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ABSTRACT 

 
SYNTHESIS AND CHARACTERIZATION OF FUNCTIONAL MATERIALS USING SILICA 

COLLOIDAL CRYSTALS, THEIR INVERSE REPLICAS, AND LAYERED DOUBLE HYDROXIDES 

Pratibha Mahale 

Dr. Thomas E. Mallouk 

The design of materials with tunable properties is at the forefront of material-based applications. 

The key to materials design is understanding their fundamental characteristics and establishing a 

structure-property correlation. This dissertation explores fundamental aspects of synthesis and 

characterization of functional materials designed using colloidal crystals, inverse replicas, and 

layered materials for electronics and energy devices applications. We have combined particle 

assembly and High Pressure confined Chemical Vapor Deposition (HPcCVD) to create ordered 

and electrically continuous 3D nanostructures of metals and semiconductors, defined as 

metalattices. These nanostructures have crystalline arrays of uniform particles in which the period 

of the crystal is close to the characteristic physical length scale of the material, for example, exciton 

Bohr radius in semiconductors, making them tunable for electronic, plasmonic, thermoelectric and 

spintronics applications. Silica nanoparticles in the range of 20-120 nm, assembled as micron thick 

films using vertical deposition technique, were used as templates for metalattice design. The 

interstices in the colloidal crystal films were infiltrated with polycrystalline semiconductors 

(Ge/Si/ZnSe) and metals (Ni/Pt/Ag/Pd/Au) using HPcCVD to obtain corresponding metalattices. 

We have developed a core-shell chemical passivation strategy for Ge metalattice prepared by 

infiltration of ~70 nm silica colloidal crystal using HPCVD. The oxide-free Ge core shows quantum 

confinement which depends on the void size in the silica template. The size of Ge sites dictated by 

the voids in the template and core-shell interdiffusion of Si and Ge can, in principle, be tuned to 

modify the electronic properties of the Ge metalattice. We have also investigated the structures of 

colloidal crystalline films and germanium metalattice in detail by scanning electron microscopy 

(SEM) and small angle x-ray scattering (SAXS). Particles smaller than ~32 nm diameter assemble 

into body centered cubic, whereas particles larger than 32 nm assemble into random hexagonal 
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close pack structures with 2D hexatic phase. Polycrystalline films of these materials retain their 

structure, and long-range order upon infiltration at high temperature and pressure, and the structure 

is preserved in Ge metalattice. This detailed understanding of particle arrangements in the template 

can help in establishing structure-property relationships in the metalattices. 

We also explore material design made from layered materials for application in energy systems. 

We discuss method for controlled assembly of oppositely charged nanosheets using tri-block co-

polymer F127 to tune their interactions and study the synthesis and anion exchange of Mg-Al, Zn-

Al and Co-Al layered double hydroxides.  We characterize their structural, thermochemical, and 

ionic conduction properties to understand their fundamental behavior for applications as 

anionic conductors in electrochemical systems operating between 100-250 °C.   
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CHAPTER 1 – Introduction 

 

1.1 3D Nanostructured material design in the sub-100 nm regime using silica colloidal 

crystal and high-pressure chemical vapor deposition 

1.1.1 Materials by design – metamaterials  

The ubiquitous presence of materials in our lives has prompted researchers to expand the 

discovery of natural materials and also establish structure-property-performance 

relationships in these materials. However, to support rapid changes in human lifestyle, 

fuel technological progress, and make sustainable development a reality, significant 

efforts are being made in designing materials beyond the existing natural materials. 

Artificially designed 3-dimensional materials, commonly defined as metamaterials, with 

periodicity smaller than the length scale of the wavelength/physical phenomenon of 

interest, have become increasingly popular to obtain properties/performance beyond 

existing natural materials1–3. The wavelength of interest can correspond to 

electromagnetic waves, and the physical phenomenon can correspond to the electronic, 

vibrational, optical, or magnetic length scales. Metamaterial properties with a selective 

response at these varying length scales have been tailored by controlling the length of 

lattice parameters, 3D arrangement/structure, and orientation of building blocks2,3. 

Significant progress has been made in designing and synthesizing metamaterials at the 

optical length scale. These photonic metamaterials have lattice parameters in the order of 

several hundreds of nanometers to hundreds of microns, allowing them to manipulate the 

transport of electromagnetic waves in the near UV to near IR region4–6. The success and 

continued development of photonic metamaterials has not only led to improved optical 



2 

 

devices but has also prompted the research of metamaterials on other length scales to 

manipulate the behavior of electrons, plasmons and phonons in the material. 

1.1.2 Significance of 3D nanostructures  

Metamaterials at the nanoscale, particularly in sub-100 nm regime (nanostructures), have 

recently gained attention for tuning the electronic, magnetic, and vibrational responses of 

materials. Metamaterials at this length scale should have structural order parameters 

comparable to the characteristic length scale of the intrinsic physical phenomenon in the 

material, for example the exciton Bohr radius in quantum confinement, the 

electron/phonon mean free path, and the magnetic domain wall thickness, to mention a 

few, allowing coupling/interaction between the structural periodicity and the corresponding 

physical phenomenon7–10. This interaction in a wide range of materials (semiconductors, 

metals, insulators) could give rise to new physics with applications in solar devices, 

electronic devices, thermoelectrics, near IR photonics, and light-emitting devices. In 

particular, interconnected semiconductor nanostructures in the sub-100 nm regime can 

create a tunable bandgap through quantum confinement, high interface area, and tunable 

carrier (electron, phonon) transport through the pervasively connected structure. Also, 

semiconductor systems offer independent controls on electrical and heat transport due to 

the respective carriers being electrons and phonons, which along with confinement 

effects, can make semiconductor nanostructures suitable for both electronic and 

thermoelectric applications.  
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1.1.3 Synthetic approaches to 3D semiconductor nanostructures  

Several approaches have been attempted to create electronically continuous, atomically 

crystalline, periodic 3D semiconductor nanostructures in the sub-100 nm regime. Still, 

these continue to face challenges in incorporating interconnectivity, quantum confinement  

 

Figure 1.1. Different types of 3D semiconductor nanostructures obtained by (a) particles 

in a matrix, reprinted from (11), copyright 1998 American Physical Society (b) colloidal 

assembly of nanoparticles, reprinted from (12), copyright 2007 American Chemical 

Society  (c) 3D array of semiconductor nanoparticles using hard templates, reprinted from 

(19), copyright 2002 American Chemical Society

effects, and periodicity in one structure. One of the approaches was to disperse 

semiconductor particles in a matrix, for example, Ge particles in a silica matrix11 (Figure 

1.1). While these structures showed promise in understanding quantum confinement 

effects, they failed to provide interconnectivity between particles and also had a random 

distribution of particles. Another approach that addresses the issue of periodic 

arrangement is the assembly of colloidal semiconductor nanoparticles into 3D 

structures12,13 (Figure 1.1). These nanoparticle superlattices have long-range order, 

quantum confinement effects and also have shown evidence of extended electronic 

states14,15. However, the presence of ligands on the nanoparticles even after ligand 

exchange/stripping limits the connectivity between the particles. Soft templating methods 
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have created mesoporous structures with variable pore sizes of 1-50 nm that provide 

interconnectivity16,17. But these mesoporous semiconductors are not atomically crystalline. 

Hard templating methods were also explored, and periodic mesoporous materials such as 

silica (MCM-41) and zeolites were used as hard templates to obtain a 3D array of 

semiconductor nanoparticles18–20. Using periodic templates incorporated size effects and 

periodicity/order but not interconnectivity since the semiconductor particles grow and 

localize in the pore. 

