticle R6G 10−11 10−8 to 10−11

Wang,2020[217] Au film R6G 10−13 10−9 to 10−5

Cai,2021[210] Ag array R6G 10−14 0.6× 10−8 to 1×

10−9

Lu,2021[212] metallic glass nanotube Crystal violet 10−11 NA
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5.2 Experimental section

5.2.1 Chemicals and materials

Ethanol (90%, Fisher Scientific) was used as a co-solvent to dissolve water and α-

tocopherol (Vitamin E, 97%, Alfa Aesar). Water was obtained from the Milli-Q

water purification unit (Millipore Corporation, Boston, MA, USA). Silver nitrate so-

lution (0.1 M, Fisher Scientific) was dissolved in water at concentration of 0.1 mM

and 0.5 mM used as precursor solution. Sodium hydroxide (NaOH, 98%, Fisher Sci-

entific) was used to adjust pH value. Rhodamine 6G (R6G, pure, Fisher Scientific)

was used as the model analyst.

The silicon wafer (University wafer, USA) and borofloat glas s(University wafer, USA)

were hydrophobilized and used as the substrate in this work. The substrate was firstly

hydrophobilized by coating of octadecyltrichlorosilane (OTS, 95%, Acros Organics)

by following the same procedure as reported in previrous work[64]. Then photo-

lithography method was applied to remove some part of the OTS layer, exposing the

hydrophilic background. Similar method of fabricating patterned substrate was re-

ported in previous work[77]. Finally, hydrophobic domains created on the substrates

were 5 µm in the diameter with 2 µm spacing among each other.

5.2.2 Formation of highly order array of surface nanodroplets

array

Surface nanodroplets were formed in a fluid chamber via the solvent exchange pro-

cess.[66] The sketch of the solvent exchange is shown in Figure 5.1a, where solution

A is a ternary solution of water, ethanol and Vetamin E (VE) at volume ratio of

10:90:2.2 and solution B is pure water. Solution A was firstly filled in the fluid cham-
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ber and then replaced by solution B at at constant flow rate of 5 ml/hr that was

controlled by a syringe pump. After the solvent exchange, pure VE droplets were

produced formed on the hydrophobic microdomains of the substrate.

5.2.3 Fabrication of ring array of silver nanoparticles

The pH level of the silver nitrate solution was adjusted > 7 using NaOH. After

the array of surface nanodroplets was formed by solvent exchange, the precursor

solution of basic silver nitrate was injected for 8 hours. The salt reacted with VE

droplets in dark at a slow flow rate of 1.5 ml/hr. The product of the reaction between

VE nanodroplets and silver ions were silver nanoparticles and α-tocopherolquinone

(VEq)[220], as shown in Figure 5.1b. VEq is liquid insoluble in water. Thus the

droplet shape still remains on the surface after the reaction, while the produced silver

nanoparticles stay at the surface of droplets, as shown in Figure 5.1b. The pH values

and the precursor concentrations tested in this work are listed in Table.5.2. After

the reaction of producing nanoparticles, ethanol is injected to dissolve and remove

VEq from the substrate, as shown in Figure 5.1c. Finally, the substrate was ready

for SERS detection.

5.2.4 Detection of model compounds by SERS

The SERS activity of the nanorings was evaluated by detection of R6G in an aqueous

solution filled in the fluid chamber that could be same from the one for solvent

exchange process above, as sketched in the Figure 5.1d. The aqueous solution of R6G

was injected into the chamber.Confocal Raman microscope was used and focused at

the ring pattern to obtain the Raman spectra.

When using the transparent glass substrate with silver ring, the side with silver rings

131



Table 5.2: The conditions (pH value and concentrations) of the precursor solution

and the corresponding LoD and quantification range

Substrate

Precursor solution LoD/M Quantificaiton Range/M

pH value Concentration/mM 50X 5X 50X 5X

Si

10 0.1 10−7

10 0.5 10−8 10−7 10−8-10−6 10−7-10−5

9 0.5 >10−5

11 0.5 10−7

Glass 10 0.5 10−9 10−8 10−8-10−5 10−8-10−5

faced into the flow of the analyte solution. The light in the Raman measurements

transmitted through the glass and focused on the silver ring pattern.

