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ABSTRACT OF THE DISSERTATION 
 
 

Functionalization of Nanostructures by Surface Engineering 
 
 

by 
 
 

Wenjing Xu 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, December 2017 

Dr. Yadong Yin, Chairperson 
 

 

 

All nanomaterials share a common feature of large surface-to-volume ratio, making their 

surfaces the dominant player in many physical and chemical processes. By means of 

surface engineering such as ligands bonding, defects engineering and incorporation, the 

intrinsic physical properties including energy band gap, surface wettability and adhesion 

have been regulated, which greatly impact their applications in catalysis, optical device 

and biomedicine. Herein, I summarized my five-years research work on the fabrication of 

functional nanostructures by surface engineering. 

 

Through bonding of surface ligands, large mechanical deformations and changes to 

overall particle morphology during chemical transformations have been overcome. 

Specifically, via stabilization with strong coordinating capping ligands, we demonstrate 

the effectiveness of this method by transforming β-FeOOH nanorods into magnetic 

Fe3O4 nanorods, which are known to be difficult to produce directly. The surface- 



 x 

protected conversion strategy is believed to represent a general self-templating method 

for nanocrystal synthesis, as confirmed by applying it to the chemical conversion of 

nanostructures of other morphologies (spheres, rods, cubes, and plates) and compositions 

(hydroxides, oxides, and metal organic frameworks).  In addition to chemical 

transformation, the method was found effective to create oxygen vacancies, which 

provide more active sites and promote faster exchange of intermediates and electrons.  

The as prepared cobalt oxide nanoplates manifest oxygen evolution reaction (OER) 

overpotential as low as 306 mV at 10 mA/cm2 in 1 M KOH, which is superior to the 

values of most reported Co-based electrocatalysts. 

 

Surface defect engineering is further explored in the advanced oxidation processes. We 

discover that metal sulfides (MoS2, WS2, Cr2S3, CoS, PbS or ZnS) could serve as 

excellent co-catalysts to greatly increase the efficiency of H2O2 decomposition and 

significantly decrease the required dosage of H2O2 and Fe2+ in AOPs.  The unsaturated S 

atoms on the surface of metal sulfides can capture protons in the solution to form H2S, 

and expose metallic active sites with reductive property to accelerate the rate-limiting 

step of Fe3+/Fe2+ conversion.  This discovery is expected to drive great advances in the 

use of AOPs for large-scale practical applications such as environmental remediation. 

 

The ability to engineer surface patches holds great importance for functionalization of 

nanostructures. We demonstrate shape switching of patchy particles via fine-tuning of the 

spreading coefficient upon post-treatment process. When heated above glass transition 



 xi 

temperature, the polymer patches would melt and reconfigure themselves according to 

the new established spreading coefficient, which holds potentials for many new 

applications in optics, catalysis and self-assembly.  

 

Moreover, functional nanostructures of noble metal are prepared by surface dewetting. 

This study reports a novel confined-space thermal dewetting strategy for the fabrication 

of Au nanocups with tunable diameter, height, and size of cup opening. With strong 

scattering in near infrared, the Au nanocups exhibit superior efficiency as contrast agents 

for spectral-domain optical coherence tomography imaging. This confined-space thermal 

dewetting strategy is scalable and general, and can be potentially extended to the 

synthesis of novel anisotropic nanostructures of various compositions that are difficult to 

produce by conventional wet chemical or physical methods, thus opening up 

opportunities for many new applications. 

 

At last, we develop a colloidal system with bistability based on the surface adhesion. In a 

dynamical colloidal dispersion, a bistable system has two stable equilibrium states with 

local minima of potential energy separated by a local maximum. We prepare amine-

functionalized superparamagnetic particles, which can switch between assembled state 

and dispersion state upon external stimuli. Since the energy barrier between the two 

stable states is determined by electrostatic potential, which highly depends on surface 

charges, pH dependent bistability is achieved by managing [H+] related to protonation of 

amino groups.    
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Chapter 1 

Overview of Surface Engineering and Application of 

Functional Nanomaterials 

 

1.1 Introduction of Surface Engineering 

 

Nanomaterials refer to a natural, incidental or manufactured material containing particles, 

in an unbound state or as an aggregate or as an agglomerate, where one or more external 

dimensions is in the size range of 1-100 nm. Nanomaterials are developed to exhibit 

novel characteristics (such as increased strength, chemical reactivity or conductivity) 

compared to their bulk counterparts. In a bulk solid, the concentration of surface atoms is 

very low, making its contribution to material properties negligible. However, with the 

decrease of size to nanoscale, the surface-to-volume ratios have been greatly increased, as 

a result, surface of nanomaterials started playing a dominant role in material properties, 

functionalities and applications, which makes surface engineering one of the most 

effective method to fabrication functional nanomaterials. 

 

Strategies of surface engineering include surface ligands bonding,1 defect engineering,2 

incorporation3 and patching.4 Traditionally, surface engineering has established that the 

surfaces of large crystals can lower their energy by moving surface atoms away from 
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lattice sites in the process of surface reconstruction, dangling bonds can introduction new 

electronic states, and foreign molecules can alter the energy and reactivity of a crystal 

surface.5 The set of ligands that attached to the surface of nanoparticles forms a capping 

layer that screens the particle from its environment, and controls nucleation and growth 

kinetics during synthesis.6 Ligands can also influence the optical and electronic properties 

of the nanomaterials and provide steric or electrostatic stabilization of the colloidal 

dispersion.7  

 

Defects exist widely in materials and are well accepted to tailor the intrinsic properties of 

materials, even with an extremely low concentration.8 Through defect engineering, the 

energy band is effectively regulated. Widely used strategies for defect engineering 

include pits digging, oxygen-vacancy controlling and heteroatom substitution.9 Surface 

defects can enhance the orbital hybridization, change electron density near Fermi level, 

and bring more dangling bonds and unsaturated coordination, the magnetic and electronic 

properties such as band gap and conductivity have been greatly altered to enhance the 

performance.10-11 

 

Incorporation of multiple functional materials together not only simply adding up the 

advantages and functions of different parts, but also revealing new and enhanced benefits 

due to the abundant new interfaces and bondings between the phases, which can greatly 

impact on optical, electronic, magnetic and stable properties of the nanomaterials.12-14 
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Patching surface with functional patches is another effective method to engineer the 

surface properties of nanomaterials. Surface patches can be functional materials or 

ligands. Through tuning the properties, the number or the area of patches, the surface 

charge distribution, magnetic dipolar interaction and wettability have been regulated.15-17 

With such anisotropic morphology or surface properties, patchy particles are regards as a 

class of unique building blocks for self-assembly. 18-19 If stimuli-responsive patches are 

functionalized on the surface, smart materials with responsive, reconfigurable or 

reversible properties can be achieved.20-21   

 

In a word, surface engineering, including surface ligands binding, defect engineering, 

incorporation and patching, pave a new effective way to modulate the intrinsic physical 

properties that are vital for mitigating fundamental problems in the current stage for 

diverse practical applications of functional nanomaterials (as illustrated in Figure 1.1).  

 

 

 

 

 

 

 

 



 4 

 

Figure 1.1. Schematic illustration of surface engineering strategies for the fabrication of 
functional nanomaterials with intrinsic physical properties and their applications.  
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Commensurate with the surface engineering strategies, hundreds if not thousands of 

synthetic recipes are available for crafting the size, morphology, physical and surface 

properties of colloidal building blocks. Large quantities with ever improving 

monodispersity has been achieved for fabrication of nanospheres,22-25 dimers,26-31 

plates,32-35 rods,36-40 cubes, 41-45polyhedrons46-51 and complex structures5, 52-54 made from 

wide range of materials including metals, semiconductors, oxides, MOFs and polymers. 

Beyond the extension of understandings, surface engineering has also been heralded as 

the practical means of nano/microstructral fabrication for optical devices,55-61 sensors,62-64 

electronics, 65catalysts66-67 and drug delivery.68 

 

In this chapter, I would like to present a general introduction of surface engineering of 

functional nanomaterials from fundamental studies to applications. In Section 1.2 

techniques of surface engineering, its recent advances, applications will be introduced. 

Although impressive progress has been achieved in surface engineering, there are some 

great challenges facing the research field, which will be discussed in Section 1.3. Finally, 

the scope of this dissertation will be presented in Section 1.4. 
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1.2 Functionalization of Nanostructures by Surface 

Engineering 

 

1.2.1 Surface Ligands Binding 

 

Surface ligands – molecules that bind to the surface with surfactant-ligand duality – are 

an essential component of nanomaterial synthesis, processing and applications. Typically, 

nanoparticles are synthesized in solution phase with the head of surface ligands anchoring 

on the surface of nanoparticle and hydrocarbon tail directing away from it. If surface 

ligands selectively bind to certain facets of a growing nanocrystal, they reduce the surface 

energy of these facets relative to others.69 The ligand layer can also block delivery of new 

reagents to the surface of nanocrystal.5 These thermodynamic and kinetic factors are 

widely used for the synthesis of nanoparticles with anisotropic structures such as rods, 

plates or polyhedrons. For example, in their pioneer works, Alivisatos et al. have reported 

the synthesis of CdSe nanorods by managing the kinetics of the reaction.70 Our group 

also explored the seeded growth of Ag nanoplates by selective ligand adhesion of citrate 

ligands on the basal facets to block overgrowth and only allowing growth in the lateral 

direction.71  

 

Surface ligands also influence the optical and electronic properties of nanoparticles. 

While dispersed in solution, the surface of the nanoparticle is stabilized by the surface 
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ligands either by the electrostatic repulsive interaction originated from the surface charge 

or the steric repulsive force from the long polymer chains. Upon exposed to external 

stimuli such as variations of temperature, pH or ionic strength, the physical properties of 

the surface ligands have been changed, which greatly affect the arrangement and 

interaction between particles, as a result, the electronic or optical properties of the 

nanoparticles are changed. For example, our group demonstrated reversible 

thermoreponsive tuning of plasmon coupling of Au nanoparticles by manipulating the 

electrostatic interaction through the temperature dependent zeta potential of the surface 

ligand (BSPP).72 Moreover, with the addition of salt such as sodium chloride, which 

screens the surface charge of surface ligands, assembly of Au nanoparticles is also 

observed with apparent red shift in the extinction spectra.73 
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Figure 1.2. Schematic illustration of thermoresponsive assembly of Au nanoparticles 
assisted by the surface ligands. Reprint with permission from Ref. 72 © 2012 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 
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1.2.2 Defect Engineering 

 

Defects widely exist on the surface of nanocrystals with abundant dangling bonds and 

unsaturated coordinations, which have a great impact on the magnetic and electronic 

properties of nanomaterials.4 With highly reactive sites around the defects, the intrinsic 

physical properties of nanomaterials, such as energy band gap, adsorption and desorption 

energy, electron density, coordination, interaction with surroundings and etc. are varied, 

which hold great importance for their applications in catalysis.74 The techniques for 

defect engineering include pit digging, oxygen vacancies control and heteroatom 

substitution.75-78 

 

The introduction of pits provides a feasible approach to enhance the degree of surface 

defect via bring more dangling bonds and unsaturated coordination atoms to the surface. 

Xie et al. have developed an ultrafast open space transformation strategy and successfully 

synthesized three-atom-layer thin CeO2 sheets with 20% pits occupancy.79 As expected, 

the presence of coordination-unsaturated cerium sites in pit-rich CeO2 nanosheets not 

only increases the density of hole carriers ensuring fast diffusion, but also reduce 

activation barrier and decrease the catalyst poisoning change, both of which resulted in an 

obvious enhance of catalytic performance in CO oxidation with respect to the defect-free 

ultrathin CeO2 sheets and the bulk counterpart. 
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Oxygen vacancies near the surface also play a key role in catalytic process because of an 

increasing number of active sites around these defects, a weaker metal-oxygen bond 

yielding faster exchange of intermediates and more efficient electron transfer induced by 

the vacancies80-82. Dai et al. have developed a plasma-engraving strategy to generate 

oxygen vacancies on the surface of Co3O4.82 The oxygen-vacancy-enriched cobalt oxides 

showed improved electronic conductivity and more active defects for oxygen elevolution 

reaction (OER). Compared to pristine Co3O4, the engraved Co3O4 exhibits a much higher 

current density and a lower onset potential. Xie et al have performed DFT calculation to 

understand the contribution of oxygen vacancies.83 According to their report, the 

existence of an oxygen vacancy could decrease the hindrance from the adsorption of H2O 

and increase the reactivity with observing the delocalized O 2p orbital around the defects 

as shown in Figure 1.3. 

 

Beside oxygen vacancy, heteroatom substitution with controllable disorder can also 

realize the electronic structure regulation of the functional nanopaterials. Our group has 

reported a colloidal synthesis method to prepare barium-doped TiO2 nanocrystals, which 

show highly reversible light-responsive color switching of redox dyes with excellent 

cycling performance and high switching rate.77 The excellent performance can be 

contributed to the Ba doping, which serves as effective sacrificial electron donors (SEDs) 

to scavenge the holes photogenerated by TiO2 nanocrystals under UV irradiation and 

subsequently promote the reduction of dyes. Defects around the dopants can effectively 

promote the separation of electrons and holes during the photocatalytic reaction of TiO2. 
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Figure 1.3. Schematic illustration of the adsorption of H2O molecules onto the spinel 
structure and the partial charge density of NiCo2O4 with oxygen vacancies. Reprint with 
permission from Ref. 82 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 

 

 

 

 

 

 

 

 



 12 

1.2.3 Surface Incorporation 

 

Surface incorporation is regard as a direct mean of combining advantages or 

functionalities of materials together.84 Surprisingly, in addition to simply adding up the 

desired properties in the nanocomposites, newly arisen and enhanced functions are 

observed due to the abundant interfaces, which facilitate mass or electron transfer during 

chemical reactions, as a result, their performance has been greatly enhanced.85 

 

Our group has reported fully alloyed Ag/Au nanospheres with high compositional 

homogeneity prepared by annealing at high temperatures, which show large extinction 

cross sections, extremely narrow bandwidths and remarkable stability in harsh chemical 

environments.3 Ag nanoparticles are known possessing stronger surface plasmon 

resonance than Au, but their applications have been limited by their poor chemical 

stability. However, through the incorporation of chemically inert plasmonic metal such as 

Au to the nanostructures of Ag by fully alloying, stable plasmonic nanostructures are 

prepared. 
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Figure 1.4. Schematically illustration of photocatalysis by Au/TiO2 composites. Reprint 
with permission from Ref. 12 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
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In addition to alloying with Ag to improve stability, Au is also incorporated to TiO2 shell 

to enhance the photocatalytic performance (Figure 1.4).12 Our group has reported a 

colloidal synthesis method by combining simple sol-gel and calcination processes to 

prepare the Au/TiO2 nanocomposites. Due to the plasmonic properties of Au particles, 

the photocatalytic performance of TiO2 in visible light has been enhanced. With abundant 

interfaces between Au and TiO2, the efficiency of charge separation and transport has 

been largely improved and the rate of recombination of electron and hole is decreased 

with metal decoration serving as an electron reservoir.  
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1.2.4 Surface Patches 

 

Patching surface of nanoparticles with functional patches is another mean of surface 

engineering. Unlike isotropic spherical colloidal particles, patchy particles are a class of 

unique building blocks, which possess anisotropic morphology or surface properties and 

enable directional interaction upon assembly.15, 86 With the development of synthetic 

strategies, Janus particles with amphiphlic, opposite charges, isotropically magnetic and 

electronic dipolar surfaces have been fabricated.87 Thus, the self-assembly of Janus 

particles into programmable structures with complex morphologies and functionalities 

has been made possible.88-89 Weck et al. have reported a colloidal method to synthesize 

shape-shifting patchy particles, which change patch shape between concave and convex 

features induced by solvents (Figure 1.5).90 With such unique properties, these particles 

can be assembled into chained, branched, zigzag and cyclic colloidal superstructures by 

capillary bridging. 
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Figure 1.5. Schematic illustration and optical images of shape switching patchy particles. 
Reprint with permission from Ref. 90 © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
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1.3 Challenges in the Application of Functional 

Nanomaterials 

 

The major challenges in the application of functional nanomaterials are aggregation, 

morphology deformation and recycling. Generally, an intrinsic shortcoming of nano-

sized materials is their distinct tendency to form aggregates due to the high surface 

energy.91 When the nanoparticles aggregate together, their exposed surface area is largely 

decreased, which, to a great extent, restrict their applications especially in catalysis, 

which requires large active surface area. Moreover, for the application of nanoparticles in 

programmable assembly, good dispersity and reversibility, which allows the building 

blocks adjusting direction and position within the assemblies, are also the key 

prerequisites. A widely used way to avoid aggregations is modifying the surface of 

nanoparticles by stabilizers or surfactants. On one hand, through building up charges by 

the surface ligands, the aggregations between particles can be countered by interparticle 

electrostatic repulsive interaction. On the other hand, even without surface charges, 

surface ligands can also provide hindrance repulsive interaction when the particles get 

closer to each other. As long as the balance between attractive and repulsive interactions 

can be built up before the short range Van der Waals force starts dominate, the 

aggregations of nanoparticles can be overcome.     

 

Despite the advantages of nanomaterials with large surface area with large number of 

active sites and high reactivity, their morphologies are easily deformed due to the fast 
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reaction rate and chemical conversion. Accompanying the losing of surface structures 

during the chemical reaction, the functions of nanomaterials have been greatly 

compromised. For instant, in electrocatalytic system, two-dimensional ultrathin 

nanostructure is regarded as an effective catalyst with large exposed surface area and 

short diffusion pathways for electrons and ions. However, during the electrocatalytic 

reaction, the ultrathin nanostructure can be easily broke due to the expansion caused by 

insertion of ions and valance changes during chemical conversion. Moreover, if defect 

engineering is performed on the nanostructures to further enhance the performance, the 

deformation of morphology is also evitable. Thus, how to conserve the morphology 

especially the surface structure of nanomaterial holds significant importance for its 

practical applications.  

 

With impressive small sizes beyond the scope of human eyes, the collecting and 

recycling of nanomaterials after using is critical to safety and environment. One way to 

solve this problem is incorporation of magnetic or electronic ingredients into the 

nanocomposites, through which the post recycle is facilitated utilizing external magnetic 

or electronic fields. The challenges of this method is development of synthetic strategies 

for such nanocomposites, which is not easy considering the mismatch of functional 

materials with the magnetic or electronic additions. Another solution may be developing 

the stimuli responsive nanomaterials, which keep dispersion when performing the 

function but aggregate during post collection upon the stimuli such as pH, temperature, 



 19 

light and etc. The challenges here should be how to build up a system that can reversibly 

switch between the dispersion and aggregated states.  

 

Above all, taking the key points of aggregation, morphology deformation and recycle into 

consideration is crucial when we develop new materials and implement them in practical 

applications. Hard as they may, challenges also open new opportunities and guidance for 

the designing of functional nanomaterials. 
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1.4 Scope of This Thesis 

 

The surface engineering and fabrication of functional nanomaterials in an efficient and 

cost-effective way is an important topic due to their practical applications in various 

fields. This dissertation discusses our efforts in the surface engineering of nanomaterials 

and their application in catalysis, electrochemistry, data storage and optical device. Based 

on the principles of surface engineering, we first proposed new methods of surface 

engineering to fabricate functional nanomaterials followed by the mechanism study on 

the supreme surface properties of the materials. At last, demonstrate the application of the 

prepared functional material in catalysis, data storage, display and ect. 

 

When nanocrystals are made to undergo chemical transformations, there are often 

accompanying large mechanical deformations and changes to overall particle 

morphology. These effects can constrain development of multistep synthetic methods 

through loss of well-defined particle morphology and functionality. In Chapter 2, we 

demonstrated a surface protection strategy for solution phase chemical conversion of 

colloidal nanostructures that allows for preservation of overall particle morphology 

despite large volume changes. Specifically, via stabilization with strong coordinating 

capping ligands on the surface, we demonstrated the transforming β-FeOOH nanorods 

into magnetic Fe3O4 nanorods. The mechanism of surface protection was then studied. At 

last, the surface-protected conversion strategy was generalized to the chemical 
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conversion of nanostructures of other morphologies (spheres, rods, cubes, and plates) and 

compositions (hydroxides, oxides, and metal organic frameworks).  

 

In Chapter 3, porous cobalt oxide nanoplates enriched with oxygen vacancies are 

synthesized using a ligand-assisted polyol reduction method. With the aid of surface 

ligands, this method enables large-scale synthesis that offers superior uniformity, solution 

dispersity and controllable concentration of oxygen vacancies on surface. The large 

surface area of porous cobalt oxide nanoplates together with enriched oxygen vacancies 

provide more active sites, which promotes faster exchange of intermediates and more 

efficient electron transfer.  At last, the prepared catalysts were applied to the 

electrocatalytic process. The as prepared cobalt oxide nanoplates manifest oxygen 

evolution reaction (OER) overpotential as low as 306 mV at 10 mA/cm2 in 1 M KOH, 

which is superior to the values of most reported Co-based electrocatalysts. 

 

Advanced Oxidation Processes (AOPs) are widely proposed for treating persistent 

pollutants by the •OH radicals generated from the decomposition of H2O2.  Their broad 

applications in practical settings, however, have been hampered by the low efficiency of 

H2O2 decomposition.  Although catalysts such as Fe2+ are often used, the overall 

efficiency of H2O2 decomposition is still considerably low so that a large dosage of H2O2 

and catalyst (e.g. Fe2+) are required, which not only make the AOPs too expensive for 

large-scale industrial applications but also lead to sludge formation and consequently 

catalyst poisoning.  In Chapter 4, we report that metal sulfides (MoS2, WS2, Cr2S3, CoS, 
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PbS or ZnS) can serve as excellent co-catalysts to greatly increase the efficiency of H2O2 

decomposition and significantly decrease the required dosage of H2O2 and Fe2+ in AOPs.  

The co-catalytic performance can be attributed to the surface defects of the cocatalysts. In 

details, the unsaturated S atoms on the surface of metal sulfides can be captured by 

protons in the solution to form H2S, and expose metallic active sites with reductive 

property to accelerate the rate-limiting step of Fe3+/Fe2+ conversion.  The efficiency of 

the AOPs involving metal sulfide co-catalysts can be further enhanced by illumination 

with visible light thanks to the light-induced sensitization of organic pollutants.  This 

discovery is expected to drive great advances in the use of AOPs for large-scale practical 

applications such as environmental remediation. 

 

In Chapter 5, we demonstrate shape switching of patchy particles via fine-tuning of the 

spreading coefficient upon post-treatment process. When heated above glass transition 

temperature, the polymer patches would melt and reconfigure themselves according to 

the new established spreading coefficient. Since the spreading coefficient is determined 

by the three interfacial tensions between the silica core, polymer shell and dispersion 

environment, systematical study of the effect of each interfacial tension is carried out. 

When dispersed in different solvents, upon post-heating, the core-shell structured 

particles transform to dimer structures with polymer patches of different size and contact 

angle attached to the surface. More precise control has been accomplished utilizing 

solvent mixtures with different volume ratios. Originated from the thermodynamic stable 

nature of spreading coefficient in pursuing minimal surface energy, reversible shape 
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switching by alternating solvents has been achieved. When the shape reconfiguration 

process is quenched before reaching the equilibrium state, the quantity of patches is 

managed, revealing more complex three-dimensional organization of the particles, such 

as triangle bipyramid, tetrahedron and octahedron. In addition to achieving the variations 

of patchy shape parameters such as contact area, contact angle, curvature and quantity, 

the selective functionalization of the patchy particles is realized by depositing Pt 

nanoparticles on specific area of the silica core, which is complimentary to the shape of 

polymer patches. Utilizing the anisotropic surface property of the functional patchy 

particles, Pt shells with different thickness, depth and opening sizes have been fabricated, 

which hold potentials for many new applications in optics, catalysis and self-assembly. 

 

In Chapter 6, we report a novel confined-space thermal dewetting strategy for the 

fabrication of Au nanocups with tunable diameter, height, and size of cup opening. Upon 

heating, dewetting of Au liquid between two SiO2 interfaces is initiated. The nanocup 

morphology is defined by the cup-shaped void space created by a yolk–shell silica 

template that spontaneously takes an eccentric configuration during annealing. With 

strong scattering in near infrared, the Au nanocups exhibit superior efficiency as contrast 

agents for spectral-domain optical coherence tomography imaging. At last, the prepared 

Au nanocups are applied to the biological system as the contrast agent and achieve great 

enhancement of the chicken tissue in OCT imaging. 
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Colloidal bistability: In a dynamical colloidal dispersion, the system has two stable 

equilibrium states with local minima of potential energy separated by a local maximum. 