1.1.4 Silica nanoparticle template and HPCVD assisted synthesis of 3D nanostructures 

in sub-100 nm regime 

 
Although significant developments have been made by the approaches mentioned above 

in the quest for electronically continuous, interconnected and atomically crystalline 

semiconductor nanostructures, there is still a need for a method that overcomes the 

challenges of incorporating all the desirable characteristics into one system. Recently, a 

novel approach has been developed to synthesize polycrystalline interconnected 

semiconductor nanostructures in the sub-100 nm regime by combining silica nanoparticle 

films and high-pressure chemical vapor deposition (HPCVD)21–24. This approach uses 

silica nanoparticle assembly as templates to access the interconnected network of 

voids/pores arising from the 3D arrangement of the particles. HPCVD or high pressure 

confined chemical fluid deposition (HPcCFD) is then used to infiltrate the voids present in 

the templates using semiconductors and metals, resulting in 3D structures, as shown in 

Figure 1.2. The resulting nanostructures are called metalattices and are notionally sub-

divided into meta-atoms (voids in the template) and meta-bonds as the interconnections 

between the meta-atoms. Metalattice lattice parameters, porosity and structure can, in 

principle, be controlled by the size and arrangement of the silica nanoparticles in the 
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template. For example, Figure 1.2 shows a germanium metalattice obtained by infiltrating 

a 30 nm silica template. The following two subsections will discuss the synthesis of silica 

nanoparticles, their assembly, and the infiltration of the assembled templates using 

HPcCVD.  

 

Figure 1.2. a) 3D schematic representation of silica nanoparticle template infiltrated with 

Germanium (b) SEM-EDS image of 30 nm silica nanoparticle template infiltrated with 

Germanium (c) TEM tomography of a germanium metalattice after removal of the   

template (d) and (e) Different voids/meta-atoms in the germanium metalattice as observed 

by TEM tomography (Reprinted with permission from Dr. Hiu Yan Cheng)  

1.1.5 Synthesis and assembly of silica nanoparticle templates 

Silica nanoparticles make an excellent candidate for particle-based templates due to their 

high monodispersity, low cost and simple synthesis, surface functionalization, colloidal 

stability and easy template removal post infiltration. The synthesis of spherical silica 

particles has been known and developed since Stober et al. proposed ammonia catalyzed 

hydrolysis of silicon alkoxides in a water-alcohol medium in 196825. The sol-gel method 

proposed consists of two main steps (equation 1 and 2) – hydrolysis of the silica precursor 

and its subsequent condensation to form a crosslinked network which eventually becomes 

a particle.  

𝑆𝑖(𝑂𝑅)4 + 𝐻2𝑂 → 𝑆𝑖(𝑂𝑅)3𝑂𝐻 + 𝑅𝑂𝐻 − (1) 

2𝑆𝑖(𝑂𝑅)3𝑂𝐻 → 𝑆𝑖(𝑂𝑅)3𝑂 − 𝑂𝑆𝑖(𝑂𝑅)3 + 𝐻2𝑂 − (2) 
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 The size and dispersity of the obtained particles are a function of the reaction conditions 

– temperature, pH, reaction concentrations/relative ratios of reactants26–29. Based on 

reaction kinetics studies, the seeded regrowth approach has been developed further to 

control the size and dispersity of the particles. The regrowth method separates the 

nucleation and growth events by performing seed synthesis first and then growing these 

seeds into desired size particles under controlled reaction conditions26,30. The Stober 

method and its modifications have been since optimized to synthesize silica nanoparticles 

of sizes in the range of hundreds of nanometers to a few microns, with dispersity 

decreasing with increasing particle size (going as low as 3%).   

Although it is tunable and applicable to synthesizing a wide range of silica particles, this 

method cannot be extended to monodisperse particles with less than 4% standard 

deviation in the sub-100 nm regime. A reverse microemulsion approach (water-in-oil) 

which had shown promise for synthesis of particles for several materials (metals, 

chalcogenides, oxides), was attempted in the silica system to synthesize sub-100 nm 

particles31,32. The microemulsion approach also involves hydrolysis of silica precursors (for 

example, tetraethylorthosilicate) in water catalyzed by ammonia. However, hydrolysis and 

condensation occur in water droplets confined in the aggregates of surfactant molecules 

in the oil phase (cyclohexane). The molar ratio of water and surfactant, and the ammonium 

hydroxide concentration, play a crucial role in controlling particle size and dispersity. 

Particles with diameters between 30-70 nm were synthesized using this approach. 

However, the removal of non-polar organic solvents and a high loading of surfactants 

limited the use of this method.  

A significant development in the synthesis of sub-100 nm silica nanoparticles was made 

by using amino acids (lysine and arginine) as catalysts for the hydrolysis of silica 

precursors33,34. There are two significant effects of amino acids that help in size control in 
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the sub-100 nm regime. First, the amino acids provide buffer conditions (pH 9-10), which 

decrease the hydrolysis rate and decrease silicate species' solubility. Thus, the silicate 

species slowly hydrolyzed in the solution are more likely to react with existing particles via 

condensation than to nucleate new particles. This diffusion-controlled growth as opposed 

to reaction-controlled growth in the Stober process gives more control of the particle size. 

Second, the protonated amine groups of the amino acids electrostatically interact with the 

deprotonated surface silanol groups on the silica particle surface. This interaction and the 

constant pH value due to the buffering action of amino acids maintains the high negative 

zeta potential of the silica particles, causing them to form a stable dispersion. Further, the 

hydrogen bonding between the amino acids present on the silica particle surface helps 

create periodically ordered structures during self-assembly. 

The amino acid-catalyzed synthesis of silica particles was further developed by Hartlen et 

al.35 and Watanabe et al.36 to prepare silica particles in the range of 14-550 nm and 

assemble them into colloidal crystals. Both the researchers implemented arginine 

catalyzed hydrolysis of silicon alkoxides in aqueous media and also used a seeded 

Figure 1.3. Schematic representation of (a) the set-up for silica colloidal crystal deposition 

on Si wafer using vertical deposition technique (b) particles assembling at the interface. 

Reprinted from ACS Appl. Mater. Interfaces 2022, copyright 2022 American Chemical 

Society.   
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regrowth approach to gain control of the particle size. Watanabe et al. developed a single-

phase emulsion approach by combining the Stober method of using an ethanol-water 

mixture but replaced ammonia with arginine as the catalyst to synthesize particles with 

diameters between 14 nm and 550 nm. In contrast, Hartlen et al. used a bi-phasic reaction 

to further tune the particle size and dispersity. A cyclohexane layer was formed on top of 

the aqueous reaction mixture and silicon alkoxide was added to this cyclohexane layer. 

This physically decreased the rate of adding the silica precursor into the aqueous mixture, 

thereby reducing the rate of hydrolysis and providing more control over nucleation and 

growth of the particles. We have implemented the methods developed by Hartlen and 

Watanabe in this thesis work with slight modifications to obtain silica particles of sizes 20 

nm, 25 nm, 35 nm, 50 nm, 70 nm, and 120 nm. 

This dissertation used the vertical deposition technique to assemble the as-synthesized 

silica nanoparticles into 3D colloidal crystals on different substrates: silicon, quartz, 

sapphire, and silica capillaries. The vertical deposition technique involves the self-

Figure 1.4. Top view of silica nanoparticle assembled as multilayer films on Si wafer by 

vertical deposition technique. Inset shows magnified images with the same scale bar as 

the parent image. Reprinted from ACS Appl. Mater. Interfaces 2022, copyright 2022 

American Chemical Society.   
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assembly of particles on a substrate at the air-water interface as the solvent evaporates. 