5.2.5 Characterization

Optical images were obtained from Nikon eclipse optical microscope coupled with 10X

lens. Field emission scanning electro microscope (FESEM, Zeiss Sigman) coupled with

Energy Dispersive X-Ray Analysis (EDX, Oxford) was used to get the high resolution

of the silver nanoparticles and confirm the product of the silver. The Raman spectra

was obtained from confocal Raman microscope (Renishaw) coupled with 633 nm laser
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Figure 5.1: Sketch of the solvent exchange process for formation of surface nan-

odroplets (a), formation of the silver nanoparticles around the surface droplet inter-

face (b), and fabrication of the ordered silver nanoparicels ring (c). Sol.A: ternary

solution of water,ethanol and VE. Sol.B: pure water. Sol.C (precursor solution): base

solution of silver nitrate solution. (d) Sketch of SERS detection of R6G solution in a

chamber by using ordered silver nanorings as substrate (left) or cover glass (right).
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at a power of 0.5 W. The magnificaition of the lens were 50x lens and 5x. Here, the

50x lens could focus on one entire domain of one silver nano-particle ring, while 5x

lens can focus on many domains. Each Raman spectrum was collected from 5 seconds

of acquisition time and 5 times accumulation to minimize the noise. The peaks and

the corresponding vibration modes specific to R6G are listed in Table 5.3.

Table 5.3: Assignment for the peaks in Raman spectra of R6G molecule[221]

Raman

shift/cm−1

610 770 1180 1310 1360, 1510

and 1650

Vibration

mode

C-C-C C-H C-H N-H C-C

ring in-

plane

vibration

out-of-

plane bend

in-plane

bend

in-plane

bend

stretching

5.3 Results and discussion

5.3.1 Fabrication of array of nanorings

Pure VE surface nanodroplets were formed on pre-patterned substrate (chemically

heterogeneous) from the solvent exchange. As shown in Figure 5.2a, the as-formed

VE droplet array followed the pattern of the hydrophobic domains on the substrate.

The diameter of 5 µm and the spacing of 2 µm were predetermined by the hydropho-

bic domain.
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The silver micro-structures of different conditions are shown in Figure 5.2b. Rings of

the nanoparticles formed around the rim of the domain (Figure 5.2b). More dense

structure around the rim at a higher precursor concentration of 0.5 mM. For the same

concentration of 0.5 mM, much less silver nanoparticles were found at lower pH value

of 9.

The silver nanoparticles at above conditions were analyzed and shown in Figure 5.2c.

The largest silver nanoparticles were obtained from 0.5 mM precursor solution with

pH of 9. The clusters were in the center of the domain. Other conditions show a

similar size of the silver nanoparticles ranging from 20 nm to 40 nm in radius. The

element analysis was done by EDX in Figure 5.2d, indicating the formation of the

silver. Absence of oxygen spectrum suggestes that nanoparticles were silver instread

of silver oxide.

We attributed the ring structure of the formation to the coffee ring effect during the

dissolving of the VEq droplet[222]. The biphasic reaction between VE droplet and

precursor solution happened at the interface of the droplet, leading to a formation of

silver nanoparticles at the interface. With the consumption by the reaction, the final

product of the droplet liquid is VEq armored with silver nanoparticles at the inter-

face. The following process is the injecting of ethanol. During this process, the VEq

droplet dissolved continuously. Since the edge of the droplet has a faster dissolving

flux, the internal Marangoni flow happened due to the concentration difference. The

silver nanodroplets thus accumulated at the edge and formed a ring structure[222].

When the pH was low, the OH− limited the reaction rate in producing silver nanopar-

ticles. Thus, one site of an already formed silver nanoparticle can act as a trigger to

further growth and create a cluster. A dense cluster could submergence merge into

the droplet and then settle down to the substrate, leading to a formation as shown

in Figure 5.2b-3. At a high pH value of 11, since the silver nitrate can react with

OH− to form Ag2O, the large amount of Ag2O nanoparticles suspended in bulk and

then precipitate on the substrate during the reaction process, leading to an unordered
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substrate, as shown in Figure 5.2b-4.