In Chapter 7, we have prepared amino-functionalized superparamagnetic particles, which 

can switch the adhesion between the surfaces of neighboring particles upon external 

stimuli. Specifically, when the system is turned “ON” with magnetic stimulus, 

nanoparticles self-assembled into chain structures through NH2-catalyzed condensation of 

silanol groups to form siloxane bonds between particles. Upon turned “OFF” by thermal 

agitation, assemblies would disassemble to dispersed state due to the hydrolysis of 

siloxane bonds. Since the energy barrier between the two stable states is determined by 

electrostatic potential, which highly depends on surface charges, pH dependent bistability 

is achieved by managing [H+] related to the protonation of amino groups. With such 

stimuli-responsive system, rewritable data storage is demonstrated with the bistable 

particles.    
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Chapter 2 

Chemical Transformation of Colloidal Nanostructures 

with Morphological Preservation by Surface-Protection 

with Capping Ligands 

  

2.1 Introduction 

 

Chemical transformation has been developed as an effective means for producing 

colloidal nanostructures that are difficult to grow directly.41, 92-105 As chemical reactions 

of nanocrystals involve changes in composition, crystal structure or phase, the 

transformation processes often lead to significant alternation to the original morphology 

of the nanocrystals. While in some cases the morphology change is pursued in order to 

create new structures, in many other cases one often wishes to maintain the original 

morphology.106-109 A good example is the synthesis of magnetic iron oxide nanorods, 

which have recently attracted significant attention as building blocks for fundamental 

studies in colloidal self-assembly,110-111 and for technological uses such as biomedical 

applications in magnetic resonance imaging (MRI) contrast enhancement,112-114 targeted 

drug delivery,115-116 medical diagnose and therapy,117 and bioseparation.118 Despite the 

great progress in colloidal synthesis of nanostructures, there are still no effective 
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procedures that can be used to directly synthesize magnetic iron oxide nanorods, in either 

magnetite or maghemite phase, with considerably high degree of control over the size and 

uniformity. We and other groups have therefore employed alternative methods by 

converting β-FeOOH and α-Fe2O3 nanorods or nanoellipsoids, which are rather easy to 

synthesize, into magnetic nanorods under hydrogen atmosphere at high temperatures.110, 

119-120 However, due to the high temperatures involved and the change in chemical 

composition and crystal structure during the process, the nanorods morphology cannot be 

preserved without additional measures such as coating the precursor nanorods with a 

protective hard shell, e.g. silica.92, 119, 121 In such a scheme, the procedures for producing 

satisfactory coatings and for removing them after reduction are rather complicated and 

often add significant hindrance for large scale production. In addition, the chemistry for 

inorganic coating needs to be compatible with and optimized for the specific materials to 

be reduced. Therefore, the development of a more straightforward conversion method for 

fabricating magnetic iron oxide nanorods with well-defined morphology is of particular 

importance. Such a method, if it can be easily generalized, will have more significant 

impact to the field of nanocrystal synthesis as more nanostructures could be conveniently 

produced through chemical conversion routes. 

 

Here we report a surface-protected conversion approach that can help to maintain the 

particle morphology during the chemical transformation of β-FeOOH nanorods into 

Fe3O4 nanorods.  The approach is simple and effective, and more importantly, it can be 

generalized to preserving morphology during chemical transformations of other 
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nanostructures.  The key in the surface protection concept is an effective capping ligand, 

which can stabilize the surface of nanocrystals and prevent their significant morphology 

change during chemical transformation. A relevant concept was proposed in our previous 

work on surface-protected etching, where silica and titania microspheres were capped 

with polymeric ligands and then etched by an appropriate etchant.  Hollow shells with 

well-defined spherical morphologies were obtained as the result of preferential etching of 

the materials from the interior.13 While the prior studies focused on making hollow shells, 

the particles were amorphous submicrometer objects with no phase or compositional 

changes during the etching process.  In this work, we show that the surface protection 

concept can be greatly generalized to stabilizing the overall morphology of crystalline 

structures with dimension of nanometer scale.  The conversion requires no coating of 

hard templates, and the protection can be achieved by simply mixing the nanostructures 

with appropriate capping ligands.  
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2.2 Materials and Methods 

 

2.2.1 Materials 

 

FeCl3�6H2O, DEG, polyvinylpyrrolidone (PVP) (Mw.40000), potassium ferricyanide, 35% 

HCl, sodium citrate, urea, KMnO4, hydrazine hydrate (hydrazine 64%), sodium acetate 

(NaAc), trisodium citrate (TSC), poly(acrylic acid) (PAA), poly(acrylic acid sodium salt) 

(PAASS), poly(sodium 4-styrenesulfonate) (PSS), CTAB and SDS were purchased from 

Sigma Aldrich. Distilled water was used in all experiments. All chemicals were directly 

used as received without further treatment.  

 

 

2.2.2 Synthesis of 110 nm β-FeOOH nanorods:110 

 

The synthesis of β-FeOOH nanorods is based on a previously reported method with 

minor revision.  4 mmol FeCl3�6H2O was dissolved in 40 ml water and centrifuged at 

11000 rpm for 3 min to remove the undissolved precipitates.  Then the supernatant was 

transferred into a three neck round bottom flask, and was heated to 87°C for 18 hours.  

The final product was washed by H2O for several times, and was collected by 

centrifugation.  At last, the precipitate was dispersed in 12 ml water. 
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2.2.3 PAA surface modification on the β-FeOOH nanorods: 

 

To approximately 1 ml β-FeOOH solution mentioned above, 20 ml water and 1 ml of 7.2 

mg/ml PAA solution were added.  After magnetic stirring overnight, the product was 

firstly centrifuged at 11000 rpm for 5 min to remove the excess PAA.  Afterwards, the 

particles were washed with water for several times, and were concentrated in 2 ml DEG 

for future use. 

 

2.2.4 Synthesis of 200 nm β-FeOOH nanorods:122 

 

0.04M FeCl3 aqueous solution was aged at room temperature for 3 months. The product 

was removed by centrifugation and washed with water for twice and then dispersed in 

DEG for future use. 

 

2.2.5 Synthesis of 200 nm Prussian blue nanocubes:123 

 

The synthesis was followed a previously reported method. Basically, 113.4 mg potassium 

ferricyanide and 3 g of PVP (Mw.40000) were added to 40 ml 0.1 M HCl solution. After 

stirring at room temperature for 30 min, the system was heating to 80°C for 20 hours. 

The blue product was then collected by centrifugation and dispersed in DEG for future 

use. 
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2.2.6 Synthesis of 200 nm Fe2O3 clusters:124 

 

In a typical synthesis, 0.5 g of FeCl3�6H2O, 1.2 g of sodium citrate and 0.4 g of urea were 

dissolved in 50 ml distilled H2O. Then 0.3 g of poly (acrylic acid sodium salt) was added 

to the solution under magnetic stirring until it was all dissolved. The solution was then 

transferred into a 60 ml Teflon-lined autoclave, which was sealed and heated at 200°C for 

3 hours. The red color product was collected by centrifugation and dispersed in DEG for 

future use. 

 

2.2.7 Synthesis of 200 nm Mn(OH)2 nanoplates:125 

 

In a typical synthesis, 0.316 g of KMnO4 was dissolved in 40 ml distilled water under 

magnetic stirring followed by the addition of 5 ml hydrazine hydrate (hydrazine 64%). 

The color changed from purple to brown. And then the solution was transferred to a 60 

ml Teflon-lined autoclave, which was sealed and heated at 120°C for 12 hours. The 

product is white precipitate, which was washed with water for several times and 

dispersed in DEG for future use. 
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2.2.8 Synthesis of 600 nm β-FeOOH nanorods:126 

 

To synthesize the 600 nm β-FeOOH nanorods, an aqueous solution of 0.1 M FeCl3�6H2O 

and 0.06 M HCl was heated in oven at 87°C for 24 hours.  And then the solution was 

washed with water for several times and dispersed in DEG for the next step. 

 

2.2.9 Surface protected conversion via polyol process 

 

Under the protection of Nitrogen, 60 ml DEG containing desired capping ligand was 

heated to 220 °C, followed by the injection of a certain nanoparticle/DEG solution.    

Samples during the conversion after certain time intervals were collected in order to 

investigate the surface protected reduction process.  Before TEM characterization, 

samples were washed with mixture solution of ethanol and water for several times. 

 

2.2.10 Characterization 

 

The morphologies were characterized using a Tecnai T12 transmission electron 

microscope (TEM). The HRTEM and SAED were characterized by transmission electron 

microscopy (JEM-2100, JEOL). The crystal phases of the products were characterized 

with an X-ray diffractometer (XRD, EMPYREAM, PANalytical, Cu-Kα radiation), in a 

range 2 theta from 20° to 80°.  All Fourier transform infrared (FTIR) spectra were 

performed by Brucker Alpha FT-IR spectrometer in form of powder.  Magnetic property 
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of Fe3O4 nanorods was determined by using a Lakeshore vibrating sample magnetometer, 

Model 142A, with Model 642 Electromagnet power supple and Model EM4 HV 

electromagnet. The concentration of iron ions was analyzed with Perkin-Elmer Optima 

7300DV ICP-OES apparatus that combined an SCD detector and an echelle optical 

system. The chemical state and electronic state of the elements on the surface were 

measured with X-ray photoelectron spectroscopy (AXIS ULTRA). 
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2.3 Results and Discussion 

 

We chose non-magnetic β-FeOOH nanorods as the starting material, which was 

synthesized through a hydrothermal method reported previously.110 An aqueous 

dispersion of the β-FeOOH nanorods was injected into diethylene glycol (DEG) solution 

pre-heated at 220°C.  DEG was chosen as the reducing agent because reduction in a 

solution phase of polyol could help eliminate close contact of the nanoparticles and 

reduce the possibility of aggregation and coalescence, which were commonly 

encountered during the high-temperature H2 reduction of solid phase.  Moreover, in 

contrast to the cases of rapid reduction under H2, the mild reducing power of polyols 

could allow convenient control over the conversion by fine tuning the reaction time and 

temperature. 

 

2.3.1 Choice of Capping Ligands 

 

Initially, various ligands were chosen to perform DEG reduction. In a typical synthesis, 

β-FeOOH solution was injected into the hot DEG solution containing different kinds of 

capping ligands and heated at 220°C for 2 hours. Subsequently, the products were 

collected and characterized by transmission electron microscope (TEM).  As illustrated in 

the TEM images in Figure 2.1, without any capping ligand, β-FeOOH nanorods quickly 

lost their original shape and formed large aggregation during the phase transition from β-

FeOOH to Fe3O4 (also see Figure 2.2).  Similarly, in the presence of a typically used 
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capping ligand cetyltrimethylammonium bromide (CTAB), the original morphology was 

lost as well since there was no strong interaction between the CTAB and β-FeOOH 

surface.  However, when sodium dodecyl sulfate (SDS), another popular ligand with a 

weak coordination group of SO4
2- to iron cations, the morphological deformation was 

greatly relieved with merely small portion of fragments. By further introducing other 

capping ligands with stronger coordination interactions with iron cations, particularly 

those containing one or more carboxyl groups such as sodium acetate (NaAc), trisodium 

citrate (TSC), poly(acrylic acid) (PAA) and poly(acrylic acid sodium salt) (PAASS), the 

morphological deformation of β-FeOOH nanorods during phase transition could be 

almost completely suppressed. In addition, polymeric capping ligands containing other 

functional groups such as poly(sodium 4-styrenesulfonate) (PSS) and 

polyvinylpyrrolidone (PVP) showed ability of effective protection as well, confirming 

our understanding of the need for strong capping ligands for successful surface-protected 

conversion.  

 

 

 

 

 

 

 

 



 43 

 

Figure 2.1. TEM images of original β-FeOOH nanorods and the products of their 
reduction in DEG in the presence of various capping ligands such as CTAB, SDS, NaAc, 
TSC, PAA, PAASS, PSS, and PVP. All scale bars are 100 nm. 
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Figure 2.2. XRD patterns of (from bottom to top) the original β-FeOOH nanorods and 
the samples after reduction for 15 min, 1 and 2 h without any surface protection.    
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2.3.2 Surface-Protected Conversion of FeOOH 

 

The surface-protected conversion was then studied in detail using PAA as a model ligand. 

The as-synthesized β-FeOOH nanorods exhibited well-defined rod-like morphology with 

a uniform size distribution.  The average length of a typical nanorod sample is around 

110 nm and average width approximately 20 nm (Figure 2.3a).  To study the phase 

transition process, upon a certain time of incubation, the reaction was quenched to room 

temperature at different points in time (1, 4 and 8 h) and the respective intermediates 

were examined by TEM (shown in Figure 2.3b-d). Conversion started very quickly when 

the nanorods were reduced by DEG at 220°C, producing small pores which coalesced and 

grew bigger over time (Figure 2.4).  The nanorods appeared to be noticeably porous after 

~1 h of reaction, and hollow after ~ 4 h. Significantly, the overall morphology of the 

hollow nanorods changed very little upon continued heating for ~8 h, only showing slight 

increase in hollowness inside the shell.  This is very different from the case without 

ligand protection, where the formation of large pores eventually led to collapse of the 

structure of the nanorods.  The tubular nanorods showed uneven shell thickness, with the 

thinner regions of ~ 3 nm. By measuring the dimensions in the TEM image, the void 

volume is roughly estimated around 65%. Another important feature here is that the 

surface-protected nanorods remain high colloidal stability throughout the heating process 

(Figure 2.5), demonstrating the strong binding of the polymeric ligands to the nanorods 

surface.  The transformation process was then characterized by high-resolution TEM 

(HRTEM).  As shown in figure 2.3e-h, the phase transformed from β-FeOOH with d-
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space value of 5.24 Å to Fe3O4 with d-space value of 2.53 Å.  After 1-h reduction, the 

major phase is still β-FeOOH, the formation of pores is only caused by the thermal 

dehydration reaction. Later, a mixture of β-FeOOH and Fe3O4 was observed in the 4 h 

sample with β-FeOOH as the shell and Fe3O4 as the interior, which suggested that the 

reduction occurred inside first.  

 

Subsequently, the phase transition process was further confirmed by X-ray diffraction 

(XRD) measurement. Figure 2.3i shows the XRD patterns of the original sample and 

those underwent surface-protected reduction for 1, 4 and 8 h.  All diffraction peaks in the 

black curve for the starting material can be indexed to β-FeOOH (JCPDS Card No. 75-

1594).  Some characteristic peaks (i.e. at 35°) of β-FeOOH are very close to Fe3O4, but a 

sharp peak at 27°, corresponding to the (130) reflection from β-FeOOH, is suitable to 

monitor the disappearance of β-FeOOH.  As shown in the 1-h curve, during the reduction 

process, the peak at 27° became broader with decreasing intensity, which illustrated the 

conversion of β-FeOOH phase with decreased crystallinity.  The crystalline domain size 

is estimated around 6.8 nm by following Scherrer’s equation.  At the same time, the (220) 

peak for magnetite appeared at 30°, and grew sharper over 8 hours, demonstrating the 

formation of magnetite with good crystallinity.  We concluded that β-FeOOH was fully 

converted to magnetite in 8 hours based on the absence of the characteristic peak of β-

FeOOH at 27° in the 8-h curve.  To distinguish magnetite (Fe3O4) from maghemite (γ-

Fe2O3) with identical XRD patterns, we performed Fourier transform infrared 

spectroscopy (FTIR) on the 8-h sample.  As shown in Figure 2.6 in the supporting 
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information, the peak positioned at 560 cm-1 corresponds to the Fe-O stretching mode of 

the tetrahedral and octahedral sites that belong to magnetite; in contrast, the Fe-O 

absorption peak in maghemite appears around 630 cm-1.127-128 Accordingly, the XRD 

results are very consistent with the HRTEM results.  

 

We also investigated the magnetic behavior of the final product magnetite nanorods by 

characterizing the field dependence of magnetization.  The magnetic hysteresis loop of 

the magnetite nanorods measured at 300 K was illustrated in Figure 2.3j.  Their saturation 

magnetization (Ms) was 40 emu/g.  The coercivity was less than 2 Oe, which could be 

categorized as superparamagnetic, given a typical superparamagnetic limit of 30 Oe.129 
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Figure 2.3. a-d) TEM images of β-FeOOH, β-FeOOH reduced for 1, 4 and 8 h 
respectively (scale bars: 50 nm, insets: 20 nm) and e-h) corresponding HRTEM images of 
select area (scale bars: 5 nm); i) XRD; j) Mass magnetization M as a function of applied 
external field H for the dried 8 h magnetite measured at 300K (inset: expanded low-field 
curve). 
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Figure 2.4. Reduction of PAA modified β-FeOOH nanorods in DEG for a) 1 min; b) 15 
min. Scale bars: 50 nm. 
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Figure 2.5. Digital photo of β-FeOOH nanorod dispersion in DEG during the conversion 

process. 
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Figure 2.6. FTIR spectrum of Fe3O4 nanorods synthesized through reduction of β-
FeOOH nanorods by 8 h.  The peak positioned at 560 cm-1 corresponds to the Fe-O 
stretching mode of the tetrahedral and octahedral sites of magnetite. 
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2.3.3 The Role of Capping Ligands 

 

In this conversion process, PAA plays a crucial role in maintaining both the colloidal and 

structural stability.  Firstly, its strong binding to the nanorod surface enables high 

dispersity in polar solvents such as water and ethanol, aiding applications in areas such as 

bioimaging and drug delivery.  Secondly and more importantly, PAA acts as a surface 

protection ligand to maintain the morphology of nanorods during the phase transition.  

Through the strong coordination interaction between the iron cations and multiple 

carboxyl groups, PAA acts as a multidendate ligand on the surface of the nanorods, 

preventing the surface from breaking down by DEG. The formation of hollow nanorods 

is due to the volume shrinkage caused by mass losing from β-FeOOH to Fe3O4 and more 

importantly originated from the condensation from β-FeOOH with a low density of 3 

g/cm3 to a denser magnetite phase with a density of 5.2 g/cm3.  Accordingly, the 

theoretical volume shrinkage is calculated around 50 %. Since the surface is protected by 

PAA, the volume change can only be achieved by voiding the interior space of the 

nanorods. After β-FeOOH is completely converted to Fe3O4, no more volume changes 

take place and final product magnetite tubular nanorods are formed. Moreover, compared 

to the theoretical volume shrinkage (50%), the measured one (65%) is slightly higher, 

which may contribute to the dissolving of iron ion by DEG.130 

 

We verified the binding of PAA to β-FeOOH by analyzing the composition of the 

nanorods via FTIR. FTIR spectra of dry powders of PAA and the as-synthesized β-
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FeOOH were first measured as references.  As illustrated in Figure 2.7a, PAA showed a 

strong peak around 1700 cm-1, corresponding to the typical stretching of C=O double 

bonds of the carboxyl groups (black curve). As-synthesized β-FeOOH showed a 

characteristic peak at 3400 cm-1 due to the hydroxyl group of β-FeOOH (green curve).  

After surface modification by PAA, β-FeOOH nanorod sample was washed with water 

for several times to remove the excess amount of PAA before drying for FTIR 

measurement.  The PAA modified β-FeOOH sample showed typical IR peaks of both the 

carboxyl groups and hydroxyl groups (blue curve), indicating its successful surface 

binding to the nanorod surface.  The FTIR measurement on the sample reduced in DEG 

for 8 hours (pink curve) also suggested the presence of carboxyl groups, further 

confirming the strong bonding of PAA on Fe3O4 surfaces. 
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Figure 2.7. a) FTIR of PAA, β-FeOOH, PAA modified β-FeOOH and β-FeOOH reduced 
for 8 h (from top to down); b) Fe 2p XPS spectra of β-FeOOH, 1, 4 and 8 h; c) ICP-OES 
of Fe ion with different concentration of PAA (0, 25, 50, 100, 200, 400 and 800 mg/L); d) 
ICP-OES of Fe ion with different concentration of PAASS (0, 50, 100, 200, 400 and 800 
mg/L). 
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To further demonstrate that the surface layer is occupied by the capping ligands and the 

reduction reaction is initiated from the interior, β-FeOOH and β-FeOOH reduced by DEG 

for different lengths of time were then studied by X-ray photoelectron spectroscopy 

(XPS).  The fine-scanned Fe 2p XPS spectra were shown in Figure 2.7b. In the spectra of 

β-FeOOH, 1- and 4-h samples, the peaks of Fe 2p3/2 and Fe 2p1/2 were located at round 

711.5 and 725 eV respectively, which indicated the Fe3+ oxidation state.  Whereas the 

peaks of Fe 2p3/2 and Fe 2p1/2 were located at round 710 and 724 eV for the 8-h sample. 

The shift of peaks to lower binding energy can be attributed to the reduction of Fe3+ to 

Fe2+. To get further insight into the surface properties, the 8-h curve was fitted by 

Gaussian-Lorentz functions to investigate the electronic states of Fe atoms.  The two 

fitted peaks for Fe 2p2/3 were found to be Fe3+ (B.E. 711.5 eV) and Fe2+ (B.E. 709.7 eV) 

respectively, indicating Fe3O4 chemical nature, consistent with the XRD result.  However, 

in the XPS spectra of 4-h sample, only Fe3+ peaks were observed, demonstrating no 

reduction of Fe3+ on the surface.  Considering that 4-h sample showed characteristic 

peaks of Fe3O4 in the XRD pattern, we could conclude that only the interior of β-FeOOH 

has been preferentially reduced to Fe3O4, whereas the surface remains β-FeOOH since it 

is occupied by the capping ligand.  By further extending the reduction time to 8 h, the 

reduction of Fe3+ to Fe2+ was also achieved on the surface, indicating more complete 

conversion of β-FeOOH to Fe3O4.  To elucidate the components of the surface, fine-

scanned O 1s XPS spectra were analyzed and shown in figure 2.8. The peak centered at 

531 eV can be assigned to Fe-OH originated from lattices, which confirmed its β-FeOOH 

nature. Moreover, the peak area of Fe-OHlattice decreased with the increase of reduction 
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time, indicating the dehydration of β-FeOOH to iron oxide on the surface upon high-

temperature treatment. Afterwards, the importance of PAA was further revealed by 

inductively coupled plasma optical emission spectrometry (ICP-OES) measurements. In a 

typical synthesis process, one batch of β-FeOOH was evenly divided into 7 aliquots and 

then each aliquot was hot injected into the DEG solutions containing different amount of 

PAA. After 1-h reaction, the survived components were removed by centrifugation and 

the dissolved Fe ion in the supernatant was collected and analyzed by ICP-OES (Figure 

2.7c).  For bare β-FeOOH rods without any ligand protection, 16% of the Fe species have 

been dissolved by DEG. However, with slight addition of PAA, the dissolution amount 

decreased below 13% when the concentration of PAA in DEG increased to around 50 

mg/L, demonstrating the good protection ability of PAA.  Nevertheless, the protection 

from PAA is not infinite. By extensively increasing the concentration to 800 mg/L, the 

dissolution amount was increased to around 15% instead, due to the relatively low pH 

induced by larger amount of PAA. However, the etching effect originated from PAA can 

be resolved by using the basic sodium salt of PAA.  As illustrated in Figure 2.7d，the 

dissolved Fe ion decreased to 2% and remained constant when the concentration of 

PAASS was above 100 mg/L.  
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Figure 2.8. O 1s XPS spectra of β-FeOOH nanorods before and after reduction for 1, 4 
and 8 h (From top to bottom). 
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2.3.4 Versatility of the Surface-Protected Conversion Method 

 

To demonstrate its versatility, the surface-protected conversion method has been 

extended to materials of various phases and morphologies, such as longer β-FeOOH 

nanorods, α-Fe2O3 spherical nanoclusters, Prussian blue (PB) nanocubes and Mn(OH)2 

nanoplates. As shown in Figures 2.9a and b, uniform β-FeOOH nanorods of 200 nm in 

length were successfully converted to magnetite phases with well-maintained 

morphology after 4-h reduction, which was confirmed by XRD measurements.  Through 

surface-protected reduction, magnetic magnetite hollow spheres were fabricated by 

surface-protected conversion of nonmagnetic hematite nanospheres for 4 h. As shown in 

Figure 2.9f, the volume shrinkage caused by phase transition was mediated by forming 

pores in the nanoshells.  The surface-protected conversion method is also applicable to 

metal organic frameworks other than metal oxides, as demonstrated in Figures 2.9c and 

2.9g where PB nanocubes were converted into hollow nanoboxes.  Finally, Mn(OH)2 

nanoplates were converted to porous MnO nanoplates via thermal decomposition, during 

which the morphology of the hexagonal plate was maintained. These examples clearly 

demonstrated that the surface-protected conversion method could be regarded as a 

general method that can be used for the chemical transformation of nanostructures of 

various compositions in either crystalline or amorphous phases. 
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Figure 2.9. (a-h) TEM images of 200 nm β-FeOOH nanorods, α-Fe2O3 nanospheres, PB 
nanocubes and Mn(OH)2 nanoplates before (a-d) and after (e-h) surface-protected 
conversion. (i-l) The corresponding XRD patterns to the samples at left. The inset in (j) 
shows the digital photo of magnetic separation of iron oxide before (left) and after (right) 
reduction. All scale bars are 200 nm. 
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2.4 Conclusion 

 

In summary, we report here a surface-protected conversion strategy to overcome the 

morphological deformation such as disintegration and coalescence during the chemical 

transformation of nanostructures.  Using non-magnetic β-FeOOH nanorods as a model, 

we show that surface protection by strong coordinating capping ligands could enable their 

successful conversion into magnetic Fe3O4 tubular nanorods with well-maintained shapes 

during their reduction in DEG.  This work has its immediate significance in providing a 

very robust and convenient solution phase process for the synthesis of colloidal magnetite 

nanorods with well controlled morphology, considering the important applications of 

such anisotropic magnetic nanostructures and the challenges in their direct production.  

