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ABSTRACT 

 

This dissertation research investigates two-dimensional (2D) nanoparticles, their 

synthesis, characteristics, function and performance. The 2D nanoparticles, as a novel class 

of materials, have attracted significant interest in last two decades. With the development 

of synthetic technology, many 2D materials like graphene, MXenes, transitional metal 

dichalcogenides, boron nitride, black phosphorus, and emerging hybrid materials have 

been developed and achieved more complicated structures. The 2D particles possess 

distinct properties like low-dimension, ultrathin thickness, and large surface areas. The 

controlled self-assembly of 2D materials enabled additional functions and device 

fabrication. In particular, colloidal suspension of 2D materials displays a plethora of liquid 

crystal phases including isotropic, nematic, smectic due to self-assembly variance. Liquid 

crystal is an intermediate state between liquids and solids, which has relatively ordered 

arrangements and flows like a fluid. The direct optical visualization of 2D liquid crystals 

is incredibly beneficial to investigate the real-time self-assembly and orientation of 2D 

colloids. Therefore, investigation of 2D colloidal liquid crystals, accompanying the control 

of structure, self-assembly and phase transition property, has become the critical 

influencing aspect in 2D materials.  

In this dissertation, 2D nanoparticle zirconium phosphate (ZrP) has been chosen as 

a model for investigating the nanoplate liquid crystal phase transition behaviors. We 

investigate 2D materials’ structure, processing and optical performance relations. ZrP is 

working as a template particle due to its high shape anisotropy, controlled morphology, 
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small polydispersity and high diameter-to-thickness ratio. The self-assembly of ZrP liquid 

crystals is affected by internal properties and external fields at the same time.  

We use an experimental approach to study controlled self-assembled 2D 

nanoparticle liquid crystals. It includes four major activities: synthesis of 2D ZrP crystals 

and liquid crystals; development of aspect ratio dependence of liquid crystal phase 

transition; investigation of the temperature field dependence of liquid crystal phase 

transition; study the concentration dependence of nematic liquid crystal photonic 

applications. The ZrP liquid crystal phases are found to be precisely tuned through aspect 

ratio, temperature and concentration. The self-assembly controlled 2D ZrP colloids will 

facilitate understanding the processing and performance of 2D materials in diverse areas 

like photonics, energy storage, sensors and electronics.  
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NOMENCLATURE 

 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 
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DLS Dynamic light scattering 

TEM Transmission electron microscopy 
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SEM Scanning electron microscopy 
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XPS X-ray photoelectron spectroscopy 

XRD X-ray powder diffraction 

FTIR Fourier-transform infrared spectroscopy 

TGA Thermogravimetric analysis 

LC Liquid crystal 

I Isotropic 

N Nematic 

S Smectic 

C Columnar 

ΦI Volume fraction point between I to I-N coexistent phase 

ΦN Volume fraction point between I-N coexistent to N phase 
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h Thickness of nanoplate 

D Diameter of nanoplate 

ξ Aspect ratio 

P Polarizer 

A Analyzer 
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CHAPTER I  

INTRODUCTION 

  

1.1 Two-dimensional (2D) colloids 

Colloids are particles of size in a range of nanometer to micrometer dispersed in 

another continuous medium to form a relatively stable system. The lower limit of colloidal 

particle size is significantly larger than the size of the solvent molecule, so that the solvent 

molecule can be regarded as a continuous phase. One important property of colloidal 

particles is Brownian motion in the continuous phase, which determines the upper limit of 

the particle size. The thermal fluctuation movement of the solvent molecules makes the 

particles move in a random manner, and can well prevent the rapid sedimentation of the 

particles. The colloidal particles and the solvent phases can be a gas phase, liquid phase 

or solid phase.1-3 The colloidal particle sizes are larger than molecules and easier for 

optical observation. Moreover, since the inter-particle forces, sizes and shapes of colloidal 

particles are subject for control, it can be often considered as a model to study the 

mesoscopic world.4-6 

Traditional colloidal particles include spheres (0D), rods (1D) and plates (2D). The 

distinct self-assembly characteristics of 2D colloids come from the shape anisotropy of 

the nanoparticles and bring materials’ controllability and designability. In nature, there are 

a large number of 2D materials, such as clay, asphalt, protein octamer in organisms and 

red blood cells.7-9 Besides, the advancement of modern materials, like the MXenes, Xenes, 

graphene, molybdenum disulfide, and α-zirconium phosphate (ZrP).10 These nanoplate 
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materials are widely used in various research and industry fields due to their small aspect 

ratio, large specific surface area and excellent engineering performance.  

The 2D colloidal particles could perform more distinct liquid crystal phase 

behaviors than 0D and 1D particles due to the shape anisotropy, as shown in Figure 1. A 

higher concentration of colloidal particles results in higher crystallinity and various liquid 

crystal phases. In addition, the smectic phase, which is easy to appear in 1D rod-shaped 

particles, is a long-time challenge for 2D nanoplate liquid crystals. It has only been 

observed in nanoplate liquid crystals with higher polydispersity.11 Different from 1D 

liquid crystals, 2D nanoplate liquid crystals belong to a relatively new field.12 Looking a 

good model to study the self-assembly of 2D materials and liquid crystals is a critical 

concern for 2D materials research. 

 

Figure 1. Self-assembly of various dimensions (0D, 1D, 2D) nanoparticles.  



 

3 

 

1.2 Liquid crystals 

Liquid crystals have the characteristics of both crystal order and liquid fluidity. 

According to the conditions of formation, liquid crystals can be categorized into 

thermotropic liquid crystal and lyotropic liquid crystal.13, 14 The appearance of the liquid 

crystal phase of the thermotropic liquid crystal depends on the temperature. When the 

temperature is in the liquid crystal phase interval of the composition, the liquid crystal 

phase will be formed in the sample. Lyotropic liquid crystals are liquid crystals formed by 

one or more anisotropic particles dispersed in a solvent. When the particles reach a certain 

concentration, a liquid crystal phase is formed.15-17 In this dissertation study, liquid crystal 

in our system is a lyotropic liquid crystal. 

 

1.2.1 Liquid crystal phases 

As shown in Figure 2, the liquid crystals can be generally divided into the 

following nematic phase, smectic phase, columnar phase and chiral phase.  

(a) Isotropic phase (I): Strictly, the isotropic phase (Figure 2a) is not a liquid crystal 

phase and does not have ordered nor anisotropic structures.  

(b) Nematic phase (N): Generally, it is formed by 2D-shapes or 1D-shaped 

anisotropic particles. The structure is shown in Figure 2b. The particles have long-range 

orientational order while without positional order. 

(c) Smectic phase (S): It is the same as the lamellar phase; as shown in Figure 2c, 

the molecules in the smectic layer tend to be in order, but there is fluidity between layers. 

It has 1D positional order. 
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(d) Columnar phase (C): The 2D nanoplate particles arranging in columns has 

higher order parameters than nematic phase, as shown in Figure 2d. 

(e) Chiral phase: It is the same as the cholesteric phase. The particles are distributed 

in a nematic phase in every layer (Figure 2e). Unlike the smectic phase, the crystal 

orientation of each layer of liquid crystal is slightly twisted to form a spiral structure. A 

periodic structure is formed after 360° rotation.  

 

 

Figure 2. Liquid crystal phase classification. 
 

1.2.2 Liquid crystal characterization methods 

The characterization methods related to analyzing ordered structures usually could 

be utilized in liquid crystals study. The most traditional and basic characterization methods 

are testing through polarized light microscopy, small-angle X-ray scattering, differential 

scanning calorimetry and X-ray diffraction. 

1) Polarized light microscopy 

The liquid crystal samples were placed between two cross-polarizers for 

observation under the transmitted light. When the direction of the liquid crystal director is 
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consistent with the polarization direction of the analyzer or polarizer, the light will be 

blocked and appears black. The texture of the liquid crystal is the product of the collection 

of defects in the liquid crystal. Defects are caused by the breakdown of the symmetry of 

the liquid crystal structure. The texture is formed by the collection of defects, which is the 

primary feature of the liquid crystal structure. The polarized optical microscope can be 

used to study real-time phase transitions of liquid crystal phases, textures and defects.  

 

2) Small angle X-ray scattering (SAXS) 

When X-rays irradiate the surface of a substance, the difference in the electron 

density of the substance will cause X-ray scattering. The microcrystalline structures of 

colloidal particles are often measured through small angle X-ray scattering (SAXS). When 

a beam of extremely fine X-rays irradiates a layer of ultrafine powder, the electrons in the 

powder particles will scatter the X-rays, and the X-rays are dispersed in a small area near 

the original beam. The intensity of the scattering can reflect the size and distribution of 

the particles. We can use small-angle X-ray scattering to achieve the internal structures 

like the size of colloidal particles, the distribution of particles and the structure of the 

interface. Colloidal liquid crystal is generally a homogeneous system formed by uniform 

mixing of two or more phases. There are apparent differences in the electron density within 

the system. SAXS can be used to study the liquid crystals’ orientation structure and is one 

of the most important methods to determine different liquid crystal phases.  
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3) Differential scanning calorimetry (DSC)  

DSC is a thermal analysis method for measuring the power of heat as a function of 

temperature under the controlled temperatures. It is measured as the sample and reference 

change of heat power. Multiple parameters like specific heat, phase transition heat, phase 

diagram transition point, reaction rate and crystallinity and sample purity. The DSC 

method has a wide reaction temperature range, high resolution and small sample amount 

advantages. It is suitable for various inorganic and organic chemistry analysis. For liquid 

crystal study, it is a useful technique of investigating thermotropic and lyotropic liquid 

crystal phase transition temperature. 

 

4) X-ray diffraction (XRD) 

The structure of the crystal is that the atomic elements are arranged in an orderly 

three-dimensional space. The X-rays scattered by different atoms interfere with each 

other, resulting in strong X-ray diffraction in certain specific directions. The intensity of 

the diffraction fringe and the position of the spatial distribution are closely related to the 

results. Different crystal structures have various diffraction fringes. The pattern of 

diffraction fringes can reflect the spatial arrangement of atoms in the crystal. XRD was 

used to characterize the colloidal liquid crystal to get a diffraction pattern. The higher 

order of the liquid crystal will result in higher and sharper peaks of the diffraction pattern.  
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1.3 2D colloidal liquid crystals 

1.3.1 2D nanoplate liquid crystals 

Anisotropic 2D nanoplate particles can form liquid crystals. In 1938, Langmuir 

observed the liquid crystal behaviors of 2D clay particles. Then Onsager proposed a theory 

that predicted the ability of cylindrical objects with diameter D and height h to undergo 

liquid crystal phase transition through the volume repulsion between hard-core particles.18-

20 His theory was based on the nanoparticle repulsive volume. For 1D nanoparticles, the 

aspect ratio should be large and for 2D nanoparticles aspect ratio should be small.  

Figure 3 represents one simulation model for nanoplate phase diagram,21 which 

the aspect ratio is ξ = h(thickness)/D(diameter). From the simulation model results, the 

I-N transition requires high anisotropy of particles and low aspect ratio for nanoplates. 

Also, the concentration increase will result in long-range orientational order. The 

molecular ordering is to maximize packing entropy and minimize excluded volume. And 

the relative low polydispersity can increase the arrangement ordering. And it is clear to 

observe that nanoplates are easier to reorientate and form ordered nematic or columnar 

liquid crystal phases at smaller aspect ratios with lower concentration. 
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Figure 3. The phase diagram of nanoplate liquid crystals calculated by simulation.21 
 

 

2D nanoplate liquid crystal phase transition is still a relatively new research field 

comparing with 1D rod liquid crystal. Although various discotic liquid crystal systems 

have been established, which mainly include clay suspensions, gibbsite, and the graphene 

oxide,22-24 their polydispersity and large aspect ratio as shown in Figure 4 limit the 

materials to form higher concentration and more ordered structures (like smectic).  
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Figure 4. TEM image and photo of liquid crystals for common discotic liquid 
crystals. (a) Gibbsite, (b) Beidellite, (c) Graphene oxide.22-24 

 

1.3.2 ZrP as 2D colloidal model  

In general, the physical and chemical properties of the nanoplates have great 

influence on studying 2D colloidal liquid crystals. Aspect ratio, polydispersity, chemical 

stability, and surface charge impacting factors all should be considered.  

Zirconium phosphate (α-ZrP or ZrP), working as a 2D material with controlled 

synthesis process,25, 26 has great advantages of controllable morphology, particle size and 

stable crystal structures, as shown in Figure 5. It also has low polydispersity, not easy for 

forming gel, multiple reaction sites on the surface and small aspect ratio features. All these 

characteristics make ZrP involving broad research areas like flame retardancy, catalyst 

drug delivery, fuel cells, colloidal stabilizers and polymer composite additives.27 It is 

worth noting that the diameters for ZrP nanoplates can reach 1800 nm and the thickness 

of monolayer ZrP nanoplates after exfoliation is 2.68 nm from our previous research 

work.28, 29 So, the aspect ratio would be very small to 0.0015 and can form nematic liquid 

crystals at the very small volume fraction. It is a good study model for investigating self-

assembly of 2D materials and liquid crystals.  
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Figure 5. Characterizations of zirconium phosphate nanoplates. 
 

 

1.3.3 ZrP synthesis methods 

ZrP was synthesized with the reflux method in the early beginning with amorphous 

ZrP gel and phosphoric acid.30, 31 Since then, many researchers have conducted extensive 

research on the synthesis of zirconium phosphate, columnar phosphate, phosphonate and 

its organic derivatives. Recently, Sun. et al. used the hydrothermal method to synthesize 

ZrP, they found that its particle size was positively correlated with the concentration of 

phosphoric acid and the synthesis reaction time. It could also be synthesized in other 

solutions, such as organic acid, ethanol or inorganic acid solution.27, 32, 33 Traditional 

methods for synthesizing ZrP are discussed below. 
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1) Reflux synthesis method:  

Mix the desired concentration of zirconium oxychloride octahydrate and 

concentrated phosphoric acid, and then transfer them to a three-necked flask with a reflux 

device to react for a certain period of time (24-48 hours). The reaction temperature is about 

100 °C. The ZrP prepared by the reflux method has a small particle size (200-600 nm), 

low crystallinity, and high polydispersity.34 

 

2) Hydrothermal synthesis method:  

It is the simplest and most efficient method of adding the mixture of zirconium 

oxychloride octahydrate and phosphoric acid, and transferred to autoclaves. The reaction 

temperature is set to about 160-250 °C. The reaction time (5-168 hours) is used to 

synthesize ZrP crystals and its particle size is 500-2000 nm.35 

 

3) Hydrofluoric acid (HF) synthesis method:  

Mix the zirconium oxychloride octahydrate and phosphoric acid with a suitable 

concentration and volume, put HF into the autoclave and react at 110 °C for a fixed time. 

The particle size of the synthesized ZrP can reach 2000-3000 nm.36 

 

 

 

 

 



 

12 

 

4) Microwave-assisted synthesis method:  

Adding the mixture of zirconium oxychloride octahydrate and phosphoric acid 

under vigorous stirring. The precursors were mixed homogeneously and added into the 

specific microwave synthesis adaptable container. It is under microwave irradiation at 

150-200 °C at 250 psi for 1 hour. After the reaction, the later size of zirconium phosphate 

can reach 190-750 nm.37 
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CHAPTER II  

MOTIVATION AND OBJECTIVES 

  

2.1 Motivation and research  

As discussed in Chapter I, high-anisotropic 2D nanoparticles belong to an 

emerging class of materials and have been widely discovered in nature and industry 

worldwide. Unlike 0D sphere and 1D rod, 2D materials like nanoplates have more 

anisotropies for forming oriented liquid crystal phases. In order to make the materials 

useful, it is critical to obtain an understanding of the morphology, properties and self-

assembly of 2D materials & liquid crystals. The objective of this research is to develop 

novel synthesis procedures and new 2D materials with new functions and properties. 

Based on the processing, property, and performance of 2D materials, a fundamental 

understanding in effects of processing parameters on structures and performance will be 

achieved. To succeed, we use the novel 2D colloidal model system to study the self-

assembly and liquid crystals phase transition behavior. ZrP nanoplates are chosen due to 

the controlled synthesis, stable morphology and small aspect ratio.  

This research’s four major objectives are addressed in the research flow chart in 

Figure 6 and elaborated below. (1) Development of synthesis methods of 2D ZrP 

nanomaterials and liquid crystals; (2) Study kinetics of ZrP liquid crystal phase transition 

with tunable internal aspect ratios; (3) Investigation of ZrP liquid crystal phase transition 

with external temperature fields; (4) Study the concentration effect on nematic photonic 

liquid crystal applications. 
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Figure 6. Research flow chart. 
 