5.3.2 SERS detection by using nanorings of silver nanopar-

ticles

R6G was used as the model analyte. The limit of detection (LoD) by using the

silver nanoring substrate fabricated by different conditions are listed in Table.5.2.

The results show that sample 1 and 4 have the same LoD at 10−7M , while sample

3 has one magnitude lower LoD, possibly due to the further enhanced Raman signal

by the dense silver sheet. However, no enhancement of the detection was found by

the substrate fabricated by sample 3, possibly due to the small quantity of silver

nanoparticles formed and their non-uniform distribution.

The Raman spectra of the R6G enhanced by the sample 1, 2 and 4 at their LoD

were collected, as shown in Figure 5.3. The intensity of sample 2 is a little lower

than sample 1 and 4, due to the lower LoD of sample 2. Compared to the control

experiment, all of sample 1, 2 and 4 show specific peaks for R6G, as listed in Table.5.3,

consistent with the reported work[85].

The above results suggest that the silver nanoparticle ring fabricated from condition

of pH=9 and Csn=0.5 mM is the optimized one for SERS detection. To data, some

researchers can fabricate the SERS substrate with the LoD of 10−13M [217, 223],

which is much lower than our substrate. However, the main purpose of the highly

ordered structure as SERS substrate is to improve the reproducibility and thus used

to quantitatively determine the chemicals.

Quantification is one of the most critical parameters in chemical analysis to deter-

mine the concentration of the analyte. When we used a 50x objective lens to focus

one domain of the silver nanoparticles, the LoD of the R6G detection is 10−8M , as

listed in Table.5.2. As shown in Figure 5.4b, the spectra of three repeats experi-
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Figure 5.2: (a) Optical images of surface VE nanodroplets in an array on a pre-

patterned substrate. (b) Optical images (top row) and SEM images (bottom row)

of the ordered ring of silver nanoparticles fabricated from surface nanodroplets. At

1) pH=10, silver nitrate concentration (Csn)=0.1 mM, 2) pH=10, silver nitrate con-

centration (Csn)=0.5 mM, 3) pH=9, silver nitrate concentration (Csn)=0.5 mM and

4) pH=11, silver nitrate concentration (Csn)=0.5 mM. (c) Average size of the silver

nanoparticles at reaction conditions corresponding to b. (d) EDX result indicated

the formation of silver. The scale bar is 50 µm for (a), 5 µm for top row of (b) and

1 µm for bottom row of (b).
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Figure 5.3: Raman spectra of R6G at the LoD of different substrates (10−7M for

sample 1 and 3, 10−8M for sample 2).

ment on detection of R6G at 10−8M prove the high reproducibility of this substrate.

Two higher concentrations (10−7M and 10−6M) also have been tested and the Ra-

man spectra were collected as shown in Figure 5.4a. When the R6G concentration is

above 10−6M , at the default laser power, the signal is over the measuring range of

the instrument due to the highly focused bean by 50x lens. Thus, to keep the result

constant, we only collect the concentration from 10−6M to 10−8M .

Then, we used the peak at 1508 cm−1 to quantitatively analysis the correlation be-

tween intensity and R6G concentration. In the lg-lg plot, the concentration of the

R6G shows an excellent linear relationship (R2 = 0.99) to the Raman intensity from

10−6M to 10−8M , as shown in Figure 5.4b. This good linear relationship can be used

to determine the analyte concentration in this range quantitatively.

A lower objective lens of 5x also has been tested at the same condition as the 50x lens

to demonstrate that our substrate can also work well in a low objective lens. Com-

pared to the high objective lens, the 5x lens can focus on a large area of the substrate

instead of the single domain. The result shows that by using a 5x lens, the LoD of
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R6G detection is 10−7M , which is one magnitude lower than by 50x lens. However,

5x lens shows a detection range from 10−4M to 10−7M , which is same broad but one

magnitude lower than 50x lens, possible due to the lower focusing of 5x lens and thus

lower intensity of the Raman signal. In addition, at low objective lens, the substrate

also showed a high reproducibility, as shown in Figure 5.4e.