Capillary forces acting at the meniscus along with the convex flow influence particle 

deposition37,38. 

This method has been widely used to create large-scale crystalline films of spherical and 

non-spherical particles in size range of a few nanometers to a few microns. The quality of 

the film is controlled by tuning the rate of meniscus movement with respect to particle 

sedimentation. This is achieved by controlling the deposition conditions such as 

temperature, humidity, air pressure, solvent, and the position of the substrate with respect 

to the solvent. In comparison with other deposition techniques, vertical deposition is a low-

cost and scalable method to generate large-scale colloidal crystals on various 

substrates39–41. However, the films obtained from vertical deposition have non-uniform 

thickness across different deposition levels, as shown in Figure 1.3. This variation 

becomes concerning when optimizing methods to infiltrate the pores in the silica 

templates. 

 

Figure 1.5. (a) Silica nanoparticle assembled in a 150 µm silica capillary. (b) Silica 

template infiltrated with Germanium using HPCVD and (c) magnified image of b. 

Our set-up for silica nanoparticle assembly consisted of a temperature-controlled oven (40 

°C-60 °C). The relative humidity (70-80%) was controlled using the saturated salt solution, 

and the substrate was placed at an angle of 30 degrees23,42. First, all the substrates were 



10 

 

cleaned using Piranha solution before deposition. Then, the deposition was carried out for 

~two weeks until the entire solution evaporated, and the obtained films were sintered at 

600 °C to remove any organic residues. Figure 1.4 and 1.5 shows SEM images of different 

sizes assembled on silicon wafers and 100 nm particles in silica capillaries. These silica 

nanoparticle templates were then infiltrated with metals and semiconductors using 

HPCVD to obtain metalattices. The advantage of silica colloidal crystals inside capillaries 

over a planar substrate is the directional flow of gas molecules, allowing for easier removal 

of byproducts and confinement effects on silica assembly. This dissertation will focus on 

a detailed description of deposition conditions on planar substrates and the structure of 

particle arrangement on silicon for different particle sizes (Chapter 3).  

1.1.6 High-pressure infiltration of silica nanoparticle templates 

 
The silica nanoparticle templates in the range of particle diameters (14-120 nm) and 

particle 3D arrangements studied here contain voids between 3 and 60 nm. These 

nanoscale voids are interconnected and also form a 3D network. In such high aspect ratio 

geometries with confined pores, infiltrating electronic grade semiconductors is a 

challenge. Conventional chemical vapor deposition is often used to conformally deposit 

high purity semiconductors from gas-phase precursors as thin films on various 

substrates43. A slight pressure gradient drives the diffusion of gas molecules towards the 

substrate during deposition. However, in conventional/low-pressure CVD, the mean free 

path of gas molecules is several hundreds of nanometers. In the case of pores smaller 

than the mean free path, the transport of gas molecules is controlled by effusion which 

severely limits gas transport through the entire pore volume. This eventually leads to 

incomplete infiltration as a film is formed on the outer surface of the pores before the inner 

pore volume is filled, and this blocks further transport of gas molecules. However, 
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decreasing the mean free path of the gas molecules can address this problem and allow 

for the complete infiltration of nanopores. Badding et al. developed high-pressure chemical 

vapor deposition, which, as the name suggests, uses high pressure to decrease gas 

molecules' mean free path, allowing them to deposit high purity semiconductors (Si, Ge, 

ZnSe) in optical fiber templates containing nano and micropores44,45. A modified version 

of this method which used both high pressure and reactor confinement to reduce mean 

free path and prevent clogging of pores was used to infiltrate semiconductors in the 

nanoscale voids of the silica template21,22,46,47. Figure 1.6 shows changes in the mean free 

path as a function of pressure and reactor confinement. The semiconductor metalattices 

were infiltrated in the voids of silica template by pyrolysis of respective gaseous precursor 

(silane/germane) transported with a carrier gas (hydrogen/helium) as shown in equation 

3.  

𝐺𝑒𝐻4 → 𝐺𝑒 + 2𝐻2 − (3) 
 
This reaction generates hydrogen gas as a by-product which diffuses out, leaving behind 

amorphous semiconductors in the voids. Thermal annealing is then performed to obtain a 

polycrystalline metalattice. Both TEM tomography as a microscopic technique and 

positronium annihilation lifetime spectroscopy as a bulk measurement have confirmed the 

void-free infiltration of the silica templates planar substrates for semiconductor 

metalattices48. 
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Figure 1.6. Mean free path as a function of (a) pressure, reprinted from Annual Review 

of Materials Research 43 (2013): 527-557, copyright 2013, Annual Review of Materials 

Research (b) reactor confinement and pressure, reprinted with permission from Dr. Hiu 

Yan Cheng. 

This dissertation will discuss the chemical passivation of germanium metalattices in 

Chapter 2 and the detailed synthesis and structural characterization of silica nanoparticle 

template and metalattices in Chapter 3.  

1.2 Synthesis and exfoliation of layered materials  

1.2.1 Layered materials – their intercalation and exfoliation 

 
Layered materials, which have been studied by chemists for over ~150 years, make an 

exciting class of compounds due to their anisotropic bonding. Layered materials consist 

of 2D host layers which have strong bonding in-plane within the layer but are weakly 

bonded out of the plane with the adjacent layers. This anisotropic interaction allows for 

intercalation chemistry between the layers and exfoliation of the 2D host layers as 

nanosheets49–56. The intercalation chemistry and exfoliation of a particular layered material 

are a function of the bonding strength between the adjacent layers, charge, and chemical 

composition of the 2D layer.  
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Several approaches have been developed to intercalate layered materials including 

electrochemical intercalation, vapor phase intercalation, or liquid-phase intercalation49–

52,56. The earliest used technique is the vapor phase intercalation which involves 

temperature-controlled vapor transport of intercalants into the host material. A popular 

example of this method is the intercalation of graphene/TMDs with alkali metals ions57 

(Na, Li). The electrochemical method uses externally generated current to intercalate 

guest ions into host layers which act as the cathode and/or anode. Reversal of the 

direction of the applied current can lead to deintercalation and therefore this method is 

extensively used in energy storage devices such as secondary batteries58,59. In the case 

of the liquid phase method, intercalant ions and host material are both present in a liquid 

medium, and unlike the electrochemical method, the host and guest materials do not need 

to be conductive. The driving force for intercalation in the liquid phase is a stronger 

interaction between the host layer and guest molecules (electrostatic, charge-transfer) 

compared to the interaction between the adjacent layers. A significant advantage of this 

method is that it can be readily scaled for larger volumes. Some common examples of 

systems where this method has been applied are Li intercalation through n-butyl lithium 

solution in transition metal dichalcogenides57, and intercalation of organic molecules such 

as dimethylformamide in MXenes60. This method is also commonly used to exchange ions 

in the interlayer gallery by another thermodynamically competitive ion in the solution, for 

example, proton exchange with bulky tetrabutylammonium ions in protonated titanates61. 

This dissertation uses the liquid intercalation method to exchange the interlayer anion and 

control the spacing between the layers of three types of layered double hydroxides (LDHs) 

– Co-Al LDH, Mg-Al LDH, and Zn-Al LDH.  

Intercalation is also used as an intermediate step to exfoliate layered materials into 2D 

nanosheets. Exfoliated 2D nanosheets have physical and chemical properties different 
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from their bulk counterparts due to high surface area, confinement effects, and anisotropy. 

A wide range of 2D materials has emerged in the last few decades from different types of 

layered materials – graphite, hexagonal boron nitride, transition metal 

di(tri)chalcogenides, metal halides, oxides, hydroxides, clays, metal carbides and nitrides. 