2.2 Research objectives 

2.2.1 Development of synthesis methods of 2D ZrP nanomaterials and LCs 

Various synthesis approaches like hydrothermal, reflux and microwave methods 

are utilized for synthesizing 2D ZrP layered crystals. The monolayer ZrP can be achieved 

through vigorous sonication and exfoliation after adding tetrabutylammonium hydroxide 

solution. The ZrP liquid crystals are fabricated by preparing the monolayer ZrP 

suspensions and characterized for next-step experimental use. 
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2.2.2 Study kinetics of 2D LC phase transition with tunable internal aspect ratios 

The internal property of nanoparticles significantly affects the self-assembly of the 

materials. Here, the aspect ratio of 2D ZrP liquid crystal is investigated to study the 

nucleation and growth kinetics of isotropic-nematic phase transition. The larger aspect 

ratio of ZrP nanoplate liquid crystals would be considered higher the I-N phase transition 

starting point ΦI. Moreover, a larger aspect ratio or smaller sizes of 2D liquid crystals 

result in higher Brownian motion rate and a higher I-N phase transition rate. Herein, the 

larger aspect ratio nanoplates will form oriented structures quicker and easier to achieve 

I-N phase transition. 

 

2.2.3 Investigation of 2D LC phase transition with external temperature fields  

Controlling self-assembly of 2D colloids through external forces is essential to 

materials research. Unlike ordinary magnetic fields or electric fields, tuning orientation of 

2D materials through temperature gradient fields is rarely discussed. An external 

temperature gradient field to different nanoplate suspensions in isotropic and nematic 

phases was applied. It can be effective in controlling nematic liquid crystal arrangements 

and growth in nanoplate suspensions. The external temperature field and thermophoresis 

might move the 2D colloidal particles and reorientate the nanoplates to nematic or higher-

ordered structures, which would be useful in materials transporting research areas at 

varying temperature environments. 
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2.2.4 Study the concentration effect on 2D nematic photonic LC applications  

The phase transition of the 2D ZrP liquid crystals is highly dependent of the 

nanoplate volume concentration. Certain short-ranged nematic orders of ZrP suspension 

showed a bright field under cross-polarizers, and performed structural colors due to 

nanoplate orientation. The nanoparticle arrangements and structural colors relation will be 

studied. The 0D and 2D photonic crystals with color-enhanced additives are fabricated, 

and the photonic applications like nano inks and photonic hydrogels are also synthesized 

for performing their optical characteristics. 

 

2.3 Dissertation structure  

The dissertation is organized as follows. Chapter I is the introduction of 2D materials 

and ZrP colloidal liquid crystals. The importance, novelty and challenges are discussed. 

Chapter II is the motivation and objectives for this research work. Chapter III is the materials 

and methods, which the synthesis methods of ZrP crystals, the exfoliation, the ZrP liquid 

crystal fabrication and characterization are investigated. The kinetics of internal nanoplate 

aspect ratio dependence of ZrP liquid crystal isotropic-nematic phase transition is discussed 

in Chapter IV. The external temperature fields dependence on the growth and motion of 

isotropic and nematic ZrP liquid crystals is presented in Chapter V. The ZrP nematic photonic 

liquid crystals and hydrogel applications are studied. Photonic color-based applications are 

discussed in Chapter VI. Conclusions and future recommendations for the ZrP colloidal liquid 

crystals and 2D materials are given in Chapter VII. 
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CHAPTER III  

MATERIALS AND METHODS 

 

3.1 Synopsis 

In this Chapter III, the synthesis methods of 2D colloidal ZrP liquid crystals are 

discussed. The ZrP synthesized in the dissertation is α-zirconium phosphate (α-ZrP). 

Three research work was focused in this chapter. First is the ZrP layered crystal synthesis 

with hydrothermal and reflux methods. The second is that ZrP monolayer intercalation 

and exfoliation. The third is the ZrP liquid crystal fabrication. Since ZrP has multiple 

research advantages and industrial applications the controlled growth of ZrP crystals and 

liquid crystals will be beneficial for 2D model systems. 

 

3.2 Materials and instruments 

Zirconyl chloride octahydrate (ZrOCl2·8H2O), tetrabutylammonium hydroxide 

(C16H37OH, TBAOH) were purchased from Sigma-Aldrich. The phosphoric acid 

(H3PO4), Ethanol (200 Proof, C2H5OH) were purchased from Fisher Scientific. 

The morphologies of nanoparticles could be imaged through a Quanta 600 field 

emission scanning electron microscopy (FESEM). The thin monolayer nanoparticle 

samples could be imaged through JEOL 2010 transmission electron microscopy (TEM) 

and FEI TECNAI G2 FE-TEM. The SEM samples were sputter coated to 3-5 nm thickness 

Pt/Pd alloy. The size distribution of particles and thickness was tested through Bruker 
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Dimension Icon AFM. The Malvern ZetaSizer NANO NS-90 was used for dynamic light 

scattering (DLS) testing to measure the average size of nanoparticles and size distribution. 

The absorption and reflectance spectra were conducted with the Hitachi U-4100 

UV-Vis high-resolution spectrophotometer. The photoluminescence intensity was 

measured with the PTI QuantaMaster series spectrofluorometer. The X-ray photoelectron 

spectroscopy (XPS) spectra of composition and element chemical state were obtained by 

Omicron’s DAR 400 series XPS system with Mg kα radiation. The microwave-assisted 

reactions were running with the Discover SP microwave synthesizer (CEM Corporation). 

Nanoparticles could be tested with thermogravimetric analysis (TGA) through TA 

Instruments Q500 to quantify materials surface coverage grafting on the surface.  

 

3.3 Experimental  

3.3.1 Hydrothermal synthesis method for ZrP crystals  

6 g zirconyl chloride octahydrate (ZrOCl2·8H2O) was first dispersed in 12 mL 

deionized (DI) water in a 200 mL beaker. 48 mL of 15 M (15 mol/L) phosphoric acid was 

dropwise added into the ZrOCl2 solution under continuous stirring. The mixture (12 M) 

was poured into the 80 mL Teflon-lined pressure vessel and the vessel was placed into 

hydrothermal autoclave composed of stainless-steel shell and lid, pressure plate and was 

heated in convection oven at 200 °C for various hours (10-40 hours). The hydrothermal 

autoclave was cooling down 8 hours to room temperature. ZrP nanoplate crystals were 

collected in 50 mL centrifuge tubes, and utilized centrifuge to wash with water and ethanol 

several times to remove the residue acid. The ZrP crystals were then dried in oven at 75 
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°C overnight and then use a pestle and mortar for grinding to achieve dried ZrP 

nanoparticles. 

 

3.3.2 Reflux synthesis method for ZrP crystals  

The ZrP nanoplates were synthesized by reflux method. 6 g zirconyl chloride 

octahydrate was added to a 250 mL bottom round flask. Then 12M phosphoric acid (12 

mL 15M H3PO4 and 48 mL H2O mixture) was refluxed at 94 oC. The intermediate product 

went centrifuging and was washed with DI water and ethanol at least three times to remove 

residue acids and then dried for 12 hours at 75 oC and mortared to obtain fine ZrP powder 

particles.  

 

3.3.3 Microwave synthesis method for ZrP crystals  

The microwave-assisted synthesis was performed in the Discover SP microwave 

synthesizer. 3 g ZrOCl2·8H2O powder was placed into 30 mL 15 mol/L phosphoric acid 

in the 50 mL centrifuge tube, and stirred 10 min for homogeneous mixing. 5 mL solution 

above was transformed to a 10 mL microwave glass vessel and 6 glass batches were 

achieved. Various glass vessel batches can react once a time and transfer automatically 

with Discover SP autosamplers when one reaction batch is ready. The microwave 

irradiation reaction was setting at 170 °C, 100 W under 1 hour. The products were washed 

with DI water 4 times and went through centrifuging to remove unreacted H3PO4. The 

washed samples were set in the oven 24 hours at 75 °C for complete drying and were 

grinding into white powders. 
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3.4 Exfoliation of layered ZrP crystals 

1 g dried ZrP in 10 mL of DI water in a 50 mL centrifuge tube. 2.2 mL of TBAOH 

was dropwise added and vortexed for at 2 minutes. The suspension was sonicated for 1 

hour and leave for 2-4 days (hydrothermal method 2 days, reflux method 3-4 days) to 

allow complete intercalation of TBA+ ions and complete exfoliation of ZrP crystals. The 

resulting materials include large amount of ZrP monolayer and small amount of 

unexfoliated sample, so 15 minutes high centrifuge speed was performed several times to 

remove macroscopic unexfoliated sample in the bottom of the centrifuge tubes. The 

mother suspension was herein achieved and it was the basis of preparing all phase 

diagrams of liquid crystals. 

Another thing needed to be paid attention to was that the smaller particle size of 

ZrP would be easier to perform high polydispersity (> 30%) after TBA exfoliation, which 

would reduce the optical performance of the 2D liquid crystals. Therefore, we let the ZrP 

I-N coexistence liquid crystals samples in centrifuge tubes automatically stand still 3 days 

to fractionate with gravity. Then the ZrP suspension would perform generally three layers 

during the I-N phase separation, which were top layer, middle layer and bottom layer. The 

relatively smaller diameters of nanoplates would be on the top of the suspension, the 

relatively larger diameters of nanoplates would be on the bottom. And the middle layer 

was I-N coexistence layer. We used pipette to remove the isotropic ZrP in top layer and 

collected the nematic ZrP in the bottom layer. Then we diluted the nematic ZrP suspension 

with DI water again and waited for another 3 days for next round I-N phase separation, 

and then achieved new nematic ZrP suspension. The process could be repeated several 
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times to prepare the monolayer ZrP liquid crystal suspension with lower polydispersity. 

Smaller polydispersity of ZrP liquid crystals would perform better optical liquid crystal 

performance under polarized optical microscope. 

 

3.5 Fabrication of monolayer ZrP liquid crystals 

The mother suspension has high volume fraction of monolayer ZrP nanoplates. 

When other volume fractions of liquid crystals need to be prepared, the volume fraction 

ΦZrP of mother suspension was defined through the equation below and then diluted with 

water to get the desired volume fraction. 

ΦZrP = 1 − VH2O = 1 − minitial−mfinal
ρH2OVinitial

  (1) 
 

The detailed method for determining ΦZrP of mother suspension was shown below. 

The volume Vinitial of ZrP suspension was taken and measured the weight minitial. Then the 

ZrP suspension was placed into an 75℃ oven overnight to remove solvent water. The 

residue ZrP suspension was weighted mfinal. VH2O was the water volume fraction, ρH2O was 

the water density. So, the mother suspension ZrP volume fraction was calculated by the 

above equation.  

ΦZrP of mother suspension was diluted with DI water to make liquid crystal phase 

diagrams. For example, one ZrP mother suspension has the volume fraction of 11.0 %. 

The pipette was used preparing total 1 mL ZrP suspensions with 9 different volume 

fractions (data collected in Table 1) in glass vials. The ZrP suspension volume fractions 

were calculated by V1 and V1+V2=1000 µl. The glass vials were arranged in a line with 
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the increasing concentration orders from 0.025 to 0.095 (left to right), as shown in Figure 

7. 

 

Table 1. Amount of mother suspension and DI water for ZrP liquid crystal phase 
diagram. 

No. ZrP volume 
fraction 

V1: Volume of ZrP mother 
suspension (µl) 

V2: Volume of DI 
water (µl) 

1 0.025 230 770 
2 0.029 260 740 
3 0.044 400 600 
4 0.048 440 560 
5 0.054 490 510 
6 0.058 530 470 
7 0.073 660 340 
8 0.087 790 210 
9 0.095 860 140 

 

 

 

Figure 7. Polarized images of ZrP liquid crystals with various volume fractions. 
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3.6 Characterizations for ZrP liquid crystals 

Apart from the common characterization methods POM, XRD and SAXS 

discussed in Chapter I, there are other characterization methods could be utilized in 

nanoparticle liquid crystal study, which were shown in Figure 8. The morphologies of 

nanoparticles and composites could be imaged using field emission scanning electron 

microscopy (FESEM) and transmission electron microscopy (TEM). The size distribution 

and thickness of particles could be tested through Bruker Dimension Icon AFM. Dynamic 

light scattering (DLS) could be used for measuring nanoparticles and size distribution. 

 

 

Figure 8. Photographs of common characterization methods for liquid crystals of 
nanoparticles. 
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Five ZrP crystals have been synthesized and exfoliated, which are Sample A (12M-

reflux-6hr), Sample B (12M-hydro-10hr), Sample C (12M-hydro-20hr), Sample D (12M-

hydro-30hr), Sample E (12m-hydro-40hr). Figure 9 presented SEM image of 12M reflux 

6hr, 12M hydro 30hr and TEM image of 12M hydro 40hr. From the SEM and TEM images 

in Figure 9, ZrP synthesized from hydrothermal method have clearer and sharper crystal 

edges and exfoliation did not break the hexagonal shape of ZrP crystal. The sample made 

by reflux method has smaller size than that of hydrothermal method.  

 

 

Figure 9. (a) SEM image of ZrP crystals (12M-reflux-6hr), (b) SEM image of ZrP 
crystals (12M-hydro-30hr), (c) TEM image of monolayer ZrP (12M-hydro-40hr). 
 

The ZrP monolayer nanoplate after exfoliation was studied. The thickness of 

monolayer was measured with AFM from previous research work to be 2.68 nm.28, 29 In 

this dissertation, we considered the thickness to be a constant. And the hydrodynamic 

diameter of monolayer ZrP could be measured by DLS instrument. The diameters were 

169, 420, 583, 779 and 945 nm for sample A to E. The DLS data presumably of sizes of 

nanospheres and could be transformed to diameter of nanoplates by the equations below. 
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Rh = kBT
6πDTη

   (2) 

h = kBT
3π2ηDT

arctan (�(1ξ) 2−1)

�(1ξ)2−1
 (3) 

ξ = h/2R   (4) 
 

Rh is the hydrodynamic radius, R is the nanoplate radius. DT is the diffusion 

coefficient, η is the viscosity, and kB is the Boltzmann constant. The lateral sizes of ZrP 

monolayer nanoplate could be calculated through the software, which will be discussed in 

detail in Chapter IV.  

The schematic diagram of layered ZrP exfoliation was shown in Figure 10. As 

discussed in Chapter 3.4, tetrabutylammonium hydroxide (TBAOH) would release TBA+ 

ions and first covered ZrP surface, and would like to intercalate into the inner layer of ZrP. 

So, more intercalation time and sonication will make TBA+ ions better enter the layered 

structure and complete exfoliation. As seen in Figure 11, the ZrP suspension will 

transform from opaque white to the translucent color and revealed flow-induced 

birefringence after exfoliation. 
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Figure 10. Scheme of exfoliation of layered ZrP using exfoliating agent TBAOH. 
 

 

  

Figure 11. Photographs of ZrP suspension before and after exfoliation. 
 

 

The experimental setup for observation of phase diagram was shown in Figure 12. 

Liquid crystal has the birefringence behavior, so the ZrP liquid crystal samples were 

placed between cross-polarizers for observation. When the light source is on, we can see 

bright part of liquid crystals in the vials are nematic phases, settling in the bottom and the 
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dark part in the vials are isotropic phase. The nematic volume fraction fN is the ratio of 

nematic liquid crystals in the whole vials, which can be directly calculated.  

 

 

Figure 12. (a) Light pathway in the cross-polarizer stage. (b) Experiment platform 
for observation. (c) Image of liquid crystal sample vials without cross-polarizers. (d) 
Image of liquid crystals with cross-polarizers. 

 

 

 

 

 

 

 

 



 

28 

 

3.7 Summary 

The controlled size, regular shapes and good crystal morphology of ZrP crystals 

and monolayer liquid crystals have been studied and synthesized. Hydrothermal and reflux 

methods for fabrication of ZrP layered crystals were used and various samples were 

prepared. In Appendix A, another synthesis way of microwave-assisted method of making 

ZrP crystals will be discussed. Then ZrP exfoliation has been applied and is the critical 

part for making monolayer ZrP mother suspension. ZrP liquid crystals fabrication and 

phase diagram making is the key point for studying the controllability of 2D colloids. The 

uniform and low polydispersity samples indicating and high consistency. The ZrP liquid 

crystal fabrication could be used in optical performance applications and can also work on 

flame retardancy, fuel cells, ion exchange materials and lubricants requiring controlled 2D 

monolayer structures.  
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CHAPTER IV 

EFFECTS OF ASPECT RATIO PHASE TRANSITION, KINETICS OF 

NUCLEATION & GROWTH OF NANOPLATE LIQUID CRYSTALS  

 

4.1 Synopsis 

In this chapter, the phase transition dependence of the aspect ratio of nanoplate 

liquid crystals has been investigated. The crystallization and I-N phase separation of ZrP 

nanoplates with various aspect ratios is studied through the I-N phase transition starting 

point ΦI and I-N phase separation time tNematic. The research findings indicate that larger 

aspect ratio nanoplates have larger ΦI, it will undergo faster nucleation and complete I-N 

transition quicker.  