A good linear correlation (R2 = 0.98) by 5x lens was found from 10−5M to 10−7M in

the lg-lg plot of the R6G concentration and peak intensity at 1508 cm−1, as shown

in Figure 5.4d. The highly ordered silver structures show good stability of the Ra-

man signal due to the same number of hotspots in a given area, providing the same

response everywhere. By coupling with 50x lens and 5x lens, the quantification range

of our substrate is 10−5M to 10−8M . Li et al. used the coupled nanoextraction and

SERS detection by using surface nanodroplets can achieve the quantification range

from 10−6M to 10−9M .[85] A more recent work done by Wang et al. shows that by

using Au film, the quantification SERS detection of R6G can range from 10−5M to

10−9M .[217] Compared to the above works, our substrate show a competitive quan-

tification range. In addition, Our substrate shows a good LoD of R6G detection in

an aqueous solution without any extraction or pre-treatment procedures, which is

significantly simplifies the detection process.

5.3.3 Enhanced detection by SERS substrate

We used the same procedure but changed the Si substrate to borofloat glass to fab-

ricate the ordered silver nanoparticles ring pattern and apply this to R6G detection.

The borofloat glass with silver nanoparticles ring pattern replaced the cover-glass

in the fluid chamber and the face with silver nanoparticles towards the liquid, as

sketched in Figure 5.1d. At this set-up, the laser will not penetrate the liquid phase

and will just focus on the top plate. We found that by using a 50x lens, the LoD of
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Figure 5.4: Surface enhancement Raman spectra of R6G at different concentrations

by using 50x lens (a) and 5x lens (d). Three repeats in the experiments at the LoD by

using 50x lens (b) and 5x lens (e) demonstrate high reproducibility. The correlation

of R6G concentration and the peak intensity of 1508 cm−1 in lg-lg plot show linear

relation by using 50x lens (c) and 5x lens (f). Error bars are from 3 repeats of the

experiment to ensure the reproducibility.
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R6G detection is 10−9M , as listed in Table.5.2, which is one magnitude lower than us-

ing the substrate. The Raman spectra of R6G at different concentrations was shown

in Figure 5.5a. Here, when the concentration is 10−9M , the Raman signal is very

weak, as shown in Figure 5.5b. However still, there are some specific peaks that can

be recognized. By using the cover-glass, the quantitative detection range was found

from 10−8M to 10−5M , which is broader than using the substrate.

When we used the 5x lens, the LoD of R6G detection is 10−8M , which is also one

magnitude lower than using the substrate. As shown in Figure 5.5e, the spectra of

three repeats experiment on detection of R6G at 10−8M prove the high reproducibil-

ity of this substrate. The Raman spectra of R6G at different concentrations was

shown in Figure 5.5d, showing an increase of the peak intensity with the concen-

tration. By using the cover-glass, the quantitative detection range was found from

10−5M to 10−8M (Figure 5.5f), same as the 50x lens.

We attribute this better LoD and the quantitative detection range by using cover-

glass to less interference from the liquid layer. When the substrate setup was used,

the laser needed to penetrate the aqueous solution first and then reach the substrate

of the surface as shown in Figure 5.1d. During this penetration, the power of the

laser was consumed, leading to a less collection of the signal. While, when we used

the cover-glass setup, the consumption of the laser by the aqueous solution can be

eliminated, possibly leading to a stronger light intensity than on bottom Si substrate.