Conceptually, it also renews our understanding of the protection function of capping 

ligands not only in nanostructure growth, but also in their chemical reactions, which may 

involve drastic compositional and morphological changes.  More importantly, the 

principle of surface protection described here can be widely used for conserving 

morphology of nanostructures of various compositions during their chemical reactions, 

and therefore greatly promote chemical transformation as a general and powerful tool for 

nanostructure synthesis. 
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Chapter 3 

Porous Cobalt Oxide Nanoplates Enriched with Oxygen 

Vacancies for Oxygen Evolution Reaction 

 

 

3.1 Introduction 

 

Electrochemical water oxidation, also known as oxygen evolution reaction (OER), plays 

an important role in many technologies relevant to energy conversion and storage.74, 131-

134 However, OER is kinetically sluggish and requires a high overpotential, due to the 

stepwise four-electron oxidation process.135-137 Although noble metal and noble metal 

oxides such as RuO2 and IrO2 are currently regarded as the most active electrocatalyst, 

their scarcity and high cost have seriously impeded their large-scale applications.138-142 

Accordingly, the exploration of abundant, highly efficient, and economic alternatives for 

water splitting is crucial in terms of solving global energy crisis and environmental 

challenges.  Recently, earth-abundant and environmentally friendly transition-metals-

based oxides (Co, Ni, Fe) have exhibited superior performance in OER catalysis due to 

their reasonable reactivity and stability.10, 13, 84, 143-148 However, their electrocatalytic 

activity still underperforms the benchmark of IrO2 and RuO2.149 Therefore, the 

development of robust and economic routes to achieve highly active transition-metal-
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based catalysts will contribute greatly towards various OER relevant fields.  

 

Increasing the reactivity and number of active sites are two effective means to improve 

electrocatalytic performance.80-82, 150 Ultra-thin two dimensional (2D) transition metal 

oxides (TMOs) were therefore chosen as the starting material, due to their large surface 

area, exposed active sites, and short diffusion lengths of ions and electrons.83, 85, 148, 151-156 

To further improve their electrocatalytic performance, it is imperative to enhance the 

reactivity of active sites on the surface of 2D TMOs. Recently, the incorporation of 

oxygen vacancies has been found to remarkably increase the reactivity of active sites, 

leading to significant improvement of OER performance.76, 82-83, 157-159 However, the most 

commonly used method of creating oxygen vacancies, i.e., reduction under high-

temperature annealing, is accompanied by morphological deformation and severe 

aggregation, which may then greatly decrease the effective surface area.160 Due to the 

high reaction rate at high temperatures, fine-tuning of concentration of oxygen vacancies 

is extremely difficult to achieve. To this end, a novel wet chemical synthesis strategy that 

enables large-scale synthesis of homogenous 2D ultrathin nanostructures with fine-tuning 

concentration of oxygen vacancies would represent a great breakthrough that may allow 

us to combine advantages of high specific surface area and highly reactive sites.  

 

Herein, we report a ligand-assisted polyol reduction method that allows successful 

conversion of Co(OH)2 nanoplates into CoOx with well-maintained morphology and at 

the same time offers an opportunity for effectively creation of oxygen vacancies of 
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controllable concentration on surface.  More specifically, Co(OH)2 nanoplates, which can 

be easily prepared through the hydrolysis of CoCl2, are modified with polyacrylic acid 

(PAA) through the coordination interaction between cobalt cations and the carboxyl 

groups.  With multiple carboxyl groups, PAA forms a crosslinked network on the surface 

of Co(OH)2, which allows the transformation of Co(OH)2 nanoplates through polyol 

reduction in diethylene glycol (DEG) at relatively high temperature without losing their 

original plate morphology.1 This seemingly simply procedure has subtly solved the most 

challenging problem of simultaneously fabricating 2D nanostructures and generating 

oxygen vacancies.  The chemical conversion strategy makes it possible to produce CoOx 

nanocrystals, which usually do not grow two-dimensionally due to the limitation of its 

intrinsic crystal symmetry, with a plate morphology by taking advantage of the shape of 

the Co(OH)2 precursor.  The phase transition from Co(OH)2 to CoOx is accompanied by 

volume shrinkage, which causes the formation of pores on the nanoplates and further 

increases the effective surface area.  In addition, the mild solution-phase reduction 

reaction allows convenient scale up for mass production, and enables effective creation of 

oxygen vacancies in a controllable manner while avoids typically used high-temperature 

hydrogen reduction method, which could cause severe aggregation of nanoplates.  More 

importantly, the resulting oxygen-vacancy-rich nanoplates show excellent catalytic 

performance, manifesting OER overpotential as low as 306 mV at 10 mA/cm2. 
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3.2 Materials and Methods 

 

3.2.1 Chemicals 

 

Cobalt (II) chloride hexahydrate, PVP (Mw. 55000), hexamethylenetetramine (HMT), 

diethylene glycol (DEG), polyacrylic acid (PAA) (Mw. 1800), KOH, Nafion and 

isopropanol were purchased from Sigma-Aldrich and ethanol (200 proof) was purchased 

from Decon Laboratories. All chemicals were used as purchased without further 

purification. 

 

3.2.2 Synthesis of Co(OH)2 nanoplates 

 

The synthesis of Co(OH)2 nanoplates was based on a previous report with slight 

modifications.161 In a typical synthesis, 0.48 g CoCl2• 6H2O, 0.2 g PVP (Mw. 55000), and 

0.28 g hexamethylenetetramine (HMT) were dissolved in 80 ml of a 9:1 mixture of 

deionized H2O and ethanol.  The reaction solution was then refluxed at about 95 °C for 2 

hours.  The nanoplates were then isolated by centrifugation and washed with water 

several times. 

 

 

 

 



 87 

3.2.3 Surface modification of Co(OH)2 nanoplates 

 

The surface of Co(OH)2 nanoplates were functionalized with poly(acrylic acid) (PAA) at 

first.  In a typical procedure, 30 mg of Co(OH)2 and 1 mL PAA solution (7.2 mg/mL) 

were added to 20 mL of deionized water under sonication.  The mixture was then stirred 

for 12 hours to allow the functionalization of nanoplates.  Afterwards, the excess PAA in 

the solution was removed by centrifugation and the Co(OH)2 nanoplates were dispersed 

in 2 mL diethylene glycol (DEG).  

 

3.3.4 Surface protected reduction of Co(OH)2 nanoplates 

 

In a three-neck flask, 30 mL DEG was heated up to 220°C under N2 atmosphere.  Then, 2 

mL DEG solution of Co(OH)2 was injected into the hot DEG solution with magnetic 

stirring.  After incubation for a certain length of time, the product was collected by 

centrifugation and washed with ethanol/H2O mixture solution several times.   

 

3.3.5 Calcination of Co(OH)2 nanoplates 

 

30 mg of as-prepared Co(OH)2 was placed in a crucible and calcined in an oven at 300 °C 

for 2 hours under Ar atmosphere.  The temperature was increased at 2.5 °C /min and the 

flow rate of Ar is 40 cm3/min. 
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3.3.6 Characterization 

 

The morphology of the initial Co(OH)2 nanoplates, CoO, is prepared with surface 

protected reduction method and calcination, characterized by using a Tecnai T12 

transmission electron microscope.  The large-scale images of the samples were analyzed 

with a scanning electron microscope XL30-FEG.  The crystal phases of the products were 

examined with X-ray diffraction (Bruker SMART APEX2), in a range of 2θ from 5 to 

80°.  The concentration of cobalt ions was analyzed with Perkin-Elmer Optima 7300DV 

ICP-OES apparatus, which combined an SCD detector and an echelle optical system. All 

FTIR spectra were characterized by Nicolet 6700. The chemical state and electronic state 

of the elements on the surface were measured with X-ray photoelectron spectroscopy 

(AXIS ULTRA). 
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3.3.7 Electrochemical measurements 

 

The electrochemical tests were conducted on a Princeton VersaSTAT 4 electrochemical 

workstation with a typical three-electrode cell. The three-electrode cell is composed of: a 

glassy carbon working electrode, a platinum foil counter electrode and a saturated 

calomel reference electrode. For the working electrode preparation, catalysts (5 mg) and 

Nafion solution (50 µL) were added to the mixture solution of isopropanol (250 µL) and 

water (750 µL), followed by sonication to achieve a good dispersion. Then the dispersed 

catalysts were casted on the glassy carbon (3 mm in diameter) with 0.5 mg/cm2.  The 

linear sweep voltammetry curves were recorded at a scan rate of 5 mV/s. 

Chronopotentiometry curve was obtained at a constant current density of 5 mA/cm2. 

Cyclic voltammetry curves were recorded at a scan rate of 50 mV/s. The conversion of 

potential against RHE was based on the following equation 

𝐸!"# = 𝐸!"# + 0.244+ 0.059×𝑝𝐻   
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3.3 Results and Discussion 

 

3.3.1 Synthesis of Oxygen Vacancies Enriched Cobalt Oxides Nanoplates 

 

α-Co(OH)2 hexagonal nanoplates were synthesized with a previously reported method 

with minor revision.161 Typical transmission electron microscopy (TEM) image shown in 

Figure 3.1A reveals an almost perfect hexagonal plate-like structure with width in the 

range of 1-2 µm. These plates are uniform and thin with a thickness of around 15 nm as 

illustrated in the scanning electron microscope (SEM) image in Figure 3.2. The 

corresponding selected-area electron diffraction (SAED) pattern (Figure 3.1E) exhibited 

perfect hexagonally arranged diffraction spots, which can be readily indexed as the two-

dimensional in-plane reflection with [001] crystal planes on the surface. Subsequently, 

the classic polyol process was performed through hot injection of the nanoplates into 

DEG at 220 °C.  The reaction was quenched to room temperature at different points in 

time (1, 2 and 4 h) and the respective intermediates were separated by centrifugation and 

examined using TEM (shown in Figure 3.1B-D). The surface structure of the hexagonal 

platelets was well maintained during the chemical transformation while the interior part 

became more and more porous, due to the volume shrinkage caused by the dehydration of 

Co(OH)2 and phase transition. As shown in Figure 3.1F-H, the corresponding SAED 

patterns changed rapidly upon DEG reduction, indicating the phase transition. X-Ray 

Diffraction (XRD) analyses, as shown in Figure 3.1I-J, helped clarify the component of 

Co(OH)2 before and after reduction during the phase transition process.  In Figure 3.1I, 



 91 

the as-synthesized Co(OH)2 shows two prominent reflection peaks in the XRD pattern, 

including 003 and 006 reflections of the hydrotalcite-like structure.  With its green color, 

the sample can be determined as α-Co(OH)2.161 The samples upon reduction show three 

predominant peaks corresponding to the 111, 200 and 220 facets of CoO phase (JCPDS 

No. 43-1004) (Figure 3.1J).  As the reduction time increases from 1 h to 4 h, the 

diffraction peaks become sharper and narrower, indicating more complete conversion 

from Co(OH)2 to CoO and improved crystallinity. Further confirmation of the phase 

transition can be seen from the high-resolution TEM (HRTEM) images in Figure 3.3 of 

supporting information. As shown in Figure 3.3A-C, CoO phase with d-spacing of (111) 

planes with 0.25 nm was observed after DEG reduction for 1, 2 and 4h.  
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Figure 3.1. (A-D) TEM images of α-Co(OH)2 and CoO obtained after reduction for 1, 2 
and 4 h (scale bar: 500 nm). (E-H) Corresponding SAED patterns and (I-J) XRD patterns 
of (I) α-Co(OH)2 (Inset: digital photo of Co(OH)2), and (J) CoOx obtained after reduction 
time of 1 (red), 2 (green) and 4 h (blue).  
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Figure 3.2. SEM image of Co(OH)2 
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Figure 3.3. HRTEM images of CoO produced by DEG reduction for A)1, B) 2 and C) 4h. 
Scale bars: 20 nm. 
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3.3.2 The Role of PAA 

 

The role PAA played during surface protected reduction process was studied by Fourier 

transform infrared spectroscopy (FTIR), and inductively coupled plasma optical emission 

spectrometry (ICP-OES).  To verify the coordination interaction between the carboxyl 

groups of PAA and Co ions, FTIR was performed for PAA, bare Co(OH)2 and PAA 

modified Co(OH)2.  As shown in Figure 3.4A, PAA displays a strong peak around 1700 

cm-1, which corresponds to the typical stretching mode of C=O double bonds of the 

carboxyl group.  The as-synthesized Co(OH)2 without any surfactant displays a 

characteristic peak at 3400 cm-1 originated from the hydroxyl group of cobalt hydroxide.  

After PAA modification, a new peak emerges at 1560 cm-1 in the spectrum. Considering 

that the electrons around C=O could be pulled towards the metal atom during 

coordination, resulting in low electron density around C=O, reduced stiffness of C=O 

bond, and decreased stretching frequency, it is reasonable to assume that the peak around 

1560 cm-1 is caused by carboxyl groups of PAA, which confirms the coordination 

interaction between PAA and cobalt cations.  The importance of PAA to the reduction 

reaction was revealed by ICP-OES measurement.  In a typical synthesis process, one 

batch of Co(OH)2 was evenly divided into 6 aliquots and each aliquot was injected into 

the hot DEG solutions which contain different amounts of PAA.  After a one-hour 

reaction, the surviving components were removed by centrifugation and the dissolved Co 

ions in the supernatant was collected and analyzed by ICP-OES.  Without any protection, 

24% of the Co species in Co(OH)2 was dissolved by DEG. Figure 3.5 details the 
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dissolving process by TEM.  The surface of the Co(OH)2 platelets were quickly corrupted 

within 15 min of the reaction and almost lost their original shape within an hour.  By 

increasing the time to 4 hours, the majority of the sample was dissolved.  However, when 

the concentration of PAA in DEG was increased to around 200 mg/L, the dissolution 

amount was dramatically decreased to below 6%; which demonstrated the adequate 

protection ability of PAA.  However, due to the acidity of PAA, increasing the PAA to 

400 mg/L increased dissolution to 15%.  The protection and etching effect were further 

confirmed by TEM and SEM imaging of samples (Figure 3.6). The samples prepared in 

100 and 400 mg/L PAA/DEG solutions appear more porous in the TEM images and with 

lighter contrast in the SEM images, indicating a smaller thickness caused by dissolving 

and etching, which is consistent with the ICP-OES results. 
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Figure 3.4. (A) FTIR of PAA (black), Co(OH)2 (red) and Co(OH)2 after PAA surface 
modification (blue). The inset is enlarged C=O peak of PAA modified Co(OH)2. (B) ICP-
OES analysis of cobalt ions that dissolved in DEG after 1 h reduction with different PAA 
concentration.  
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Figure 3.5. Reduction of Co(OH)2 without any protection for (A) 15 min, (B) 1 h and (C) 
4 h. (scale bar: 500 nm) 
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Figure 3.6. TEM and corresponding SEM images of Co(OH)2 reduced for 1 h in different 
concentration of PAA/DEG solutions (A, D) 100 mg/L, (B, E) 200 mg/L, (C, F) 400 
mg/L (scale bar of TEM: 200 nm, scale bar of SEM: 1 µm). 
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3.3.3 Characterization of Oxygen Vacancies 

 

To highlight the unique advantage of the ligand-assisted polyol reduction method, cobalt 

oxide was directly synthesized through calcination (CoO-cal) at 300°C for 2h in Ar as a 

control sample (Figure 3.7), and then compared with CoOX samples prepared with DEG 

reduction for different lengths of time by X-ray photoelectron spectroscopy (XPS) 

analysis.  The fine-scanned Co 2p XPS spectra are given in Figure 3.8A, displaying peaks 

of Co 2p3/2 and Co 2p1/2 at approximately 780 and 796 eV, respectively.  The two satellite 

peaks centered at approximately 786 and 803 eV, which belong to Co2+ oxidation sate, 

confirming their CoO chemical nature.162-164 To get further insight of the surface 

properties, we fit the curves by Gaussian-Lorentz functions to investigate the electronic 

states of Co atoms.  The two fitted peaks for Co 2p2/3 could be assigned to Co3+ (B.E. 779 

eV) and Co2+ (B.E. 781 eV).165 The appearance of Co3+ could be attributed to inevitable 

oxidation during the synthesis of the nanostructures, which has been observed 

previously.166 Compared to pristine Co(OH)2 (Figure 3.9), the relative atomic ratio of 

Co2+/Co3+ on the surface of CoO-cal is barely affected. However, the Co2+/Co3+ ratio of 

catalysts prepared by the polyol reduction method was dramatically increased, indicating 

the generation of oxygen vacancies on the surface, which could then be further confirmed 

by the fine-scanned O 1s XPS spectra. CoO-cal shows two oxygen peaks in the O 1s 

spectra whereas CoOx (15min, 1, 2, 4 h) shows four oxygen peaks.  In detail, the peaks at 

529, 531, 532 and 534 eV are associated with Co-O bonds, hydroxyl species, oxygen 

vacancies or defects (Ovac) and surface adsorbed water molecules.14, 167-168 The absence of 
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a peak at 532 eV in CoO-cal spectra indicates that CoO-cal lacks oxygen defects on its 

surface, which is also the case of pristine Co(OH)2 (Figure 3.9).  However, the large Ovac 

peak areas for CoOx in Figure 3.8B(ii-v) demonstrate that the ligand-assisted polyol 

reduction method is very effective in creating oxygen vacancies on the surface.  

Additionally, the calculated atomic concentration of Ovac/O demonstrates that by simply 

extending the reduction time from 15min to 4 h, the concentration of Ovac on surface can 

be increased from 13% to 31%.  This is also consistent with the atomic ratio decrease of 

Co2+/Co3+ in the Co spectra.  It is worth noting that the calculated concentration of 

oxygen vacancies reflects the surface structure only, whereas the relative concentration of 

the oxygen vacancies of the bulk is believed to be much smaller.169  
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Figure 3.7. (A) High magnification TEM image of CoO prepared by calcination and (B) 
corresponding low magnification TEM image (scale bar: 1 µm). (C) Corresponding XRD 
pattern of the CoO.   
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Figure 3.8. (A) Co 2p XPS spectra and (B) O 1s XPS spectra of (i) CoO-cal, (ii) CoOx-
15min, (iii) CoOx-1h, (iv) CoOx-2h, and (v) CoOx-4h.  
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Figure 3.9. (A) Co 2p XPS spectrum and (B) O 1s XPS spectrum of Co(OH)2. 
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3.3.4 Electrocatalytic Performance of the Catalysts 

 

Subsequently, the OER performance of oxygen-vacancy-enriched cobalt oxides was 

evaluated using a standard three-electrode system in 1M KOH.  To minimize the 

capacitive current, a slow scan rate of 5 mV/s was applied to obtain the polarization 

curves.  As shown in Figure 3.10A, the onset potential for OER on CoOx-4h is 1.54 V, 

versus the reversible hydrogen electrode (RHE), which has the lowest onset potential of 

the six samples and the best OER performance.  The overpotential values of the six 

samples at a current density of 10 mA/cm2 are illustrated in Figure 3.10B.  The pristine 

Co(OH)2 and cobalt oxide prepared by calcination displayed overpotentials above 340 

mV, while the cobalt oxides with increasing oxygen vacancy exhibited significant 

decrease in overpotentials.  The lowest overpotential was achieved by CoOx-4h at only 

306 mV, making it one of the best cobalt based OER electrocatalysts reported (Table 

3.1).11, 83, 158, 170-174 Moreover, the corresponding current densities of the six samples at the 

overpotential of 330 mV are presented in Figure 3.10C.  CoOx-4h showed the highest 

current density of 21 mA/cm2, which was about 3 times larger than the pristine Co(OH)2 

and CoO-cal.  The enhanced activity could be attributed to the large surface area and high 

concentration of oxygen vacancies of CoOx-4h.  Further activity evaluation could be seen 

from Tafel plots (Figure 3.10D).  The Tafel slope of CoOx enriched with oxygen 

vacancies was calculated to be approximately 65 mV/dec, which was much smaller than 

the Co(OH)2 (97 mV/dec) and CoO-cal (90 mV/dec); this indicated that faster OER 

kinetics can be achieved by introducing oxygen vacancies. The activities of CoOx-4h, 
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CoO-cal and Co(OH)2 were also expressed in apparent turnover frequencies (TOFs), 

assuming that all the metal ions in the nanoplates were active (Table 3.2).175-177 

Furthermore, to evaluate the durability of the catalysts, the chronopotentiometry curve 

was measured for CoOx enriched with oxygen vacancies.  As illustrated in Figure 3.10E, 

there is no significant increase in the potential during continuous electrolysis, verifying 

its reliable stability.  High activity with reliable stability enables the wide application of 

oxygen-vacancy-enriched CoOx.  To gain a deeper understanding of the superior OER 

performance of CoOx-4h, cyclic voltammetry (CV) measurements of CoOx-4h, CoO-cal 

and Co(OH)2 were performed over a potential range of 1.05 to 1.55 V (v.s. RHE).  As 

shown in Figure 3.10F, for both electrodes, two distinct pairs of redox peaks are observed 

around 1.15 and 1.45 V, which could be assigned to the Co(III)/Co(II) and Co(IV)/Co(III) 

conversion process.  The increase of oxidation current at higher potential (>1.5 V) is 

attributed to the water oxidation reaction. Compared to the pristine Co(OH)2, the CoOx-

4h shows a negatively shifted oxidation peak around 1.15 V, indicating the easier 

formation of Co(III); therefore, demonstrating the higher reactivity of the active sites for 

OER, which could be attributed to the oxygen vacancies.  Moreover, the dramatically 

increased current density of CoOx-4h over the entire potential range suggests a much 

larger electrochemically active surface area. To further confirm the stability of the 

catalyst, CoOx-4h after OER cycling was characterized by XPS to verify the valence of 

cobalt ion and the concentration of oxygen vacancies. As shown in Figure 3.11, neither 

obvious change of Co3+/Co2+ ratio nor concentration of oxygen vacancies were observed, 

demonstrating good stability of our catalyst.   
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Figure 3.10. (A) LSV curves of the samples. Inset: enlargement of the region near onset. 
Comparison of (B) overpotential required for a current density of 10 mA/cm2, (C) current 
density at an overpotential of 330 mV. (D) Corresponding Tafel plots of the samples. (E) 
Potential versus time data on a CoOx-4h electrode for 10000 s at constant current density 
of 5 mA/cm2. (F) CVs of Co(OH)2, CoO-cal and CoOx-4h. 
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Table 3.1. Comparison of OER performance of CoOx-4h to recent reported cobalt-based 
electrocatalysts. 
 

Catalyst Electrolyte Overpotential  

@10mA/cm2 

Loading 

(mg/cm2) 

References 

CoMn LDH 1 M KOH 324 mV   0.142 J. Am. Chem. Soc.,  

2014,136,16481. 

Reduced 

Co3O4 

nanowire 

1 M KOH 380 mV   0.136 Adv. Energy Mater., 2014, 4, 

1400696. 

Co3O4/NiCo2

O4 

1 M KOH 340 mV   1 J. Am. Chem. 

Soc., 2015, 137, 5590. 

NiCo2O4 

nanosheets 

1 M KOH  320 mV   0.285 Angew. Chem., 2015, 127, 

7507. 