 

4.2 Introduction 

The colloidal system is an ideal model for studying the behavior of atoms.38-41 For 

example, when the volume fraction of spherical glue increases, we can observe the 

crystallization process or glass transition process similar to the behavior of atoms in the 

suspension.42, 43 The shape anisotropic particle colloidal system can produce liquid crystal 

phenomena and would be for studying liquid crystal phase transition. When the 

concentration of colloidal particles increases, the shape anisotropic particle colloidal 

system first undergoes the transformation from isotropic phase to nematic phase. The 

study of the kinetic properties of colloidal suspensions can not only enable us to have a 

deeper understanding of suspensions, but also develop its potential practical value. 
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Spherical colloidal particles have thermodynamic properties similar to atoms or 

molecules due to Brownian motion, and the interaction potential between colloidal 

particles can also be similar to the interaction potential between atoms. Therefore, people 

often reveal the dynamic properties of the atomic system by studying the movement and 

crystallization process of large-scale colloidal particles.3, 42 In the kinetic study of 

spherical particles, it has been observed that the volume fraction of particles and the 

polydispersity of particle size play a key role in the kinetics of spherical colloidal systems. 

When the particle concentration is less than the melting concentration, the nucleation and 

crystallization process of a single crystal can be observed; and when the particle 

concentration is higher than melting concentration, the nucleation of the crystals is related 

to each other and is no longer independent, and the nucleation rate is accelerated and high 

nucleation rate inhibits the growth of crystals.44 The polydispersity affects the nucleation 

of colloidal particles, the greater the polydispersity, the longer the nucleation time of the 

particles.45 

Few research works have been studied on the phase separation rate of 2D nanoplate 

liquid crystals. As can be seen, the internal aspect ratio of nanoplates plays an important 

role in the phase change process.46 The Onsager theory18 discussed in Chapter I for 

anisotropic colloidal particles has predicted that 2D nanoplates with smaller aspect ratios 

would form ordered structures like nematic liquid crystals phase at smaller concentration. 

For industry production, it needs relative faster self-assembly formation rate for 2D 

nanoplates. But the smaller aspect ratio of nanoplates might result in slower efficiency of 

production and applications. So, finding an optimistic aspect ratio parameter of nanoplates 
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liquid crystals would greatly benefit for understanding the kinetics and improving the 

performance of 2D colloidal applications. 

 

4.3 Experimental 

Five nanoplate liquid crystal samples with different sizes were synthesized. The 

detailed synthesis and exfoliation methods were discussed in Chapter III. Withing all 

samples, Sample A was synthesized through reflux method and Sample B, C, D, E were 

synthesized through hydrothermal method. All samples went through the sonication and 

complete exfoliation process. 

Table 2 recorded these 5 samples’ lateral size (diameters) and aspect ratios. Sample 

A had the smallest size and largest aspect ratio. Sample E had the largest size and smallest 

aspect ratio. Dynamic light scattering (DLS) method was used here to measure the ZrP 

monolayer nanoplates. The hydrodynamic diameter data were 168.8 nm for sample A, 

420.4 nm for sample B, 583.5 nm for sample C, 779.1 nm for sample D and 945.1 nm for 

sample E. Moreover, the polydispersity of ZrP suspension was also monitored. And all 

five samples’ polydispersity were smaller than 0.20 for better optical observation of liquid 

crystals, which has been discussed in Chapter III.  

The hydrodynamic diameters of ZrP suspension were measured from DLS and 

needed to transform to 2D plate lateral diameter. From the equations discussed in Chapter 

III below, 
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h = kBT
3π2ηD

arctan (�(1ξ) 2−1)

�(1ξ)2−1
  (5) 

ξ = h/2R (6) 
 

Different 2D ZrP monolayer diameters and aspect ratios accordingly can be 

calculated through the software. The nanoplate diameters and aspect ratios were recorded 

below in Table 2. 

 

Table 2. Aspect ratios of ZrP nanoplate suspension. 
Sample List Synthesis Method Diameter (nm) Aspect Ratio 

Sample A 12M-reflux-6hr 265±37 0.0101±0.0014 

Sample B 12M-hydro-10hr 660±78 0.0041±0.0005 

Sample C 12M-hydro-20hr 916±120 0.0029±0.0004 

Sample D 12M-hydro-30hr 1223±140 0.0022±0.0003 

Sample E 12M-hydro-40hr 1481±135 0.0018±0.0002 

 

Phase diagrams of five different samples were prepared for further use. The mother 

suspension was diluted with DI water for preparing various volume fractions of ZrP liquid 

crystals. All ZrP suspension samples were diluted to 1 mL and sealed in the glass vials. 

Every sample has a group of 9 vials with various volume fractions, which was recorded in 
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Table 3. There are five groups in total and the glass vials with different volume fractions 

were arranged in a line with the increasing concentration orders from left to right. 

 

Table 3. Volume fractions of five different sizes of liquid crystals. 
          Diameter (nm) 

 
No.                                        

265±37  660±78 916±120 1223±140 1481±135 

1 0.025 0.021 0.007 0.005 0.004 

2 0.029 0.0244 0.0108 0.0086 0.006 

3 0.044 0.0276 0.012 0.0094 0.0066 

4 0.048 0.0308 0.0132 0.0102 0.0072 

5 0.054 0.034 0.0156 0.011 0.0078 

6 0.058 0.0404 0.0188 0.0142 0.0096 

7 0.073 0.0468 0.0212 0.0158 0.0108 

8 0.087 0.05 0.0244 0.019 0.0182 

9 0.095 0.0532 0.0292 0.0238 0.0244 

 

 

The morphology of ZrP nanoplates layered structures and monolayer structures 

were investigated. Figure 13 presented the electron micrograph images of pristine ZrP and 

monolayer ZrP after exfoliation (Sample D). As seen from SEM image in Figure 13a, the 

hexagonal shapes of ZrP nanoplates were clear and it was easy to differentiate single ZrP 

crystal. From the TEM image in Figure 13b, the ZrP layered crystals have been exfoliated 

and the exfoliation agent tetrabutylammonium hydroxide did not break the ZrP lateral 
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structures and retained the hexagonal shape. The diameter of nanoplates were measured 

through DLS and thickness was measured to be 2.68 nm from previous literatures.47 Then 

the aspect ratio was achieved through thickness/diameter of nanoplate liquid crystals. 

Monolayer ZrP suspensions with various aspect ratios were fabricated. Five groups of 

samples were prepared with introduction of DI water to achieve the desired concentration. 

Different arrangement of liquid crystals like isotropic, nematic and coexistence phases 

were fabricated and set up in the vial for polarized optical imaging. The phase diagram of 

Sample A group was shown in Figure 14. Different nematic fractions of ZrP liquid crystal 

samples were measured and plot the phase diagram of nematic fraction vs volume fraction.  

 

 
Figure 13. The morphology of ZrP of different layers. (a) SEM image of the pristine 
ZrP layered crystals, (b) TEM image of ZrP monolayer after exfoliation. 
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Figure 14. Polarized image (a) and phase diagram (b) with different volume fractions 
of Sample A liquid crystals. 
 

 
4.4 Results and discussions 

Volume fraction Φ=0.048 of sample A has been prepared for observation of I-N 

phase separation time. Here, Sample A suspension was studied, which had largest aspect 

ratio of all 5 samples. Initially, the homogenized sample started to settle down with time 

and presented nematic phases under cross polarizers. The sample nucleated nematic liquid 

crystals or called droplets tactoids. It would grow accompanying with time. At the same 

time, the nanoplates would start to deposit and sediment because of the gravity effect. 

From the snapshots, the sample started from metastable state, went through nucleation, 

growth, sedimentation and reached equilibrium. In the end, the nematic tactoids 

completely deposited to the glass vial bottom. The interface between isotropic and nematic 

phase appeared and the time was recorded to be 840 min. Herein the complete I-N phase 

separation (tNematic) from the start to the clear interface shown was defined. The bottom 

nematic phases of ZrP would not form more and the I-N liquid crystals have reached the 

equilibrium. Figure 15 is the schematic illustration for the ZrP liquid crystals 
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sedimentation and phase transition process. Then phase diagram of kinetics for I-N 

separation in sample A to sample E suspensions were performed. 

 

 
 

Figure 15. The schematic diagram of I-N phase transition process of nanoplate liquid 
crystals. 
 

The I-N phase transition diagram of ZrP liquid crystals with different aspect ratios 

(Sample A, B, C, D, E) was shown in Figure 16. It was clear that as the aspect ratio of the 

ZrP nanoplates increases, the I-N phase transition concentration ΦI also increase. This 

could be explained based on the influence of the aspect ratio effect of nanoplates on phase 

transition. According to the theoretical simulation results of Bates on the influence of the 

aspect ratio on 2D colloidal suspension, the smaller aspect ratio of nanoplates have higher 

orientation order 48 compared with ones have larger aspect ratio at the same concentration. 

The colloidal suspension of discs with smaller aspect ratio will first reach ΦI. As we 

considered the thickness is certain to be 2.68 nm, the aspect ratio decreases with increasing 

nanoplate size. Smaller aspect ratio Sample E has higher orientation order and will start I-
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N phase transition first. Increasing the aspect ratio of ZrP liquid crystals will increase ΦI 

accordingly. 

 

 
 
Figure 16. The nematic fraction of Sample A, B, C, D, E as a function of volume 
fraction Φ. 

 
 

The I-N phase separation time tN of 5 samples were recorded and plot as a function 

of accordingly aspect ratios. The relation of the I-N phase separation time tNematic and the 

aspect ratio of ZrP liquid crystals were plotted as shown in Figure 17. tNematic decreased 

with the increment of aspect ratio. The reason might be that larger aspect ratio is 

accompanying with smaller size. The rate of Brownian motion will be quicker and would 
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be easier to form ordered oriented structures and form new liquid crystal phases, so it will 

perform I-N phase transition quicker. 

 

 

 
Figure 17. The I-N phase separation time tNematic as a function of ZrP nanoplate liquid 
crystal aspect ratios.  
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4.5 Summary 

 

To conclude, in this chapter, we have studied the internal aspect ratios of 2D ZrP 

nanoplates dependence of the liquid crystals phase transition. The larger aspect ratio of 

ZrP nanoplate liquid crystals would result in the larger the I-N phase transition starting 

point ΦI. The I-N phase transition rate of the ZrP nanoplate liquid crystals will increase at 

smaller nanoplate lateral size or larger aspect ratio. This finding offers a method to tune 

2D materials performance through adjusting their aspect ratios. 
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CHAPTER V 

CONTROLLED GROWTH OF 2D LIQUID CRYSTALS UNDER EXTERNAL 

TEMPERATURE FIELDS* 

 

5.1 Synopsis 

Controlling self-assembly of 2D colloids through external forces is essential to 

develop modern electrooptical and biomedical devices. In this chapter, we demonstrated 

that an external temperature field can be effective in controlling nematic liquid crystal 

order and growth in nanoplate suspensions. Suspensions of nanoplates with isotropic or 

nematic arrangements, could be effectively moved using a temperature gradient 

environment causing a phase transition to liquid crystal nematic phase. Such controllably 

formed nematic phase featured large nematic monodomains and enabled topologically 

more stable structures that were evident from the absence of hedgehog-type defects which 

are typically found in nematics formed spontaneously via nucleation and growth 

mechanism in a sufficiently high concentration suspension of nanoplates. Due to their high 

surface area-to-volume ratio and excellent thermophoretic properties, nanoplates can 

prove to be an ideal candidate for biomolecules transporting through temperature varying 

environments. 

 

 
* Part of this chapter is reprinted with permission from "Growth of colloidal nanoplate liquid crystals using 
temperature gradients for offshore oil spill treatment." by Shinde, A*., Huang, D*., Saldivar, M., Xu, H., 
Zeng, M., Okeibunor, U., Wang, L., Mejia, C., Tin, P., George, S. and Zhang, L., Cheng, Z., 2019. ACS 
nano, 13(11), pp.12461-12469 (*equal contribution). Copyright 2021 by ACS Publications. 
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5.2 Introduction 

Dynamic control of the self-assembly of anisotropic colloids such as nanorods and 

nanoplates can be realized by using external electric and magnetic fields.49-55 The excellent 

electric field response of graphene oxide flakes can be useful in electronic displays.56 Very 

recently, fascinating materials mimicking nature’s rare arrangements such as the structure 

colors were fabricated using nanoplates such that their colors could be tuned by using 

external fields.57, 58 Electric and magnetic fields thus allowed control on the orientation of 

the anisotropic colloids. However, there are limitations in controlling colloid 

concentration or creating their gradients with electric and magnetic fields. Control of 

colloid concentration can potentially enable establishing the directional control on the 

growth of the colloidal soft matter phases.59  

To overcome the challenge, external temperature fields could be thought of as an 

effective method that allows controlling colloid concentrations through transport 

mechanisms involving thermophoresis and natural convection. As thermal temperature 

gradients have already been found to be useful in many applications involving colloidal 

dispersions such as isotope separation,60 nuclear fusion in ionized gas,61 particle 

separation,62-65 optothermal trapping,66 and growth of colloidal single crystals.67 Among a 

rich variety of soft matter phases, nematic liquid crystal is in the focus of many intensive 

interdisciplinary studies.68 Inherent phenomenon of natural convection associated with 

using thermal gradients can also be seen to be widely used industrial applications, such as 

solar collectors,69 furnaces,70 building heating and cooling system.71 Previous 

experimental,72 computational73 studies on nanofluids convection as well as those 
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involving combination of thermophoresis and natural convection74, 75 were found helpful 

for the presented research.  

We have designed an experiment using temperature field with continuous 

temperature gradient to successfully drive nanoplates to one end of the sample and thereby 

control the formation of the nematic phase. The colloidal nanoplate nematic phase in this 

study can be considered as a soft matter analog of biological thermophilic micro-

organisms that prefer to go to the warm region. The idea of nematic phase growing at 

higher temperature regions is somewhat counterintuitive because conventionally in 

thermotropic liquid crystal systems, the nematic phase growth happens as the temperature 

is reduced. Our findings in this study complement our recent research interest in 

developing stimuli responsive soft matter systems.55, 76 

When a colloidal suspension is placed in a temperature gradient, the dispersed 

particles are driven out of equilibrium. Considering convection and the particle flux due 

to temperature gradient can be explained by the equation below,77  

J =  −ΦDT∇T + D∇Φ +  Φv (7) 

where Φ is the local volume fraction of colloids in the sample, D is the translational 

diffusion coefficient of colloids, DT is the thermophoretic mobility, T is the absolute 

temperature and v is the particle velocity due to fluid convection. Thermal inhomogeneity 

inside the thin layer of fluid in contact with colloids is considered to be responsible for 

thermophoresis.78 The gradient of the solid-liquid interfacial tension parallel to thermal 

gradient creates an anisotropic pressure tensor near the particle’s surface due to which the 

particle is pulled towards the direction of lower interfacial tension.79  
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Although most commonly found direction of thermophoretic motion is parallel to 

the temperature gradient, the thermophoretic drift of anisotropic colloids can have a 

nonzero component in the direction perpendicular to the temperature gradient.80 Thermal 

response of the electrolyte plays a major role in the transport of charged colloids such that 

a change in the salt concentration could cause inversion of thermophoretic mobility DT of 

charged colloids.64, 81 The difference in thermophoretic mobilities of positively and 

negatively charged ions in solvent could lead to separation of charges in presence of the 

thermal gradient.64 The resulting thermoelectric potential can generate a thermoelectric 

current and depending on the sign of charge on the colloids, they drift either to the cold or 

to the warm region.82 The thermophoretic mobilities of individual ions in an electrolyte 

are determined by their solvation forces and concentration.83  

Studies of non-spherical colloids in thermal gradients are rare. From a fundamental 

standpoint, one of the specialties of non-spherical nanoparticles is their ability to form soft 

structures of different symmetry, such as nematic, smectic liquid crystals at higher 

concentrations.11, 84, 85 It is therefore possible to control the growth of soft phases of 

platelets, rods and board-like particles using external temperature gradients. Due to the 

slow and epitaxial-like growth, topological defect structures of external field-driven 

phases can be significantly different from those formed spontaneously at higher colloid 

concentration.  