Due to their novel properties, 2D materials have been used in transistors, thermoelectrics, 

superconducting composites, batteries, supercapacitors, catalysts, ferroelectrics, 

dielectrics, light-emitting diodes, electrochromics, non-linear optical materials, drug 

delivery materials, dye-sensitized solar cells, lightweight composites, electronic 

conductors and bio-composites.  

These 2D materials can be obtained by exfoliation of their parent layered materials. There 

are two broad categories of exfoliation methods – micromechanical exfoliation62 (Scotch-

tape method) and liquid phase intercalation53,63. Within liquid phase intercalation, there 

are a lot of variants – mechanical liquid exfoliation, ion-exchange/displacement assisted 

exfoliation, selective erosion assisted exfoliation, and oxidation assisted exfoliation.  In 

this dissertation, ion intercalation/exchange liquid phase exfoliation has been 

implemented to obtain nanosheets of layered silicates and layered double hydroxides. The 

general principle governing ion exchange exfoliation is the expansion of the interlayer 

gallery space by intercalating bulky ions or ions which bring in large quantities of solvent 

molecules leading to swelling of the host material (Figure 1.7). The swelling decreases the 

attraction between the 2D host layers which can then be delaminated/exfoliated by 

application of external forces such as shear and/or sonication53,61.  
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Figure 1.7. Schematic representation of the exfoliation of layered materials by 

intercalation. 

1.2.2 Layered materials in this dissertation – NaTSM and layered double hydroxides  

2:1 Layered silicate –Sodium flurotetrasilicic mica (NaTSM): 2:1 Layered silicates are a 

type of clay minerals that have 2D layers made up of stacked tetrahedral and octahedral 

sheets. The building blocks of tetrahedral and octahedral sheets are four-coordinated Si/Al 

and six-coordinated Al/Mg/Fe/Li, respectively. In a T-O-T clay the octahedral sheet is 

sandwiched between two tetrahedral sheets, as shown in Figure 1.8. The isomorphic 

substitution in these sheets creates a charge deficit balanced by the presence of charged 

ions such as Na+ in the interlayer gallery between the 2D layers.  

Figure 1.8. Schematic representation of 2:1 layered silicates 

Layered silicates are used to synthesize composites with polymers and nanoparticles, 

intercalation compounds, pillared materials, zeolites and mesoporous structures64,65. 
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These varying forms of layered silicates/materials obtained from layered silicates have 

found applications in CO2 adsorption, drug delivery, flame retardancy, gas sensing, 

catalysis and electronics66–68.  NaTSM is a synthetic 2:1 layered silicate with the formula 

Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96
69. In this dissertation, we have used pre-synthesized 

NaTSM to obtain negatively charged nanosheets by exfoliation.   

Layered Double Hydroxides: Commonly referred to as hydrotalcite-like anionic clays, 

layered double hydroxides are a type of layered materials that have positively charged 

brucite-like layers and charge-compensating anions and solvent molecules in the 

interlayer galleries70 (Figure 1.9).  They have a general formula of [M1−x
2+Mx 

3+(OH)2]x+[Ax/n]n−·mH2O where M2+ is a divalent metal ion like Mg, Zn, Co, or Ni, and M3+ is 

a trivalent metal ion like Al3+, Fe3+, or Mn3+. The range of x can vary between ~0.17-0.33. 

Hydroxyl groups octahedrally coordinate M2+ and M3+, and the excess M3+ ions impart the 

positive charge to the sheets. An- are organic/inorganic anions like CO3
2-, Cl-, NO3

-, and 

SO4
3-. 

LDHs have gained popularity due to their ease of synthesis, positively charged 2D host 

layers, surface hydroxyl groups, exchangeable interlayer anions, tunable interlayer 

galleries, high chemical and thermal stability, and biocompatibility. These characteristics 

have led to their widespread applications in catalysis71,72, anion 

conduction/exchange/selectivity73–77, adsorbents69, cosmetic formulations78, polymer 

composites79, separation systems for waste removal80,81, hosts for biomolecules82,83, and 

drug delivery84–87. 
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Figure 1.9. (a) LDH structure with CO3
2- as the interlayer anion. Reprinted from (84), 

copyright 2018 Elsevier. (b) SEM image of Co-Al-CO3
2- LDH platelet (inset of colloidal 

suspension). Reprinted from (95), copyright 2007 American Chemical Society. 

Synthesis of LDHs - Several approaches have been developed to synthesize different 

divalent and trivalent metal-containing LDHs. The traditional method uses a solution-

based process that involves mixing of divalent and trivalent metal salts in an alkaline 

environment created by the addition of NaOH or Na2CO3. The obtained gel-like precipitate 

is aged with heating to obtain crystalline LDHs. This method is defined as the co-

precipitation method. To improve the crystallinity and size of the LDH platelets, a 

homogeneous precipitation method has been developed in which the alkalinity in the 

mixed salt solution is created by slow hydrolysis of urea/hexamethylenetetramine into 

ammonia88–90. This method allows for more controlled nucleation and growth of LDHs 

compared to the co-precipitation method, leading to more crystalline platelets. Some of 

the LDHs, which cannot be prepared directly from the above precipitation methods, are 

then designed by intercalation of the brucite-like metal hydroxide with an oxidant91,92. This 

method is called topochemical oxidation and has been useful for making non Al3+ LDHs 

with transition metals like Fe, Co, and Ni. For some LDHs, for example, Mg-Al LDH, it has 
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been noted that performing the mixed salt solution reaction under hydrothermal conditions 

gives improved crystallinity and larger platelets88. In this thesis work, we have used the 

homogeneous precipitation method to prepare Zn-Al LDH and Co-Al LDH. Mg-Al LDHs 

was prepared by using hydrothermal synthesis.  

 

Ion exchange and exfoliation - The most common anion in the LDHs prepared by the 

approaches mentioned above are carbonate due to its exceptionally high affinity to the 

host layers and thereby facilitating the formation of highly crystalline LDHs. Although 

LDH’s with other anions such as chloride77 and dodecyl sulfate93 have been made by 

creating a CO2-free environment, the crystallinity of the obtained LDHs is poor. Therefore, 

another approach commonly used to add different anions is the ion exchange method 

(discussed in section 1.1.1) which uses highly crystalline carbonate-containing LDH and 

exchanges it with chloride anions by a salt-acid (NaCl-HCl) treatment90,94,95. The 

intercalated chloride anion, unlike carbonate, can be easily exchanged by other anions 

Figure 1.10. (a) Photograph of a Co-Al LDH nanosheet solution demonstrating Tyndall 

effect (b) AFM image of Co-Al LDH nanosheets. Reprinted from (90), copyright 2006 

American Chemical Society  
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such as NO3
-, SO4

3-, ClO4
- by treatment with their corresponding sodium and potassium 

salts95. 

The high affinity of carbonate to LDH host layers and the high charge density of the layers 

makes it challenging to exfoliate them into nanosheets. Therefore, LDHs with other anions 

with higher interlayer spacing like dodecyl sulfate or nitrate are used for 

delamination/exfoliation. Different solvents have been explored to exfoliate LDHs with 

different anions such as alcohols (butanol, hexanol, octanol, decanol), toluene, CCl4, 

xylene, and water93,96–101. In the above-mentioned solvents, external sonication/heating 

was required to facilitate exfoliation. LDH crystallinity, lateral size, and exfoliation 

treatments affect the obtained nanosheets. LDHs synthesized using the co-precipitation 

method and with the above-discussed methods and solvents only provided nanosheets 

with a few tens of nanometer lateral size. A breakthrough in exfoliating LDHs was achieved 

by using formamide as a solvent for highly crystalline LDHs synthesized by the 

homogeneous precipitation method90,102. The carbonate in the as-synthesized LDH was 

exchanged with NO3
- before exfoliation. Mechanical shaking in formamide for 1-2 days 

was sufficient to exfoliate these crystals into nanosheets with lateral sizes in the range of 

microns90,102 (Figure 1.10).  