Co3O4 @ 

CoO 

1 M KOH 430 mV   0.077 Nat. Commun., 2015, 6, 

8625 

CoO 

nanorods 

1 M KOH 330 mV   0.19 Nat. Commun., 2016, 

7,12876 

RuO2 0.1 M KOH 411 mV Not given J. Phys. Chem. Lett., 2014, 

5, 1636 

IrO2 1 M KOH 338 mV Not given J. Am. Chem. Soc., 

2013,135, 16977 

CoOx-4h 

nanoplates 

1 M KOH 306 mV   0.5 This work 
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Calculation of TOF: The turnover frequency (TOF) value is calculated as follows:175-177 

TOF =
jS
4nF 

Where j is measured current density (mA/cm2), S is the geometric area of glassy carbon 

electrode (0.07065 cm2 for 3 mm glassy carbon electrode), n is the moles of active 

materials deposited on the working electrode, F is the Faradic constant (96485 C/mol). 

 

Table 3.2. TOFs of CoOx-4h, Co(OH)2 and CoO-cal at different overpotentials. 

 300 mV 320 mV 350 mV 

CoOx-4h 0.0030 0.0056 0.012 

Co(OH)2 0.0016 0.0027 0.0054 

CoO-cal 0.0013 0.0021 0.0044 
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Figure 3.11. (A) Co 2p XPS spectrum and (B) O 1s XPS spectrum of CoxO-4h after OER 
cyclings. 
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3.3.5 Role of Oxygen Vacancies in OER 

 

According to these results, the enhanced OER performance of CoOx prepared through the 

ligand-assisted polyol reduction method can be attributed to the synergistic effect of the 

large surface area and abundant surface oxygen vacancies.  The 2D ultrathin nanoplate-

like structure of CoOx provides large surface area, abundant active sites and short 

diffusion lengths for ions and electrons.  Previous work and DFT calculations have 

confirmed that the oxygen vacancies near the surface lowers the adsorption energy of 

H2O and increases active sites around these defects. Oxygen vacancies also enable 

weaker metal-oxygen bonds to yield faster exchange of intermediates and electrons.76, 82-

83, 148 To elucidate the more important role of oxygen vacancies, the effect of surface area 

was studied. Firstly, Brunauer-Emmett-Teller (BET) surface area measuring was 

performed on CoO-cal and CoOx-4h. As shown in N2 adsorption/desorption isothermals 

in Figure 3.12, CoO-cal and CoOx-4h showed similar surface area of 51.54 and 30.36 

m2/g respectively. However, in the absence of oxygen vacancies, CoO-cal was found to 

be inferior to CoOx-4h in catalytic performance. Thus, the improvement of the OER 

performance upon prolonging the reduction time can be attributed to the increased 

concentration of oxygen vacancies. Moreover, the relationship between reduction time, 

oxygen vacancies and OER performance was plotted in Figure 3.13, which further 

confirmed that oxygen vacancies played a more important role in the superior OER 

performance of CoOx-4h. 
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Figure 3.12. N2 adsorption/desorption isotherms of CoOx-4h (black curve) and CoO-cal 
(red curve) and corresponding BET surface area of 30.36 and 51.54 m2/g. 
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Figure 3.13. Relation between reduction time and concentration of oxygen vacancies 
(red), overpotentials (black) and current densities (blue). 
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3.4 Conclusions 

 

In summary, we have developed a ligand-assisted polyol reduction method to produce 

well-defined cobalt oxide porous nanoplates enriched with controllable oxygen 

vacancies, which exhibit remarkable OER performance.  With the help of a coordinating 

polymer ligand, the polyol reduction reaction enables successful conversion of Co(OH)2 

nanoplates into CoOx with greatly suppressed morphological deformation and at the same 

time allows the creation of oxygen vacancies on the nanoplates surface.  The 

concentration of the oxygen vacancies on surface could be conveniently controlled by the 

reduction time, reaching 31%, which is rarely reported.  The large surface area originated 

from the 2D porous structure and the abundant active sites due to oxygen vacancies are 

extremely beneficial for OER performance, achieving overpotential values as low as 306 

mV at 10 mA/cm2.  Besides providing a new high-performance OER catalyst, this work 

also proposes a general and scalable strategy to create controllable concentration of 

oxygen vacancies on the surface of nanoscale materials while preventing significant 

morphological changes during phase transition.  
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Chapter 4 

Metal Sulfides as Excellent Co-catalysts for H2O2 

Decomposition in Advanced Oxidation Processes 

 

4.1 Introduction 

 

Advanced Oxidation Processes (AOPs) have been widely used for the removal of 

persistent pollutants from contaminated water by the •OH radicals generated from the 

decomposition of H2O2
178-179.  As the efficiency of the decomposition of H2O2 is very low, 

it usually operates in the presence of catalysts such as Fe2+ or Cu2+ ions.  A conventional 

AOP involving Fe2+/H2O2 proceeds through the following equations: 

2+ 3+ - -1 -1
2 2 1

3+ 2+ + -7 -1 -1
2 2 2 2

3+ 2+ + 6
2 2 3

Fe +H O Fe +OH + OH        k  = (40 80  L mol s )                 (1)
Fe +H O Fe + O H+H        k  = (9.1 10  L mol s )                 (2)
Fe + O H Fe +O +H           k  = (0.33 2.1 10  

→ • ∼ ⋅ ⋅

→ • × ⋅ ⋅

• → ∼ × -1 -1L mol s )        (3)⋅ ⋅  

The rate-limiting step of Eq. (2) determines the overall efficiency of this reaction, which 

is still low even with the assistance of the catalysts, so that a large quantity of H2O2 and 

catalysts are required, making the AOPs too expensive for large-scale applications in 

wastewater treatment180-181.  For practical industrial settings, a large amount of Fe2+ 

(18~410 mmol/L) and H2O2 (30~6000 mmol/L) are generally required in order to 

produce •OH of sufficient concentrations178, 182-184.  Owing to the high efficiency of Eq. 
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(1) but low efficiency of Eq. (2), an excessive amount of Fe3+ ions are generated, which 

leads to the formation of sludge (iron cement) and therefore catalyst poisoning185.  On the 

other hand, too much H2O2 used in the AOPs will corrode the equipment and greatly 

increase the operating costs186.  Many efforts have been made to optimize the AOPs and 

particularly the efficiency of Eq. (2), for example by adding various materials as “co-

catalysts” for enhancing the generation of •OH187-189.  However, nearly all the previous 

reports on co-catalytic AOPs focused on the use of organic matters as the co-catalysts, 

including nitrilotriacetic acid190, salen191, protocatechuic acid192, quinone-hydroquinone 

analogues189, and cysteine184, 193, etc., which acted as iron chelators or promoters to 

prevent iron (III) from precipitation and accelerate the Fe3+/Fe2+ conversion.  

Unfortunately, the organic co-catalysts would easily cause secondary pollution and make 

it very difficult to achieve complete mineralization of the organic molecules (with total 

organic carbon (TOC) degradation rate of below 20%)184.  Furthermore, the AOPs with 

organic co-catalysts were difficult to maintain a stable activity due to the self-degradation 

induced by the oxidation of the co-catalysts by •OH194.  It is therefore of great economic 

and environmental interests to develop inorganic co-catalysts, which usually have a 

higher chemical stability than the organic matters195, for improving the overall efficiency 

of AOPs by maximizing the decomposition efficiency of H2O2 and minimizing the 

required dosage of H2O2 and Fe2+ species.  In addition to co-catalysts, light illumination 

has also been incorporated into AOPs to promote the efficiency.  Up to now, ultraviolet 

light has been used in most of such efforts as it is more energetic than visible light196-198, 
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which however also brings additional problems such as harmful effect to human health 

and increased processing cost.   

 

Herein, we report that metal sulfides (MoS2, WS2, Cr2S3, CoS, PbS or ZnS) can serve as 

excellent co-catalysts to greatly increase the efficiency of H2O2 decomposition and 

significantly decrease the consumption of H2O2 (0.4 mmol/L) and Fe2+ (0.07 mmol/L) in 

AOPs.  The unsaturated S atoms on the surface of metal sulfides can capture protons 

from the solution to form H2S, and at the same time expose reductive metallic active sites 

to greatly accelerate the rate-limiting step of Fe3+/Fe2+ conversion.  More interestingly, 

we find that the efficiency of the AOPs involving metal sulfide co-catalysts can be further 

enhanced by illumination with visible light, thanks to the light-induced sensitization of 

organic pollutants.  In particular, by adding MoS2 as the co-catalyst for AOPs, the 

reaction rate constant (Ka) for the degradation of rhodamine B (RhB) increased by 18.5 

times than that of the conventional AOPs, and the TOC degradation rate can remain 90% 

even after repeated reactions for 10 cycles.  Furthermore, this cost-effective system can 

directly decrease the Chemical Oxygen Demand (COD) of actual wastewater from 10400 

mg/L to 360 mg/L at a record low dosage of H2O2 and Fe2+, greatly enhancing the value 

of AOPs for the practical applications of H2O2–based AOP technologies.   
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4.2 Materials and Methods 

 

4.2.1 Materials 

 

Commercial MoS2 (purchased from Aladdin (< 2 µm; other metal sulfides were all 

purchased from Aladdin,) and Alfa Alfa Aesar (~ 30 µm)), commercial WS2 (purchased 

from Strem Chemicals), commercial TiO2 (purchased from Acros Organics, anatase), 

distilled water, hydrogen peroxide (30% wt), rhodamine B (RhB), ferrous sulfate 

(FeSO4·7H2O). All the chemicals are used without further purification. 

 

4.2.2 Metal Sulfides Co-catalytic AOPs  

 

A certain amount of commercial metal sulfides such as MoS2 was added into 100 mL 

RhB, phenol (20 mg/L), or actual wastewater solution (COD: 10400 mg/L, purchased 

from the chemical industrial wastewater) and followed by 20 seconds ultrasonic 

treatment to make it dispersion. And then 0.002 g FeSO4·7H2O was added into the 

solution. After the pH value being fixed at 3.8～4.0 by the adjustment of HCl (0.1 M), 

4.0 µL H2O2 (30% wt) was added into the solution by the pipette. The above mixed 
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solution was placed in the dark or irradiated with the tungsten lamp (> 420 nm, 1000W) 

or the mercury lamp (300W, ~365 nm) for different time. The comparison experiment of 

conventional AOPs was carried out by using the similar procedure in the absence of 

MoS2.  

 

4.2.3 Detection of Generated •OH  

 

The number of the •OH generated during the MoS2 co-catalytic AOPs was detected by 

the measurement of the PL signal of hydroxybenzoic acid resulted from the capturing of 

•OH by the benzoic acid (Supplementary Fig. 7). The details are as follows: 0.030 g 

MoS2, 0.002 g FeSO4·7H2O and a certain amount of benzoic acid (0.2 mmol/L) were 

mixed into 100 mL H2O. And then, 4.0 µL H2O2 (30% wt) was added into the solution by 

the pipette. After shaking for 10 seconds by the vortex, the mixed solution was placed 

under the visible light irradiation for 30 min. The solution was filtered, and the filtrate 

was measured by the photoluminescence (PL) emission spectroscopy to indirectly 

measure the amount of •OH (excitation wavelength: 412 nm).  

 

On the other side, 4.0 µL H2O2 and a certain amount of benzoic acid (0.2 mmol/L) were 

mixed with 100 mL H2O. The mixed solution was reflux at 90 oC for 130 min to make 

the H2O2 to be completely decomposed into •OH, which was captured by the benzoic acid 
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to form the hydroxybenzoic acid with PL signal (Supplementary Fig. 8a). After the reflux, 

the solution was detected by the PL to calculate the decomposition efficiency of H2O2 in 

the MoS2 co-catalytic AOPs by the PL intensity division in Supplementary Fig. 8b. 

 

4.2.4 Apparent Kinetic Model  

 

Typically, in our Fenton system, the rate Equation can be described as follows: 

V = - (dc/dt)= K ·[Fe2+]a[H2O2]b [MoS2]c 

or expressed in terms of logarithms: 

lg(-dc/dt) = lgK + alg [Fe2+ ] + blg[H2O2] + clg[MoS2]      

Where a, b, c are reaction orders, respectively. K represents the total reaction rate 

constant.    Herein, we have specifically analyzed three parameters: the concentration of 

FeSO4·7H2, H2O2 and MoS2. Assuming that the initial concentration of MoS2 is [MoS2]0 

in system, the concentration of ferrous ion is [Fe2+]0, the concentration of H2O2 is [H2O2]0, 

the rate at t = 0 can be expressed as follows: 

V= - (dc/dt) = K [Fe2+]0
a [H2O2]0

b [MoS2]0
c                          

or in terms of logarithms： 
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-lg(dc/dt)= lgK + alg[Fe2+]0 + blg[H2O2]0 + clg[MoS2]0                    

We employed a series of different concentrations of ferrous ions in RhB solution, but 

with the same concentrations of MoS2 and H2O2. Then we record RhB concentration 

versus time curve. We can get the equations of these curves, which use “t” as 

independent variable and “c” as the dependent variable in the equation, respectively. And 

we find the derivative of the equation when t = 0, which is equal to –lg(dc/dt) at different 

[Fe2+]0. Meanwhile, we can get a group of related data, and -lg(dc/dt) is versus to 

lg[Fe2+]0. 

 

Since the amounts of MoS2 and H2O2 are fixed, the lgK + b[H2O2]0 + c[MoS2]0 is a 

constant. Thus –lg(dc/dt) is linear to lg[Fe2+]0. We can get a straight line, using lg[Fe2+]0 

as abscissa, and -lg(dc/dt) is used as Y-axis. The slope is “a”, and the intercept is “lgK + 

b[H2O2]0 + c[MoS2]0”. 

 

Similarly, we can get the data of “b”, “lgK + alg[Fe2+]0 + c[MoS2]0”, “c” and “lgK + 

alg[Fe2+]0 + b[H2O2]0”, thereby we can get the value of K. Accordingly, we can obtain the 

apparent kinetic equation of MoS2 co-catalytic AOPs for the degradation of RhB. The 

details of calculations and results are shown in Supplementary Fig. 4 and Supplementary 

Table 1-3.     
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4.2.5 Characterization  

 

The transmission electron microscopy (TEM) was conducted on a JEOL JEM-2100EX 

electron microscope, operated at an accelerating voltage of 200 kV. The surface 

morphologies were observed by scanning electron microscopy (SEM, JEOL.JSM-

6360LV). The concentration of the pollutant was measured using a UV–vis 

spectrophotometer (Shimadzu, UV-2450). Raman measurements were performed at room 

temperature using a Via+ Reflex Raman spectrometer with the excitation wavelength of 

514 nm. The intensity of hydroxyl radicals was measured by using luminescence 

spectrometry (Cary Eclipse) at room temperature under the excitation light at 412 nm. X-

ray diffraction measurements (XRD) were performed with a Rigaku Ultima IV (Cu Ka 

radiation, λ = 1.5406 Å) in the range of 10-80o (2θ). The dissolving of iron cements and 

MoS2 were measured by the inductively coupled plasma optical emission spectrometry 

(ICP-OES, Perkin-Elmer Optima 7300DV ICP-OES apparatus combined an SCD 

detector and an echelle optical system). The X-band EPR spectra were recorded at room 

temperature (Varian E-112). 
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4.3 Results and Discussion 

 

4.3.1 Metal Sulfides Co-catalytic AOPs Performance  

 

We found that commercial 2H-type MoS2 (< 2 µm, Fig. 4.1) without any additional 

treatment could serve as a co-catalyst to significantly promote the Fe2+-catalyzed 

decomposition of H2O2.  As AOPs are always considered as complex systems and many 

factors can affect their performance, we first carried out systematic studies to reveal the 

great impact of MoS2 to the catalytic performance.  Specifically, we used the degradation 

of RhB as a model reaction and investigated a number of factors that may have influences 

on AOPs performance, such as the pH value, light irradiation, and dosages of MoS2, 

FeSO4, and H2O2 (Fig. 4.2). Careful kinetic measurements (Fig. 4.3) revealed that the 

reaction orders, both in the dark and under the light irradiation when using [MoS2], were 

obviously higher than those of [H2O2] and [FeSO4] (Eqs. 4,5), indicating that increasing 

the amount of MoS2 was much more effective than that of either H2O2 or Fe2+ in 

improving the reaction rates of AOPs.  It is worth mentioning that the activity for the 

MoS2 co-catalytic AOPs under the visible light irradiation is obviously better than that in 

the dark, owing to the sensitization of RhB by light which is beneficial to the Fe2+/Fe3+ 

cycle.  Although significant enhancement can already be obtained in dark, performing the 

reaction under visible light irradiation may further improve the oxidation power of AOPs. 
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The apparent kinetic equation in the dark is:  

4 2 2 2lg( ) [ ] [ ] [ ]-0.76635 0.30728 0.83229V dc/dt 7.583 FeSO H O MoS              (4) = − =  

And the apparent kinetic equation in the visible light is:  

lg( ) [ ] [ ] [ ]-0.76674 0.25557 0.82500
4 2 2 2V dc/dt 9.101 FeSO H O MoS            (5)= − =  
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Figure 4.1︱Microstructure characterization of commercial MoS2. a, TEM image for 
the commercial MoS2 (< 2 µm). b, Raman spectrum for the commercial MoS2 (< 2 µm). c, 
Monolayer of 2H-allotropes of MoS2 composed of prismatic units MoS6 (the top views 
are depicted). d, Schematic structural model corresponding to the 2H-structure. 
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Figure 4.2︱Investigation on the influence factors in the MoS2 co-catalytic AOPs. a-
b, Effect of pH value on the activity of MoS2 co-catalytic AOPs in the dark (a) or under 
the visible light (b) irradiation (100 mL solution included 0.02 g/L FeSO4·7H2O, 0.1 
mmol/L H2O2, 0.3 g/L MoS2 and 20 mg/L RhB, which was adjusted the pH value by 
adding the 0.1 M HCl and irradiated under the visible light (λ > 420 nm) for 30 minutes). 
c-d, Effect of the dosage of initial FeSO4·7H2O (0.02 g/L, 0.03 g/L, 0.04 g/L, 0.08 g/L) 
on the activity of AOPs in the dark (c) or under the visible light (d) irradiation (pH=4, 
MoS2: 0.3 g/L, H2O2: 0.1 mmol/L; λ> 420 nm). e-f, Effect of the dosage of MoS2 (0.1 g/L, 
0.2 g/L, 0.3 g/L, 0.4 g/L) on the activity of AOPs in the dark (e) or under the visible light 
(f) irradiation (pH=4, FeSO4·7H2O: 0.02 g/L, H2O2: 0.1 mmol/L; λ> 420 nm). g-h, Effect 
of the dosage of initial H2O2 (0.1 mmol/L, 0.2 mmol/L, 0.4 mmol/L, 0.8 mmol/L, 1.2 
mmol/L) on the activity of AOPs in the dark (g) or under the visible light (h) irradiation 
(pH=4, FeSO4·7H2O: 0.02 g/L, MoS2: 0.3 g/L; λ> 420 nm). 
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Figure 4.3︱Apparent kinetic calculation. a, The fitting line between –lg(dc/dt) and 
lg[Fe2+]0, in the dark. b, The fitting line between –lg(dc/dt) and lg[Fe2+]0, under the 
visible light irradiation. c, The fitting line between –lg(dc/dt) and lg[MoS2]0, in the dark. 
d, The fitting line between –lg(dc/dt) and lg[MoS2]0, under the visible light irradiation. e, 
The fitting line between –lg(dc/dt) and lg[H2O2]0, in the dark. f, The fitting line between 
–lg(dc/dt) and lg[H2O2]0, under the visible light irradiation.  
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Figure 4.4︱MoS2 co-catalytic AOPs performance under different conditions. a, 
Degradation of RhB by AOPs under visible light illumination (λ> 420 nm) under the 
optimal conditions: 100 mL aqueous solution; 0.02 g/L Fe(SO4)·7H2O (if present), 0.3 
g/L MoS2 (< 2 µm, if present), 0.4 mmol/L H2O2, and 20 mg/L RhB. b, Degradation of 
RhB by AOPs in dark for the degradation of RhB under the optimal conditions. c, Visible 
light-driven degradation of real wastewater (fine chemical wastewater) using 
MoS2+FeSO4+H2O2 AOP system under the optimal conditions (original COD of 10400 
mg/L, 0.4 mmol/L H2O2 + 0.07 mmol/L Fe2+). d. EPR spectra for the detection of •OH in 
the presence of 5,5-Dimethyl-1-Pyrrolidine-N-oxide (DMPO) at room temperature. e, 
Effect of amount of MoS2 (~ 30 µm) on the degradation rate of RhB under the visible 
irradiation for 5 minutes. f, Activity comparison of AOPs with differently sized MoS2 
particles as the co-catalyts. 
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Using the above results, we fixed the optimal reaction conditions as follows: to a 100 mL 

of water containing 20 mg/L RhB, we added 0.002 g FeSO4·7H2O (0.07 mmol/L), 0.030 

g MoS2, 0.004 mL H2O2 (0.4 mmol/L), and then irradiated the solution with visible light 

(λ > 420 nm) for 5 minutes (Fig. 4.4a).  Not surprisingly, the RhB was degraded almost 

completely within 20 seconds, while less than 30% of RhB was decomposed even after 

300 s of irradiation in a control experiment where MoS2 was absent.  The degradation of 

RhB by the MoS2 and H2O2 combination was negligible because the indirect bandgap of 

multilayered commercial MoS2 could not drive direct decomposition of H2O2 into •OH 

under visible light irradiation199-200.  The low activity of FeSO4+MoS2 in the absence of 

H2O2 confirmed that H2O2 was the source of •OH.  It is important to highlight that even 

in the absence of light irradiation the MoS2 still showed a significant co-catalytic activity 

in AOPs for the degradation of RhB, which is much better than that of FeSO4+H2O2 and 

MoS2+H2O2 systems (Fig. 4.4b).  The enhanced UV-light-driven activity for the 

degradation of RhB is another indication of the co-catalytic activity of MoS2 in AOPs 

(Fig. 4.5).  In addition to RhB, MoS2 can also co-catalyze AOPs for the decomposition of 

other pollutants, such as the colorless phenol (Fig. 4.6), suggesting its broad applicability 

for catalytic degradation of organics in wastewater.  
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Figure 4.5︱UV light (~365 nm) driven MoS2 (< 2 µm) co-catalytic AOPs for the 
degradation of RhB (20 mg/L) under the optimal conditions. 
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Figure 4.6︱Visible light (λ> 420 nm) driven MoS2 (< 2 µm) co-catalytic AOPs for the 
degradation of phenol (20 mg/L) under the optimal conditions. 
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To further highlight the potential of MoS2 co-catalytic system for the treatment of real 

wastewater, we carried out the degradation of fine chemical (benzenoid) wastewater 

(from a fine chemical factory) which has an original COD of 10400 mg/L (Fig. 4.4c).  

After 1-h irradiation, the COD removal rate by MoS2+FeSO4+H2O2 has been increased to 

65% which was much higher than the case without MoS2 (12%).  And the COD can be 

further decreased to 360 mg/L after 7-h irradiation, which has reached the China National 

Grade III water quality discharge standard (GB4287: 500 mg/L).  To the best of our 

knowledge, the MoS2+FeSO4+H2O2 system has set a new record for the cost-effective 

treatment of wastewater with a high original COD (> 10000 mg/L) using such a low 

dosage of H2O2 and Fe2+.  Compared with the very weak electron paramagnetic 

resonance (EPR) signals over MoS2+H2O2 and FeSO4+H2O2 systems, the 

MoS2+FeSO4+H2O2 system displayed the characteristic quartet signals of •OH (Fig. 

4.4d)201, supporting the observation of efficient co-catalytic activity of MoS2 for the 

decomposition of H2O2.  The yield of •OH in AOPs was measured by recording the 

increase in the photoluminescence (PL) signal of hydroxybenzoic acid resulting from the 

capture of •OH by the benzoic acid202.  Compared to the data of FeSO4+H2O2 and 

FeSO4+MoS2, the FeSO4+MoS2+H2O2 solution exhibited a significantly enhanced PL 

signal (Fig. 4.7), which further confirmed the co-catalytic effect of MoS2 on the 

conversion of H2O2 into •OH.  The decomposition efficiency of H2O2 represents an 

important index to evaluate the performance of AOPs.  We heated a 0.4 mmol/L solution 

of H2O2 to decompose the H2O2 into •OH completely.  
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Figure 4.7︱Photoluminescence spectra of blank benzoic acid and benzoic acid mixed 
with different solutions under the visible light irradiation for 5 minutes. 
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Figure 4.8︱Calculation of the conversion efficiency of H2O2 into •OH. a, PL spectra 
of the H2O2 mixed with benzoic acid with the increase of the heating time at 90 oC. 4.0 
µL H2O2 can be completely decomposed in 100 mL aqueous solution by heating it at 90 
oC for 120 min. b, PL spectra of hydroxybenzoic acid generated under different 
conditions. The decomposition efficiency of H2O2 can be obtained by the division of PL 
intensities. 
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Figure 4.9︱Effect of MoS2 size on the performance of AOPs. a, Photographs of the 
commercial MoS2 purchased from different companies. b, SEM image for the 
commercial MoS2 with the size of ~30µm purchased from Alfa Aesar. c, Effect of the 
dosage of large sized MoS2 on the activity of AOPs for the degradation of RhB under the 
visible light. The dosages of Fe(SO4)·7H2O and H2O2 are fixed at 0.02 g/L and 0.4 
mmol/L, respectively. 
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Measurement of the PL intensity by addition of hydroxybenzoic acid was used to 

calculate the decomposition efficiency of H2O2 in the AOPs (Fig. 4.8).  Based on the 

changes in the PL intensities, the conversion efficiency of H2O2 into •OH was calculated 

to be as high as 75.2% due to the promotion by MoS2, which is much higher than the 28.0% 

for the conventional AOPs without MoS2.  