Physicochemical properties of charged colloids might affect their Soret coefficient 

(ST=DT/D). Since the solvation forces are dependent on temperature, many colloidal and 

biological systems show negative Soret coefficient below a certain temperature that is 
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typically known as the critical temperature.64 In polystyrene latex spheres, critical 

temperature was near about 4 oC whereas in micellar solutions of non-ionic surfactant 

dodecyl maltoside, it was close to 43 oC.86 Thermophoretic mobility (DT) of colloids was 

measured for polystyrene spheres and was found to be independent of the size of colloids87 

whereas the Soret coefficient was found to be proportional to particle surface area.88 

Recently, it was also shown that ST depends on the average temperature of the temperature 

gradient environment.89 In the limit of extreme dilution, the interactions between colloids 

can also be neglected; however, in concentrated colloidal suspensions, thermophoresis can 

be understood as the sum of single particle and collective effects.  

Herein, we demonstrated control on the nanoplate concentration by applying a 

linear temperature gradient field to different nanoplate suspensions in isotropic phase and 

nematic phases, which in few hours leads to formation of nematic phase via crowding of 

nanoplates at the hot end of the sample. An increasing fraction of nematic liquid crystals 

towards the hotter region was indicative of positive density gradient towards the hot 

region. The colloidal nanoplates of zirconium phosphate show negative Soret coefficient 

in the temperature gradient ranging from 26 oC to 42 oC. Our study also demonstrated that 

2D materials as nanoscale transporters through temperature gradient environments. 

Nanoplates can carry more amount of cargo due to higher surface area to volume ratio as 

compared to spheres. Due to the biocompatibility of the ZrP nanoplates in this experiment 

has been proven to be excellent,90, 91 their use in biomolecular transport in medical devices 

is promising.  
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5.3 Experimental 

The sample used in this experiment was sample A (12M-reflux-6hr). The detailed 

synthesis procedure was discussed in Chapter III. The experimental setup is schematically 

represented in Figure 18. It includes a transparent sapphire crystal plate as temperature 

gradient substrate, a sample microcapillary channel mounted on the substrate. A white 

light source was used as a backlight and the temperature gradient assembly was placed in 

between crosse-polarizers such that the temperature gradient is along the horizontal 

direction and the gravity direction points downwards in the Figure 18. A portable 

microscope was used for imaging.  

 

 

 

 

Figure 18. (a) Schematic drawing of the full experimental setup. (b) Scheme of the 
LC sample in temperature fields. (c) Photograph of the LC sample in the 
temperature fields. The setup was placed in XY plane with X direction pointing 
towards horizontal direction of increasing temperature and Y-direction was along 
gravity. 
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The sapphire crystal was chosen due to its transparent and temperature conductive 

properties. The sapphire crystal was purchased from Meller Optics Inc, being transparent 

with moderate thermal conductivity of 23 W/mK was a suitable candidate enabling setup 

of linear thermal gradient within several minutes, as shown in Figure 19. The two ends of 

the substrate were kept in touch with thermoelectric Peltier heating/cooling devices. 

Suspension of ZrP nanoplates was filled in flat rectangular capillary (Vitrocomm, Inc) 

having dimensions 50 mm x 2 mm x 0.2 mm and its two ends were sealed using UV-

curing glue. A Peltier device has two surfaces. When voltage is supplied to the device, one 

of the surfaces gets heated and the other one gets cooled. By reversing the polarity of the 

external voltage, the hot and cold surfaces can be interchanged. If an appropriate heat sink 

is not provided to the hot surface, the device stops functioning. In this experimental setup, 

the hot surface of thermoelectric device on the right was touching the sapphire plate, which 

conducted heat to its other end and worked as a heat sink. The hot surface of the 

thermoelectric Peltier device on the left was kept in touch with an 8 mm thick metallic 

plate maintained at 5 oC using a cooling fan mechanism like that of computer CPU cooling.  
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Figure 19. The thermal camera photograph of the temperature gradient substrate 
obtained 5 minutes after turning on the Peltier devices. 
 

5.4 Results and discussions 

The average size and polydispersity of nanoplates were 262 nm. With the increase 

of volume fraction of ZrP nanoplates, the aqueous suspensions showed phase transition 

from isotropic liquid to nematic liquid crystal as shown in Figure 20a. The ratio of the 

height of the nematic phase to the total sample height gave the relative amount of nematic 

fraction (fN). The phase diagram was as shown in Figure 20b. The transition from isotropic 

to isotropic-nematic coexisting phase happened at ΦI = 0.035 and from coexisting to full 

nematic phase at ΦN = 0.068 at which the percentages of nematic phase in the sample were 

1% and 99% respectively.  
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Figure 20. Phase diagram and isotropic & nematic sample choosing for 
thermophoresis testing. (a) Images of aqueous suspensions of ZrP nanoplates kept 
between crossed polarizers. The nematic liquid crystal appeared bright and had 
settled down due to gravity. (b) Phase diagram of isotropic-nematic phase transition 
in ZrP nanoplates.  
 

Two blue dots in Figure 20 represent the concentration of the isotropic sample and 

nematic sample used in this study. We chose one isotropic sample and one nematic sample 



 

49 

 

of zirconium phosphate nanoplates for this experiment. Two samples were performed 

separately. Its volume fractions are ΦAI = 3.00% and ΦAN= 8.70%. Firstly, isotropic 

sample was performed in thermophoresis test. The sample was filled in the capillary and 

was sealed on both sides using UV curable glue. The capillary was placed horizontally in 

touch with the sapphire crystal plate. 

 Steady state temperature profile was established three minutes after the voltage 

was supplied to the Peltier devices and was as shown in Figure 21a. The temperature 

gradient was along the length of capillary (henceforth, X-axis). As shown in Figure 21b, 

the suspension appeared completely dark, as observed between crossed polarizers 

indicating that no liquid crystals were present at the beginning. The left and right menisci 

appeared bright due to reflection or scattering of light from the liquid-air interface. With 

the passage of time, as nanoplates underwent thermophoretic drift to the warm region, a 

small amount of nematic liquid crystalline phase formed as shown in Figure 21c after 80 

min of thermophoresis. The local volume fraction of nanoplates at the warm end was thus 

7% according to the phase diagram shown in Figure 21d. Due to its nanometer range 

thickness, it is not possible to observe an individual nanoplate in optical microscope and 

to track their thermophoretic motion. The formation of the concentration dependent 

nematic phase at the warm end clearly showed that the nanoplates were sensitive to the 

external temperature gradient and that they showed thermophilic behavior by drifting to 

the warm region. Subsequent growth of the nematic phase was observed as shown in 

Figure 21d-i. The thermophilic (tendency to the warm region) colloidal nanoplate liquid 

crystal mimicked the behavior of the thermophile micro-organisms. Previous studies 
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showed that the soft matter phases such as that of the lyotropic chromonic liquid crystal92 

and hard-sphere colloidal crystal93 formed at the cold end. The fundamental mechanism 

for thermophoresis of colloids is not clear yet and the movement to the warm or to the 

cold is understood as a complex function of particle-solvent interactions.94,95 Simulations 

of thermophoresis of spherical colloids with tunable interaction showed that the colloids 

with repulsive interactions drifted to warm regions.96  

 

 

Figure 21. Snapshots of movement of ZrP isotropic liquid crystals under 
thermophoresis. Total time 1400 min. Time dependent snapshots images of a 2mm 
high, 26mm long capillary containing isotropic sample.  
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We used a computational fluid dynamics simulation based on Eulerian multiphase 

model to study the nanoplates flow velocity and volume fraction change with time. 

Thermophysical properties of water and nanoparticles are listed in Table 4.97 The 

boundary conditions and geometries of the simulation domain are shown in Figure 22a. 

Initially, 3.2 % of nanoparticles were put into the simulation domain. CFD model 

simulated a period of 130 seconds after T gradient was applied. On the one hand, 

nanoplates moved with the carrier fluid. On the other hand, nanoplates tend to move 

downwards due to gravity. Figure 22b and Figure 22c shows the velocity and volume 

fraction distribution of nanoplates at the end of the simulation (130 seconds), respectively. 

As shown by Figure 22c, nematic phase appeared at the right corner, where the 

nanoparticle volume fraction reaches 4.1 %. Notably, nanoplates concentration increased 

at the left corner as well, but did not reach to the phase transition concentration, 4.1%. The 

stagnation zone on the right of the enclosure may contribute to the larger accumulation of 

nanoparticles on the right corner. It takes about 10 hours for the computer to simulate a 

period of 130 seconds of the experiment. To fully simulate the experiment may require a 

future work using super computers.  

 

Table 4. Properties of water and nanoplates for CFD simulation. 
 𝜌𝜌(𝑘𝑘𝑘𝑘/𝑚𝑚3) 𝐶𝐶𝑃𝑃(𝐽𝐽/𝑘𝑘𝑘𝑘𝑘𝑘) 𝑘𝑘(𝑊𝑊/𝑚𝑚𝑘𝑘) 

water 1000 4179 0.613 

nanoplate97 1600 400 1 
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Figure 22d illustrated the possible mechanism of colloidal nanoplate nematic phase 

growth under the temperature gradient. The velocity profile v (blue arrows) for natural 

convection in the experimental enclosure were shown to divide the sample roughly into 

four layers- two layers on top half drifted nanoplates to the cold region while the remaining 

two layers in the bottom half resulted in nanoplate flux towards the warm region. 

Nanoplates (shown in red) continually moved downwards due to gravity sedimentation 

(flux is shown as jg), thus crossing the convective flow lines. Following the convection 

loop (flux shown by jv) and subsequent accumulation in the stagnant zones (which were 

larger at the warm end) and the persistent gravity sedimentation, nanoplate crowding at 

the bottom of the warm end of the sample resulted into a small nematic phase formation. 

The growth direction of nematic phase was perpendicular to the isotropic-nematic 

interface. We argue that nanoplate crowding was greatly enhanced due to convection and 

the timescale was much shorter than that if only thermophoretic drift (𝑗𝑗∇𝑇𝑇) were present. 

If we consider approximately the bottom ¼ part layer of the sample, initially, 𝑗𝑗∇𝑇𝑇 is parallel 

to jv. Later, convection ceased to exist in this region with the growth of LC phase and 

thermophoretic flux contributed more. In the top ¾ part section of the sample, convection 

remained predominant.  
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Figure 22. CFD simulation on nanoplate accumulation under a temperature gradient 
shown at 3 minutes after applying the temperature gradient. Gravity causes particle 
sedimentation along vertical direction.  
 

Since the isotropic to nematic phase transition is related to the volume fraction of 

the nanoplates according to the phase diagram shown in Figure 20b, the Soret coefficient 

of the nanoplates can be estimated from this experiment. Molecular dynamics simulations 
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showed that the anisotropic rod-shape colloids have a non-vanishing thermophoretic flux 

in the direction perpendicular to the temperature gradient.80 However, formation of the 

nematic phase at the meniscus at warm end of the sample showed that the thermophoretic 

flux of nanoplates was mainly in the direction of the temperature gradient and the 

perpendicular component can be neglected.  

Moreover, we turned our focus to the steady state profile of nanoplates, at which 

the further formation of nematic phase stopped. A net positive density gradient towards 

warm region was evident from the increasing height of the nematic phase. Importantly, 

the shape of the nematic phase remained undisturbed indicating that the convection was 

almost negligible in the bottom ¼ part rectangular section of the sample as shown in Figure 

23. In remaining ¾ part section on the top, convection was considerable and the nanoplate 

concentration could be assumed to be uniform at Φ1. The isotropic-nematic interface made 

an angle θ (1.5° calculated using ImageJ) with the horizontal direction and isotropic phase 

present in the bottom ¼ part section of the sample was assumed to have linear 

concentration gradient in the direction perpendicular to the I-N interface as shown by 

coordinate l in Figure 23. The concentration of nanoplates was assumed to be equal to ΦN 

because it has been previously proven that it takes several days to develop density gradient 

in nematic phase of nanoplates under external forces such as gravity.54,98,99 Using the 

concentration gradient created by the temperature gradient in the isotropic phase present 

in the bottom ¼ part section outlined with dotted lines, we provide a rough estimate of the 

magnitude Soret coefficient of zirconium phosphate to be of the order of 0.01/𝑜𝑜𝑘𝑘.  
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Figure 23. Steady state profiles under simultaneous gravity and temperature 
gradient conditions. The tilt angle θ was around 1o. Inscribed in squares underneath 
are nanoplates in isotropic phase having random orientations (left) and in the 
nematic phase (right) aligned along a common direction, n, called the director.  

 

To the best of our knowledge, this is the very meaningful measurement of 

thermophoretic properties of the nanoplate colloids. The order of magnitude of the Soret 

coefficient of nanoplates was same as that of spherical (0D) colloids.88 2D nano-colloids 

are attracting an increasing research interest due to their superior properties, the 

autonomous catalytic activity, than 0D colloids.100  

Similarly, a full nematic sample of zirconium phosphate nanoplates for this 

experiment was also performed in the thermophoresis process. Its volume fraction, ΦAN = 

8.7% and the sample was filled in the capillary and was sealed on both sides using UV 

curable glue. The snapshots of capillaries were as shown at Figure 24.  
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Figure 24. Snapshots of movement of ZrP nematic liquid crystals under 
thermophoresis. Total time 780min. The steady state was assumed to establish after 
660 min.  
 

 

After experiments completion on the thermophoresis of full nematic ΦAN = 8.70%, 

two thermophoresis process can be compared. Thermophoresis at ΦAI = 3.00% reaches 

steady state at 1400 min much slower than 780 min of thermophoresis at ΦAN= 8.70%. 

The hot ends for both started aggregation and sedimentation and we magnified the hot end 

through polarized optical microscope and the image was shown below in Figure 25. Both 

two ZrP liquid crystals got affected with thermophoresis, gravity and convection. Also, 

both of nanoplates move from the cold end to hot end. It is clear to see isotropic (ΦAI = 

3.00%) sample have oriented and formed more nematic phases, while it would be hard to 
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tell the amount difference of full nematic (ΦAN = 8.70%) samples. Different form isotropic 

(ΦAI = 3.00%) sample sedimentation in the hot end bottom, full nematic (ΦAN = 8.70%) 

has high ZrP concentration, which did not have enough space in the hot bottom end. It is 

interesting to find that due to ZrP liquid crystals stacking, there were interference color 

bands showing up in Figure 25d, the color bands were not vertically straight because of 

the gravity and thermophoresis.  

 

 
Figure 25. Polarized optical microscope images comparison of two thermophoresis 
ΦAI = 3.00% and ΦAN = 8.70%. (a) and (b) share same experimental conditions. (c) 
and (d) have achieved steady state and shared the same scale bar. 
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The color band differences might be explained through the Michel-Levy 

interference chart,101 as shown in Figure 26. From the magnified polarized optical 

microscope image Figure 26a, the 2D ZrP nanoplates moved to the right side (hot end) 

due to the thermophoresis and convection flux. The left side of Figure 26a clearly 

performed nematic liquid crystals and the right side of Figure 26 presented structural 

colors under polarized optical microscopes and might form higher liquid crystal phases 

due to the larger nanoplate orientation.  

It was usually difficult to directly analyze the nematic concentration relation with 

a specific position due to the liquid crystal fluidity. But for the right side of Figure 26a, 

investigating the relations of colloidal liquid crystal concentration and positions has 

become possible. It was found that the color bands were well-regulated and has a similarity 

to the Michel-Levy interference color chart. So, six points, which showed yellow, blue, 

yellow, blue, green, green in the ZrP nanoplate stacking areas were chosen and defined as 

1Y, 1B, 2Y, 2B, 3G and 4G. These six points in the interference color bands fit for the 

colors in the Michel-Levy chart (Figure 26b) from 1st to 4th orders. We calculated the 

density profile local volume fraction Φ with different heights z/L of all the six points and 

got the relation plot in Figure 26c. Equation Φ=0.44439-6.976989*(z/L) was achieved. 