The mechanism of this exfoliation is believed to be two-step as in other layered materials 

– swelling and exfoliation61,103. The water molecules in the interlayer gallery are replaced 

by formamide molecules, which have two electronegative atoms, making it an excellent 

candidate for hydrogen bonding with the host hydroxyl groups through the carbonyl group. 

However, formamide does not bond so effectively with the nitrate in the gallery. This leads 

to ‘osmotic swelling’ of the LDH structure, which under mechanical shaking exfoliates into 

2D nanosheets. The sheets will restack if water is added due to the restoration of the 

hydrogen bonding network90,104.  
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In this dissertation, we have synthesized three types of LDH with three different interlayer 

anions (CO3
2-, Cl-, NO3

-). Chapter 4 discusses a potential method for controlled assembly 

of positively charged LDH sheets obtained from Co-Al LDH with negatively charged 

NaTSM sheets. Chapter 5 discusses the synthesis of Mg-Al and Zn-Al LDHs, their ion 

exchange to obtain different interlayer ions (chloride and nitrate), water loss from their 

interlayer gallery, and method development for ionic conductivity measurement between 

temperatures 100-250 C to test their feasibility in intermediate temperature 

electrochemical cells.  
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CHAPTER 2 - Oxide-Free Three-Dimensional Germanium/Silicon Core–Shell 
Metalattice Made by High-Pressure Confined Chemical Vapor Deposition 

 
(Reprinted from ACS Nano 2020, 14, 10, 12810–12818, copyright 2020 American Chemical Society) 

2.1 Introduction  

Strongly coupled and coherently connected semiconductor nanoparticles offer the 

possibility of bandlike electron transport in combination with size-dependent electronic and 

optical properties.1,2  At the nanoscale, obtaining such delocalized electronic states 

requires an interconnected network of nanoparticles and a passivated surface. Meta 

structures with extended electronic states have been realized in nanoparticle/quantum dot 

superlattices that have a small interparticle distances, which are typically accessed 

synthetically by ligand stripping and/or exchange. 3−11 These structures can provide 

enhanced performance in electronic transistors, thermoelectric, optoelectronic light-

emitting devices 1,2,12−14 and electrode materials for batteries. 15,16  

Even with ligand modifications, however, it is challenging to integrate particle 

interconnectivity, periodicity, and quantum confinement into one system. This problem has 

motivated other synthetic approaches to 3D interconnected periodic structures at the 

nanoscale, especially the synthesis of mesoporous structures by hard or soft templating 

methods. 17,18 Recently Liu et al. reported an approach to synthesizing completely 

connected, atomically crystalline three-dimensional metal structures using high-pressure 

confined chemical fluid deposition and silica nanoparticle colloidal crystal templates. 19,20 

Using the vapor-phase counterpart of this technique, high-pressure confined chemical 

vapor deposition (HPcCVD), we are now infiltrating semiconductors into the nanoscale 

voids of the silica template. 21,22,23  These inverse structures, defined as metalattices, 

inherit the void structure of the template to form an interconnected periodic lattice. 
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As in other nanoscale structures, the interior surface of a semiconductor metalattice is a 

significant contributor to its electronic structure and physical properties. In this paper, we 

explore core–shell synthesis as a way to chemically passivate a Ge metalattice surface. 

As a group IV semiconductor, Ge has potential applications in electronics. However, 

despite its high carrier mobility and large exciton Bohr radius relative to Si, its integration 

into devices has been limited due to its complex surface oxidation chemistry. 24−26  

Depending on the oxidation conditions and the Ge surface exposed (100, 111), Ge forms 

Ge1+, Ge2+, Ge3+, or Ge4+ or even a mixture of different oxides. 27−30 These native oxide 

layers on Ge are not stable and do not form a defect-free interface. Passivation techniques 

developed so far for Ge nanostructures such as thin films, wafers, and wires can be 

broadly classified into two kinds of techniques. The first are methods that terminate the 

surface with a Ge–M covalent bond, where M can be hydrogen, a halogen (Cl, Br, I), or 

an alkyl group, 31−38 and the second involves a core–shell approach that passivates the 

surface by forming a shell around the Ge core. 39−43 Surface modification inside a 

metalattice is more challenging in comparison to wires, films and nanocrystals due to the 

interconnected structure, high curvature, and high surface area to volume ratio. This 

added complexity makes it difficult to extend covalent passivation methods to metalattices. 

Most of the covalent passivation methods involve intermediate steps that etch the sample 

or high temperature annealing, which could result in metalattice collapse, delamination 

from the supporting substrate, or a rough passivated surface. The core–shell approach, 

which has been employed in Ge heterostructures, nanowires and nanoparticles, provides 

a conformal coating for passivation. In addition to passivation, the core–shell structures 

also enable band gap engineering, modulation doping, and multifunctionality. 

The core–shell approach has been implemented in semiconductor nanocrystals via both 

solution and gas phase deposition methods. 3,43−46 In 2017, Hunter et al. 43 reported the 
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synthesis of Ge nanocrystals with Si shells using a nonthermal plasma method, which 

enabled more control of the core and shell dimensions in comparison to solution 

processes. Because of the versatility of the core–shell approach with structures and 

surfaces and its ability to integrate with the HPcCVD technique, we have applied it here 

to metalattices. In this paper, we demonstrate the chemical passivation of Ge metalattices 

by forming a Si shell and study the effect of the Si shell on the oxidation state/chemical 

composition of the Ge core. While the use of Si shells for Ge passivation is well established 

for 2D and 1D nanostructures, we present here the chemical passivation of a 3D 

interconnected Ge nanostructure using a Si shell. 

Core–shell metalattices were synthesized by sequential infiltration of Ge and Si into silica 

templates using HPcCVD (see Figure 2.1), which provides access to the nanoscale voids 

in the template 47 and also creates a uniform and conformal shell on the Ge core. The 

effect of chemical passivation/modification of Ge nanocrystals/films on their electronic 

structure has been commonly probed by absorption or photoluminescence (PL) 

spectroscopy. In the absence of bulk defects and unpassivated surface states, quantum 

confinement effects in nanoscale Ge can be characterized by mapping the shifts in 

absorption edge or PL peak positions as has been reported in several earlier 

studies. 18,48−51 Core–shell metalattices did not show sharp emission features that could be 

attributed to Ge nanocrystals of specific sizes. Instead, broad photoluminescence was 

observed above the band gap energy (Figure A4), possibly due to the presence of Ge 

nanocrystals that have many different degrees of quantum confinement. Therefore, to 

probe the electronic structure at the local level in the metalattice we accessed the Ge 3d 

edge using electron energy loss spectroscopy (EELS) in the transmission electron 

microscope. This technique has been used before to probe electronic structure and 

bonding in a number of materials at nanometer resolution. 52 In our system, EELS coupled 

https://pubs.acs.org/doi/full/10.1021/acsnano.0c03559?casa_token=_IG2FNllArQAAAAA:kFQAO4Nt_VJS0gMqP_mAUJWl6LrRwh7MAJjW2_QGP63qa3sLCWXHiNA8vH3makAit0X7O-39TnBBec0#fig1
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with Raman spectroscopy to characterize the interdiffusion of Ge and Si atoms at the 

core–shell interface, provides information about the electronic effects of dimensional 

confinement and core–shell interdiffusion in the Ge metalattice. 