5.4 Conclusions

In summary, we reported an approach to fabricate the highly ordered silver micro-

structure based on the biphasic reaction of the surface nanodroplets array. The

synthesis process parameter of pH value and precursor solution concentration have

been tested to find the best condition for SERS application. The SERS property was
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Figure 5.5: (a) and (d) are the surface enhancement Raman spectra of the R6G at

different concentrations by using 50x lens and 5x lens, respectively. Three repeats in

the experiments at the LoD by using 50x lens (b) and 5x lens (e) demonstrate a good

reproducibility. (d) and (f) are the linear correlation of the concentration of R6G

and the peak intensity at 1508 cm−1 in lg-lg plot, respectively. Error bars are from 3

repeats of the experiment to ensure the reproducibility.
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evaluated by the detection of R6G aqueous solution in a microfluid chamber. The

fabricated SERS substrate by our method shows good LoD and good quantitative

detection range. In addition, the SERS activity can be further improved by fabricating

the silver micro-structure on a transparent glass plate. Our approach shows simple,

cost-effective and green method on the fabrication of SERS substrate. The feasibility

of the fabrication process may broaden our approach in a wide application situation.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

This thesis presents the formation and applications of functional surface nanodroplets

in the identification of multicomponent acidic mixtures, understanding the partition

and chemical reaction in micro-sized droplets, surface-bound materials synthesis and

fabrication of SERS substrates. The as-produced surface nanodroplets show excel-

lent properties for extraction and chemical reaction enhancement. Compared to bulk

microdroplets, surface nanodroplets exhibit a long lifetime, high stability and control-

lable formation and thus have the potential for a wide range of practical applications.

At first, we used the surface nanodroplets as a novel method to distinguish multi-

components mixtures in a one-step, in-situ and instrument-free manner. The colored

surface nanodroplets containing pH indicator were formed by solvent exchange. By

extracting organic acid from the external flow, the droplets show a color change due

to the reduction of the pH value due to the colorimetric reaction of the extracted

acid and pH indicator. The time scale of the droplet decoloration is specific to acid

type, concentration and droplet size. Most importantly, the droplets change color at

a characteristic time for the combination of the acid mixture with the same pH level.
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We demonstrated the application of our method in anti-counterfeiting of famous Chi-

nese spirits directly within a color change of the droplets could be simply observed

by using the camera of a smartphone.

Furthermore, the decoloration time scale of surface nanodroplets works as a tool to

understand the kinetics of the combinative effect of nanoextraction and colorimetric

reaction in the micro-scale. Colormetic reaction is reversible reaction, which is a kind

of long-term reaction. Thus, the detail process is difficult to be measured by bulk

microdroplets due to the short lifetime. Surface nanodroplets give enough lifetime

and stable positions to analyze the long-term reaction. Thus, we experimentally and

theoretically investigated the integrated extraction and reaction of analytes in surface

nanodroplets by extracting seven different acids from the external liquid. We found

a significant shift in the partition of the acids into the reacting droplets at a low

concentration of acid in the external solution, leading to a more sensitive analysis

compared to the bulk system. The effective partition can be 3-11 times higher than

in bulk. This partition shift is attributed to the chemical reaction in the droplet and

is proposed to be the rate-limiting step.

The functional surface nanodroplets provide templates and nucleation sites for fab-

rication materials, which can give a strong bond to the substrate and enhance the

biphasic reaction. Thus, we applied the reactive surface droplet in the fabrication

of surface-bound materials and highly ordered micro-structures via in-situ biphasic

reaction on a solid substrate. The porous structures of the as-produced nanocap can

be tunable by adding a non-reactive liquid to the droplet. The porous nanocaps show

higher efficiency as a photo-catalyst in the degradation of dye solution than smooth

nanocaps. In addition, this method shows excellent feasibility on fabrication of di-

verse materials. Thus, by forming a highly ordered surface nanodroplets array, we

fabricated an ordered silver nanoparticles ring pattern. The highly ordered structure

gives the certain hotspots of Raman signal, thus improving the reproducibility of the

detection. Thus, a good quantification range of R6G detection from 10−4M to 10−8M
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has been found by using this substrate, which is competitive to the reported work.

We further increase the sensitivity by fabricating the same structure on a transparent

glass plate. Our method reduced the requirement of the fabrication compared to some

SERS substrates with similar performance.

6.2 Outlook

Although great efforts have been made to apply functional surface nanodroplets in

different applications, many areas still can benifit from the advantages of the surface

nanodroplets in practical implements. The following works may be valuable for fur-

ther research.

(1) Surface nanodroplets-based chemical extraction can be further enhanced by nar-

rowing the channel height, leading to better mass transportation from bulk to the

droplets. Besides, the nanoextraction process can also be coupled with other analyt-

ical instruments to achieve more precise analysis.