 

The co-catalytic effect of MoS2 is size and dosage dependent, similar to the typical 

heterogeneous catalysts.  With the same dosage of 0.3 g/L, the larger-sized MoS2 

particles (~ 30 µm, Fig. 4.9a,b) showed a much lower activity toward the degradation of 

RhB than the smaller ones (< 2 µm, Fig. 4.4a and Fig. 4.9c).  As discussed later in detail, 

the size dependence of the activity can be attributed to the number of exposed edge S 

atoms on MoS2 particles.  On the other hand, the co-catalytic activity of large-sized MoS2 

grains can be improved by increasing their dosage while keeping the dosages of Fe2+ and 

H2O2 constant (Fig. 9c).  More interestingly, the activity of the RhB degradation is 

simply proportional to the mass of added MoS2.  No poisoning effect was observed (Fig. 

4.4e), which is consistent with the nature of the co-catalytic effect of MoS2 in AOPs.  

Additionally, when the larger-sized MoS2 (~ 30 µm) particles are increased to 3.0 g/L, 

the corresponding activity is very similar to that of the smaller MoS2 (< 2 µm) employed 

at a dosage of 0.3 g/L (Fig. 4.4f).  We found that the AOP activities varied for MoS2 

particles purchased from different companies due to their different size and size 

distribution, but all showed similar dosage dependence.  
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Figure 4.10︱WS2 and other metal sulfides co-catalytic AOPs performance. a, 
Degradation of RhB by AOPs under visible light illumination (λ> 420 nm) with WS2 
particles as the co-catalyt: (100 mL solution including 0.02 g/L Fe(SO4)·7H2O, 3.0 g/L 
WS2 or 3.0 g/L TiO2, 0.4 mmol/L H2O2, and 20 mg/L RhB). b, Other metal sulfides (0.3 
g/L) as the co-catalysts for H2O2 decomposition in AOPs for the degradation of RhB 
under visible illumination (λ> 420 nm). 
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Figure 4.11︱UV light (~365 nm) driven WS2 co-catalytic AOPs for the degradation 
of RhB. 100 mL solution including: 0.02 g/L Fe(SO4)·7H2O, 3.0 g/L WS2, 0.4 mmol/L 
H2O2, and 20 mg/L RhB. 
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We discovered that other metal sulfides with unsaturated S atoms on their surfaces could 

display a similar co-catalytic effect in AOPs.  For instance, WS2 is similar to MoS2 in 

many aspects including crystal structure and physical properties203-204.  As expected, this 

compound could also exhibit a co-catalytic effect in AOPs for the degradation of RhB 

both under visible and UV light irradiation (Fig. 4.10a and Fig. 4.11), likely owing to its 

role in the acceleration of Fe3+/Fe2+ cycle during AOPs.  Conversely, semiconductors 

without the unsaturated S atoms such as the TiO2 display a very low activity for visible-

light-driven AOPs (green line in Fig. 4.10a).  In addition to MoS2 and WS2, other metal 

sulfides such as Cr2S3, CoS, PbS and ZnS were also found to show a significant 

enhancement effect to the photo-degradation of RhB (Fig. 4.10b and Fig. 4.12). 
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Figure 4.12︱XRD spectra for different metal sulfides. a, XRD spectra of WS2, Cr2S3, 
CoS, PbS and ZnS. b, Amplification of XRD spectrum of Cr2S3 prepared by a 
hydrothermal method: a solution of 2.0 Cr(NO3)3·9H2O, 1.2 g thioacetamide and 20 mL 
H2O was hydrothermal treatment at 180 oC for 12h to obtain the Cr2S3 powders. 
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4.3.2 Stability of the MoS2 Co-catalytic AOPs Performance  

We confirmed the stability of MoS2 as a co-catalyst for AOPs by carrying out a 10-cycle 

test (Fig. 4.13a).  The TOC degradation rate was found to remain at ~ 90% after the 10 

cycles (Fig. 4.13b), which is much higher than that of the conventional AOPs (20%) 

without the assistance of MoS2.  The mass and microstructure of MoS2 were almost 

unchanged after 10 cycles of catalytic reactions (Fig. 4.13c-e, ICP-OES mass loss: 0.009 

wt%), a further indication of the stability of MoS2 as a co-catalyst.  The low dosage of 

Fe2+ (0.07 mmol/L) and H2O2 (0.4 mmol/L) used in the MoS2 co-catalytic AOPs can 

effectively prevent the formation of iron cement, thus avoids catalyst poisoning. 
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Figure 4.13︱Cycling test of the catalytic performance of AOPs with MoS2 as the 
co-catalyst under visible light irradiation. a, Concentration change of RhB; b, TOC 
degradation rate. c-e, XRD patterns (c) and TEM images of the MoS2 particles (< 2 µm) 
(d) before and (e) after the 10 cycles of AOPs.  
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4.3.3 Mechanism Investigation  

Figure 4.14a illustrates our proposed mechanism of the catalytic reactions involving 

MoS2 as the co-catalyst.  The first step is the capture of protons by unsaturated S atoms 

on the surface of MoS2 to form H2S and then followed by the oxidization of the surface 

Mo4+ to Mo6+
.  The oxidation reaction is coupled with the reduction of Fe3+ to Fe2+ (Eq. 

6), thus greatly improving the reaction rate of the originally rate-limiting step Eq. (2) in 

the conventional AOPs.  Further reduction of Mo6+ back to Mo4+ with the aid of H2O2 

upon the Fenton reaction ensures the catalytic cycling of MoS2 (Eq. 7). 

4+ 3+ 6+ 2+

6+ 4+
2 2 2 2

Mo +Fe Mo +Fe                                                                               (6)
Mo +H O Mo +H O+O                                                                       (7)

→

→  
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Figure 4.14︱ Investigation on the mechanism of MoS2 co-catalyzed AOPs. a, 
Schematic illustration of the co-catalytic mechanism of MoS2 in AOPs. b, UV spectra of 
AgNO3, MoS2 supernatant, and their mixture. c, EPR spectrum of commercial MoS2 after 
washing and drying. d, Raman spectra of MoS2 and MoS2 after mixing with Fe3+ (FeCl3 
solution). e, Raman spectra of Fe3O4 (commercial), MoS2 (commercial) and MoS2/Fe3O4 
composite prepared through direct mixing in water. f-g, XPS spectra of Mo 3d (f) and S 
2p (g) of MoS2 before and after mixing with Fe3O4 (composite).  
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To confirm the proposed mechanism, we first detected the formation of H2S by UV-vis 

measurements (Fig. 4.14b).  We compared the extinction spectra of an aqueous solution 

of AgNO3, the supernatant of a MoS2 aqueous dispersion, and their mixture.  The broad 

absorption curve in the UV range corresponding to Ag2S was observed, indicating the 

existence of H2S in the reaction solution205.  The production of H2S was further 

confirmed by pH measurement.  In Fig. 4.15, the initial pH of the 0.3 g/L MoS2 solution 

was 4.0~4.5, which was acidic.  By washing the sample with pure water for several times, 

the pH value increased to near neutral due to the removal of H2S.  It is worth noting that, 

contrary to the previous discovery in hydrogen evolution reaction (HER) that the surface 

of MoS2 could capture protons206-208, we found that the unsaturated S atoms could be 

removed from the MoS2 surface by binding with protons to form H2S 209.  We further 

carried out EPR measurement to provide another evidence for the removal of S atoms 

from the MoS2 surface.  As shown in Fig. 4.14c, after being washed with pure water and 

dried, the MoS2 powder displayed a signal at g = 2.0, indicating the presence of sulfur 

vacancies210.  After the removal of S atoms, the exposed Mo4+ became very reactive, 

facilitating the reduction of Fe3+ to Fe2+ (Eq. 6).   
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Figure 4.15︱pH value of MoS2 solution after washing with water for different times. 
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The oxidation-reduction reaction proposed in (Eq. 6) was then verified by Raman 

measurements.  As presented in Fig. 4.14d, after mixing MoS2 and Fe3+ in aqueous 

solution, Mo7O24
6- species were discovered with the typical Mo-O terminal bonds located 

at 950 cm-1 211.  To further confirm the reduction capability of the exposed Mo4+, more 

concrete evidence was acquired by analyzing the interaction between MoS2 and Fe3O4 

powders.  As shown in Fig. 4.14e, the mixed powders displayed three Raman shifts 

located at 280, 825 and 991 cm-1, which correspond to Mo-O (B2g, B3g), Mo2-O (Ag, B1g) 

and Mo=O (Ag, B1g) modes of MoO3, indicating the oxidation of Mo4+ to Mo6+ by 

forming a Mo-O-Fe bond.  The bond formation can also be evidenced by the fact that the 

simple mixture of the MoS2 and Fe3O4 powders can be completely separated by applying 

an external magnetic field (Fig. 4.16).  As commercial MoS2 and Fe3O4 powders with 

clean surfaces (as demonstrated by the FTIR measurement in Fig. 4.17) were used in 

these experiments, we can rule out the possibility of surface complexation through other 

species such as capping ligands.  Further, as shown in Fig. 4.18, no new phases such as 

MoO3 could be detected in the XRD pattern of the composite, indicating the redox 

reactions only occurred at the interface of the two powders.  The oxidation of the exposed 

Mo4+ was further confirmed by XPS measurements.  In Fig. 4.14f, the mixed powder 

showed a new peak at 236 eV in the XPS Mo 3d spectra, which corresponds to Mo6+, 

further confirming the formation of MoS2/Fe3O4 composite through an oxidation reaction 

of exposed Mo4+ of MoS2
212-213.  With no obvious change being observed in the S 2p and 

Fe 2p spectra, the formation of Fe-S bonds between Fe3O4 and MoS2 powders could be 

excluded (Fig. 4.14g and Fig. 4.19).  Moreover, the origin of the O during the formation 
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of Mo-O-Fe bond was further studied.  As shown in Fig. 4.20, when the MoS2 and Fe3O4 

powders were mixed using propylamine as the solvent, the three typical Mo6+-O bonds 

could still be observed in the Raman spectra, indicating that the O in Mo-O-Fe bond was 

originated from Fe3O4 rather than water, consistent with the proposed mechanism of 

electron transfer from Mo to Fe.  In summary, the above results clearly support the 

proposed catalytic mechanism of the MoS2 co-catalytic AOPs: the rate-limiting step of 

reduction of Fe3+ to Fe2+
 is promoted by the oxidization of Mo4+ to Mo6+, which is made 

possible by the removal of S atom from the surface of MoS2 by protons in the solvent.   
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Figure 4.16︱Digital image of magnetic separation of MoS2/Fe3O4 mixture and MoS2. 
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Figure 4.17︱FTIR of commercial MoS2 and Fe3O4 and their mixture. 
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Figure 4.18︱XRD patterns of MoS2, Fe3O4 and their composite (from bottom to top). 
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Figure 4.19︱Fe 2p XPS spectrum of Fe3O4 before and after mixing with MoS2 

(composite). 

 

 



 161 

 

Figure 4.20︱ Raman shift of dried MoS2 powder, MoS2 in propylamine and 
complexation of MoS2 and Fe3O4 in propylamine.  
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4.3.4 Scale-up Experiment Test  

To highlight the potential of the MoS2 co-catalytic AOPs for industrial applications, we 

have scaled up our testing system from 100 mL to 1.0 L.  As shown in Fig. 4.20a, the 

FeSO4+MoS2+H2O2 mixture still displayed excellent catalytic performance.  The kinetics 

of the AOPs during the first 60 seconds of irradiation can be approximated as a first-order 

reaction (Fig. 4.20b).  The reaction rate constant (Ka) value for the FeSO4+MoS2+H2O2 

mixture is 18.5 times of that of the FeSO4+H2O2 system (3.7 × 10-2·s-1 vs. 0.2×10-2·s-1).  

We have varied the dosage of H2O2 from 0.4 to 200 mmol/L in the FeSO4+H2O2 case (the 

conventional AOPs, Fig. 4.20c), and found the optimum activity at a concentration of 1.0 

mmol/L (an obvious decrease could be observed when H2O2 was higher than 1.0 mmol/L 

due to the fact that H2O2 is also a powerful •OH scavenger at a high dosage214).  However, 

even the optimal activity of the FeSO4+H2O2 mixture (H2O2 = 1.0 mmol/L) is still much 

lower than that of FeSO4+MoS2+H2O2 at a lower concentration of H2O2 (0.4 mmol/L).  

Apparently, the strategy to improve the catalytic efficiency of AOPs by just increasing 

the concentration of H2O2 is as effective as by adding a co-catalyst of MoS2.  The co-

catalytic effect of MoS2 is also applicable for other cations which can catalyze AOPs in 

the presence of H2O2, such as Ni2+, Mn2+, and Cu2+ (Fig. 4.20d), further suggesting the 

universal applicability of metal sulfides as co-catalysts in various AOPs. 
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Figure 4.21︱Scale-up tests of the MoS2 (< 2 µm) co-catalytic AOPs. a, AOPs driven 
by visible light (λ> 420 nm) for the degradation of RhB in a 1.0-L solution including 0.02 
g/L Fe(SO4)·7H2O, 0.3 g/L MoS2, 0.4 mmol/L H2O2, and 20 mg/L RhB. b, Comparison 
of the apparent rate constant (Ka) of AOPs with and without MoS2 for the degradation of 
RhB under the visible light irradiation. c, Comparison of the activities of AOPs for the 
degradation of RhB with different dosage of H2O2 (1.0 L solution including 0.02 g/L 
Fe(SO4)·7H2O, 0.4 ~ 200 mmol/L H2O2, and 20 mg/L RhB; red: in the presence of 0.3 
g/L MoS2, blue: in the absence of MoS2). d, The co-catalytic effect of MoS2 in AOPs 
catalyzed by other transition metal ions (Mn+ = Ni2+, Mn2+, and Cu2+) for the degradation 
of RhB under the visible light irradiation.  
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4.4 Conclusions 

We have demonstrated a significant co-catalytic effect of metal sulfides for enhancing the 

conversion efficiency of H2O2 to •OH and decreasing the generation of iron cement 

during AOPs.  By using MoS2 as an example, we show that the co-catalytic effect works 

by promoting the rate-limiting step of the reduction cycle of Fe3+ to Fe2+, which is 

facilitated by the removal of unsaturated sulfur atoms and the oxidation of the Mo4+ on 

the surface of MoS2. This greatly enhanced performance is achieved by using commercial 

metal sulfide powders, and further optimization can be made by reducing the particle size.  

The co-catalytic effect of the metal sulfides is general and can be successfully applied to 

many kinds of AOPs involving a variety of transition metals.  We believe this discovery 

will lead to great advances in the practical use of AOPs in the field of environmental 

remediation.  
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Chapter 5 

Shape Switching Patchy Particles: Fine-Tuning of 

Spreading Coefficient Upon Post-Treatment 

 

5.1 Introduction 

 

The capability to elaborate complex shape and function of colloidal entities is particularly 

significant for its fundamental merits in exploration of self-assembly and for practical 

applications in electronic, magnetic, optical, and catalytic devices. 5, 16, 89, 215-216 Over the 

past decades, tremendous synthetic strategies have been developed to fabricate “colloidal 

molecules”217 and “patchy particles”86, 218-219 with complex and arbitrary structures and 

functionalities, comprising Janus,87 multipod,88 daisy,220 raspberry221 and ice-cream 

cones-like structures.222 Although the development of synthetic tactics has achieved 

copious quantities of colloidal particles of good uniformity, both our current 

understanding of various physical phenomena and our capability to fabricate new 

functional material still need to be enriched. 

 

The innovation of recent efforts, however, is that beyond the synthetic approaches of 

fabricating the complex and beautiful structures, intricate colloidal particles created by a 
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second step of post-treatment could reveal more unprecedented three-dimensional design 

of microstructures.21, 223 The results of Zheng et al. exemplify the fruits of this 

technique.90 The authors achieved shifting of the patchy shape between concave and 

convex features based on the swelling/deswelling of polymer matrix by different 

solvents. Equally impressive results published by Yoossef et al.,20 Tu et al.17 and Klinger 

et al.224 showed the shape changing based on stimuli responsive polymer. Nevertheless, 

in direct contrast to the synthetic strategies, the ability to control the shape and 

functionality by post-treatment is still in its infancy. In addition to the shape feature of the 

patches, the tuning or switching of quantity, curvature, hydrophobicity, and function of 

the patches has not being realized. Moreover, the exploration of post-treatment could 

reveal more than just a pretty structure with future success being critical for broadening 

the current understanding of physical phenomena and applications ranging from drug 

delivery to artificial camouflage. 

 

In this article, we proposed a post-treatment method based on the fine-tuning of spreading 

coefficient S, which enables the shape shifting of the patchy particles in highly 

predictable manners. In seeded emulsion polymerization, the resulting equilibrium 

configuration is determined by the wetting of seed surface (s) by polymer (p) in the water 

phase (w), which can be described in terms of interfacial tensions and spreading 

coefficient by Young’s equation: Sp = γsw - (γsp + γpw).225-226 When Sp is positive, the 

surface of seed is completely wetted by polymer, resulting in core-shell structures. 

Otherwise, partial wetting or dewetting happens when Sp is negative. Not limited to 
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synthetic process, through post-heating of the assynthesized colloidal particles above the 

glass transition temperature of polymer (Tg) in different solvents, γsw and γpw would be 

readily changed, as a result, the sign of Sp is tuned, which triggers the shape switching of 

the patches. In addition, since Sp represents a thermodynamic parameter aiming at 

minimizing the free surface energy, which means that the equilibrium configuration is 

only determined by the dispersion solvent, we demonstrated reversible shape switching 

by alternating the solvents. Moreover, kinetically, by precisely controlling the heating 

time, intermediate structures with controlled number of patches on the surface were 

captured by subsequent rapid temperature quenching before reaching the equilibrium 

state. At last, we demonstrated the potential of this method in fabricating multifunctional 

materials by growing Pt on selective area of the seeds, which was not occupied by 

polymer patches. Such an approach, in which colloidal particles are first formed and then 

develop more intriguing structures by post-heating, allows unprecedented control over 

the morphology of the materials, as well as enables anisotropic functionality on materials 

by modification of selective area in a controlled manner.    
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5.2 Materials and Methods 

 

5.2.1 Materials 

 

Anhydrous iron (III) chloride (FeCl3, 98%) was purchased from Alfa Aesar and sodium 

hydroxide (NaOH, 98.8%), ammonium hydroxide (28%), sodium dodecyl sulfate (SDS, 

99%), sodium borohydride (NaBH4, 99%) and ethylene glycol (EG, 99%) were 

purchased from Fisher Scientific. Diethylene glycol (DEG, reagent grade), poly (acrylic 

acid) (PAA, Mw=1800), tetraethyl orthosilicate (TEOS, 98%), styrene (St, 99%), 

potassium persulfate (KPS, 99%), ascorbic acid (AA, 99%), [3-

(methacryloyloxy)propyl]trimethoxysilane (MPS, 98%), , propylene carbonate (PC, 

99.7%), sodium citrate dehydrate (TSC, 99%), (3-aminopropyl)triethoxysilane (APTES, 

98%) and chloroplatinic acid hexahydrate were purchased from Sigma-Aldrich and 

ethanol (200 proof) (EtOH) was purchased form Decon Laboratories. Sodium p-

styrenesulfonate hydrate (NaSS, 93%) was purchased from TCI. All chemicals were used 

as purchased without further purification. 
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5.2.2 Synthesis of Silica/PS Nanocomposite 

 

Unless stated, all of the syntheses were carried out under standard Schlenk line operation.  

 

5.2.2.1 Colloidal Nanocrystal Clusters (CNCs)22 

Uniform superparamagnetic CNCs were synthesized by reacting 0.4 mmol FeCl3 with 

NaOH at around 220 °C in a DEG solution containing 4 mmol PAA as surfactant. After 

several times washing with ethanol and water, the CNCs were dispersed in 3 mL of H2O 

(ca. 8.6 mg/mL).  

 

5.2.2.2 CNCs@SiO255 

Subsequently, 1 mL NH3�H2O and 20 mL ethanol were mixed with the CNCs dispersion 

under sonication. After the mixture was transferred into a three-neck flask under 

mechanical stirring at 600 rpm, 100 µL of TEOS was injected and stirred for one hour, 

after which the sample was washed with ethanol for 4 times and finally dispersed in 20 

mL of EtOH. 

 

5.2.2.3 MPS Modification of CNCs@SiO2
31 

Certain amount of MPS was added to above solution and mechanical stirred at room 

temperature for 48 hours. And then the solution was centrifuged and washed with EtOH 

for two times and finally dispersed in 3 mL of EtOH. 
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5.2.2.4 CNCs@SiO2@PS31 

Under the mechanical stirring, 30 mL of distilled water containing 2 mmol SDS was 

mixed with the above solution and degassed with nitrogen for 30 min. After that, 1 mL St 

and 0.1 mL of 0.05 g/mL NaSS were injected, followed by degassing for another 15 min. 

The temperature of the solution was raised to 75 °C and 1 mL of 0.02 g/mL KPS solution 

was injected to initiate the polymerization. After reacting for 7 hours, the final products 

were washed through centrifugation and magnetic separation to remove the free PS 

particles, and finally, dispersed in 3 mL water. 

 

5.2.3 Post-Treatment of CNCs@SiO2@PS  

 

The above solution was diluted 20 times by the selected solvent (DEG, EG or PC) 

followed by heating in oil bath at 160 °C for 20 min to allow the fusion of polymer and 

reaching the new equilibrium state. And then the particles were collected by 

centrifugation and washed with water and ethanol for three times. 

 

 

 

 

 



 175 

5.2.4 Selective Growth of Pt on Patchy Particles 

 

Unless stated, the following procedures were performed on 1/20 batch of 

CNCs@SiO2@PS particles. 

 

5.2.4.1 Pt Seed227 

26 mL of 2.8 mM TSC solution was added to 50 mL of 0.4 mM chloroplatinic acid 

hexahydrate under magnetic stirring followed by adding 5 mL of 12 mM NaBH4 in a 

drop-wise way, accompanying color change from colorless to light brown. After magnetic 

stirred at room temperature for 2 hours, the above solution was stored in refrigerator at 

4 °C for future use. 

 

5.2.4.2 APTES Modification228 

The patchy particles were dispersed in 5 mL isopropanol followed by addition of 50 µL 

APTES. After mechanical stirred overnight, the particles were washed with isopropanol 

for 4 times and water for twice. Finally, the particles were dispersed in 1 mL Mili-Q 

water. 

 

5.2.4.3 Pt Seed Loading 

To ensure sufficient seed loading, 2 mL above Pt seed solution was added to the APTES 

modified patchy particles followed by sonication for 30 min. And then the particles were 
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washed with water for three times to remove the excess Pt seeds. Finally, the particles 

were dispersed in 1 mL of Mili-Q water. 

 

5.2.4.4 Seeded Growth of Pt229 

The mole ratio between chloroplatinic acid hexahydrate and AA is 1:10. The amount 

varies with the thickness requirement of Pt shell. For the thinner Pt shell coating, 10 µL 

of 0.01 M chloroplatinic acid and 10 µL of 0.1 M AA were used. After the addition of 

precursor and reducing agent, the solution was placed in oven of 65 °C and kept for 30 

min. The color of the solution should turn from light yellow to dark grey or black after 

the seeded growth of Pt. And then the particles were washed with water for several times. 
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5.2.5 Removing of PS Patches 

 

To remove the PS patches, the particles were washed with ethanol for several times to 

remove the water followed by addition of 1 mL toluene. After swelling for 1 min, the 

sample was centrifuged and washed with EtOH and water for several times. 