 

 

Figure 2.1. Schematic diagram of the steps involved in core–shell metalattice synthesis. 

2.2  Experimental methods  

2.2.1 Silica Nanoparticle Template Synthesis  

Monodisperse spherical silica nanoparticles (diameter 69.2 ± 3.2 nm, Figure A1) were 

synthesized using the method of Watanabe et al. 67 A colloidal solution of as-synthesized 

silica nanoparticles was diluted 10× for deposition. Double-side polished undoped silicon 

wafers (University Wafers) of ∼280 μm thickness and ⟨100⟩ orientation were cut into 3 

cm × 1 cm pieces. Before deposition, the silicon wafer pieces were treated with freshly 

prepared piranha solution (3:1 concentrated H2SO4: 30% v/v H2O2) for 15–20 min. 

(Caution: Piranha solution is corrosive to skin and can react explosively with organic 

substances.) The wafers were then copiously rinsed with water followed by ethanol and 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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were dried in a stream of air. The diluted nanoparticle suspension was deposited on the 

Si wafers in open plastic vials at controlled temperature and humidity (40 °C at 80% RH) 

as described earlier by Russell et al. 68  Then 8 mm × 5 mm pieces were diced from the 

films obtained at the end of 2 weeks for metalattice infiltration. The thickness of these 

nanoparticle films, as measured by SEM, varied from 240 to 850 nm depending on the 

vertical position on the substrate. A representative SEM image of the silica nanoparticle 

template is shown in Figure A1. 

2.2.2 Core–Shell Metalattice Synthesis  

The synthesis of a core–shell metalattice is a three-step process involving infiltration of 

Ge into the interstitial voids of the template followed by template etching and finally 

infiltration with Si to form the shell. HPcCVD was used for both Ge and Si infiltration 

steps. In the HPcCVD process, high pressure ensures that the mean free path of 

precursor molecules is on the order of a few nanometers, enabling them to penetrate the 

nanoscale voids of the silica template prior to decomposition on the walls. Spatial 

confinement of the precursor molecules results in the formation of a smooth film 

because it inhibits vapor-phase homogeneous nucleation of Ge or Si. The process for 

synthesizing the core–shell metalattice is described briefly below. 

Germane (GeH4) at a partial pressure of 5–10% in helium carrier gas at a total pressure 

of 20–35 MPa was used as the Ge precursor. Spatial confinement was ensured by placing 

U-shaped stainless-steel spacers of 25 μm thickness between adjacent template pieces 

in the HPcCVD reactor. Amorphous germanium was deposited at a temperature of 325 

°C for 1–3 h depending on the gas pressure and concentration. After the interstitial voids 

were completely filled by germanium, the germanium overlayer on top of the metalattice 

was removed by deep reactive ion etching (DRIE) in a chlorine plasma. The metalattice 
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was then treated with 3% hydrofluoric (HF) acid solution in water for 4 min to etch away 

the silica nanospheres. (Caution: HF is highly reactive, hazardous, and corrosive.) The 

metalattice was then rinsed with deionized water and dried using acetone. Immediately 

following this etching step (within 20 min), a silicon shell was deposited in the germanium 

metalattice at 400 °C using HPcCVD with silane (SiH4) as the precursor in helium carrier 

gas. Silicon deposition was carried out for 30–60 min, depending on the gas pressure and 

concentration, to form a thin shell around Ge. The germanium core was crystallized 

afterward using rapid thermal annealing (RTA) at 550 °C for 120 s to promote rapid 

crystallization without fusion of the metalattice or significant oxygen contamination by 

diffusion into the structure. Figure A2 shows a Ge metalattice obtained after infiltration and 

etching of silica template. 

2.2.3 Characterization  

2.2.3.1 Scanning Electron Microscopy  

 
Silica nanoparticles and the templates were imaged and sized by using a Zeiss SIGMA 

VP-FESEM and ImageJ software, respectively. 

2.2.3.2 X-ray Diffraction 

 
XRD on core–shell metalattice films and a Si reference sample was performed on a 

Malvern Panalytical Xpert Pro MPD, and the analysis was performed using Jade and 

Origin software. 

2.2.3.3 TEM and EELS  

A FEI Helios Nanolab 660 FIB/FESEM was used for TEM sample preparation. STEM 

images and EDS maps were collected using a Talos F200X scanning/transmission 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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electron microscope equipped with a XEDS detector at 200 kV accelerating voltage. A 

double aberration corrected Titan Transmission Electron Microscope with Gatan GIF and 

a monochromator was used for STEM-EELS. The accelerating voltage was 80 kV with a 

spot size of 14 nm and an energy resolution of ∼0.14 eV. A C3 aperture of 50 μm and C2 

aperture of 150 μm were used for data acquisition with a dwell time for 10 ms for each 

spectrum. EELS analysis was performed in Digital Micrograph and OriginPro. The 

background from the plasmon peak at ∼16 eV was subtracted to obtain the Ge 3d edge 

onset on a flat baseline. A constrained power law equation, 69 y(x) = a((x + m)̂(−r)) + b, 

where a, b, r, and m are fitting parameters, was used to fit the background, and the 

background-corrected spectra were compared (Figure A6). The inflection point was 

chosen as the edge onset. 

2.2.3.4 Raman Spectroscopy  

Raman spectra were collected using an ND-MDT confocal Raman (Renishaw) 

spectrometer. An excitation wavelength of 532 nm was used at 1 mW with a 100× 

objective, and the signal was collected by using a Peltier-cooled Andor CCD detector. The 

exposure time was limited to 20 s to prevent damage to the sample. The spectra were 

collected at multiple spots to confirm the uniformity of the sample. 

2.2.3.5 X-ray Photoelectron Spectroscopy  

XPS experiments were performed using a Physical Electronics Versa Probe II instrument 

equipped with a monochromatic Al Kα X-ray source (hν = 1,486.7 eV) and a concentric 

hemispherical analyzer. Measurements were made at a takeoff angle of 45° with respect 

to the sample surface plane. This resulted in a typical sampling depth of 3–6 nm (95% of 

the signal originated from this depth or shallower). The sample was ion milled (20 nm) in 

situ to obtain a freshly cleaned surface for compositional analysis. The Si 2p and Ge 3d 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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spectra were curve fitted into metallic and oxidized forms using CasaXPS software 

(version 2.3.19rev1.0k). The Si 2p spectra were fitted with 3/2 and 1/2 spin orbit doublets 

with peaks constrained for identical full-width-at-half-maximum (fwhm), peak area (2:1) 

and an offset of +0.607 eV. The Ge 3d spectra were also fitted with matching fwhm, a 3d 

5/2 to 3/2 peak area ratio of 3:2 and offsets of +0.59 eV. 

2.2.3.6 Photoluminescence Spectroscopy  

Measurements were made inside a cryostat (Janis Research ST-300R) using a 

continuous liquid nitrogen flow and illumination with a 785 nm laser diode (Coherent OBIS) 

operated at 50 mW with a spot size of ∼2 mm diameter. The Ge film sample was 

illuminated by 640 nm diode laser operated at 100 mW. The emitted light was collected 

from a ∼400 um diameter spot through a long pass filter (900 nm) and measured in a 

spectrometer (Horiba iHR320) with an InGaAs array (Horiba Symphony). Data are 

proportional to the photon flux by calibration through the same optical setup with a 

calibrated light source (Ocean Optics LS-1-cal). 