(2) Due to the color change of the pH indicator is not linear to the acid extraction, the

above work for understanding the couple nanoextraction and reaction only considered

the time scale of the total process. However, it is valuable to dynamically monitor the

extracted analyte in the droplet with time. A fluorescence-based reaction may help

to monitor the extraction and reaction process by the fluorescence intensity change

during the process.

(3) At present, fabrication of the surface-bound materials is only on a lab scale. A

scale-up is expected to apply this surface-bound material for higher efficiency in the

photo-degradation and thus used in practical situations. Furthermore, the bi-metallic

or tri-metallic surface-bound materials may also be formed to broaden the application

to other areas, such as surface plasma resonance and solar harvest.

(4) The highly order micro-structures from surface nanodroplets can be further func-
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tionalized by chemicals, which may help to improve the performance of the SERS

activities.
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liquid droplets on solid surfaces: Production, imaging, and relevance for current

wetting research,” Small, vol. 5, no. 12, pp. 1366–1390, 2009.

[55] M. Paine, M. Alexander, K. Smith, M Wang, and J. Stark, “Controlled elec-

trospray pulsation for deposition of femtoliter fluid droplets onto surfaces,”

Journal of Aerosol Science, vol. 38, no. 3, pp. 315–324, 2007.

[56] S. C. Thickett, C. Neto, and A. T. Harris, “Biomimetic surface coatings for

atmospheric water capture prepared by dewetting of polymer films,” Advanced

Materials, vol. 23, no. 32, pp. 3718–3722, 2011.

[57] A. Verma and A. Sharma, “Enhanced self-organized dewetting of ultrathin

polymer films under water-organic solutions: Fabrication of sub-micrometer

spherical lens arrays,” Advanced Materials, vol. 22, no. 46, pp. 5306–5309,

2010.

156



[58] E. Lepeltier, C. Bourgaux, and P. Couvreur, “Nanoprecipitation and the “ouzo

effect”: Application to drug delivery devices,” Advanced Drug Delivery Re-

views, vol. 71, pp. 86–97, 2014.

[59] V. C. F. Mosqueira, P. Legrand, H. Pinto Alphandary, F. Puisieux, and G.

Barratt, “Poly (d, l-lactide) nanocapsules prepared by a solvent displacement

process: Influence of the composition on physicochemical and structural prop-

erties,” Journal of Pharmaceutical Sciences, vol. 89, no. 5, pp. 614–626, 2000.

[60] R. Bodmeier, H. Chen, P. Tyle, and P. Jarosz, “Spontaneous formation of

drug-containing acrylic nanoparticles,” Journal of Microencapsulation, vol. 8,

no. 2, pp. 161–170, 1991.

[61] A. Ma, J. Xu, and H. Xu, “Impact of spontaneously adsorbed hydroxide ions

on emulsification via solvent shifting,” The Journal of Physical Chemistry C,

vol. 118, no. 40, pp. 23 175–23 180, 2014.

[62] C. Solans, D. Morales, and M. Homs, “Spontaneous emulsification,” Current

Opinion in Colloid & Interface Science, vol. 22, pp. 88–93, 2016.

[63] X. H. Zhang and W. Ducker, “Formation of interfacial nanodroplets through

changes in solvent quality,” Langmuir, vol. 23, no. 25, pp. 12 478–12 480, 2007.

[64] X. Zhang, J. Ren, H. Yang, Y. He, J. Tan, and G. G. Qiao, “From transient

nanodroplets to permanent nanolenses,” Soft Matter, vol. 8, no. 16, pp. 4314–

4317, 2012.

[65] D. Lohse and X. Zhang, “Surface nanobubbles and nanodroplets,” Reviews of

Modern Physics, vol. 87, no. 3, pp. 981–1035, 2015.

157



[66] X. Zhang et al., “Formation of surface nanodroplets under controlled flow

conditions,” Proceedings of the National Academy of Sciences, vol. 112, no. 30,

pp. 9253–9257, 2015.