The 2D colloidal concentration has an approximately linear relation with position and 

temperatures in the ZrP high concentration stacking area. The liquid crystal phases of the 

colloidal ZrP stacking areas in Figure 26a could be further characterized by SAXS and 

higher magnification of polarized optical microscopes.  
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Figure 26. Michel-Levy interference color bands in nematic phases. (a) polarized 
optical microscope image of sample with initial nematic (ΦAN = 8.7%). (b) Michel-
Levy chart. (c) Nematic nanoplate volume fraction vs location (z/L). 
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5.5 Summary 

In summary, we demonstrated an external temperature gradient field-induced 

formation of liquid crystals of nanoplates exploiting the concentration dependent phase 

transition in anisotropic colloids. The establishment of net concentration gradient of 

nanoplates was indicative of thermophoretic effects while the natural convection helped 

speeding up the process. The external temperature field and thermophoresis could help 

move the 2D colloidal particles and reorientation to nematic or higher-ordered structures, 

which would be useful in bio transport or drug delivery. We point out that external 

temperature gradient controlled formation of the liquid crystal phase can be achieved in 

colloids, and the colloidal liquid crystals has the potential to form new smectic phases. 
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CHAPTER VI 

2D COLOR-ENHANCED NEMATIC PHOTONIC LIQUID CRYSTALS* 

 

6.1 Synopsis 

Biomimetic nanostructured materials with iridescent structural colors have 

attracted significant attention due to their potential in photonic inks, optoelectronic 

devices, and biomedical engineering. In this chapter, the concentration effect on structural 

colors would be investigated. We first develop the artificial 0D spherical photonic crystals, 

and promote to 2D nanoplate photonic crystals. The structural colors of 2D ZrP photonic 

liquid crystals come from short-ranged nematic order, which is different from the 0D 

polystyrene long-ranged periodic ordered structures. Moreover, 2D nanoplate photonic 

hydrogels are fabricated through the nanoplate concentration tuning. Also, due to the 

increasing interest in applications for structural color enhancement, the additives are used 

for absorbing incoherent light and improved color visibility.  

 

6.2 Introduction 

Biomimicking the structural iridescent colors of living organisms such as butterfly 

wings and cephalopods, which may provide an important channel for mate signaling and 

communication as well as survival in hostile environments, is currently in the research 

limelight due to their fundamental importance and potential technological applications.102-

 
* Part of this chapter is reprinted with permission from "Biomimetic colloidal photonic crystals by 
coassembly of polystyrene nanoparticles and graphene quantum dots." by Huang, D., Zeng, M., Wang, L., 
Zhang, L. and Cheng, Z., 2018. RSC advances, 8(61), pp.34839-34847. Copyright 2021 by RSC 
Publishing.  
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109 It has been demonstrated that the fascinating structural coloration in the wings of 

morpho butterflies arises from the combination of highly ordered or quasi-amorphous 

structures and embedded black melanin,110-113 with the periodic lattice structures 

generating the iridescent structural colors while the melanin enhances the color visibility 

by serving as a background absorber.114, 115 A variety of colloidal photonic crystals have 

been fabricated through facile self-assembly of different colloidal nanoparticles, such as 

silica, polystyrene, and poly (methyl methacrylate) into a close-packed array.116-119  

Besides the 0D artificial spherical photonic crystals, 2D nanoparticles photonics 

have also achieved great interest in self-assembling and structural color exploration.120 

The reflection color 2D photonic crystals result from the long-range positional ordering, 

like lamellar periodic arrangement.121, 122 Traditional 2D materials like GO and titanium 

oxide,123, 124 were recently utilized into photonic liquid crystals (PhC). But reflection 

structural colors by nematic structure is rarely able to be seen. Most likely it is because 

that in the nematic phases, it is hard to find long ranged periodic structures. In the result 

of smaller order parameter and less crystalline, the nematic phase photonic color is a 

challenging task. The nematic photonic liquid crystals will be required to reflect structural 

colors in a shorter periodic range instead of the long-range periodicity. 

On the other side, the low color visibility originated from incoherent scattering 

remains a hindrance to practical applications.125 Inspired by butterfly wings, artificial 

photonic crystals with enhanced colors have been reported by incorporating various black 

additives like dark color polymers126, 127 and magnetic nanoparticles128, 129 into ordered 

structures, leading to enhanced color visibility. In addition to synthetic materials, natural 
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biopolymers such as cuttlefish ink130 have also demonstrated strong capacity for reducing 

incoherent light scattering, thus enhancing the color visibility of photonic crystals. With 

the development of the additives in biomimetic photonic crystals, it also brings new 

problems. Some undesired defects or dislocations, such as impure phases and missing 

local particles, however, are often inevitably introduced into the colloidal PhCs due to the 

nonuniform size of these additives and low compatibility with colloidal nanoparticles. 

Graphene quantum dots (GQDs) are single-layer to few-layered graphene nanoparticles 

with lateral dimensions smaller than 20 nm, which have attracted much research interest 

due to their unprecedented advantages of controllable synthesis, cost effectiveness, 

superior compatibility and high photoluminescent quantum yield.131-139 Different from 

traditional enhanced photonic crystals’ research, graphene quantum dots have competitive 

advantages on working as additives of photonic crystals. First, the morphology of GQDs 

can be well-tuned and prepared in nanoscale range (5-15 nm) such that the small size of 

GQDs will retain the integrity of PhCs, preserving their periodic lattice structures. Second, 

the surface carbonization of GQDs can be readily modulated by controlling the kinetics of 

hydrothermal reaction to actively tailor the blackness of GQD additives. Some successful 

examples of controlled surface carbonization by hydrothermal treatment have been 

reported for applications like cell labeling,140, 141 photovoltaic devices142, 143 and sensors.144  

In this chapter, the colloidal 0D sphere and 2D nanoplate photonic crystals with 

enhanced color visibility were achieved. The oriented orders of 0D and 2D photonic 

crystals will be discussed. Furthermore, enhanced colloidal photonic crystals with brilliant 

structural colors covering the full visible spectral range could be tuned through lattice 
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spacing between nanoparticles, which are concentration in this 2D ZrP system. The 

resulting 2D colloidal photonic crystals could fabricate photonic hydrogels and utilized in 

nanoink printing. 

 

6.3 Experimental 

6.3.1 Polystyrene nanoparticles (0D)  

Chemicals were purchased from commercial suppliers and were used without 

further purification. For preparation of PS nanoparticles, styrene (stabilized, purity > 99%) 

was purchased from Acros Organics. Methyl methacrylate was obtained from 

Polysciences, Inc. Acrylic acid (purity > 99%), ammonium persulfate (purity ≥ 99.99%), 

sodium dodecylbenzenesulfonate (technical grade), and sodium bicarbonate (purity ≥ 

99.7%) were purchased from Sigma-Aldrich. 

Monodisperse PS nanoparticles were fabricated using the emulsion polymerization 

method. In a 500 mL bottom-boiling flask, 28.0 g styrene, 1.1 g acrylic acid, 1.5 g methyl 

methacrylate, and 200 mL deionized water were heated to 85 °C under magnetic stirring 

and nitrogen flow. Then 0.725 g ammonium persulfate (APS), 2-9 mg sodium 

dodecylbenzenesulfonate (SDBS), and 500 mg NaHCO3 were added into the solution. The 

PS nanoparticles were achieved after continuous heating at 85 °C for 7 hours. The size of 

synthesized PS nanoparticles was primarily tuned by varying the SDBS amount. 

Monodispersed PS colloidal nanoparticles of different sizes (192, 214, 274 and 396 nm) 

were purified by washing three times with water. The PS suspension was subjected to a 

freeze-drying process to produce dried monodisperse PS powder.  
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6.3.2 Zirconium phosphate nanoplates (2D)  

The sample used in this experiment was sample E (12M-reflux-40hr). The detailed 

synthesis procedure was discussed in Chapter III. The ZrP suspension volume fraction 

was prepared by various concentrations 54.5%, 51.2%, 47.3%, 37.5% and 31.0% in the 

rectangular vials. For the photonic color enhancement experiment, the ZrP suspension 

volume fraction kept the same and the GQDs additives concentration was 1 wt% of ZrP 

suspension. 

 

6.3.3 Graphene quantum dots synthesis 

Chemicals were purchased from commercial suppliers and were used without 

further purification. For preparation of GQDs, citric acid (purity > 99%), 1-thioglycerol 

(purity ≥ 97%), and glycine (purity ≥ 98.5%) were purchased from Sigma-Aldrich.  

GQDs were prepared using the traditional hydrothermal pyrolysis method. 2.40 g 

citric acid and 1.0 g glycine were dissolved in 5 mL deionized water, then 1.07 g 

1-thioglycerol was added, after that sonicated for 15 minutes. The solution was then 

decanted into an 80 mL Teflon vessel and sealed within a stainless autoclave reactor. The 

autoclaves were heated to 200 °C and three different reactions were prepared with 3 hours, 

5 hours and 7 hours, separately. The reaction products were centrifuged at 10000 rpm for 

15 minutes to remove solid residue.  
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6.3.4 Fabrication of PhCs films by drop-casting method 

The PhCs film was prepared by the drop-casting method. The PhCs composite 

suspension was prepared by mixing fixed amounts of PS powder and 0 wt%, 0.1 wt%, 0.5 

wt%, and 1 wt% GQDs, then deionized water was added to make a solution density of PS 

nanoparticles of 100 mg/mL. The solution was shaken by vortex mixer and put under 

sonication for 10 minutes to achieve uniformity. A black paper was placed on the 50 °C 

hot plate surface. Then 100 µl mixed suspension was dropped onto the black paper and 

allowed to dry. The enhanced PhCs thin film was made after complete drying. 

 

6.3.5 Fabrication of PhCs flakes by the centrifugal sedimentation method 

The PhCs flakes were prepared by the centrifugal sedimentation method. 200 mg 

PS powder was added into different volumes of 0.2 mg/mL GQDs solution (0 wt%, 0.1 

wt%, 0.5 wt%, and 1 wt%). The suspension was transferred to a 50 mL centrifuge tube 

into which deionized water added to fill to an amount of 35 mL. The solution was shaken 

on a vortex mixer and centrifuged at 10000 rpm for 45 minutes. Then the PhCs flakes were 

taken out by a spoon spatula after removal of solution followed by drying on the 50 °C 

hot plate. 

 

6.4 Results and discussions 

The 0D PS nanoparticles were achieved through emulsion polymerization. The 

size of synthesized PS nanoparticles was primarily tuned by varying the SDBS amount. 

Monodispersed PS colloidal nanoparticles of different sizes (192, 214, 274 and 396 nm) 
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were purified by washing three times with water, as shown in Figure 27. The PS 

suspension was subjected to a freeze-drying process to produce dried monodisperse PS 

powder.  

The PhCs film was prepared by the drop-casting method. The photonic crystals 

were suspended in water and the solution was shaken by vortex mixer and put under 

sonication for 10 minutes to achieve uniformity. A black paper was placed on the 50 °C 

hot plate surface. Then 100 µl mixed suspension was dropped onto the black paper and 

allowed to dry. The enhanced PhCs thin film was made after complete drying, as shown 

in Figure 27a-d inlet. The 0D nanoparticles self-assembled and due to the Bragg reflection 

and reflected green color. 

 

 

 
Figure 27. 0D sphere photonic crystals. (a)-(d) SEM image of polystyrene 
nanoparticles (192nm, 214nm, 274nm, 396nm) and structural color films (e) Scheme 
of Bragg’s law of 0D spherical photonic crystal and reflected green color. 
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Inspired by 0D nanoparticle photonic crystals, we started to use ZrP nanoplate for 

self-assembling as a film, as shown in the inlet of Figure 28a. When the film is completely 

dry, it revealed white color. The ZrP nanoplate film can be considered 100% volume 

fraction, so we started to gradually add water in the system and decrease the ZrP nanoplate 

concentration. ZrP solution started to show structural color at around 55% volume 

fraction. The reflection structural color transfer from blue to green, then red. The volume 

fraction decreasing come with larger lattice spacing and moved to larger wavelength (red 

shift), which fits the Bragg diffraction. The 2D ZrP red structural color vial was observed 

under the polarized optical microscope, as seen in Figure 28c, the nematic structure was 

shown. We could predict that the structural color from ZrP photonic liquid crystals did not 

come from long-range periodic order, but come from short-range nematic structures.  
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Figure 28. Self-assembly of 2D ZrP photonic liquid crystals. (a) SEM image of ZrP 
nanoplate and inlet photo is white ZrP nanoplate film. (b) Image of ZrP photonic 
liquid crystals. (c) POM image of ZrP Nematic phase. (d) Scheme of mechanism for 
2D ZrP photonic liquid crystals. 
 

We found out unexfoliated nanoplates are easier to settle down compared with 

exfoliated ZrP. The 2D nanoplates were easier to settle down and appear fractionation 

with narrower containers. As seen in Figure 29a, ZrP suspension of volume fraction 0.35 

and was close to the concentration of red sample suspension in Figure 28b. The ZrP 

suspension was immersed into the capillary and the capillary was vertically displayed 5 

days and found out that the sample has fractionated, the bottom side of the capillary 

presented blue color indicating higher concentration, and the top side of the capillary 
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presented red color indicating smaller concentration. This fractionation has motivated us 

to build the nematic photonic hydrogel. The recipe includes acrylic amide monomer, bis-

acrylamide crosslinker, LAP photo initiator, DI water and ZrP nanoplates. Similar with 

the fractionation method shown in Figure 29a, the ZrP was mixed with hydrogel monomer 

and sealed in a film mold vertically and waited 3 days, it was obvious to see that on the 

top side there is no obvious structure color showing, indicating isotropic phase, while on 

the bottom side, the structural color of blue revealed very clearly, indicating the nematic 

phase formation. After UV light crosslinking, the front view and side view of (Figure 29c 

and d) the 2D ZrP hydrogel film under polarized optical microscope was shown. It was 

clear to see the edges between dark side and bright side. The bright side revealed the ZrP 

nematic liquid crystal phase. 
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Figure 29. (a) Photograph of a capillary of ZrP suspension (Φ =0.35) vertically 
displayed over 5 days. (b) Photograph of ZrP nanoplate photonic hydrogel vertically 
displayed over 3 days. (c) POM image of the hydrogel film in front view. (d) POM 
image of hydrogel film in side view. 
 

To improve the color visibility of photonic crystals for potential industry areas, the 

study of color enhancement additives for photonic crystals was investigated (Figure 30). 

As seen in Figure 30a, GQDs with various amounts (0, 0.1%, 0.5%, 1%) were synthesized 

and dispersed in 0D polystyrene solution. From visual perception, it was apparent that 

higher GQDs doping concentration in PhCs films resulted in more brilliant green structural 

color. The reflectance spectra shown in Figure 30b further clarified the reflectance 

mechanism of enhanced photonic crystals. Pure PS thin films showed relatively high 

reflectance intensity. When GQDs (0.1 wt%, 0.5 wt%, and 1 wt%) were added to the PS 

photonic crystals, the visible reflectance intensity started to decrease. Larger GQDs 

additives concentration resulted in lower reflectance intensity of photonic crystals. This 
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might result from the incoherent light absorption by the GQDs. Higher concentration of 

GQDs inside PS photonic crystals would absorb more background and scattering light, 

while enhanced photonic crystals exhibited better color visual appearance. The reflectance 

peak intensity of PS/GQDs photonic crystals in Figure 30b was normalized and could be 

seen in Figure 35, the normalized peak intensity increased from 11.58% to 18.22%, which 

implied the peak intensity increment of GQDs addition. Figure 30c presented different 

structure colors of 0D polystyrene on various substrates, performing its photonic 

potentials. 

For Figure 30d and e, it was clear to see that the GQDs additives could also fit for 

fluids and 2D nanoplate photonic liquid crystals. It was obvious that the color visibility of 

ZrP nematic photonic crystal has improved. In Figure 30f, presented the 2D photonic 

crystal’ drawing potential and its iridescent characteristic. 
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Figure 30. (a) Image of fabrication of enhanced 0D PS photonic crystals with various 
GQDs additives. (b) Reflectance spectra of PS-GQDs spectra. (c) 0D photonic ink 
writings on different substrates. (d) Photograph of Pure 2D ZrP photonic crystals 
before adding GQDs additive. (e) Photograph of 1wt% GQDs additive. (f) 
Photographs of 2D photonic fluids. 
 

The possible mechanism of Bragg reflection color enhancement of colloidal 

photonic crystals is schematically illustrated in Figure 31. The synthetic photonic crystal 

presented structural colors under natural daylight. Monodisperse PS nanoparticles (214 

nm) with ordered Bravais lattice structures formed the colloidal photonic crystals with 

comparatively pale green structural color. The small GQD additives tended to aggregate 

around the big PS nanoparticles and GQD additives entered the void space of colloidal 

photonic crystals. It should be noted that the lattice structure of 0D photonic crystal did 

not show obvious changes with the addition of a slight amount of GQD additive. The 

GQDs localized in the interstitial space reduced the incoherent light scattering, therefore 
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brilliant structural colors with high visibility were observed in such colloidal photonic 

crystals.  

For 2D ZrP photonic liquid crystals color enhancement, similar color enchantment 

behaviors have been seen, there is possibility that GQDs may not adhere to 2D nanoplates 

but suspend in the ZrP photonic liquid crystals. 

 

 

Figure 31. Schematic illustration of the Bragg-reflection color enhancement of PS 
and PS/GQDs colloidal photonic crystals. The size of PS nanoparticle is 214 nm. 
 