2.2.3.7 Small Angle X-ray Scattering  

Synchrotron SAXS measurements were performed at beamline 12-ID-B at the Advanced 

Photon Source, Argonne National Laboratory. An X-ray beam with energy of 14 keV and 

a spot size of 200 × 100 μm2 was used, with 1s exposure time. The 2D pattern was 

collected in transmission mode on Pilatus 2 M detector. 

2.3 Results and Discussion 

The synthesis of a core–shell metalattice is a multistep process as discussed in the 

Experimental Methods and illustrated in Figure 2.1. The silica sphere template is etched 

away using aqueous HF between the sequential deposition of Ge and Si. This step serves 
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the dual purpose of template removal and termination of the Ge surface with Ge–H bonds. 

Even though the hydride-terminated Ge surface is stable for only a short time (maximum 

a few hours), 53 it protects the surface from oxidation prior to shell formation. Both Ge and 

Si are infiltrated in their amorphous forms by HPcCVD. The Ge core is annealed after the 

Si shell is added to ensure formation of a conformal coating. Because Ge crystallizes at a 

lower temperature than Si, we could selectively crystallize only the Ge core by rapid 

thermal annealing. TEM EDS shown in Figure 2.2 confirms the formation of the core–shell 

metalattice, and high-resolution TEM shows the amorphous Si shell and polycrystalline 

Ge core. X-ray diffraction (XRD) of the core–shell metalattice film also confirms the 

crystallinity of the Ge core (Figure A3). We observed that the width of the Ge (111) peak 

is approximately twice the instrumental line width, obtained from a corresponding peak of 

a crystalline Si standard as shown in Figure A3. The broadening and asymmetry of the 

Ge peak are a function of nanocrystallite size and Si–Ge lattice mismatch-induced strain 

in the structure. According to the Scherrer formula (see Appendix A), the width of the Ge 

(111) reflection corresponds to a crystalline domain size of ∼47 nm, which is about twice 

the size of the largest voids in the 69 nm silica sphere template (∼29 nm) and much larger 

than the diameter of the necks between voids, which is ∼11 nm. This indicates that the 

crystalline domains extend beyond a single meta-atom. In addition, there is significant 

strain in the Ge lattice, as evidenced by the shift and asymmetry of the Ge–Ge Raman 

peak (Figure 2.3), and this effect contributes to the X-ray line broadening. Thus, the 

relatively narrow peak width of the Ge (111) reflection implies crystalline domains that 

extend across at least several interconnected meta-atoms in the core–shell structure. 

In addition to TEM, we used Raman spectroscopy to gain insight into the structural 

composition of the core–shell structure. Figure 2.3 shows a comparison of a Ge–Si core–
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shell metalattice with the corresponding Ge metalattice and a CVD grown Ge film. We 

observe a first-order optical phonon mode for Ge–Ge at ∼300 cm–1 for all three Ge 

structures—thin film, metalattice, and core–shell—indicating successful infiltration of Ge 

(Table A1). In addition to the Ge–Ge mode, optical phonon modes for Ge–Si and Si–Si 

are also present in the core–shell metalattice. The shapes of the peaks (sharp vs broad) 

confirm the presence of polycrystalline Ge and an amorphous Si shell, in agreement with 

the TEM images. 

Following initial structural characterization of the core-shell metalattice, we investigated 

the possible presence of Ge oxide in the structure using XPS as shown in Figure 2.4. 

Oxidation of the exposed metalattice surface containing both Ge and Si was expected as 

 

Figure 2.2 (a) TEM image with energy-dispersive X-ray spectroscopy (EDS) maps of the 

Ge–Si core–shell structure showing formation of the interconnected Ge structure within a 

Si shell. (b) High-resolution TEM image showing (i) the crystalline Ge core, amorphous Si 

shell, and etched silica sphere regions;(ii) magnified region from the Ge core showing Ge 

lattice fringes; (iii) fast Fourier transform (FFT) of the Ge core region.

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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the sample was not stored in an inert atmosphere. However, after in-situ ion milling of the 

top layer (20 nm), no Ge oxide signal was detected. We do not observe any Ge oxide in 

the structure within the detection limit of XPS. Si, on the other hand, shows the presence 

of an oxide after ion milling.

 

Figure 2.3 (a) Raman spectrum at different steps of the sample preparation. The sharp 

Ge–Ge peak at ∼300 cm–1 indicates the presence of crystalline Ge in the metalattice. (b) 

Raman spectrum of the core–shell metalattice. The appearance of a Ge–Si band at ∼390 

cm–1 indicates possible interdiffusion of Si and Ge.
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This can be attributed to the oxidation of the protective Si shell, which upon exposure to 

air forms a native oxide layer and passivates the material against further oxidation of 

metalattice. Another source of silicon oxide could be from the silica nanoparticles. We 

have observed partial etching in these samples in some regions using both SEM and TEM. 

This means the residual SiO2 particles could also be contributing to the oxide in the XPS 

spectrum. 

 

Figure 2.4. High-resolution Ge 3d and Si 2p X-ray photoelectron spectra of core–shell 

metalattice before and after in situ ion milling top 20 nm film. The dotted lines represent 

fitting for respective peaks. 

As noted above, one of the major challenges in implementing Ge in electronic devices or 

in even studying the fundamental properties of Ge nanostructures is the oxidation and 

reconstruction of the Ge surface, which leads to defect formation. The preparation of an 



45 

 

oxide-free Ge metalattice allows us to investigate the effect of structural confinement and 

the Si shell on the local electronic properties of the Ge metalattice. Since the measured 

PL spectrum was broad (Figure A4), possibly due to different degrees of confinement at 

different sites within the macroscopic collection area, we used EELS to study the structure 

at microscopic level. With the energy and spatial resolution of EELS in the electron 

microscope, it is possible to obtain the Ge 3d edge energies locally at different sites in the 

metalattice. 

 

Figure 2.5. Normalized EELS spectra of the Ge 3d core-edge at (a) different sites in the 

metalattice structure. The spectra are stacked to highlight the shift in the inflection point 

(inset shows representative MA and MB sites) and (b) different points in the core/shell 

structure (inset shows representative core, interface, and shell points with a magnified 

view of the points). Scale bar in the magnified image is 25 nm. 

 

The Ge metalattice conforms to the void structure of the silica nanoparticle template as 

shown in Figure A2 and maintains the long-range order of the template as observed in the 

small-angle X-ray scattering (SAXS) pattern (Figure A5). The Ge replica of the close-

packed silica sphere lattice can be conceptually divided into meta-atoms and meta-bonds 

(MA and MB), where the meta-atoms are formed in the tetrahedral/octahedral voids of the 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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silica nanoparticle template and the meta-bonds correspond to the thin connections 

between these voids. We were able to selectively probe the Ge 3d edge at MA and MB 

sites as shown in Figure 2.5a. 

A small shift of ∼0.2 eV in the 3d edge onset between the MA and MB regions was 

observed (Table A2). This shift in the edge onset should be interpreted cautiously due to 

the several contributing parameters that include structural confinement, defects, and 

strain. Earlier studies by Hanrath et al. 54 and Batson et al. 55 on Ge nanowires and Si 

clusters, respectively, have found a size-dependent variation in the edge onset mapped 

by EELS, which is characteristic of the quantum confinement that has been seen in other 

studies of Ge quantum dots and nanowires. 18,48−51,56 At the microscopic level, we also 

expect to see a variation in the degree of confinement of Ge in the metalattice due to the 

different sizes of the voids in the template from which it is formed. In a template composed 

of 69 nm diameter silica spheres, the void sizes range from 11 to 29 nm, providing different 

degrees of confinement for crystalline Ge, which has an exciton Bohr radius of 24 

nm. 51 This structural confinement by the template affects the average size of the Ge 

crystalline domains in the MA and MB sites and thus can contribute to the variation in the 

edge energy. The shift toward higher energy with decreasing void size is consistent with 

quantum confinement. The two types of voids labeled as MA sites in Figure 2.5a cannot 

be distinguished in the 2D image, but we speculate the trend on the basis of void size. 