[67] S. Grossmann and D. Lohse, “Fluctuations in turbulent rayleigh–bénard con-

vection: The role of plumes,” Physics of Fluids, vol. 16, no. 12, pp. 4462–4472,

2004.

[68] B. Dyett, A. Kiyama, M. Rump, Y. Tagawa, D. Lohse, and X. Zhang, “Growth

dynamics of surface nanodroplets during solvent exchange at varying flow

rates,” Soft Matter, vol. 14, no. 25, pp. 5197–5204, 2018.

[69] G. I. Taylor, “Dispersion of soluble matter in solvent flowing slowly through

a tube,” Proceedings of the Royal Society of London. Series A. Mathematical

and Physical Sciences, vol. 219, no. 1137, pp. 186–203, 1953.

[70] H. Yu, Z. Lu, D. Lohse, and X. Zhang, “Gravitational effect on the formation

of surface nanodroplets,” Langmuir, vol. 31, no. 46, pp. 12 628–12 634, 2015.

[71] H. Yu, S. Maheshwari, J. Zhu, D. Lohse, and X. Zhang, “Formation of surface

nanodroplets facing a structured microchannel wall,” Lab on a Chip, vol. 17,

no. 8, pp. 1496–1504, 2017.

[72] Z. Lu, S. Peng, and X. Zhang, “Influence of solution composition on the for-

mation of surface nanodroplets by solvent exchange,” Langmuir, vol. 32, no. 7,

pp. 1700–1706, 2016.

158



[73] Z. Lu, H. Xu, H. Zeng, and X. Zhang, “Solvent effects on the formation of sur-

face nanodroplets by solvent exchange,” Langmuir, vol. 31, no. 44, pp. 12 120–

12 125, 2015.

[74] M. Li, L. Bao, H. Yu, and X. Zhang, “Formation of multicomponent sur-

face nanodroplets by solvent exchange,” The Journal of Physical Chemistry

C, vol. 122, no. 15, pp. 8647–8654, 2018.

[75] C. Xu et al., “Collective interactions in the nucleation and growth of surface

droplets,” Soft Matter, vol. 13, no. 5, pp. 937–944, 2017.

[76] H. Lhuissier, D. Lohse, and X. Zhang, “Spatial organization of surface nanobub-

bles and its implications in their formation process,” Soft Matter, vol. 10, no. 7,

pp. 942–946, 2014.

[77] L. Bao, A. R. Rezk, L. Y. Yeo, and X. Zhang, “Highly ordered arrays of

femtoliter surface droplets,” Small, vol. 11, no. 37, pp. 4850–4855, 2015.

[78] L. Bao, Z. Werbiuk, D. Lohse, and X. Zhang, “Controlling the growth modes

of femtoliter sessile droplets nucleating on chemically patterned surfaces,” The

Journal of Physical Chemistry Letters, vol. 7, no. 6, pp. 1055–1059, 2016.

[79] S. Peng, D. Lohse, and X. Zhang, “Spontaneous pattern formation of surface

nanodroplets from competitive growth,” ACS Nano, vol. 9, no. 12, pp. 11 916–

11 923, 2015.

[80] B. Dyett, H. Hao, D. Lohse, and X. Zhang, “Coalescence driven self-organization

of growing nanodroplets around a microcap,” Soft Matter, vol. 14, no. 14,

pp. 2628–2637, 2018.

159



[81] H. Yu, M. Rump, S. Maheshwari, L. Bao, and X. Zhang, “Growth of nan-

odroplets on a still microfiber under flow conditions,” Physical Chemistry

Chemical Physics, vol. 20, no. 27, pp. 18 252–18 261, 2018.

[82] Z. Lu, Z. Lu, S. Peng, X. Zhang, and Q. Liu, “Microwetting of ph-sensitive

surface and anisotropic MoS2 surfaces revealed by femtoliter sessile droplets,”

Langmuir, vol. 32, no. 43, pp. 11 273–11 279, 2016.

[83] Z. Li, A. Kiyama, H. Zeng, D. Lohse, and X. Zhang, “Speeding up biphasic

reactions with surface nanodroplets,” Lab on a Chip, vol. 20, no. 16, pp. 2965–

2974, 2020.