 

5.2.6 Characterization 

 

Transmission electron microscopy (TEM) studies were carried out using a Tecnai 12 

microscope with an acceleration voltage of 120 kV and Fourier transform infrared 

spectroscopy (FTIR) spectra were collected with a Nicolet 6700. The glass transition 

temperature of PS was determined by differential thermal analysis (DTA) with a Seiko 

Instruments SII SCC/5200. The parameters of contact angle were measured by Nano 

Measurer and ImageJ and calculated based on a literature. 230 
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5.3 Results and Discussion 

 

5.3.1 Syntheses and Characterization of CNCs@ SiO2@PS 

 

We started with the synthesis of magnetic CNCs using a hydrothermal reaction followed 

by SiO2 coating with a modified Stöber method. As shown in the TEM image in Figure 

5.1a, the overall size of the CNCs@SiO2 is around 190 nm with shell thickness around 28 

nm. The particle surfaces were then functionalized with a monolayer of coupling agent 

MPS through the siloxane linkage. Each MPS molecule contains a C=C double bond, 

which copolymerizes with St monomers upon initiation, promoting the growth of 

polymer on the particle surfaces. To confirm the existence of C=C, we performed FTIR 

on the CNCs@SiO2 before and after MPS modification with MPS as the reference. As 

illustrate in Figure 5.1b, MPS showed characteristic peaks around 1700 and 1635 cm-1, 

corresponding to the typical stretching of C=O and C=C groups (black curve). After MPS 

modification, the sample only showed the typical IR peak of C=O around 1700 cm-1 due 

to the relative weak signal of C=C. However, the signal of C=O can still work as an 

effective indicator of its successful surface modification on CNCs@SiO2. 

 

After surface modification, polystyrene was then coated on the uniform CNCs@SiO2 

particles through one-step emulsion polymerization of styrene using MPS grafted 

CNCs@SiO2 as seeds, SDS as surfactant and KPS as initiator. Figure 5.1c-e showed 
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typical TEM images of the resulting colloids with clearly distinguished three layers of 

Fe3O4, SiO2 and PS. Interestingly, the number of PS patches on the silica and the overall 

morphology of the colloidal particles varied from each other, including bowtie, flower-

like and core-shell structures, which can be attributed to the variation in the density of 

coupling agent on the surface of SiO2. When 50 µL MPS was used during surface 

modification process, bowtie-like structure with two polymer patches attached to the 

silica core was obtained. It is because, at the initial stage of polymerization, with limited 

amount of double bonds modified on the silica surface, few polymer seeds were 

deposited on the seeds through copolymerization reaction. After absorbing styrene 

monomers, the polystyrene shell tends contract and reduce the surface area as a result of 

interfacial tension between the hydrophilic silica and hydrophobic polystyrene, resulting 

in asymmetric distribution of polymer around the seeds. Lacking of driving force of 

further combination when the two polystyrene patches occupied the South and North Pole 

of the seed, bowtie-like structure with the two patches opposite positioned was achieved. 

With increased density of coupling agent, more polymer seeds were being able to loaded 

at the initial polymerization state, resulting in more patches around the core with a 

flower-like structure. It’s worth noting that, the size of the patches is more uniform in the 

flower particles than the bowtie case, due to the relatively uniform distribution of 

coupling agent with higher density. Further increased the amount of MPS to 200 µL, the 

reduced interfacial tension allows the fully engulfing of silica core by polymer shell. 

However, the core is still eccentric positioned in the polymer shell due to the low 

viscosity of the linear polymer network in the absence of crosslinker.31 
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Figure 5.1. a) TEM image of CNC@SiO2; b) FTIR of MPS (black), CNCs@SiO2 before 
(red) and after (green) MPS modification; TEM images of CNCs@SiO2@PS with 
different amount of MPS modification c) 50, d) 100 and e) 200 µL; f) TGA of PS on the 
seed particles. Scale bars: 200 nm. 
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To facilitate the post-treatment, the glass transition temperature (Tg) of the coated PS was 

examined by differential thermal analysis (DTA). As shown in Figure 5.1f, Tg of PS was 

determined around 100 °C. When heated above glass transition temperature, the polymer 

shell would be softened. Driven by the minimization of Gibbs free energy, shape 

changing towards equilibrium structure will be initiated.  

 

5.3.2 Post-Treatment of Core-Shell Structure  

 

A core-shell structured sample prepared with 200 µL MPS modification (core-shell-200) 

was firstly selected to perform the post-treatment. In Figure 5.2a, the core-shell-200 

showed very good uniformity and dispersity with overall size of 350 nm and averaging 

thickness of PS coating of 30 nm. In a typical post-treatment process, the particles were 

firstly diluted by 20 times in the chosen solvent under sonication to avoid interparticle 

fusion upon heating and enable thoroughly interaction between particles and their 

surrounding solvent. Afterwards, the solution was heated up in a oil bath at 160 °C for 20 

min, which allows the softening of polymer coating with sufficient flexibility as well as 

provides adequate time of shifting to the new equilibrium configuration driven by 

minimizing the free surface energy. After heated for 20 min in diethylene glycol (DEG), 

ethylene glycol (EG) and propylene carbonate (PC) respectively, the resulting 

morphology of the particles was characterized by TEM and showed in Figure 5.2b-d. 

When the post-annealing was conducted in DEG, total wetting of PS around multiple 

silica seeds was observed in Figure 5.2b. However, dewetting was revealed 
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accompanying shape shifting from full coating to half or even less coverage when EG or 

PC was chosen as the dispersion.  

 

In the post-treatment process, the equation of spreading coefficient should be rewrite as: 

Sp = γs,solvent - (γsp + γp,solvent), with the three parameters corresponding to the interfacial 

tension of silica/solvent, silica/PS and PS/solvent. When the synthesized particles were 

dispersed in DEG solution, compared to the synthetic conditions in water, the interfacial 

tension between silica and DEG is larger than that with water (γs,DEG > γs,w ) and γp,solvent 

is smaller (γp,DEG < γp,w). As a result, wetting of PS on silica happened driven by the 

positive Sp. While dispersed in EG, γp,solvent was increased, due to the relative low affinity 

between EG and PS compared to DEG, which resulted in a negative spreading 

coefficient. That’s why transformation from full to half coating was observed in EG. 

Further increase γp,solvent  by utilizing a more PS hated solvent PC,231 driven by the 

negative Sp with larger absolute value, more obvious shape switching was discovered 

with the only about 10% coverage of polymer on the silica core.  To better describe the 

shifting of shape, the contact angle of PS on SiO2 surface was carefully measured and 

calculated.230 As shown in Figure 5.2e. With the decreasing of the affinity between 

polymer and solvent, the contact angle was increased from 0 to 10 and finally reaching 

around 70°. Driven by the differences of Sp when heated in different solvents, this method 

demonstrated good efficiency to manage the contact angle of patches of patchy particles. 
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Figure 5.2. TEM images of a) The initial synthesized core-shell nanostructures of 
CNCs@SiO2@PS and post-treated with b) DEG, c) EG and d) PC. Corresponding 
contact angle of PS on SiO2 after fusion in different solvents was shown in e). Scale bars: 
200 nm. 
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To further confirm the shape switching is simply determined by its dispersion solvent and 

achieve more precise control over the contact area, curvature or contact angle of the 

patches, post-heating in mixture solutions of EG and PC with different volume ratios was 

demonstrated. As shown in Figure 5.3a-e, with different volume fraction of PC ranging 

from 0 to 100%, more equilibrium states with controlled coverage area and contact angle 

were achieved. With only 25% of PC in the mixture, there is no obvious difference in the 

shifting of patches when compared to pure EG (Figure 5.3a-b). However, more 

predominant dewetting of polymer was discovered when the volume fraction of PC 

increased to 50% (Figure 5.3c).  Further increasing the percentage of PC to 75% or 

100%, dimer structures with less and less interfacial area were obtained (Figure 5.3d-e). 

Figure 5.3f illustrated the changing of contact angle in response to the volume fraction of 

PC in the mixture solutions, from which we can tell that with the increasing of the 

volume fraction of PC, the contact angle gradually increased. The phenomena can be 

explained in terms of Gibbs free energy. When dispersed in an environment with less and 

less affinity, the polymer patches tend to minimizing the surface energy by minimizing 

the surface area, as a result, increased contact angle was observed. It’s worth noting that 

the uniformity and yield of the particles fabricated by post-treatment is very good, which 

further confirmed that the structure represents the equilibrium states with minimum 

surface energy. By utilizing solvent mixtures, more precise control over the contact angle 

was achieved as well as more structures with high yield and uniformity were fabricated.   
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Figure 5.3. TEM images of patchy particles after fusion in mixture solutions of PC and 
EG with different volume ratios: a) 0, b) 25, c) 50, d) 75 and e) 100% of PC/EG. 
Corresponding contact angle in respond to volume ratios was presented in f). Scale bars: 
200 nm.  
 

 

 

 

 

 

 

 



 186 

5.3.3 Thermodynamics of the Shape Switching  

 

To further confirm that the resulting configuration of the patchy particles represents an 

equilibrium state, which is determined by its corresponding Sp, aiming to minimizing the 

Gibbs free energy, and thus, the final structure of the patchy particles should be only 

related to the final dispersion environment no matter the pathways to it, the 

thermodynamics of the shape switching process were studied. Accordingly, we performed 

post-heating on the same particle by alternative PC or EG solvent and the corresponding 

results were shown in Figure 5.4. In detail, the particles were firstly treated with PC to 

achieve the dimer structure with highly curved patches followed by several times of 

washing and redispersed in EG for another heating treatment. And then, one more cycle 

of PC and EG fusion was performed. Figure 5.4a showed the structure of PC treatment 

alone and two-steps of PC and then EG (PC-EG) treatment was performed on the sample 

(Figure 5.4b). Then, result of three times heating in the order of PC-EG-PC was 

presented in Figure 5.4c, and finally, multiple paths of PC-EG-PC-EG were applied to the 

sample and showed in Figure 5.4d. However, no matter the paths that the particles been 

through, the final structure is only determined by the last solvent that the particles been 

treated. Thus, almost perfect reversibility between PC and EG determined configuration 

was demonstrated in the cycling process. From the results, we can tell that firstly, the 

reaction reached equilibrium state within the given time of 20 min; secondly, the shape 

switching is driven by the spreading coefficient, which is only related to the 

thermodynamic free energy. In such a scenario, we demonstrated that the final 



 187 

configuration is the result of thermodynamic equilibrium state with the lowest energy and 

we realized the shape adapting and reconfiguration upon environmental stimulus, which 

is a prerequisite for smart materials or artificial biological system.  
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Figure 5.4. TEM images of patchy particles after alternative treatment of PC and EG: a) 
PC, b) EG, c) PC and d) EG. Corresponding contact angle of PS on SiO2 after fusion in 
different solvents was presented in e). Scale bars: 200 nm. 
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5.3.4 Post-Treatment on Particles with Different PS/Seed Interfacial Tensions 

 

In addition to varying the environment of the patchy particles in regards to changing 

γs,solvent and γp,solvent, interfacial tension between PS and seeds (γsp) during the initial 

synthesis also played an important role in determining the value of spreading coefficient 

Sp. The most direct way to varying γsp is controlling the density of coupling agent on the 

silica cores before polymerization. Firstly, CNCs@SiO2@PS with smaller γsp was 

studied, which was prepared by increasing the amount of MPS to 400 µL during surface 

modification process. As shown in the TEM images in Figure 5.5a, we got similar core-

shell structure as the core-shell-200 sample but with thicker PS coating of around 42 nm. 

The sample is denoted as core-shell-400 in the following discussion for simplicity. When 

post-heating was carried out on core-shell-400 sample in DEG, EG and PC, we obtained 

different results compared to the previous case. As illustrated in Figure 5.5, no obvious 

change was observed in DEG and EG dispersion, whereas only PC was able to initiate 

shape switching to the direction of dewetting. However, the degree of dewetting in PC 

was not as strong as the core-shell-200 case with still almost half of the core being 

covered by the polymer as shown in Figure 5.5d. The possible reasons were analyzed as 

follows. In the equation: Sp = γs,solvent - (γsp + γp,solvent), compared to the core-shell-200 

sample, γs,solvent and γp,solvent stay almost the same when dispersed in the same solvent and 

the only parameter that has been changed is γsp. From the previous studies, we know that 

Sp is positive in DEG for core-shell-200. When the particle is changed to core-shell-400 

with a smaller γsp, Sp should still be positive by subtracting a smaller number in the 
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equation, as a result, the polymer patches keep wetting the surface of silica and no 

obvious changing was observed. Nevertheless, for the condition that Sp of core-shell-200 

is negative but with a relative small absolute value in EG, the value of Sp would turn 

slightly positive or zero, when γsp is decreased, still resulting in the wetting structure. 

However, in case of a negative Sp of large absolute value in PC for core-shell-200, when 

switched to core-shell-400 particle, Sp remains negative even with the decrease of γsp, 

thus dewetting happened. Yet, the absolute value of Sp in this case would definitely been 

decreased, resulting in a lower degree of shape switching compared to the results shown 

in Figure 5.2.  
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Figure 5.5. TEM images of a) CNCs@SiO2@PS with 400 µL MPS modification and 
post-treated with b) DEG, c) EG and d) PC. Corresponding contact angle of PS on SiO2 
after fusion in different solvents was shown in e). Scale bars: 200 nm. 
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Another batch of sample with larger γsp compared to the core-shell-200 was then studied, 

which was realized by decreasing the density of coupling agent with less MPS 

modification (100 µL). Different from the previous two cases, the morphology of the 

patchy particles changed from core-shell to flower-like structures due to the larger 

interfacial tension between the polymer and silica and the sample is denoted as flower-

100. As shown in Figure 5.6a, 13 patches were observed on each silica core and not only 

the overall size of the flower like particle but also the shape and size of the patches 

showed very good uniformity. And then, followed the same procedure, the flower-100 

was dispersed in different solvents and heated at 160 °C for 20 min. After annealing in 

different solvents, the patchy particles were examined by TEM. In Figure 5.6b, 

completely wetting of PS on silica core was observed in DEG. Interestingly, the core is 

concentric positioned in the polymer shell resulting in a sunny-side up egg structure, 

which is quiet different from the previous case. Whereas, dewetting was observed when 

EG or PC was chosen as the dispersion, resulting in tripods structures with different 

contact angle of patches, which can be also attributed to the change of spreading 

coefficient with increased γsp.  Specifically, with very positive Sp in DEG for core-shell 

200, Sp stays positive even with larger substrate item of γsp when flower-100 was heated. 

However, with the initial negative Sp in EG and PC, when the particle was changed from 

core-shell-200 to flower-100 with a high surface tension, the new Sp becomes more 

negative by subtracting a larger γsp, as a result, dewetting of polymer on silica core with 

larger contact angle was achieved. As shown in figure 5.6e, the contact angle was 

increased from 0 to 70 and then 110° when the solvent was changed from DEG to EG and 
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then PC, the trend of which is very consistent with the previous results.  It is worth noting 

that the contact angles of patches treated in PC were quiet different from each other by 

varying γsp. With increased of γsp from core-shell 400, to core-shell-200 and then flower-

100, the trend of contact angle change in different solvents was summarized in Figure 

5.7. With the decreasing of MPS amount during surface modification, γsp is increased, as 

a result, the contact angle of polymer on silica is increased when post-heated in the same 

solvent. For example, the contact angle in PC was increased from 30°(core-shell-400) to 

70°(core-shell-200) and finally reached 110°(flower-100), which further confirmed the 

importance of γsp in determining the final configuration of the particles. Moreover, in the 

tripods structures obtained in EG and PC, the contact angles of the three patches are 

almost the same, which further confirmed the relative uniform distribution of the 

coupling agent.  
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Figure 5.6. TEM images of a) The initial synthesized flower-like nanostructures of 
CNCs@SiO2@PS and post-treated with b) DEG, c) EG and d) PC. Corresponding 
contact angle of PS on SiO2 after fusion in different solvents was presented in e). Scale 
bars: 500 nm. 
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Figure 5.7. Comparison of contact angles of PS on silica for core-shell-400, core-shell-
200 and flower-100 in different solvents: DEG (black curve), EG (red curve) and PC 
(blue curve). 
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3.3.5 Kinetics of Shape Switching  

 

During the post-treatment of flower-100, in addition to the variation of contract angle, we 

observed obvious decrease in the number of petals on the core of the flower-like 

structure, which makes it a perfect system to study the kinetics of the shape switching 

process. When the particles were heated above glass transition temperature, the polymer 

is softened, turning on the shape switching towards the spreading coefficient favored 

direction and decreasing the number of petals to minimize the surface energy. Subsequent 

rapid temperature quenching at different point of time can halt the process, leaving the 

particle with an intermediate shape with higher energy. As shown in Figure 5.8, we 

started with a flower-like sample with around 13 petals surrounding the core. When only 

heated for about 30 seconds, the number of petals was decreased to around 9, indicating 

the rapid heating to the glass transition temperature. With the increasing of the heating 

time to 1 min, the number of petals reached 7. If quenched at 2 min, octahedron shape 

with six petals around the core was obtained. Within 5 min, we observed triangle 

bipyramid configuration with 5 patches on the silica. By further increasing the heating 

time to 10, 20 and 30 min, tetrapods, tripods and bowtie like structures were fabricated. It 

worth noting that, at the initial stage of the fusion, the reaction rate is very fast within the 

5 min with quantity of patches rapidly decreased from 13 to 5. However, the reaction rate 

became pretty slow when attempting to further decrease the number of petals below five. 

It took about 30 min to achieve the structures with two patches. This phenomenon could 

be attributed to the density of the patches on the silica. During the chemical reaction, the 
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reaction rate is higher with higher concentration of the reactant; otherwise, the reaction 

rate slows down with the decreasing of the reactant concentration. Likewise, at the initial 

stage, the density of patches is higher on the surface and the interaction between petals is 

stronger. Upon heating, patches tend to combine with each other to minimize the surface 

energy. However, when the density of patches was dramatically decreased, such as 

tetrapods, the patches were quite detached from each other and it might take longer time 

for those patches to encounter with each other. In such an approach, we further 

demonstrated the precise control of the quantity of patches in addition to the shape 

control, as well as showed more complex three-dimensional configurations comprising 

line (2 petals), triangle (3 petals), tetrahedron (4 petals), triangular bipyramid (5 petals) 

and octahedron (6 petals). 
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Figure 5.8. TEM images of a) The initial synthesized flower-like nanostructures of 
CNCs@SiO2@PS and post-heated with EG at 160 °C for different length of time: b) 2, c) 
5, d) 10, e) 20, e) 30 min. Corresponding numbers of petals on the SiO2 core within 
different fusion time were shown in e). Scale bars: 200 nm. 
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5.3.6 Functionalization on Selective Area 

  

Anisotropy of shape, surface property and function is always perused as it can influence 

crystallization and packing and contributes to structural complexities and functional 

varieties. To demonstrate the uniqueness of the structures fabricated through post-

treatment, we performed Pt functionalization on selective area of silica core. The basic 

idea can be seen from the scheme in Figure 5.9. Starting with a patchy particle, amino 

groups were first modified on the surface through APTES modification. And then, the 

prepared Pt seed with average diameter around 3 nm was loaded on the surface of the 

particles through the interaction between noble metal and amino groups. By simply 

removing the polymer patches by toluene, we obtained silica particle with controlled 

coverage of Pt patches on the surface. To practice this design, two typical cases with 

silica core almost half covered by PS and about 10 % shielded were studied. As shown in 

Figure 5.9ai-iv, after APTES modification and Pt seed loading, both the silica core and 

PS patches were being able to be functionalized by Pt seed, which demonstrated the 

success of APTES modification. The density of Pt is high and the size and distribution of 

Pt seeds are quite uniform, demonstrating the high density and uniform distribution of 

amino groups. However, after the removal of PS patches through toluene swelling, the 

area that was previously occupied by PS was very clean, as a result, silica core partially 

patched with Pt nanoseeds was realized. By comparing the results between Figure 8a and 

b, controlled patchy area of Pt varying from 50% to 90% was achieved and the boundary 

between the patchy area and clean area can be clearly seen in the enlarged image in 
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Figure 5.9aiv and biv. The success of patching particles with Pt seed in a controlled 

manner holds great potential in the application of catalysis, biomedicine, self-assembly, 

and synthesis of noble metal half-shell or bowl-like structures with controlled openings.      
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Figure 5.9. TEM images of functionalization of silica core on selective area with Pt seed 
for a) half coated silica and b) 10 % coated silica core and corresponding results of each 
steps i) right after solvent treatment, ii) after APTES modification and loading of Pt 
seeds, iii) after removal of PS and iv) high magnificent images after removal of PS. Scale 
bars: 200 nm. 
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We demonstrated one of the possibilities by seeded growth of Pt seed to form Pt shells 

with controlled thickness, depth and size of openings. The procedure was illustrated in 

the scheme of Figure 5.10. Firstly, the patchy particles were functionalized with Pt seeds 

by APTES modification and seed loading. And then, seeded growth of Pt was performed. 

During the seeded growth process, Pt seeds tend to simultaneously grow bigger at the 

initial stage. After the Pt seeds grew big enough to contact with each other, further 

deposition of Pt would tend to connect the particles together to form a shell structure. As 

illustrated in Figure 5.10, after seed loading, a thin layer of Pt shell was coated on the 

surface of patchy particles and the shell thickness was estimated to be less than 10 nm. 

And then the particles were swelled by toluene. It was found that along with the PS, Pt 

shells that grew on the PS were also been removed by toluene, which demonstrated that 

firstly, the Pt shell is porous which favors the diffusion of toluene; secondly, the 

connection of Pt shells on the silica core and polymer patches is very weak at such thin 

thickness of Pt coating. As a result, semi-spherical shells of Pt with different depth and 

opening were fabricated (Figure 5.10aiii, 5.10biii). Since the contrast of Pt shell is much 

higher than Pt seeds, the boundaries between the Pt patched area and Pt free area can be 

more clearly seen in the high magnificent TEM images showing in Figure 5.10aiv and 

5.10biv. Here, we realized fabrication of the noble metal shell structures with controlled 

depth and opening size by utilizing the patchy particles with anisotropic surface 

functions.  
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Figure 5.10. TEM images of fabrication of Pt shell template on the Pt seed functionalized 
patchy particles for a) 50% functionalized silica and b) 90 % functionalized silica and 
corresponding results of each steps i) right after seed loading, ii) after seeded growth of 
Pt to form a Pt shell, iii) after removal of PS and iv) high magnificent images after 
removal of PS. Scale bars: 200 nm. 
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However, if the thickness of Pt shell was increased to about 20 nm with more precursor 

added during the seeded growth process, after the removal of polystyrene, Pt shell on the 

polymer would not be removed due to the stronger connections between shells on the 

core and patches, resulting in snowman-like Pt shell structures with different size ratios 

between the head and body part (Figure 5.11). By comparing the TEM images before and 

after toluene treatment, a clearly higher contrast of the Pt shell on PS was observed, 

demonstrating the success of the removing of PS. Moreover, the success of PS removal 

further demonstrated that even with thicker Pt coating of approximately 20 nm, the Pt 

shell structure we obtained is still porous, and the porosity is still adequate for the 

diffusion of toluene and swelling of polystyrene. Utilizing patchy particles with 

controlled contact angle of PS on silica as template, snowman like Pt shell structures with 

different size ratios between the two parts were achieved.  
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Figure 5.11. TEM images of snowman like Pt shell structures with different size ratios on 
a) 50% polymer patched and b) 10% polymer patched particles i) before and ii) after 
toluene etching. 
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Nevertheless, to gain Pt bowl or shell structures with thicker thickness is not a problem; 

minor revision just needs to be made on the experimental procedure: removal of PS was 

carried out right after the seed loading followed by seeded growth. As shown in Figure 

5.12, uniform Pt bowl like structures with different depth and openings were fabricated 

and the shell thickness was estimated around 40 nm. Potentially, Pt bowls can be used in 

catalysis with a magnetic core inside enabling fast magnetic separation and recycling of 

catalysts. With partial patched with Pt, the exposed silica can also been functionalized 

with other possible functional materials followed in the same design. At this point, we 

demonstrated the success of patching functional material on selective area of the colloidal 

particles as well as its applications in fabricating intrinsic structures of noble metal 

including shell, bowl and snowman like morphology in good control.  
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Figure 5.12. TEM images of Pt bowl structures with different depths and openings on a) 
50% polymer patched and b) 10% polymer patched particles i) before and ii) after toluene 
etching. 
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5.4 Conclusion 

 

In this article, we realized shape switching of patchy particles according to the spreading 

coefficient Sp of polystyrene patches on silica particles. Since Sp is determined by the 

three interfacial tensions--γs,solvent, γp,solvent and γsp--between the silica seed (s), polymer (p) 

and dispersion environment (solvent), the reconfiguration of the building blocks was then 

realized by tuning γs,solvent and γs,solvent in different solvents and varying γsp through 

controlled MPS modification. As a result, fine-tuning of patchy area, curvature and 

contact angle of polymer coating was achieved. Next, driven by minimizing of surface 

energy, which is thermodynamically stable, reconfigurable and reversible shape switching 

of patchy particles upon different external stimuli was realized, which is of great 

importance in studying the biological system, considering ubiquity of adaptability in 

natural building blocks. In addition, kinetics studies revealed more intermediate stages 

with complex three-dimensional configuration including tetrahedron, triangle bipyramid 

and octahedron by precisely controlling the number of patches around the silica. In such a 

scenario, except for the shape of patches, the number of patches was achieved.  