 

Figure 32 represented the detailed synthetic route and characterizations of GQDs 

color-enhanced additives. GQDs were fabricated using a controlled hydrothermal reaction 

of low molecular organic compounds including citric acid, glycine, and 1-thioglycerol. 

During the 200 ℃ pyrolysis process, citric acid and glycine were utilized as main carbon 

sources and 1-thioglycerol worked as the reducing agent. GQDs with various 
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hydrothermal carbonization degrees were gradually formed due to reaction time 

difference. The synthesized GQDs were described as GQDs-x, in which x was the 

hydrothermal reaction time of GQDs. Herein, 3 hours, 5 hours, and 7 hours of 

hydrothermal pyrolysis of GQDs would be referred to as GQDs-3, GQDs-5 and GQDs-7, 

respectively. The morphology of GQDs-7 was characterized through TEM image, as 

shown in Figure 32b. The GQDs-7 had a narrowly distributed size range and the average 

size was 12.0 nm. The size uniformity of GQDs was also confirmed through AFM image. 

Then Figure 32c showed the absorption spectra of various GQDs in aqueous suspension. 

As shown in the figure, the light intensity absorption order of GQDs was GQDs-7 > 

GQDs-5 > GQDs-3 under the same concentration, 0.2 mg/mL. This observation confirmed 

that higher carbonized GQDs with additives could absorb more extra light and would be 

able to enhance photonic crystals. The absorption intensity of dried GQDs was further 

characterized by UV-vis spectroscopy in Figure 32d. The spectra showed high absorption 

of GQDs in the visible spectrum. The inset image was the photograph of dried GQDs-7.  
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Figure 32. Fabrication of GQDs. (a) Synthesis route of GQDs. (b) TEM images of 
GQDs-7. (c) Absorption spectra of GQDs aqueous suspension with different reaction 
time (3 hours, 5 hours, and 7hours). (d) UV-vis absorption spectra of pure GQDs-7. 
The inset was the photograph of dried GQDs-7. 
 

The reasonable hypothesis was made that the chemical state of GQDs would also 

change with the hydrothermal processing. Figure 33 exhibited the X-ray photoelectron 

spectroscopy (XPS) of GQDs. From the XPS survey scan in Figure 33a, we observed that 

the synthesized GQDs consisted mainly of four elements: carbon, nitrogen, oxygen, and 

sulfur. Specifically, detailed change of four elements concentration could be investigated 

in XPS elemental analysis, as shown in Table 5. The carbon concentration of GQDs-3, 

GQDs-5 and GQDs-7 were 68.06%, 70.55% and 74.11%, revealing a clear increasing 

trend of carbonization degree by increasing reaction time. Carbon content increased with 
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GQDs’ reaction time, while a consistent loss of nitrogen, oxygen, and sulfur content was 

observed.  

To further study the carbonization degree of GQDs, the carbon spectra of XPS 

under various reaction hours were performed as shown in Figure 33b. The binding energy 

of C-C was 284.8 eV and of which C=O was 288.6 eV. The peak intensities of C-C, C=O 

were obtained from Figure 33b and C-C/C=O ratio were calculated. The C-C/C=O ratio 

indicated the chemical environment of carbon element as well as the amount of oxygen 

defects existing in conjugate carbon network, which dictated the absorption capability of 

visible light, i.e., blackness of GQDs.139 The C-C/C=O ratios were 2.05, 2.32 and 2.95 

under the reaction time of 3 hours, 5 hours, and 7 hours, respectively, suggesting that 

increment of hydrothermal reaction time of GQDs would result in a higher degree of 

carbonization.  

 

Figure 33. X-ray photoelectron spectroscopy of GQDs. (a) XPS survey scan of GQDs 
with reaction time of 3 hours, 5 hours, and 7 hours at 200 °C. (b) XPS carbon 
chemical state of GQDs with reaction time of 3 hours, 5 hours, and 7 hours. (The C-
C/C=O ratios with various reaction times, respectively, were 2.05, 2.32, and 2.95) 
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Table 5. XPS elemental analysis of GQDs with different reaction time.  
C % N % O % S % Total % 

GQDs-3 68.06 5.05 23.57 3.32 100 

GQDs-5 70.55 3.15 23.06 3.24 100 

GQDs-7 74.11 2.48 20.26 3.16 100 

 

The enhanced PS photonic crystals with various GQDs’ reaction time were studied 

in Figure 34. Two different methods of fabricating enhanced photonic crystals, centrifugal 

sedimentation and drop-casting, were introduced in Figure 34a and Figure 34b. PS 

photonic crystals with GQDs would be defined as PS/GQDs, and PS/GQDs-x would be 

precedingly described as the PS photonic crystals with GQDs which underwent x hours 

hydrothermal reaction. Photographs of photonic crystal flakes of PS and enhanced 

PS/GQDs, taken under natural light, were presented in Figure 34a. All PS nanoparticles in 

Figure 34 were uniform of 214 nm average size, and GQDs concentration was 1 wt%. 

From Figure 34a, pure PS photonic crystals looked pale and barely showed structural 

color. With increasing hydrothermal reaction time, from 0 to 3 hours, 5 hours, and 7 hours, 

the crystal flakes progressed to exhibit better green structural color. The size of the 

enhanced PhCs flakes was measured as 1 - 2 cm. Figure 34b introduced another drop-

casting method of fabricating PS and PS/GQDs photonic crystals films. The films were 

prepared through using a pipette to drop casting a fixed amount of PS/GQDs suspension 

in water onto the black paper. The paper was heated on the 50 °C hot surface resulting in 

PhCs films with a flatter surface compared with those crystal flakes due to the quick self-

assembling process. From Figure 34b, PhCs films were differentiated by the GQDs’ 

hydrothermal reaction time. Under the same 1 wt% GQDs concentration, the color 
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visibility of PS/GQDs photonic crystal films was better than that of the pale PS film. The 

PS/GQDs-7 photonic crystals films had the best color visibility, progressing to lesser color 

visibility accompanied with shorter hydrothermal processing time.  

The reflectance spectra of photonic crystals films, which confirmed their visual 

appearance, were investigated in Figure 34c. The reflectance spectra of pure PS thin films 

had the largest reflectance intensity of all. High reflectance intensity would come with 

poor color visibility. The structural color of pure PS photonic crystals appeared milky 

white and pale, being strongly suppressed by scattering and background light. By tuning 

hydrothermal reaction time of GQDs additives (3, 5 and 7 hours), the carbonization of 

GQDs additives was controlled simply, achieving the desired small reflectance intensity 

of photonic crystals films. Longer GQDs hydrothermal pyrolysis time resulted in larger 

carbonization, with PS/GQDs photonic crystals films having accordingly smaller 

reflectance intensity and higher color visibility. Figure 34d showed the corresponding 

normalized reflectance peak intensity of Figure 34c. PS/GQDs photonic crystals films 

with higher carbonized GQDs had larger normalized reflectance peak intensity compared 

with PS/GQDs photonic crystals of smaller carbonized GQDs and pure PS.  
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Figure 34. Fabrication of enhanced PS photonic crystals with different carbonization 
of GQDs.  
 

Interestingly, apart from the effect of carbonization of GQDs, the GQDs additives 

dosage in PS photonic crystals could also affect color visibility. Figure 35 demonstrated 

the fabrication of enhanced PS photonic crystals at various GQDs concentrations. The 

enhanced PS/GQDs photonic crystal films were shown in Figure 35a. The polystyrene 

nanoparticle size was 214 nm, and the GQDs had undergone hydrothermal reaction of 7 
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hours. The PhC films were also fabricated by the drop-casting method, with all films 

having around 1 cm diameter. From visual perception, it was apparent that higher GQDs 

doping concentration in PhCs films created more brilliant green structural color. The 

reflectance spectra shown in Figure 35b further clarified the reflectance mechanism of 

enhanced photonic crystals. Pure PS thin films showed relatively high reflectance 

intensity. When GQDs-7 (0.1 wt%, 0.5 wt%, and 1 wt%) were added to the PS photonic 

crystals, the visible reflectance intensity started to decrease. Larger GQDs additives 

concentration resulted in lower reflectance intensity of photonic crystals. This might result 

from the incoherent light absorption by the GQDs. Higher concentration of GQDs inside 

PS photonic crystals would absorb more background and scattering light, while enhanced 

photonic crystals exhibited better color visual appearance. The reflectance peak intensity 

of PS/GQDs photonic crystals in Figure 35b was normalized, as shown in Figure 35c. 

With the GQDs-7 concentration increasing from 0 wt% to 1 wt%, the normalized peak 

intensity increased from 11.58% to 18.22%, which implied the peak intensity increment 

of GQDs addition. 
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Figure 35. Enhanced PS photonic crystals with various GQDs concentrations. 
 

After green color PhCs enhancement, full visible spectra range color enhancement 

PhCs was also achieved through tuning the particle size of PhCs and the concentration of 

GQDs. The enhanced coloring of PS nanoparticles with GQDs was shown in Figure 36. 

In addition to green color group PhCs, blue, red and cyan enhanced PhCs with GQDs 

(Figure 36a) were also fabricated by drop-casting method. Four different sizes of uniform 

PS nanoparticles were synthesized and the diameters were measured as 192, 214, 274 and 

396 nm from both SEM and DLS measurement. The corresponding PhCs films were 

aligned in four rows showing blue, green, red and cyan structural color groups. Each row 
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in Figure 36a represented a color group PS/GQDs photonic crystal films with variable 

GQDs additive concentration. The GQDs concentration was 0 wt%, 0.1 wt%, 0.25 wt%, 

0.5 wt% and 1 wt%. The color visibility also increased each row from left to right, with 

the leftmost palest and the rightmost representing best brilliant structural color.  

The reflectance peaks of four PS/GQDs films conducted through UV-vis 

spectrofluorometer was 446 nm, 510 nm, 640 nm, and 472 nm, as shown in Figure 36b. 

The PS/GQD films compositions were PS nanoparticles (192, 214, 274 and 396nm) with 

1 wt% GQDs-7. The peaks data achieved could be compared with theoretical calculations. 

For the visible wavelength range photonic crystals, the reflectance mechanism of photonic 

crystals could be explained through Bragg’s law. The reflectance wavelength of light λ 

could be represented below:  

 λ = 1
K
∗ 2�2

3
 Dc−c�neffective2 − sin2 θ  (8) 

 

where λ is the reflectance wavelength of light, K is the order of reflection, Dc-c is the 

distance between two nearest nanoparticles, neffective is the effective refractive index of 

photonic crystal and θ is the incident angle. Accordingly, in PS/GQDs enhanced photonic 

crystals composites, neffective would consist of the refractive index of the PS nanoparticles, 

the PS interstitial space air and GQDs. The effective refractive index could be defined 

below: 

neffective = ∅PS ∗ nPS + ∅Air ∗ nAir + ∅GQDs ∗ nGQDs  (9) 
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where nPS, nAir and nGQDs represented refractive index of PS (n= 1.59), air (n= 1) and 

GQDs (n= 1.88), respectively. ΦPS, ΦAir and ΦGQDs represented the volume fraction of PS 

(Φ= 74%), air (Φ= 25%) and GQDs (Φ= 1%). neffective was herein calculated as 1.4454. To 

calculate reflectance wavelength λ of PS/GQDs photonic crystals, Dc-c was considered 

equal to the size of the average PS nanoparticle (192, 214, 274, and 396 nm) due to close 

packed FCC structure. The incident angle θ was 0° because the incident angle was 

perpendicular to the surface. The refractive index neffective was 1.4454, and order of Bragg 

reflection K is integer 1 or 2. The calculated λ of PS/GQDs films (PS sizes: 192, 214, 274, 

and 396 nm) were 453.18 nm, 505.11 nm, 646.73 nm, and 467.35 nm, respectively. The 

calculated peaks closely matched with experimental test wavelengths and proved their 

credibility after comparison. From the simulated calculation of Bragg’s law and UV-vis 

characterization, it was found that the colors of blue, green, and red thin films resulted 

from the 1st order of Bragg reflection, and cyan color thin film resulted from the 2nd order 

of Bragg reflection.  

The PS/GQDs enhanced photonic crystals with various structural colors could be 

directly utilized as photonic inks for painting or calligraphy. Figure 36c represented 

photonic ink writings and drawings on diverse substrates like paper, silicon wafer and 

glass. And Figure 36d showed the photograph of photonic ink Chinese calligraphy, which 

was a Chinese Tang dynasty eternally famous poem “On the Stork Tower” by poet 

Zhihuan Wang. The results exhibited the great potential of enhanced photonic crystals in 

painting and printing areas. One ink brush was used for all writings and drawings in Figure 

36c and Figure 36d.  
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Figure 36. Coloring of PS nanoparticles with GQDs. 
 

6.5 Summary 

In conclusion, 0D sphere and 2D nanoplate synthetic photonic crystals inspired by 

nature have been achieved. It was worth noting that 2D nematic photonic liquid crystal 

structural color was achieved in the ZrP nanoplate suspension. Different from 0D photonic 

crystals built by long-range periodic arrangement, the structural color of 2D ZrP photonic 

liquid crystals comes from short-ranged nematic order. The 2D nanoplate photonic liquid 

crystal which is a fluid and highly dependent on ZrP concentration, both have the liquid 
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crystal and photonic crystal behavior. The structural color will have a redshift when 

decreasing ZrP volume concentration due to the increasing lattice spacing. Through tuning 

concentration, full visible wavelength structural colors of 2D ZrP photonic crystals were 

fabricated. The colorful nematic hydrogels were accordingly fabricated for potential 

flexible wearable sensors and photo-responsive devices. Besides, the colloidal photonic 

crystals with enhanced color visibility were accomplished through adding black additives 

and could reduce incoherent scattering and background light of resulting colloidal PhCs. 
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CHAPTER VII 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

7.1 Conclusions 

 

This dissertation research investigated controlled self-assembly of 2D ZrP liquid 

crystal and its phase transition behaviors. Highly anisotropy and small aspect ratio of ZrP 

nanoplate is a good study model to investigate the 2D liquid crystal phase transition. The 

optical visualization of 2D liquid crystals is beneficial to observe the real-time orientation 

of 2D colloids. The processing and optical performance relation of the ZrP liquid crystals 

have been studied and can promote to other 2D colloidal systems. 

The following points summarize the major findings: 

 

1) The self-assembly of 2D colloids is highly affected by material internal 

properties like aspect ratios. The phase transition behavior of 2D ZrP liquid crystals is 

dependent on the nanoplate aspect ratio. The smaller nanoplate aspect ratio has a smaller 

volume fraction and will earlier reach the I-N phase transition point accompanying 

increasing concentration. Moreover, the higher nanoplate aspect ratio will achieve the 

nematic phase sooner and form 2D oriented structures (Chapter IV). 
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2) The self-assembly of 2D colloids is dependent on external fields like 

temperature gradient fields. An external temperature-gradient-induced formation of 2D 

liquid crystals was firstly deployed for studying I-N-S phase transition behaviors. The 

appearance of nematic and smectic of 2D nanoplates is indicative of thermophoretic 

effects, moving from cold end to hot end. And the natural convection speeds up the 

process. The external temperature-controlled formation of liquid crystals is the first time 

achieved in the colloidal system. It has excellent potential in physical engineering and 

bioengineering (Chapter V). 

 

3) Inspired by nature, the structural colors of nematic photonic liquid crystals were 

achieved in the 2D ZrP nanoplate suspension. Unlike the structural colors of 0D photonic 

crystals built by long-range periodic FCC arrangement, the structural colors of 2D ZrP 

photonic liquid crystals come from the short-range nematic order structure. The 2D 

nanoplate photonic liquid crystals are fluid and dependent on ZrP concentration. The 

structural color will have a redshift when decreasing ZrP volume concentration due to the 

increasing lattice spacing. Through tuning concentration, full visible spectra of the 

structural colors of 2D ZrP photonic crystals were synthesized. The colorful nematic 

hydrogels were also fabricated for potential flexible wearable sensors and photo-

responsive devices (Chapter VI).  
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7.2 Future recommendations 

 

Based on our liquid crystal research findings, more synthesis, nucleation & growth 

methods and applications of 2D colloidal liquid crystals can be investigated for future 

research directions: 

1) 2D liquid crystals, including but not limited to ZrP liquid crystals and tactoids 

droplets formed on earth, could perform different phase behaviors under microgravity in 

space. The nucleation & growth rate of tactoids and their morphology might accordingly 

change. The special polarized optical microscope could be designed and operated to 

observe vertically displayed samples, as shown in Figure 37. The capillary was vertically 

placed in the vertical stage (red area) to observe the gravity effect on the growth of 2D 

liquid crystals. Some results were shown in Figure 38, which were the polarized optical 

microscopy images of ZrP suspension (complete nematic phase) growth through time. The 

ZrP sample was injected in a vertically displayed capillary and manually stirred for 

homogenization. Tactoids were found to form, then grew larger and started for 

sedimentation. More tests with various aspect ratios and volume fractions could be 

performed and compared with the samples for future microgravity test. 
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Figure 37. Schematic illustration and photograph for polarized optical microscope 
for vertically displayed sample observation. 
 