[84] Z. Li, A. Kiyama, H. Zeng, and X. Zhang, “Size effect on the reaction rate of

surface nanodroplets,” The Journal of Physical Chemistry C, vol. 125, no. 28,

pp. 15 324–15 334, 2021.

[85] M. Li, B. Dyett, H. Yu, V. Bansal, and X. Zhang, “Functional femtoliter

droplets for ultrafast nanoextraction and supersensitive online microanalysis,”

Small, vol. 15, no. 1, p. 1 804 683, 2019.

[86] J. B. You, D. Lohse, and X. Zhang, “Surface nanodroplet-based nanoextraction

from sub-milliliter volumes of dense suspensions,” Lab on a Chip, vol. 21,

pp. 2574–2585, 2021.

[87] M. Li, B. Dyett, and X. Zhang, “Automated femtoliter droplet-based determi-

nation of oil–water partition coefficient,” Analytical Chemistry, vol. 91, no. 16,

pp. 10 371–10 375, 2019.

160



[88] M. Li, R. Cao, B. Dyett, and X. Zhang, “Encapsulated nanodroplets for en-

hanced fluorescence detection by nano-extraction,” Small, vol. 16, no. 47,

p. 2 004 162, 2020.

[89] B. Dyett, Q. Zhang, Q. Xu, X. Wang, and X. Zhang, “Extraordinary focusing

effect of surface nanolenses in total internal reflection mode,” ACS Central

Science, vol. 4, no. 11, pp. 1511–1519, 2018.

[90] J. Qian et al., “One-step nanoextraction and ultrafast microanalysis based on

nanodroplet formation in an evaporating ternary liquid microfilm,” Advanced

Materials Technologies, vol. 5, no. 2, p. 1 900 740, 2020.

[91] M. Zhang, L. Wei, H. Chen, Z. Du, B. P. Binks, and H. Yang, “Compartmen-

talized droplets for continuous flow liquid–liquid interface catalysis,” Journal

of the American Chemical Society, vol. 138, no. 32, pp. 10 173–10 183, 2016.

[92] M. Morales, G Luna, and R Aparicio, “Comparative study of virgin olive oil

sensory defects,” Food Chemistry, vol. 91, no. 2, pp. 293–301, 2005.

[93] A. Turnbull, E. Slavcheva, and B. Shone, “Factors controlling naphthenic acid

corrosion,” Corrosion, vol. 54, no. 11, pp. 922–930, 1998.

[94] H. D. Dettman, N. Li, and J. Luo, “Refinery corrosion, organic acid structure,

and athabasca bitumen,” in CORROSION 2009, NACE International, 2009.

[95] H. Yousefi, H. Su, S. M. Imani, K. Alkhaldi, C. D. M. Filipe, and T. F. Di-

dar, “Intelligent food packaging: A review of smart sensing technologies for

monitoring food quality,” ACS Sensors, vol. 4, no. 4, pp. 808–821, 2019.

161



[96] Z. Kerem, B. Bravdo, O. Shoseyov, and Y. Tugendhaft, “Rapid liquid chromatography–

ultraviolet determination of organic acids and phenolic compounds in red wine

and must,” Journal of Chromatography A, vol. 1052, no. 1-2, pp. 211–215, 2004.

[97] Y. H. Zhang and L. G. Danielsson, “Methods for determiningn-octanol-water

partition constants,” TrAC Trends in Analytical Chemistry, vol. 15, no. 4,

pp. 188–196, 1996.

[98] F. H. Clarke and N. M. Cahoon, “Ionization constants by curve fitting: Deter-

mination of partition and distribution coefficients of acids and bases and their

ions,” Journal of Pharmaceutical Sciences, vol. 76, no. 8, pp. 611–620, 1987.

[99] C. T. Chiou, V. H. Freed, D. W. Schmedding, and R. L. Kohnert, “Partition

coefficient and bioaccumulation of selected organic chemicals,” Environmental

Science & Technology, vol. 11, no. 5, pp. 475–478, 1977.
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