Moreover, the functionality of the patches was managed through Pt seed modification on 

selective area of silica core, which holds great potential for application in catalysis, self-

assembly or templated synthesis of noble metals with unique structures. Accordingly, Pt-

shell-patched silica particles with controlled shell thickness, depth and openings were 

fabricated. This work has its immediate significance in providing a post-treatment 
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strategy for elaborating complex nanostructures, which remains challenging in their 

direct synthesis. Conceptually, it also renews our understanding of spreading coefficient 

and interfacial tensions not only in the synthetic process of polymerization or coating, but 

also in their post-treatment design, which reveals more variations in morphological 

change. More importantly, the principle of post-treatment based on spreading coefficient 

described there can be widely used for fabrications of complex structures and thereby 

greatly promote fundamental studies of self-assembly and practical applications in 

optical, magnetic, electronic and catalytic devices.  
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Chapter 6 

Controllable Fabrication of Au Nanocups by Confined-

Space Thermal Dewetting for OCT Imaging 

 

6.1 Introduction 

 

Nanostructures of noble metals such as Au and Ag have received widespread 

interest due to their broad applications in photocatalysis,[1] photodetection,[2] 

electrocatalysis,[3] chemical and biological sensing,[4] biomedicine,[5] optical 

devices,[6] and energy storage.[7]  Specifically, noble metal nanostructures with 

reduced morphological symmetries have recently attracted increasing attention, 

with Au nanocups (also known as semi-shells) being extensively studied due to 

their unique plasmonic properties.[8]  For example, magnetoinductive modes of Au 

nanocups were found to be able to efficiently scatter light in a direction dependent 

on particle orientation; and they could also enable light-bending which is difficult 

to achieve by nanoparticles of other geometries.[9]   

 

Conventionally, Au nanocups are fabricated using physical methods, which 

typically involve physical deposition of thin Au films on spherical templates, with 

the cup opening formed by the shadowing effect of deposition or additional 
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anisotropic etching of the Au shells.[10]	 While offering precise control over the size 

and shell thickness of the nanocups, physical fabrication methods suffer from 

significantly low production yield as only a monolayer of nanocups could be 

fabricated in each process, which has seriously hindered the further explorations of 

their plasmonic properties and applications.  Wet-chemical syntheses, with their 

advantage for large scale production,[11] have also been pursued, typically based on 

partial blockage of the colloidal template surface and then selective deposition of 

Au to the remaining surface.[12]  Wang et al. recently reported an interesting 

process using PbS nanooctahedra as the sacrificial templates for Au overgrowth.[13]  

Au deposition starts at one vertex of the PbS and grows along the neighbouring 

facets, producing Au nanocups with rough outer surface and faceted inner surface 

after dissolution of the PbS template.  Although the feasibility of these methods has 

been demonstrated, it still remains a great challenge to produce high-quality Au 

nanocups with precise control over the dimensions such as the size of the cup 

opening, which has important impact on their optical properties, e.g., the light-

bending behaviour.  
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Scheme 6.1. Outline of the confined dewetting process for the fabrication of Au 
nanocups: silica spheres are coated sequentially with RF, Au, and SiO2 layers, 
followed by calcination in air to remove RF and dewet Au from SiO2 surface, and 
then etching SiO2 templates to release Au nanocups. 
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In this work, we present a novel and robust method based on thermal dewetting in 

confined space for the fabrication of Au nanocups with high yield, well-

controllable dimension, and potential scalability.  As outlined in Scheme 6.1, the 

fabrication process involves multiple steps of wet chemical coating and a final step 

of thermal dewetting: uniform silica nanospheres are used as starting templates, 

coated sequentially with a layer of resorcinol-formaldehyde resin (RF), a layer of 

Au, and an additional layer of protective silica, followed by calcination of the dried 

powder of the core-shell particles at 800 ℃ and a final step of etching of silica to 

release Au nanocups.  It is worth noting that the multiple steps of coating are 

performed through simple solution reactions under ambient condition so the 

overall process can be carried out conveniently and efficiently.  In this design, the 

original silica template determines the overall dimension of the nanocups, and the 

thickness of the RF layer determines the extra space available for thermal 

dewetting and therefore the size of opening of the nanocups.  By taking advantage 

of their controllable surface plasmon resonance in near infrared (NIR), we further 

demonstrate the use of the as-synthesized Au nanocups as efficient contrast agents 

for spectral-domain optical coherence tomography (OCT) imaging. 
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6.2 Materials and Methods  

 

6.2.1 Synthesis of SiO2@RF Nanospheres 

 

Colloidal silica nanospheres were prepared through a modified Stöber method.[30]  

In a typical synthesis for ~350 nm particles, 4.5 mL of TEOS was mixed with 45.5 

mL of ethanol, and then added into another mixture containing 28 mL of ethanol, 

15 mL of water and 7 mL of aqueous solution of ammonia (28 %).  After stirring 

for 2 hours at room temperature, the silica particles were collected by 

centrifugation, washed with ethanol and water, and then re-dispersed in 24 mL of 

water.  A layer of RF was coated on the surface of silica according to a modified 

version of a reported procedure.[31]  In a typical process, 1 mL of the as-prepared 

silica spheres was mixed with 22 mL of water and 2 mL of aqueous solution of 

PVP (5 wt %).  After stirring overnight, the silica spheres were collected by 

centrifugation and re-dispersed in 28 mL of water, then mixed with resorcinol 

(0.05 g), an aqueous solution of formaldehyde (37 %, 0.07 mL), and 0.1 mL of 

dilute aqueous ammonia solution (2.8 %).  After heating the solution at 60 ℃ for 3 

hours, SiO2@RF particles with 25 nm RF were collected by centrifugation, washed 

with ethanol and isopropanol, and finally re-dispersed in 5 mL of isopropanol.  For 

RF thickness of 18 nm and 12 nm, 0.025 g of resorcinol, 0.035 mL formaldehyde 
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solution and 0.0125 g of resorcinol, 0.0175 mL of formaldehyde solution were 

added, respectively.   

 

For silica particles around 80 nm, 98 mL of ethanol and 10 mL of water was firstly mixed 

together, followed by adding 1.25 mL of ammonia (28 %) and 5 mL of TEOS. After 

stirring for 16 hours at room temperature, the silica particles were collected by 

centrifugation, washed with ethanol and water, and then re-dispersed in 27 mL of water. 

For silica particles around 250 nm, the volume of ethanol, water, ammonium and TEOS 

was 92, 16, 2.6 and 3.44 ml, respectively. After washing, the silica particles were 

dispersed in 18.5 mL of water. For 80 nm silica with RF thickness of around 20 nm, 1 

mL of the above silica solution was coated with 0.02 g of resorcinol and 0.028 mL of 

formaldehyde solution. For 250 nm silica with RF thickness of around 20 nm, 2 mL of 

the above silica solution was coated with 0.03 g of resorcinol and 0.042 mL of 

formaldehyde solution. Other procedures were the same as the above.  

 

6.2.2 Synthesis of SiO2@RF@Au Nanospheres  

 

The Au layer was deposited by following a modified method reported by Halas et 

al.[32]  The SiO2@RF particles were firstly functionalized with APTES to obtain an 

amine coated surface.  Typically, 1 mL of the above SiO2@RF solution was added 

into 19 mL of isopropanol, followed by introducing 50 µL of APTES under 

vigorous stirring.  The mixture was allowed to reflux for 3 hours.  The resulting 
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particles were centrifuged and washed four times with ethanol and twice with 

water to remove excess APTES, then dispersed in 15 mL of water.  The Au seeds 

were synthesized using Baiker’s method:[33]  A mixture of 1.35 mL of 0.2 M NaOH, 

41 mL of water, 0.9 mL of 1.2 mM tetrakis-(hydroxymethyl)-phosphonium 

chloride (THPC) aqueous solution was prepared and stirred for 10 min, to which 

1.8 mL of 25 mM aqueous solution of chloroauric acid was added quickly.  The 

final solution was aged at 4 ℃ for at least 2 weeks before use.  The as-prepared 

THPC Au seeds (1-2 nm in diameter, 5 mL) were added to the above SiO2@RF 

solution and kept overnight under stirring.  Then the samples were collected by 

centrifugation, washed several times with water to remove the isolated Au particles 

and dispersed in 50 mL of water.   

 

The seed-mediated growth was then carried to deposit additional Au to the Au seeds 

attached to the SiO2@RF particles. A plating solution was firstly prepared by adding 7.5 

mL of 25 mM HAuCl4 in 500 mL of 1.8 mM KCO3

 

aqueous solution and stored for a 

minimum of 24 h before use. The above SiO2@RF/Au seed solution (20 mL) was added 

to 200 mL of the plating solution, stirred for 5 min, and mixed with 2 mL of 100 mM 

TSC and 0.5 mL of formaldehyde (37 %). The color of the solution changed from pink to 

red, purple, blue and at last green, indicating the end of the reaction. This solution was 

treated with 5 mL of 5 wt % PVP overnight to allow for the adsorption of PVP onto the 

Au surface.  
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6.2.3 Synthesis of SiO2@RF@Au@SiO2

 

Nanospheres  

 

The above SiO2@RF@Au nanospheres were separated from solution by centrifugation 

and re-dispersed in 3 mL of water, then sequentially mixed with ethanol (20 mL), 

aqueous ammonia (28 %, 1 mL) and TEOS (30 µL). After stirring for 40 min at room 

temperature, the SiO@RF@Au@SiO

 

particles were centrifuged, washed three times with 

ethanol and dried under vacuum. 

  

6.2.4 Thermal Dewetting and Template Removal  

 

The powder was heated in the muffle oven to the predetermined temperature at a rate of 

3°C/min then held for 3 h and then cooled to room temperature. To release Au nanocups, 

the calcined powder was dispersed in an aqueous HF solution (20 ml, 1%) and aged 

overnight to remove the silica core and shell. The etched samples were centrifuged, 

washed with water for 3 times and dispersed in 5 mL of water. The concentration of Au 

was 15 mM.  
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6.2.5 Synthesis of Au nanoshells  

 

The above SiO2@RF@Au sample was dispersed in 30 mL of water, mixed with 1 mL of 

2.5 M NaOH solution, stirred overnight, collected by centrifugation, washed with water 

for 3 times, and dispersed in 5 mL of water. The concentration of Au was 15 mM. 

  

6.2.6 Preparation of Au nanospheres  

 

Au nanospheres were synthesized using a method we developed previously.[34]  Au seeds 

were firstly prepared by using sodium borohydride as the reducing agent and trisodium 

citrate dehydrate as the capping agent. Typically, 1 mL of HAuCl4 (5mM) and1 mL of 

TSC (5mM) were added to 18 mL of water in sequence, followed by quick injection of 

600 µL of freshly prepared NaBH4

 

solution (0.1 M) into the solution under vigorous 

stirring. After aging 4 h, 5 µL of such seed solution was then quickly injected into a 

freshly prepared Au growth solution containing 500 µL of PVP (5 wt%, K30), 250 µL of 

ascorbic acid (0.1 M), 200 µL of KI (0.2 M), 60 µL of HAuCl4

 

(0.25 M) and 2 mL of 

water. After 10 minutes of vigorous stirring, the Au nanoparticles were collected by 

centrifugation and redispersed in 1 mL of water. The concentration of Au was 15 mM.  
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6.2.7 Characterization  

 

The sample morphology was characterized by a Tecnai 12 transmission electron 

microscopy and a FEI Nova Nano 450 scanning electron microscopy (SEM). UV-Vis 

spectra were measured with an Ocean Optics HR2000 CG-UV-NIR spectrometer. UV-

Vis-NIR spectra were measured with a Cary 500 UV- Vis-NIR spectrophotometer. Size 

measurements were performed using a Beckman Coulter Delsa Nano C Size Analyzer. 

Powder X-ray diffraction analysis was collected using a Bruker D8-Advance powder 

diffractometer operating with Cu-Kα radiation (λ=1.5406Å).  

 

6.2.8 OCT Imaging  

 

The obtained Au nanostructures were tested both in water and chicken tissue as contrast 

agents for OCT imaging. For water samples, the Au nanostructure solutions were diluted 

into half of their original concentration. For the chicken samples, 6 µL of the water 

samples was injected separately into a piece of chicken tissue using a syringe pump at an 

injection rate of 30 µL/min. The injection depth was around 1 mm. OCT image 

acquisition was performed using a spectral-domain system centered at 1300 nm, using a 

similar procedure as described in literature.[35] 
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Figure 6.1. TEM images of (a) SiO2 nanospheres; (b) SiO2@RF nanospheres; (c) 
SiO2@RF@Au nanospheres; (d) SiO2@RF@Au@SiO2 nanospheres; (e) 
SiO2@RF@Au@SiO2 nanospheres after calcination in air at 800 ℃ for 3 h; and (f) 
Au nanocups after removal of the SiO2 templates. All scale bars are 200 nm. 
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6.3 Results and Discussion 

 

6.3.1 Fabrication of Au Nanocups 

 

Figure 6.1 shows the transmission electron microscopy (TEM) images of a typical 

sample of Au nanocups and their synthesis intermediates.  The first step involved 

the formation of a uniform resin film on silica cores through a sol-gel process.[14]  

The diameter of the silica core was 250 nm and thickness of RF coating ~ 10 nm 

(Figure 6.1a and b).  The RF thickness could be adjusted by easily changing the 

amount of resorcinol and formaldehyde during the sol-gel coating.  Then the outer 

surface of RF was modified with amino groups by introducing 3-

aminopropyltriethoxysilane (APTES), followed by the attachment of 1～2 nm Au 

seeds and additional seed-mediated growth to produce a continuous, 

multicrystalline Au layer.[15]  The control over the thickness of Au shells can be 

achieved by tuning the ratio of gold growth solution to seeds.  The formation of a 

continuous Au layer could be monitored by UV-Vis extinction spectrum, as shown 

in Figure 6.2.  With the increase of the growth solution, the peak of the optical 

response gradually shifted from 560 nm towards a higher wavelength until a 

complete shell was obtained.  Further thickening of the gold shell caused a blue 

shift of the plasmon resonance.  For the gold nanoshells with a core diameter of 

270 nm and shell thickness of 25 nm (Figure 6.1c), the plasmon resonance peak 
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was measured at ~ 700 nm.  After the formation of the continuous Au shell, a layer 

of silica was coated on the core/shell nanoparticles, forming SiO2@RF@Au@SiO2 

multilayer nanostructures (Figure 6.1d).  Here the additional silica coating plays 

two roles: it serves as a protector to prevent interparticle aggregation during high-

temperature calcination, and also affords a confined space for the Au dewetting 

process. 

 

The RF layer was removed by calcination in air at or above 500 ℃.[16]  To ensure 

the complete removal of RF and dewetting of the Au shells, the hybrid 

nanoparticles were calcined in air at 800 ℃ for 3 h.  Figure 6.1e shows the TEM 

image of the resulting SiO2@RF@Au@SiO2 nanoparticles.  A gap between the 

inner silica core and outer silica shell could be clearly observed, which was caused 

by the removal of RF.  Calcination at such a high temperature also greatly 

increased the mobility of Au atoms, causing significant dewetting of the Au due to 

its low affinity to silica surface.[17]  The thermal dewetting thus led to the 

formation of Au nanocups as shaped by the geometric confinement of the silica 

templates, with their opening size dependent on the space made available by the 

sacrificial RF layer. Understandably, the calcination temperature may also 

contribute to the opening size of the nanocups as it affects the dewetting kinetics.  

 

Finally, freestanding Au nanocups could be obtained after removing the silica core 

and shell by HF etching, as shown in Figure 6.1f.  The unique combination of 
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seeded growth and confined-space thermal dewetting processes ensured a high 

production yield and a high uniformity in both size and morphology, as 

demonstrated in the low magnification TEM image in Figure 6.3.  
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Figure 6.2. Experimentally measured absorption spectrum of SiO2@RF@Au  
during seed-mediated growth process. 
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Figure 6.3. Low magnification TEM image of Au nanocups before silica etching, 
indicating the uniform size and high yield of the dewetting method. The scale bar 
is 500 nm.   
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6.3.2 Shape Tuning by Confined Space 

 

The success of this fabrication method should be attributed to two key points.  The 

first one is the creation of a confined space by removing the sacrificial RF layer 

through calcination in air,[16] which is essential for reshaping the Au layer.  The 

size of the space can be tuned by changing the thickness of RF coating. The second 

important point is the thermal dewetting of Au nanoshells from silica surfaces 

during calcination at high temperatures.  While thermal dewetting has been used 

previously in reconstruction of metal thin films into microcrystals of equilibrium 

shapes,[18] in this work such a process was confined in a limited space, allowing the 

production of non-equilibrium shapes, i.e. nanocups.  Accordingly, the 

morphologies of the products were determined by both the dewetting process and 

shape/size of the confined space. 
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Figure 6.4. (a-c) SEM images of the Au nanocups prepared using templates of 
350-nm silica coated with RF thickness of (a) 25 nm, (b) 18 nm, and (c) 12 nm, 
demonstrating the convenient control over cup opening by the thickness of the RF 
layer; (d-f) SEM images of Au nanocups obtained using silica cores with diameters 
of ~80, ~250 and ~350 nm. All scale bars are 200 nm. 
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Figure 6.5. 350 nm SiO2 with different thickness of RF coating:(a) 12 nm; (b) 18 
nm; (c) 25 nm. All scale bars are 100 nm. 
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This method is versatile in affording Au nanocups with different height, size of 

cup opening, and the overall diameter, which can be conveniently achieved by 

controlling the thickness of RF coating and size of the silica templates.  As 

discussed above, we can easily tune the height and cup opening by controlling the 

thickness of the RF layer, which determines the confined space for thermal 

dewetting.  Figure 6.4a-c shows the scanning electron microscopy (SEM) images 

of a series of Au nanocups prepared by using SiO2@RF templates with core 

diameter of ~ 350 nm and RF thickness of 25, 18 and 12 nm (Figure 6.5).  With 

the decrease in RF thickness, the height of Au nanocups increased and the size of 

the cup opening decreased.  The overall size of the Au nanocups could also be 

controlled by changing the size of the silica templates. Figure 6.4d–f shows the Au 

nanocups with size of ~ 120, 300 and 400 nm prepared using silica templates with 

diameter of ~ 80, 250 and 350 nm. 
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Figure 6.6. TEM images showing the morphology evolution during the confined-
space thermal dewetting of SiO2@RF@Au@SiO2 nanospheres: (a) before 
calcination; and (b-f) after calcination at 500 ℃ (b), 600 ℃ (c), 700 ℃ (d), 800℃  
(e), and 900 ℃ (f). All scale bars are 200 nm. Insets are the corresponding SAED 
patterns. 
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Figure 6.7. SEM images of products of silica@RF@Au@silica after calcination at 
(a) 500 ℃; (b) 600 ℃; (c) 700 ℃; (d) 800 ℃and (e) 900 ℃ after silica etching. 
All scale bars are 200 nm.  
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Figure 6.8. XRD pattern taken from the same sample as Fig. 6.1d, indicating that 
the Au nanocups were highly crystalline. 
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6.3.3 Shape Tuning by Temperature 

 

As the dynamics of dewetting is controlled by macroscopic hydrodynamic flows,[17] 

the calcination temperature is a crucial factor for the formation of nanocups.  We 

have experimentally confirmed the strong temperature dependence, and found that 

the degree of dewetting could be controlled from minimal to partial and complete 

dewetting by adjusting the calcination temperature, resulting in different 

morphologies of the products.  Figure 6.6 shows the TEM images of the samples 

after calcination under air for 3 h at different temperatures from 500 to 900 ℃ by 

starting with the same material shown in Figure 3a.  Particles prepared by 

calcination at a relatively low temperature (e.g. 500 ℃) were still complete shell 

structures (Figure 6.6b and Figure 6.7a, Supporting Information), indicating that 

minimal dewetting occurred, which could be attributed to the low mobility of Au 

atoms at this temperature.  When the temperature was raised to 600 ℃, as shown 

in Figure 6.6c, a small gap appeared between gold and the outer silica shell, 

indicating partial dewetting of Au.  Such a deformation was accompanied by the 

formation of Au nanocups with very small cup opening (Figure 6.7b).  Further 

increasing the calcination temperature to 700 ℃ induced more obvious dewetting, 

resulting in Au nanocups with larger cup opening (Figure 6.6d and 6.7c).  When 

the calcination temperature reached 800 ℃, as shown in Figure 6.6e, the cup 

opening was even larger.  Further increase of the calcination temperature to 900 ℃ 

brought a similar result to the case at 800 ℃ (Figure 6.6f), both of which formed 
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Au nanocups with a large cup opening (Figures 6.7d and 6.7e).  Based on this 

observation, we believe that calcination at 800 ℃ for 3 h is enough for fully 

dewetting a typical sample, and nanocups with smaller openings or complete 

nanoshells could be obtained by calcining the samples at lower temperatures. 

 

It has been proved in our previous study that calcination at high temperatures could 

effectively enhance the atomic mobility and remove most of the crystallographic 

defects, achieving single crystalline metal nanoparticles.[19]  A similar observation 

was obtained in the current work, as confirmed by the selected area electron 

diffraction (SAED) pattern shown in the insets in Figure 6.6 and the X-ray 

diffraction (XRD) pattern in Figure 6.8.  
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Figure 6.9. TEM images of (a) Au nanoshells and (b) Au nanospheres used for 
OCT imaging. All scale bars are 100 nm. 
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Figure 6.10. (a-d) OCT B-scan images of (a) pure water and aqueous dispersions 
containing (b) solid Au nanospheres, (c) Au nanoshells, (d) Au nanocups; (e) A-
scan profile of these Au nanostructures in water; (f) Extinction spectra of these Au 
nanostructures in water. The scale bar is 400 µm and applies to all the images. 
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6.3.4 OCT Performance 

 

OCT is an optical tomographic imaging technique capable of capturing cross-

sectional images of scanned objects in a non-invasive manner.[20]  With the use of 

low-coherence interferometry of near-infrared light, OCT is able to achieve better 

spatial resolution (3-20 µm) than other imaging modalities including magnetic 

resonance imaging (MRI) and ultrasonic imaging (USG) but with a depth of 

penetration limited to 2-3 mm.[21]  Benefiting from its relatively high resolution, 

non-invasive and real-time nature, and the involvement of non-ionization radiation, 

OCT has been widely used in ophthalmology, cardiology, and dermatology.[22]  

However, visualization of some structures with OCT can be limited by poor 

contrast, an issue that has been addressed in the past with exogenous contrast 

agents, including typically air-filled microbubbles and engineered microspheres.[23]  

Given the low cytotoxicity, high stability, and unique localized surface plasmon 

resonance, Au nanoparticles of different morphologies, such as nanospheres, 

nanoshells, or nanocages, show great potential for OCT contrast enhancement.[24]	 

Previous results suggest that contrast enhancement of gold nanoparticles with 

different geometries and sizes can be improved if their plasmon resonance matches 

the central wavelength of OCT system.[25]	 Also, a good OCT contrast agent would 

prefer particles of small sizes (typically less than 150 nm) which permit 

extravasation into the tissue, and resonant scattering centered in NIR which allows 

deep tissue penetration.  By these criteria, Au nanoparticles with anisotropic 
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shapes are more desirable than spherical ones, as their plasmonic resonance can be 

tuned to NIR region by controlling the shape anisotropy.[26]  Some previous studies 

have examined Au nanorods as they exhibit plasmon resonance dependent on their 

aspect ratio.[27]  However, their broad application in optical imaging has suffered 

from the toxicity of cetyltrimethyl-ammonium bromide (CTAB), a typical capping 

ligand that is essential in Au nanorod synthesis but quite difficult to be completely 

removed.  Here we demonstrate the use of Au nanocups with sub-120 nm 

dimension as an effective contrast agent in both water and chicken tissue for a 

spectral-domain OCT system with a central wavelength at 1300 nm.  To show the 

efficiency of Au nanocups in OCT, we compared their performance with that of 

Au solid nanospheres and nanoshells with the same concentration and similar sizes.  