 
 

 

Figure 38. Cross-polarized optical microscopy images of nematic suspension of 
nanoplates with time (a) 250 seconds; (b) 1000 seconds; (c) 2000 seconds; (d) 3000 
seconds (e) 4500 seconds.  
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2) Precisely controlled liquid crystals printing with ultrafine linewidth could be 

achieved through laser deposition printing. The liquid crystal deposition can be manually 

tuned and printed on different substrates with laser deposition printing. The laser could 

precisely control the temperature speed and deposition location. Figure 39 shows the 

deposition process when a laser is operating. The ZrP nanoplate nematic suspension has 

reoriented under the control of laser deposition (Figure 39a). The laser deposition location 

will get adjusted by the specific program, and different patterns with ultrafine linewidth 

liquid crystals printing could be achieved. Figure 39b is the polarized microscopy image 

of the preset laser deposition butterfly pattern. The controlled laser printing offers a new 

liquid crystal growth control method and could promote to liquid crystal display designs. 

 

 

Figure 39. Cross-polarized microscopy photographs of (a) laser deposition process 
(b) ultrafine linewidth butterfly pattern by laser deposition. 
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3) Thermophoretic microfluidic channels could be designed for studying liquid 

crystal phase transitions. It would be better to observe the movement of nematic liquid 

crystals and reduce the convection effect. The initial experiment setup containers in the 

project are vials or capillaries, which have relatively large thickness and height, not easy 

for real-time observation or tuning. Building microfluidic channels will benefit the study 

for thermophoresis of nanoplate liquid crystals, and one simple schematic drawing is 

shown in Figure 40. Temperature fields are set between two sides of channels. ZrP 

nanoplate liquid crystals go through the channels and a polarized optical microscope 

records the movement with camera system from thermophoretic area in (a) to (f) and the 

outlet area (g) and (h). It could be helpful in the biomedical and drug delivery system. 

 

 

 

Figure 40. Schematic drawing for thermophoretic microfluidic setup. 
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4) The optoelectronic devices could be integrated with our 2D colloidal liquid 

crystals for more functioning applications. Now multiple researches are working on 

wearable and implantable devices in biomedical areas. Figure 41a presented the 

fabrication process of photonic liquid crystals on wearable devices, the photonic liquid 

crystal was attached in the polymers and released to fabricate the device. Figure 41b 

showed the complete visible spectrum structural colors fabricated by 2D ZrP suspension 

with self-assembly. If the photonic liquid crystals in Figure 41b could be fabricated 

uniformly in the designated substrate in Figure 41c, the following PDMS could cover, 

crosslink, and released to get the miniaturized soft device. The biocompatibility of ZrP 

photonic liquid crystals, including solvent and ZrP nanoplates will be considered for bio-

related applications. 

 

 

Figure 41. (a) Schematic illustration of making PDMS soft flexible filter. (b) 
Photograph of various structural colors fabricated by 2D nanoplate photonic liquid 
crystals. (c) ZrP photonic crystals on substrate and PDMS. 
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APPENDIX A 

MICROWAVE-ASSISTED PREPARATION OF 2D ZRP HERDING SURFACTANTS 

FOR OFFSHORE OIL SPILL MITIGATION* 

 

A.1 Synopsis 

Crude oil spill is the uncontrolled release of liquid hydrocarbon by ruptured 

pipelines and tanker hulls, or blowouts and leaks from offshore storage facilities and 

drilling rigs, either by faulty human behaviors or inevitable natural aging processes. Spills 

cause disastrous environmental and economic consequences, with the effects of marine 

habitat damage for lasting decades, necessitating a critical need for efficient oil spill 

mitigation and leakage treatment. In this study, we develop one kind of 2D amphiphilic 

nanoplate herding surfactant for retracting spilled oil offshore on the seawater surface with 

various temperature and saline concentrations. Applying 2D nanoplate herding surfactant 

causes areas of thin oil slick floating on water to largely shrink and form a thick bulk layer.  

This transformation lays the foundation for the next-step oil treatment and 

recovery. The microwave-assisted synthesis method was used to fabricate the surface-

modified ZrP nanoplates as the oil herder, which has an amphiphilic characteristic 

containing both hydrophilic and hydrophobic properties. The 2D nanoplate surfactants 

 
* Parts of this chapter are reprinted with permission from (1) "Microwave-assisted preparation of two-
dimensional amphiphilic nanoplate herding surfactants for offshore oil spill treatment." by Huang, D., Xu, 
H., Jacob, B., Ma, R., Yuan, S., Zhang, L., Mannan, M.S. and Cheng, Z., 2020. Journal of Loss Prevention 
in the Process Industries, 66, p.104213. Copyright 2021 by Elsevier. (2) "Biocompatible Herder for rapid 
oil spill treatment over a wide temperature range." by Huang, D., Sebastian, R., Zhang, L., Xu, H., Lei, S., 
Chen, M., Shinde, A., Ma, R., Mannan, M.S. and Cheng, Z., 2019. Journal of Loss Prevention in the 
Process Industries, 62, p.103948. Copyright 2021 by Elsevier. 
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decrease the air-water surface tension to facilitate the oil herding process efficiently. Using 

this herding procedure, we propose a biocompatible, high herding efficiency and cost-

effective 2D herding surfactant fabrication method and offer a new direction for oil 

treatment in the offshore process safety field. 

 

A.2 Introduction 

With the global economic integration, petroleum has been paid more attention by 

governments as a strategic reserves material, which has led to the rapid development of 

offshore oil exploitation and transportation.145, 146 Oil, coal, natural gas, nuclear power and 

renewable energy are the global primary energy types and the consumption percentage of 

oil has been stable in the 1st place within 30 years.147, 148 Figure 42 represented global 

crude oil production in the past two decades.149, 150 The crude oil production including 

offshore and onshore oil, increased from 75.6 to 95.9 million barrels per day between 2000 

to 2019, which has an incredible 27% addition. It is worth noting that offshore oil 

production has a slight increase in the last 10 years and accounts for around 31% of total 

annual oil production, which indicated there is large potential that offshore oil production 

will continue increasing in the near future.  
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Figure 42. Global crude oil production of 2000-2019. The unit is million barrels per 
day.149 
 

Unfortunately, offshore oil spills are inevitable to happen due to human’s faulty 

operation or breaking down of facility. Oil, liquid hydrocarbon petroleum technically, in 

most cases has the lighter density (800-950 kg/m3) than seawater (1020-1090 kg/m3).151, 

152 The bulk of spilled oil leaking from the tanker or platform will float on the seawater 

surface, and starts to spread horizontally to form a very thin oil slick. The slick thickness 

and its movement changes with the oil surface tension, wind, and currents.153, 154 It has 

been widely proven and shown empirically that oil spills have devastating effect on marine 

environmental, economic, public health and social effect.155  

The world has witnessed countless oil spill scenes. Figure 43 labelled 15 largest 

oil spills in history occurrence in the world up to 2019.156, 157 Among them, on April 20th 

2010, the Deepwater Horizon offshore drilling rig suffered an explosion and fire due to 

improper management and operations. The drilling rig then sank into the Gulf of Mexico 

two days later and causing the marine oil spill incident. In the 10 years since the incident, 
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the ecological system of the coastline remain damaged by land erosion and oil 

contamination and local economy remains heavily affected.158, 159 We can clearly see from 

Figure 43 that oil spills could occur on any continent and in any ocean, in extreme 

temperature ranges, from Arctic to equator. 

Table 6 summarized the 15 largest oil spills in history corresponding to Figure 43. 

It is worth noting that large-scale oil spills as shown in Figure 43 and summarized in Table 

6 resulted in huge socio-economic impacts and attracted negative media and public 

attention. Besides of larger oil spills, more than half of the oil spills incidents are smaller 

in magnitude and are commonly existing, which often evade attention and more difficult 

to clean up.160  

 

 
Figure 43. The world map showing locations of the 15 largest oil spills in history and 
sea surface temperature (5 km) contour chart. The black dots designate location of 
oil spills and numbers from 1 to 15 mean the volume ranking of the oil spill. 
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Table 6. Fifteen largest oil spills in history. 

 

Rank Date Cause Location Source 
Oil spill volume 

(million 
gallons) 

1 1991.01.23 Gulf War Persian Gulf Oil rig 400 

2 2010.04.20 Rig explosion Gulf of Mexico Deepwater 
Horizon oil rig 210 

3 1979.06.03 Well blowout Gulf of Mexico Ixtoc 1 Oil well 140 

4 1992.03.02 Well blowout Fergana Valley, 
Uzbekistan Oil well 88 

5 1979.07.19 Tanker 
collision 

Trinidad & 
Tobago 

Atlantic Empress/ 
Aegean Captain 

Oil tanker 
87 

6 1994.09.08 Dam burst Kharyaga, Russia Oil reservoir 84 

7 1983.02.04 Collision Persian Gulf, Iran Nowruz Fields 
Platform 80 

8 1991.05.28 Explosion Angola Offshore ABT oil tanker 79 

9 1983.08.06 Fire on tanker Cape Town, 
South Africa 

Castillo de Bellver 
oil tanker 78 

10 1978.03.16 Tanker sinking Coast of Brittany, 
France 

Amoco Cadiz 
oil tanker 69 

11 1988.11.10 Tanker 
explosion 

North Atlantic off 
Coast of Canada 

Odyssey 
oil tanker 43 

12 1991.04.11 Tanker 
explosion 

Coast of Genoa, 
Italy 

MT Haven 
oil tanker 42 

13 1967.03.18 Tanker leakage 
Southwest Coast 

of United 
Kingdom 

Torrey Canyon  
oil tanker 36 

14 1972.12.19 Tanker 
collision Gulf of Oman Sea Star oil tanker 35 

15 1980.02.23 Tanker fire Port of Pylos Irenes Serenade  
oil tanker 30 
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In addition to offshore oil platform spills, oil tankers spills also account for a large 

proportion on all offshore accidents.161, 162 Oil spill amount which is larger than 5000 

barrels would be considered as large oil spill and amount equal or smaller than 5000 

barrels would be considered as small oil spill. Figure 44 summarized worldwide oil spills 

from oil tank ships. From Figure 44a, it was easily seen that both large and small oil spills 

numbers have enormously decreased continuously from 1970s to 2010s. The oil spill 

number of 1970s was 12 times larger than that of in 2010s, proving the successful process 

safety precautions taken by oil tankers, but number of large oil spill still needs more 

attention due to instable factors.163, 164 Figure 44b was a mixed chart summarizing oil spill 

amount and number of oil spills in latest 20 years. The incidence of small oil spill 

decreased during this time, and number of large oil spills remains relatively small, and 

with 2012 experiencing no large spills. The amount of oil spilled in one large spill incident, 

such as the Sanchi tanker in 2018, could be more than the sum of all other oil spill amount 

in 2010s and came with disastrous environmental effects to East China Sea.165 So, every 

oil spill incident cannot be neglected and requires efficient treatment and recovery. 
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Figure 44. Worldwide oil tankers spill amount. (a) Spill number statistics 1970-2020. 
(b) Chart of oil spill amount and number of oil spills starting from 2000.166 

 

When oil is spilled offshore, the remote location’s oil spill response is complicated 

by the harsh conditions. In an open water, unknown wind and waves would accelerate oil 

slick expansion and encumber the mitigation treatment. Mechanical or chemical methods 

like oil booms, skimmers, dispersants; and biological agents, such as bacteria 

bioremediation are broadly used.155, 167, 168 Mechanical methods usually need large number 

of labors and are easily restricted with local environment. Chemical methods usually have 

the environmental issue and unknown side effect to ocean creatures. Biological methods 

might need long time for processing and not suitable for coastal oil spill.155, 169, 170 To 

reduce the environmental impact to marine system and to reduce labor work hazard when 

recovering oil manually, oil herders can be an alternate good choice for oil collecting and 

treatment. 

Oil herding is a relatively new subject in oil spill treatment field. The initial 

definition of herder is the person who takes care of a herd of livestock. As a surfactant, a 

herder is an amphiphilic oil-collecting agent, designed to be sprayed around oil and to 

retract oil slick from a thin layer to form into a thick mass. Oil spread out quickly to form 
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a thin slick during the oil leak. Figure 45 explained the mechanism of oil herding process. 

171-173 Three forces act upon the oily areas on seawater, oil-water (γO/W), oil-air (γO/A) and 

water-air (γW/A) surface tension exist in the system. The oil areas on seawater surface are 

controlled by these above forces. Before herding surfactant was applied, in Figure 45a, the 

spilled oil constantly spreads out due to the nonequilibrium state of the three forces. γW/A 

(72.0 mN/m) is higher than the sum of γO/W and γO/A (25.0 mN/m), which can be written 

as the composition of force FC1=γW/A - γO/A - γO/W >0. The oil areas continue expanding 

until the three forces reach new equilibrium (FC=0). After the herding surfactant is applied 

around the oil (Figure 45b), the equilibrium state of water-air, oil-water and oil-air brakes 

up. The water-air surface tension decreases due to the monolayer formed by internal 

characteristics of amphiphilic herders and FC2=γW/A - γO/A - γO/W <0. The composition of 

forces, therefore, drive oil slick into contracting until the three surface tension forces reach 

the new equilibrium state (FC=0). When oil slick retracts, the volume of oil maintained the 

same and smaller oil slick areas resulting in a thicker oil bulk. And the oil slick after 

retraction facilitates for in situ burning due to the minimum burning thickness required.174 
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Figure 45. Schematics of oil spill on seawater and herding surfactant mechanism. (a) 
oil spill before herding and (b) oil spill after herding.  
 

The herder, is a surface-active surfactant, has the amphiphilic characteristics, 

which is a combination of the hydrophobic tail group and the hydrophilic head group 

(Figure 45b), that is to say, tail is not attracting to water while head is attracting to water. 

Traditional surfactants are usually a category of organic molecules,174, 175 but recently 

more two-dimensional nanoparticle surfactants have been reported.176, 177 The 2D 

nanoparticle surfactants have the benefits of simple synthesis, convenient surface 

modification and precise surface coverage control compared to molecule surfactants.178 

They also exhibited larger surface area coverage and better atom utilization efficiency at 
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interface compared with other dimensions of nanoparticles due to their high surface-area-

to-volume ratio and specific ultrathin thickness.179, 180 Zirconium phosphate (ZrP) is a 

typical inorganic layered material. The internal hydrophilic property, biocompatibility and 

large aspect ratio of ZrP monolayer has contributed multiple surface modification 

reactions of ZrP and their broad applications.36, 181-183 Specifically, the biocompatible and 

non-toxic properties of ZrP materials have created broad biological applications like drug 

delivery, yeast biotemplate and nanoencapsulation.90, 184-186 And these relevant properties 

made it possible to utilize ZrP into the oil-water interfacial applications. 

Different with traditional high temperature hydrothermal reaction method, 

microwave-assisted irradiation is a good substitute method for fabrication 2D 

nanoparticles. Synthetic microwave reactor produces much longer wavelength focusing 

directly on the samples than high temperature thermostat oven, and the reaction uses much 

less energy and completes more quickly. The microwave-assisted method will effectively 

avoid the materials aggregation by long time reactions needed by thermostat ovens. This 

simple, efficient and low-energy reaction method has thus garnered a lot of research 

interest.187, 188 

Herein, in this research we develop a 2D surface-modified amphiphilic ZrP 

nanoplates as the herding surfactants for efficient oil herding strategy. The large active 

reaction sites and biocompatibility with marine system of the ZrP nanoplate herders made 

them a great candidate for oil spill treatment in remote offshore operations. The 2D 

nanoplate herders performed qualified herding efficiency in different temperatures and 
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saline density water bodies, which make them suitable for the variant oil spill 

environments. 

 

A.3 Experimental 

A.3.1 Chemicals 

Zirconium chloride octahydrate (ZrOCl2•8H2O), octadecyl isocyanate (ODI), 

anhydrous toluene (99.8%), and anhydrous dodecane (99%) were purchased from Sigma-

Aldrich. The phosphoric acid (H3PO4) was purchased from TCI America. Tetra-(n-

butylammonium) hydroxide 40% in water solution (TBAOH) was purchased from Sigma. 

 

A.3.2 Herder fabrication 

The amphiphilic 2D nanoplate herder had the characteristics of both hydrophilic 

and hydrophobic properties. The synthesis procedure included four steps. Firstly, 

hydrophilic ZrP nanoplates would be synthesized through microwave-assisted reaction. 

Secondly, the hydrophobic ODI would be grafted into the ZrP nanoplates, and samples 

would become hydrophobic with carbon chain grafting. Thirdly, TBAOH base was added 

into the above hydrophobic suspension to intercalate the multilayers of ZrP crystals. 

Finally, the samples went through sonication and complete full exfoliation. Therefore, the 

monolayer ZrP nanoplates were formed and the hidden hydrophilic functional group -OH 

between layers appeared. Both the hydrophilic and hydrophobic properties emerged in 

surface of the ZrP-ODI nanoplates and achieved the amphiphilic characteristic. 
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The microwave-assisted synthesis was performed in the Discover SP microwave 

synthesizer in Figure 46a. 3 g ZrOCl2·8H2O powder was placed into 30 mL 15 mol/L 

phosphoric acid in the 50 mL centrifuge tube, and stirred 10 min for homogeneous mixing. 

After that, 5 mL solution above was transformed to a 10 mL microwave glass vessel and 

6 glass batches were achieved. Various glass vessel batches can react once a time and 

transfer automatically with Discover SP autosamplers when one reaction batch is ready. 

In contrast with conventional hydrothermal reaction in thermal oven for fabricating 

nanoparticles with long reaction time (>8 hours), high temperature (200 °C) and high 

power (1000 W) conditions,25 the microwave irradiation reaction was setting at 170 °C, 

100 W and a reaction time of 1 hour in the reaction chamber, as shown in Figure 46a and 

b. The localized superheating and direct activation of molecules in the vessels by 

microwave will accelerate the nucleation and growth of the ZrP nanocrystals. When the 

reaction was complete, the glass vessel was self-cooled down in 10 min and then 

autosampler would automatically change to another batch for reaction. The products were 

washed with DI water 4 times and went through centrifuging to remove unreacted H3PO4. 

The washed samples were set in a vacuum oven 24 hours at 75 °C for complete drying 

and were grinding into white powder for surface modification. The ZrP nanoplates showed 

hydrophilic performance due to abundant hydroxyl group. 
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Figure 46. Microwave-assisted ZrP nanoparticle synthesis. 

 

Figure 47 depicted the complete amphiphilic ZrP-ODI nanoplates synthesis 

process. 1.5 g ZrP powder was dispersed into 100 mL anhydrous toluene with adequate 

magnetic stirring. 0.16 g hydrophobic ODI with carbon chain was added into the ZrP 

suspension (ZrP/ODI molar ratio is 10: 1) and reacted for 6 hours under nitrogen at 40 °C 

(Figure 47a and b). The samples were washed with isopropanol and went through 

centrifuging to remove impurities. The final product was dried in an oven at 75 °C to 

obtain the hydrophobic surface-modified ZrP nanoplates.  

The modified ZrP were then intercalated and exfoliated to obtain the amphiphilic 

nanoplate surfactant (Figure 47c and d). Exfoliated nanoplates were obtained by adding 

TBAOH in DI water at a molar ratio of 1:1 in ZrP and TBAOH. Detailly, 1.1 g ZrP-ODI 

was suspended into 15 mL DI water in a 30 mL centrifuge tube. TBAOH was added into 

the suspension and vortexed machine for 1 min for base intercalation. Then the suspension 

was subject to vigorous sonication for 2 hours, and the suspension stayed in room 
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temperature 2 days to guarantee the complete exfoliation of the TBAOH. Then we 

achieved the monolayer amphiphilic ZrP-ODI nanoplates (Figure 47d).  

 

 
Figure 47. Schematic representation of modified amphiphilic ZrP-ODI nanoplates 
synthesis route. 
 

A.3.3 Characterization 

The microwave-assisted reactions were running with the Discover SP microwave 

synthesizer (CEM Corporation). The temperature of artificial seawater was adjusted 

through NESLAB RTE 7 (Thermo Electron). The pristine ZrP powder morphology was 

taken with JEOL scanning electron microscope (SEM) and the surface-modified 

amphiphilic ZrP-ODI powder morphology was imaged with TECNAI G2 transmission 
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electron microscope (TEM). Fourier-transform infrared spectroscopy (FTIR) was 

performed to investigate the chemical structures of nanoparticles. Dynamic light scattering 

(DLS) was tested to measure the size and distribution of nanoparticles. Pristine ZrP and 

modified ZrP-ODI powders were tested with thermogravimetric analysis (TGA) through 

TA Instruments Q500 to quantify ODI surface coverage grafting on the surface. The 

nanoplates were heated to 800 °C with a fixed heating rate under air and nitrogen mixture.  

 

A.3.4 Herding test and analysis  

Oil herding process was recorded under the Logitech HD Pro C920 Webcam on 

top of the handling tank. The image analysis software ImageJ was utilized to convert the 

lab-scale oil herding experiment photos into black-and-white mode. Then the image was 

transformed to only have oil areas, which could be used for counting number of pixels of 

oil spill areas photographs before and after herding on the surface, as shown in Figure 48.

 

Figure 48. Image analysis of oil herding and pixels conversion. 
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A.4 Results and discussions 

The morphology of pristine ZrP, ODI and modified ZrP-ODI was characterized in 

Figure 49. Figure 49a performed the SEM image of ZrP crystals. The hexagonal thick ZrP 

multilayer crystals were obviously shown. Figure 49b presented the TEM image of 

surface-modified monolayer ZrP-ODI nanoplate and kept the hexagonal configuration. 

The average thickness of pristine multilayer ZrP crystals was measured to be 120 nm and 

our previous work has reported that the thickness of exfoliated monolayer in Fig. 7b was 

2.68 nm.47 The average size of the ZrP-ODI nanoplate was measured with DLS to be 545 

nm (Figure 49c). Then surface-modification of ZrP-ODI were confirmed by FTIR in 

Figure 49d. The - CH2- stretching vibration peak was clearly shown at 3000-2800 cm-1 

in ZrP-ODI, while no stretching peak appeared in ZrP at the same range. Also, there 

were -NCO characteristics peak of 2250-2300 cm-1 shown in ODI spectra but there were 

no peaks shown at ZrP or ZrP-ODI, indicating successful surface modification of octadecyl 

isocyanate on ZrP nanoplates; -NCO was reacted and -C18H37 have been grafted onto the 

monolayer ZrP.  
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Figure 49. Characterization of ZrP and ZrP-ODI nanoplates. (a) The SEM image of 
ZrP crystals. (b) TEM image of ZrP-ODI nanoplates. (c) DLS size and distribution 
spectra of ZrP-ODI. (d) FTIR spectra of ODI, ZrP and ZrP-ODI. 
 

 

The ODI surface modification coverage could be evaluated through 

thermogravimetric analysis (TGA). Figure 50 showed the TGA spectra of pristine ZrP and 

modified ZrP-ODI nanoplate between 25 and 800 °C. For pristine ZrP, it went through the 

thermo-decomposition and exhibited 14.1% weight decrease. For modified ZrP-ODI, the 

thermo-decomposition presented several weight losses stages. The first part from 25 to 

205 °C was close to the pristine ZrP spectra and the loss might come from the water 

evaporation from ZrP surface and inside ZrP multilayers. The 205 to 465 °C region 

expressed a decomposition of carbon chain of ODI which grafted to ZrP. The 465 to 800 
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°C region was similar to the pristine ZrP and performed condensation of the phosphates. 

The 30.0% weight loss difference of ZrP and ZrP-ODI demonstrated the ZrP-ODI 

amphiphilic surface modification coverage.  

 
Figure 50. TGA of pristine ZrP crystals and amphiphilic ZrP-ODI nanoplates. 
 

 

The oil herding experiment setup was performed below. Figure 51a and b 

presented the lab-scale oil herding experimental setup. A handling tank of dimension: 63.5 

cm x 45cm x 8cm was utilized to mimic a sea environment. The camera was set on top of 

the tray to record oil herding process. Seawater was simulated through protocol ASTM 

D1141-98189 with specific mineral salts and DI water, and the oil spill was simulated with 
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liquid hydrocarbon dodecane, dyed with 0.05 wt% Sudan IV for direct observation (Figure 

51c). And Figure 51d showed an example of photographs for herding process. 

 

 

Figure 51. ZrP-ODI nanoplate oil herding facility. (a) Photograph of the lab-scale 
herding setup in lab. (b) Schematic herding experiment design. (c) Liquid 
hydrocarbon dodecane (C12H26) dyed with 0.05 wt% Sudan IV. (d) Photographs of 
oil herding process. 
 

 

Herding efficiency of the fabricated 2D ZrP-ODI surfactant was evaluated in 

Figure 52. The oil slick thickness was achieved by dividing constant spilled oil volume by 

area on the seawater surface.190 The herding surfactant would retract oil areas and increase 

the oil slick thickness simultaneously. Here, the ratio was defined as: 

Oil slick thickness ratio (%) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑡𝑡 𝑖𝑖𝑒𝑒𝑒𝑒𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒 𝑒𝑒𝑖𝑖𝑏𝑏𝑜𝑜𝑒𝑒𝑖𝑖 ℎ𝑖𝑖𝑒𝑒𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑡𝑡 𝑖𝑖𝑒𝑒𝑒𝑒𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒 𝑎𝑎𝑏𝑏𝑡𝑡𝑖𝑖𝑒𝑒 ℎ𝑖𝑖𝑒𝑒𝑒𝑒𝑆𝑆𝑖𝑖𝑒𝑒 

∗ 100  (10) 
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Oil slick thickness ratio was an indicator of herding effect. A larger oil slick 

thickness ratio represented better surfactant herding efficiency. Oil areas were analyzed 

through ImageJ after herding 30 minutes and reaching a state of equilibrium. Firstly, ZrP-

ODI herder efficiency under various saline water concentration environment was tested to 

evaluate the effect of water salinity on herding efficiency, as shown in Figure 52a. Four 

salinity concentrations of fresh water, 3.5 ppt saline water, 10 ppt saline water and 35 ppt 

seawater at 25 °C were used as simulations of a water body (ppt stands for parts per 

thousand, 35 ppt= 35 grams salt/1000g water). Before the herder was applied, the original 

oil slick thickness was kept at 100%. As different concentrations of ZrP-ODI herders were 

sprayed around oil, the slick started to aggregate and reached equilibrium in the end. 

Herding surfactants of 0.10 - 0.35 wt% of were tested separately in all four saline groups. 

Under the same salinity concentration, the oil thickness ratio increased with additional 

ZrP-ODI herder concentration. ZrP-ODI herding performance had better herding 

efficiency in lower saline concentration and has the largest oil slick thickness ratio in fresh 

water environment. Oil slick thickness ratio difference reduced when increasing herder 

concentration. The herding efficiency with various salinity was very close under 0.3 wt% 

and 0.35 wt% herder concentrations; and the herding efficiency only had 5% difference in 

thickness caused by salinity when reaching 0.3 wt% herding concentration. This 

demonstrated that salinity did not show an obvious side effect on ZrP-ODI herding. 

The ZrP-ODI herders under different seawater temperatures were tested, as shown 

in Figure 52b. Temperatures of 5 °C, 15 °C, 25 °C and 35 °C were chosen to represent 

actual world seawater surface temperature191 and seawater salinity was fixed at 35 ppt. 
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Similarly, the thickness ratio increased with adding more concentrated herder in all 

temperature ranges. But unlike small salinity effect in Figure 52a, temperature played an 

important role in herding process. Higher temperatures resulted in larger oil slick thickness 

ratio, in other words, better herding efficiency. The slick thickness ratio at 35 °C is 1.79 

times that of 5 °C and 1.42 times that of 15 °C at 0.35 wt% herder concentration. The 

higher temperature accelerated herder monolayer movement towards the oil slick, 

enhancing ZrP-ODI surfactants herding efficiency.  

 

 
Figure 52. Herding efficiency evaluation with 2D ZrP-ODI surfactants. (a) 
Surfactants at different salinity concentration in 25 °C. (b) Surfactant at different 
temperatures in 35 ppt seawater.  
 
 

Further herding experiments were tested to compare the herding efficiency of ZrP-

ODI nanoplate surfactant (Figure 53). ZrP-ODI nanoplate, commercial Poly (ethylene 

glycol)-monolaurate herder (PEG-monolaurate), commercial US Navy herder Span 20, 

and our previous work and modified konjac glucomannan (MKGM) surfactant192 were 

performed in 35 ppt artificial seawater and 25 °C conditions. We added 5 mL dodecane 
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on the seawater surface to simulate oil spill. The concentration of herders was fixed at 

0.30 wt%. In Figure 53a, after oil herders were sprayed around the oil, four groups of oil 

slick areas all showed a substantial decrease in the first 5 minutes, changing from 1600-

1800 cm2 to 800-1000 cm2. The rate started to slow down after 10 minutes’ herding. After 

herding 30 minutes, all four areas of oil slicks decreased to be less than 510 cm2, all 

demonstrating efficient herding. When investigating in detail of the herding 15-30 minutes 

in Figure 53b, the US Navy herder Span 20 performed the best efficiency, which had 

smallest oil slick area 260 cm2, ZrP-ODI nanoplate herder had 2nd smallest oil slick area 

330 cm2, commercial PEG-monolaurate had area of 440 cm2 and MKGM surfactant had 

area of 510 cm2. Transformed to decreasing percentage of the herding areas, the ZrP-ODI 

had 78.2% better than PEG-monolaurate 75.3% and MKGM surfactant 69.7%, but smaller 

than 85.2% of Span 20. The amphiphilic nanoplate ZrP-ODI had much smaller particle 

size (545 nm) than MKGM (50-150 µm) in two magnitudes, so ZrP-ODI has much larger 

surface-area-to-volume ratio for surface modification than MKGM and resulted in better 

herding effect. Span 20 had a molecular surfactant structure which is of smaller size and 

containing more surfactant reaction sites than ZrP-ODI, but the molecular surfactant was 

not easy to synthesize and achieve surface functionalization. In contrast, the nanoplate 

surfactant ZrP-ODI was easy to fabricate, tune and complete surface modification, and 

performed as good herding efficiency as the molecular surfactant. Additionally, the price 

of commercial PEG-monolaurate and span 20 in Sigma Aldrich was $64.2/kg and 

$75.7/kg, and the price of the ZrP-ODI herding surfactant was calculated to be $51.4/kg, 

which made it possible for mass production. So, the ZrP-ODI nanoplate surfactants were 
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proved to be good choice for offshore oil spill treatment, both in experiment and economic 

perspective. 

 

 
Figure 53. ZrP-ODI surfactant efficiency comparison with other herding surfactants 
under 25 °C, 35 ppt seawater environment. (a) Herding process 0-30 min. (b) Herding 
process 15-30 min. 

 

The biocompatibility of materials could be evaluated through germination and 

growth of beans.193-195 Here, the ZrP-ODI herding surfactants were tested, as shown in 

Figure 54. The experiment setup showed the intact black-eyed peas, black beans, and red 

beans in 6 separate containers. In comparative experiment (1), (3), (5), the peas and beans 

were growing with seawater environment, and in (2), (4), (6), peas and beans were 

growing with ZrP-ODI (5 wt%) seawater environment. The artificial seawater had a 

salinity of 3.5 wt%. After 5 days of growing at normal pressure and room temperature 

conditions, all beans and peas from (1) to (6) sprouted to some extent. Samples (1), (3), 

(5) has sprouted in seawater. And samples (2), (4) and (6) also sprouted in a similar growth 
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rate, indicating that the ZrP-ODI herding surfactants in seawater did not disturb the beans 

sprouting and proved ZrP-ODI good biocompatibility. 

 

 
Figure 54. Biocompatible ZrP-ODI herding surfactant experiment. The black-eyed 
pea, black beans and red beans were tested. (1), (3), (5) were growing with artificial 
seawater and (2), (4), (6) were growing with ZrP-ODI (5 wt %) seawater, photograph 
of (a) day 0 and (b) day 5. 
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A.5 Summary 

To conclude, a microwave-assisted preparation method of amphiphilic 2D ZrP-

ODI nanoplate herding surfactant with good herding effect was successfully fabricated for 

offshore oil spill treatment. This microwave-assisted synthesis consumed just 20% of 

reaction time and energy for the nanoparticle nucleation and growth compared with the 

conventional hydrothermal method. The ZrP-ODI nanoparticle surfactant presented high 

oil herding efficiency and good biocompatibility under various seawater temperatures and 

saline concentrations. The 2D nanoplate surfactants might have the potential for becoming 

a new and broad medium for oil spill herding and making contributions to remote offshore 

oil process safety. 
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