The TEM images of Au nanospheres and nanoshells used in the OCT imaging are 

shown in Figure 6.9.  

 

Figure 6.10 shows the OCT B-scan images for the cases of different Au 

nanoparticles in Millipore water.  The image of water without any Au particles 

(Figure 6.10a), as might be expected, has little to no back-reflected intensity.  The 

presence of solid nanospheres improved the contrast, albeit still with limited 

enhancement (Figure 6.10b).  Compared with the case of Au nanospheres, the B-

scan images of water with Au nanoshells and nanocups show significant 

enhancement in intensity.  The A-scan profile shown in Figure 6.10e was 

calculated by averaging 1024 A-scans that compose an average B-scan image for 
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different cases: pure water, and water with Au nanospheres, Au nanoshells and Au 

nanocups, respectively.  From Figure 6.10e, we can see more clearly the efficiency 

of different types of Au nanoparticles as contrast agents for OCT imaging.  Au 

nanocups show the highest contrast enhancement, while Au nanospheres show the 

lowest, indicating the high activity of Au nanocups as a contrast agent for OCT 

imaging.  This enhancement means that Au nanoshells and nanocups scatter light 

more efficiently at the wavelength near that of the OCT light source.  This can be 

explained from the extinction spectra of Au nanospheres, nanoshells and nanocups 

in Figure 6.10f.  The central wavelength of the OCT light source is 1300 nm, 

around which the optical extinction of Au nanospheres is almost zero.  While the 

low scattering intensity of the Au nanospheres resulted in low contrast 

enhancement in OCT imaging, the Au nanoshells and nanocups display much 

higher extinction intensity.  Consequently, more obvious contrast enhancement 

could be observed for OCT imaging in water with nanoshells and nanocups, as 

OCT detects the backscattered light and scattering makes the main contribution to 

the extinction spectra at wavelengths above 1000 nm for both types of particles.[28]  

The much better backscattered intensity achieved by nanocups than nanoshells 

could be attributed to the higher extinction of the nanocups than that of the 

nanoshells in most of the OCT spectral bandwidth (which runs from about 1250-

1350), as well as the increased heterogeneity of the nanocups with respect to the 

optical beam (in comparison to that of the nanoshells, which have a symmetric 

shape). 
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Figure 6.11. (a-d) Cross-sectional view of chicken tissue before (a, c) and after (b, 
d) injection of Au nanocups (a, b) and Au nanoshells (c, d); (e) Comparison of the 
average attenuation coefficient before and after injection of Au nanocups and Au 
nanoshells, calculated by averaging the time-dependent attenuation coefficient. 
The squares drawn on the images indicate the areas used for calculating the 
average attenuation coefficient. The scale bar is 160 µm and applies to all the 
images. 
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Figure 6.12. Time-dependent attenuation coefficient of Au nanocups and Au 
nanoshells before and after injection in chicken tissue.  
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6.3.5 Application for Bio-imaging 

 

To show the usefulness of Au nanocups as a contrast agent for biological systems, 

we tested their efficiency of contrast enhancement in chicken tissue, and compared 

the performance of Au nanocups and Au nanoshells.  Figure 6.11a-d shows the 

cross-sectional view of chicken tissues before (a, c) and after (b, d) injection of 6 

µL of the dispersions of Au nanocups (a, b) and nanoshells (c, d) diluted to half of 

their original concentrations.  The frames drawn on the images represent the area 

used for calculating the average attenuation coefficient as proposed by Vermeer et 

al.[29]  It can be observed that the OCT images displayed obvious variation in 

backscattered light intensity of the chicken tissues.  Both Au nanocups and 

nanoshells showed contrast enhancement but the enhancement of Au nanocups 

was more significant than that of nanoshells, as suggested by both the cross-

sectional view images in Figure 6.11b, d and the time-dependent attenuation 

coefficient in Figure 6.12.  Figure 6.11e was obtained by averaging the attenuation 

coefficient before or after injection of the Au contrast agents, showing an intensity 

increase from 1.39 and 1.24 for nanocups and nanoshells before injection to 4.10 

and 2.08 after injection, respectively.  With an increment in attenuation coefficient 

of 2.95 times versus 1.68 times for Au nanoshells, the Au nanocups demonstrated 

a higher efficiency as a contrast agent in biological tissues. 
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6.4 Conclusion 

 

In summary, we have developed a novel confined-space thermal dewetting strategy 

for the fabrication of Au nanocups with controlled morphologies.  The process 

involves sequential steps of colloidal coating and final calcination, and affords Au 

nanocups with tunable diameter, height and size of cup opening.  The key to the 

success of this strategy is the creation of a well-defined space confined in silica 

templates that can allow controlled thermal dewetting of Au into the desired 

nanocup morphology.  With strong NIR plasmon resonance, the Au nanocups 

exhibit superior efficiency as contrast agents for spectral-domain OCT imaging.  

This confined-space thermal dewetting strategy is scalable and general, and can be 

potentially extended to the synthesis of novel anisotropic nanostructures of various 

compositions that are difficult to produce by conventional wet chemical or 

physical methods, thus opening up opportunities for extensive applications. 
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Chapter 7 

pH Dependent Bistability of Colloidal Assembly 

 

7.1 Introduction 

 

The self-assembly of colloidal particles into ordered, macroscopic structures has greatly 

promote the design and fabrication of next generation functional materials.110, 216, 232-234 

Driven by short-range attractions, including entropic, chemical and nonequilibrium 

forces, a number of binding schemes have been explored.20, 90, 235 Most of these building 

blocks and assembled architectures, however, are static in nature and posses only one 

stable equilibrium state with respect to minimum of potential energy, which limits the 

ability to adapt and reconfigure their shape and structures upon external stimuli.236-238 

While, with two local minima of potential energy separated by a local maximum, the 

intrinsic bistability is ubiquitous in the building blocks of nature, such as decision-

making processes in cell cycle progression, cellular differentiation and apoptosis.239 

Although tremendous efforts have been put into nanoparticles assembly, it remains a 

great challenge to develop stimuli-responsive systems with bistable properties.  

 

The stability of colloidal suspension is determined by the forces between colloidal 

particles. The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which 
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considers the sum of van der Waals attraction and electrostatic repulsion, has been widely 

used to explain and predict the stability of colloidal dispersion.240-243 The van der Waals 

attraction mainly depends on the properties of the nanoparticles, such as density, shape 

and volume, the electrostatic interaction, however, relies not only on their surface 

properties but also on their dispersion properties such as dielectric constant, ionic 

strength, pH and temperature.64, 244-245 Opposite to colloidal stabilization with the aim to 

avoid aggregation and flocculation, self-assembly intends to aggregate nanoparticles 

through overcoming the energy barrier of electrostatic repulsive interactions.63-64, 72 Most 

of these assembled structures, however, are dominated by van der Waals attractive force 

and lack the ability to recover to initial state upon external stimulus, which is a 

prerequisite for bistable system that can adapt on demand, or to environmental cues, to 

perform a required function.  

 

A bistable colloidal system should behave like “light-switch”, which is designed to rest in 

the “on” or “off” position with minimal energy. Once turned “on” by an external 

stimulus, the colloidal nanoparticles readily stabilized in assembled state. While when 

another stimulus switches the system to “off” position, disassembly of the ordered 

structures should be initiated and the system would rest in the dispersion state. In this 

scenario, we developed a bistable system with amine-functionalized superparamagnetic 

nanoparticles as the building block. Upon exposure to external magnetic stimuli, the 

magnetic nanoparticles assemble into chain structure and remain stable at assembled state 

until another stimuli is imposed to trigger the disassembly of the nanoparticles to 
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dispersion. The assembled state is favored under magnetic stimulus, owing to the NH2-

catalyzed formation of siloxane bonds between silanol groups during the encounter 

between nanoparticles. Since the repulsive electrostatic force is countered by magnetic 

dipolar attraction, the interparticle distance can be readily controlled by the strength of 

the magnetic stimulus. Moreover, compared to other methods such as screening the 

electrostatic force to shorten the interparticle distance, our design could prevent the close 

contact, in which short-range van der Waals attractive force starts dominant and induces 

permanent aggregation. Upon thermal agitation, the siloxane bonds are easily broken and 

the collision of silanol groups is barred by electrostatic repulsion, thus the dispersion state 

is favored. Beneficial from the easy formation and breaking of the siloxane bonds, which 

indicates a lower energy barrier between the two stable states, a bistable system is 

established, which can effectively switch between assembly and dispersion upon external 

stimuli. Since protonation and deprotonation of amine functional group is highly 

dependent on the pH of the dispersion, which greatly affects the surface charge and in 

return changes the electrostatic force, as a result, the interparticle distance and bistability 

is regulated.  
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7.2 Materials and Methods 

 

7.2.1 Synthesis of Bistable Nanoparticles 

 

Uniform superparamagnetic CNCs were synthesized by reacting 0.4 mmol FeCl3 with 

NaOH at around 220°C in a DEG solution containing 4 mmol polyacrylate acid (PAA) as 

surfactant. After several times washing with ethanol and water, the CNCs were dispersed 

in 3 mL of H2O (ca. 8.6 mg/mL). Subsequently, 1 mL NH4OH and 20 mL ethanol were 

mixed with the CNCs dispersion under sonication. After the mixture was transferred into 

a three-neck flask under mechanical stirring at 600 rpm, 50 µL of TEOS was injected. 

After 20 min, certain amount of APTES was injected and stirred for one hour, after which 

the sample was washed with ethanol for 4 times and finally dispersed in 10 mL of H2O. 

Following the same recipe, CNCs@C=C-SiO2 was fabricated with addition of 5 µL of 

MPS after TEOS.  
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7.2.2 Characterization 

 

The morphologies of CNCs@NH2-SiO2, CNCs@SiO2 and CNCs@C=C-SiO2 were 

characterized using Tecnai T12 transmission electron microscope (TEM). Fourier 

transform infrared (FTIR) spectrum to confirm the amine group was performed by 

Brucker Alpha FT-IR spectrometer in form of powder. A Zeiss AXIO Imager optical 

microscope connected to a digital camera was used to observe the in situ assembly and 

disassembly of colloidal samples. The pH was measured by Fisher Scientific accumet 

AB15 pH meter. Zeta potential and dynamic light scattering (DLS) were measured by 

Beckman Coulter Delsa NanoC particle analyzer. 
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Figure 7.1. a) TEM image of NH2-CNCs; b) FTIR spectra of APTES, CNCs before and 
after APTES coating. Scale bar: 200 nm 
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7.3 Results and Discussion 

 

7.3.1 Synthesis of Bistable Particles 

 

Amine-functionalized superparamagnetic nanoparticles (CNCs@NH2-SiO2) were 

prepared by firstly synthesis of the magnetic core using a high-temperature hydrolysis 

reaction that we reported previously and then coted with a silica layer through a modified 

Stöber method with the mixture of (3-aminopropyl)trithoxylsilane (APTES) and 

tetraethyl orthosilicate (TEOS) as precursor.22 As shown in the transmission electron 

microscope (TEM) image in Figure 7.1a, the overall size of the CNCs@NH2-SiO2 is 

around 130 nm with shell thickness around 20 nm. To confirm the existence of amine 

functional group, we performed Fourier transform infrared spectroscopy (FTIR) on the 

magnetic CNCs before and after NH2-SiO2 coating with APTES as the reference. As 

illustrated in Figure 7.1b, APTES showed a characteristic peak around 1610 cm-1, 

corresponding to the typical stretching of amine groups (black curve). As synthesized 

CNCs showed a characteristic peak at 560 cm-1 due to the Fe-O stretching mode of 

tetrahedral and octahedral sites of magnetite (red curve).1 After coating with APTES, 

CNCs@NH2-SiO2 sample showed typical IR peaks of both amine groups and Fe-O 

stretching (green curve), indicating its successful surface binding to the CNCs surface. 
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Figure 7.2. Optical microscope images of the CNCs@NH2-SiO2 dispersion a) before and 
b) after exposing to magnetic stimulus under different pH: (i), (ii), (iii) and (iv) are with 
addition of 0, 20, 40 and 100 µL of 0.1 M HCl; (v), (vi) and (vii) are with addition of 60, 
80 and 100 µL of 0.1 M NaOH. c) and d) show the corresponding pH value and zeta 
potential. Scale bar corresponds to 60 µm. 
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Figure 7.3. TEM images of the assembled chain structures. 
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Figure 7.4. Optical microscope images after exposing to magnetic stimuli of different 
magnetic strength a) 50, b) 200, c) 400 and d) 500 mT and the corresponding chain length 
were shown in e. Scale bar: 60 µm. 
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7.3.2 pH Dependent Bistability 

 

The bistability of colloidal assembly is high dependent on the pH value of the dispersion. 

Figure 7.2 showed optical microscope (OM) images of CNCs@NH2-SiO2 before and 

after magnetic stimulus under different pH values. The dispersion of assythesized 

nanoparticles possesses a pH value of about 9.5 owing to the protonation of amine groups 

and leaving more hydroxide ions in water. The zeta potential of the dispersion was then 

measured around – 30 mV, which enables good dispersion by providing energy barrier 

from aggregation. Upon treating with a magnetic pulse of 50 mT for 1 second, the 

dispersion of CNCs@NH2-SiO2 immediately switched to assembled mode. The 

assemblies were characterized by TEM to confirm the single chain structure (Figure 7.3). 

Different from our previously reported CNCs@SiO2, which would disassemble right after 

the removal of the external magnetic field,22, 55 the magnetic chain structures of 

CNCs@NH2-SiO2 were well maintained without the aid of magnetic field as illustrated in 

Figure 7.2bi. When 20 µL of 0.1 M HCl solution was added to the dispersion, we 

observed aggregation even before exposing to magnetic stimulus, owing to the screening 

of the surface charge with zeta potential near 0 mV. Once the addition amount of HCl 

reached to 40 µL, the good dispersion was recovered with zeta potential of 30 mV. 

Further decreasing the pH of the solution to 3 with addition of 100 µL HCl, the 

assembled state could not be achieved due to the high surface charge of 80 mV, which 

was hardly countered by the magnetic dipolar attraction in the range that silanol groups 

between particles could reach to each other. However, by increasing the strength of the 
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external magnetic field from 50 mT to 500 mT, the bistability was recovered as shown in 

Figure 7.4, which demonstrates the importance of interparticle distance. Alternatively, 

adjusting the pH of the dispersion can also restore the bistability by adding equivalent 

amount of NaOH to neutralize the HCl as shown in Figure 7.2v-vii. In summary, with the 

decreasing of the pH value of the dispersion, zeta potential would increase due to the 

protonation of amine groups. With higher surface charge, the interparticle distance would 

increase to establish new balance between the magnetic potential and electrostatic 

potential until silanol groups between nanoparticles cannot encounter with each other, as 

a result the system loses the bistability. 
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Figure 7.5. a) CNCs@SiO2, b) CNCs@ C=C-SiO2 and c) CNCs@NH2-SiO2. (i) Optical 
microscope images after magnetic stimuli of 500 mT for 1s, (ii) TEM images of the 
nanoparticles, histograms of size distribution measured with (iii) TEM images and (iv) 
DLS. d) Optical images of CNC@C=C-SiO2 (i) before and (ii) after magnetic stimulus 
with addition of 1 µL 1.5 M NH3�H2O. e) Optical images after magnetic stimulus of 
samples with (i) 20 and (ii) 30% volume fraction of APTES to TEOS coating. Scale bars 
of optical microscope and TEM are 60 µm and 200 nm respectively. 
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7.3.3 Mechanism of Bistability 

 

Subsequently, we investigated the formation mechanism of bistability. Our initial studies 

focused on the formation of siloxane bonds. Distance and catalyst are two key points for 

the formation of siloxane bonds. The interparticle distance is determined by the sum of 

electrostatic and magnetic potential. However, with fixed interparticle distance, the length 

of the silanol ligands on the surface governs the collision of silanol groups. The 

bistability of CNCs coated with TEOS, [3-(methacryloyloxy)propyl]trimethoxysilane 

(MPS) (CNC@C=C-SiO2) and APTES were compared in Figure 7.5a-c. With the similar 

surface charge and the same magnetic stimulus, no connection between particles were 

found in CNCs@SiO2 dispersion, relatively low yield of bonding was formed in 

CNCs@C=C-SiO2, whereas only CNCs@NH2-SiO2 showed the strongest interaction 

with almost complete conversion to assemblies, which could be attributed to the 

differences between polymer chain length. To investigate the polymer chain length in 

each sample, particle sizes were examined by TEM and dynamic light scattering (DLS). 

By comparing the size difference between the dry state (TEM) and hydrated state (DLS), 

the polymer chain length on the surface of each sample can be roughly compared. With 

four silanol groups after hydrolysis, TEOS tends to form more condensed network with 

shorter polymer chains on the surface with a size difference of 20 nm between the TEM 

and DLS measurement. However, MPS and APTES can only provide three silanol 

positions for crosslinking, as a result, less condensed network with longer polymer chains 

stretched out was produced with variance of about 40 nm. Thus, longer polymer chains 
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enable contact of silanol groups between the nanoparticles. With longer polymer chains, 

CNCs@C=C-SiO2, however, still yielded much lower bondings between particles 

compared to the CNCs@NH2-SiO2 due to the lack of catalyst for the formation of 

siloxane bonds. To reveal the importance of catalyst, 1 µL of 1.5 M ammonia hydroxide 

was added to 1 mL of CNCs@C=C-SiO2 dispersion to promote the bonding.  As shown 

in Figure 7.5d, with the addition of ammonia hydroxide, the nanoparticles were well 

dispersed. After magnetic stimulating, the assembly was greatly enhanced under the 

catalyzing of ammonia hydroxide. The effect of ionic strength change by adding 

ammonia hydroxide was then excluded by comparing the dispersions with addition of the 

same amount of sodium chloride and 2000 times of ammonia hydroxide. As shown in 

Figure 7.6, 1 µL of 1.5 M NaCl induced aggregation by screening the surface charge, 

with 2000 times of concentrated ammonia hydroxide however, the nanoparticles were 

still well dispersed. Thus, we can conclude that the enhanced bonding is caused by 

catalytic contribution rather than ionic-strength. It is worth noting that the addition of 

ammonia hydroxide still could not induce bonding between CNCs@SiO2 nanoparticles 

(Figure 7.7), which further confirmed the lack of interaction due to shorter silanol 

ligands.  The synergetic effect of longer uncrosslinked polymer chain and self-catalyst of 

amine group was then further confirmed by coating CNCs with increasing amount of 

APTES. When the volume ratio of APTES/TEOS was increased from 10 to 20 and 30%, 

although the surface charge kept increasing (Figure 7.8), longer chains and even bundles 

were formed, indicating more effective bondings between particles. 
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Figure 7.6. Optical microscope images of CNCs@C=C-SiO2 with addition of a) 1 µL of 
1.5 M NaCl and b) 200 µL of 15 M NH3�H2O. Scale bar: 60 µm. 
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Figure 7.7. Optical images of CNC@SiO2 with addition of 1 µL 1.5M ammonia 
hydroxide a) before and b) after magnetic stimulus.  
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Figure 7.8. Zeta potentials for CNCs@NH2-SiO2 with different amount of APTES 
coating. 
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7.3.4 Switching Between Bistable States 

 

We also studied the breaking of siloxane bonds with external stimuli. Between the two 

energy minima, an energy barrier needs to be overcome to switch the system from 

assembled state to dispersed state. Chemically, 100 µL of 0.1 M HCl was added to break 

the established equilibrium. As shown in Figure 7.9, the chain length of the assemblies 

gradually decreased to the size of isolated particles within 15 min owing to the increasing 

of surface charge upon the addition of HCl, which teared the particles apart through 

repulsive electrostatic interaction. Mechanically, sonication, infrared radiation (IR) and 

rotational magnetic field were applied to agitate the assemblies. As illustrated in Figure 

7.10, sonication and IR could disassemble the assemblies to complete dispersion while 

magnetic stirring at 1200 rpm could break the longer assemblies into shorter fragments. 

We also tried managing the interparticle distance by screening the electrostatic interaction 

with salt, during which severe aggregation was observed with the addition of NaCl 

(Figure 7.11). However, through diluting or sonication, the particles could not restore to 

dispersion state since short-range van der Waals force was dominant, which further 

demonstrated the necessity to avoid close contact when designing bistable system.  
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Figure 7.9. Optical microscope images of CNCs@NH2-SiO2 after addition of 100 µL 0.1 
M HCl at different point of time a) 0, b) 5, c) 10 and d) 15 min and e) corresponding 
measured chain lengths. Scale bar: 60 µm. 
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Figure 7.10. Optical microscope images of the assemblies a) before disturbance and after 
b) sonication, c) IR irradiation and d) rotational magnetic field with 1200 rpm. Scale bar: 
60 µm. 
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Figure 7.11. Optical microscope images of CNCs@SiO2 a) with 1.5 M of NaCl and b) 
after 10 times dilution with sonication. Scale bar: 60 µm. 
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Figure 7.12. Digital photo showing the photonic response of CNCs@NH2-SiO2 
encapsulated in a flat glass tube a) original, b) under a non-ideal linear Halbach array, d) 
after removal of magnet and e) after sitting for 1 h. c) and f) corresponding selective area 
optical microscope images of b and d.  The scale bar of digital image corresponds to 2 cm 
and 60 µm for OM images. 
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7.3.5 Application of Bistability 

 

To further illustrate the applications of the bitable system, a simple display unit was 

fabricated by dispersing CNCs@NH2-SiO2 nanoparticles in water and encapsulating in a 

flat glass capillary tube with a thickness of 100 µm. A refrigerator magnet with Halbach-

array-patterned field was used to test the bistability of the display tablet.  As illustrated in 

Figure 7.12, upon application of the magnetic field, alternative green or brown stripes 

formed owing to the various orientations of the photonic chains in accordance with the 

local magnetic field. Although the field of the refrigerator magnet can be treated as 

alternating vertical and horizontal, the orientation and gradient of the local magnetic field 

are more complicated.60, 246 Selected area OM images in Figure 7.12c showed that the 

orientation of the chains was vertical, titled and horizontal in green, black and brown 

regions respectively. After the removal of the magnet, the alternating stripes maintained 

and remained visually unchanged for 1 hour (Figure 7.12d-e), indicating a good stability 

in assembled mode. However, the structural color was lost right after the removing of the 

magnetic field, owing to the rotational movements of the assemblies. As illustrated in the 

select area OM images in Figure 7.12f, the assembled chains in the initial green region 

were randomly leaning on each other, breaking the established periodicity, thus only 

showing lighter contrast. With no much change in the tilted and horizontal regions, we 

can still observe the black and brown stripes. With the aid of thermal agitation including 

sonication, IR or rotational magnetic field, the information can be completely erased from 

the display tablet and fully recovered to the starting point, which demonstrated the good 
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bistability of the system. Since the bistability is realized by switching between energy 

valleys, there is no decay during the recycling. Without bistablity as shown in Figure 

7.13, the display showed patterns with magnetic field on and restored to dispersion right 

after the removal of the magnet. Not limited to aqueous solution, the bistability of 

CNCs@NH2-SiO2 were successfully demonstrated in other solvent such as ethanol and 

diethylene glycol (Figure 7.14), which provides potential applications of the bistability in 

other systems.   
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Figure 7.13. Digital photo images of CNCs@SiO2 without bistability: a) original, b) 
under a non-ideal linear Halbach array and c) after removal of magnet. Scale bar: 5 mm. 
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Figure 7.14. Optical microscope images of demonstration bistability a) before and b) 
after magnetic stimulus in ethanol; c) before and d) after magnetic stimulus in DEG. 
Scale bar: 60 µm. 
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7.4 Conclusion 

 

In conclusion, we have developed a bistable colloidal system based on the condensation 

of silanol groups between particles to form siloxane bonds and hydrolysis of siloxane 

bonds back to silanol groups. By utilizing the amine-functionalized superparamagnetic 

nanoparticles as the building block, the interaction between particles is readily controlled 

by tuning the external magnetic field. When the particles are pushed to the range that 

silanol groups start interacting with each other, catalyzed by amine, nanoparticles tend to 

assemble into chain structures and remain stable unless the energy barrier between the 

two energy minima is overcome. Upon disturbing with sonication, IR or rotational 

magnetic field, nanochains disassemble to isolated particles driven by the repulsive 

elelctrostatic interaction. Highly dependent on pH during the condensation and hydrolysis 

reaction, the bistability is tuned by pH. The switching between the two stable states is 

very effective with no decay, making it a good candidate for information storing and 

erasing. This system renews our understanding of the stability of colloidal systems, which 

holds potential applications in information storage, display and electronics. 
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