However, structural confinement may not be the only factor determining the size of the Ge 

crystalline domains. Several other factors including the rate and type of nucleation and 

growth could also affect their size and thus the edge onset. We observe a comparable 

shift in the same types of sites across several samples, possibly due to variation in the 

average size of the crystalline domains as influenced by these other factors. 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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Even though structural confinement could be a significant contributor to the blue shift in 

edge onset, other factors in a polycrystalline core–shell system such as grain boundaries 

and interfacial strain may also contribute. We accessed the Ge 3d edge at different 

positions from core to shell to understand the local effects of the Si shell and its interaction 

with the Ge core. Figure 2.5b shows an average spectrum representing each of these 

sites. The Ge edge at sites 1 and 2 does not show any shift in onset energy indicating no 

change in the oxidation state or bonding of Ge in the core. However, as we progress into 

the shell, there is a shift of ∼0.2–0.3 eV in the edge onset (Table A3). We speculate that 

a change in the chemical environment of Ge and strain at the interface can lead to these 

shifts. Earlier studies of core–shell Ge–Si nanocrystals have also noted a blue shift in the 

absorption edge onset due to strain. 43 Ge and Si have a lattice mismatch of ∼4%, 40 and 

it has been shown that lattice mismatch-induced strain is often compensated by 

interdiffusion of Ge and Si. 40,57−60 The shift in the Ge 3d edge in close proximity to the shell 

and the presence of a Ge–Si vibrational mode in the Raman spectrum indicate the 

possibility of interdiffusion leading to a change in the bonding environment of Ge. Since 

the shift in the Ge 3d edge occurs at sites close to or in the shell, we believe that the Ge–

Si region is localized at the interface/shell and not in the Ge core. 

From the trends in the EELS data, we identify two parameters that can be used to tune 

the electronic properties of the Ge–Si core–shell metalattice. The first parameter is the 

size of the voids in the template, which are defined by the size of the silica spheres used. 

The void size controls the degree of confinement of Ge and hence the band gap and 

distribution (discreteness) of electronic states. With a large exciton Bohr radius (24 nm), it 

is possible to confine Ge using the silica templating method. The shell and core interaction 

serve as a second parameter. The shell thickness and controlled interdiffusion of Ge and 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03559/suppl_file/nn0c03559_si_001.pdf
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Si have been used previously in nanostructures to modify the strain and alloy composition 

at the interface, providing control of the band offset, band gap and charge carrier 

distribution in the material. 39,40,43,58,61−66 The confinement of both electrons and holes in an 

oxide free Ge nanostructure can be realized in a core–shell metalattice and in principle 

can be tuned to affect the charge carrier mobility. 

2.4 Conclusions  

Crystalline semiconductor metalattices have been synthesized by combining HPcCVD 

and silica nanoparticle assembly. In this study, we have demonstrated a core–shell 

approach for chemical passivation and obtain an oxide-free Ge metalattice. A uniform Si 

shell infiltrated using HPcCVD around the Ge core prevents oxide formation as confirmed 

by XPS. Further structural characterization performed using TEM, Raman, and XRD 

confirms the formation of a core–shell structure with an amorphous Si shell and a 

polycrystalline Ge core. Microscopic details of structural confinement and the effect of the 

Si shell on the Ge core were explored locally using EELS. We observe a blue shift in the 

Ge 3d edge with decreasing void size, indicating the possibility of quantum confinement 

in the metalattices, which arises from the structure of the template. Mapping of the 3d 

edge along the core–shell interface indicates a chemically uniform core and possible 

interdiffusion of Ge and Si, as also evidenced in Raman spectra as the formation of Ge–

Si bonds near the shell. The HPcCVD method enables the formation of a uniform Si shell 

on the Ge core, which protects it from oxidation. EELS data from the core–shell structure 

suggest that the degree of quantum confinement can be controlled by adjusting the size 

of the template spheres and the interdiffusion of Ge and Si at the core–shell interface in 

order to tune the band gap and charge carrier distributions. In addition, the core–shell 
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approach demonstrated here can, in principle, be extended to different semiconductor 

material systems as core and shell for controlled tuning of electronic structure. 
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CHAPTER 3 - Small-Angle X-Ray Scattering Analysis of Colloidal Crystals and Replica 
Materials Made From L-Arginine Stabilized Silica Nanoparticles 

 
(Reprinted from ACS Appl. Mater. Interfaces 2022, copyright 2022 American Chemical Society) 

 

3.1 Introduction  

Colloids are interesting for both fundamental and practical reasons, ranging from their 

use as model systems of atomic motion in crystals to applications in cosmetics, 

electronics, optics, catalysis, batteries, diagnostics, and drug delivery.1−6 A defining 

characteristic of colloidal systems is the ability to control the size, shape, and surface 

chemistry of the constituent particles. This flexibility has enabled colloidal particles to be 

used as building blocks for structurally well-defined two-dimensional (2D) and 3D 

assemblies that are periodic over nanometer to micron length scales.7−12 Colloidal 

assembly is also a starting point for interconnected replica structures of metals, 

semiconductors, polymers, and inorganic oxides with applications in filtration, sensing, 

catalysis, optics, and electronics.13−21 

Latex/polystyrene and silica particles have been widely used as building blocks of 

colloidal crystals and replica structures because of their ease of synthesis, flexible 

surface chemistry, colloidal stability, and ease of template removal post-infiltration. 

However, in both cases, it has been challenging to obtain highly monodisperse particles 

in the sub-30 nm size range. Stöber et al. 22 introduced the ammonia-catalyzed hydrolysis 

of silicon alkoxides in aqueous media in 1968, and this method and its modifications 

enabled the synthesis of monodisperse silica nanoparticles with diameters greater than 

200 nm. A surfactant-assisted microemulsion approach was later developed to make 

silica colloids in the 30–60 nm size range.23,24 The use of non-polar organic solvents and 

large amounts of surfactants, however, limited the microemulsion approach to certain 
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applications. A significant breakthrough by Yokoi et al. 25 enabled the synthesis of 12–23 

nm silica nanoparticles in aqueous media by using amino acids as the catalyst for 

hydrolysis and condensation of silicon alkoxides. Amino acids stabilized the silica 

nanoparticles due to their interactions with the surface under basic conditions. Hartlen et 

al.26 and Watanabe et al.27 further developed this approach and optimized it for sizes 

ranging from 15 to 200 nm. Their modifications included heterogenous delivery of the 

silica precursor from an organic layer and separation of the nucleation and growth stages 

by using a seed-regrowth approach. The as-synthesized silica nanoparticles formed 

stable colloids due to their high surface charge and hence were suitable for 

assembly.26 We have used these particles to make colloidal crystal replica structures of 

semiconductors, magnetic materials, metals, and composite materials.28−32 

The successful synthesis of these replica structures has enabled researchers to explore 

properties in 3D nanostructures, in which the characteristic length scale of a physical 

phenomenon is comparable to the structural lattice parameter. The ability to control the 

size of silica nanoparticles in the sub-100 nm regime has also enabled systemic size-

dependent studies in these nanostructures.28 

Previous papers have discussed the effects of void size and ordering in the template 

colloidal crystalline films on the structure and semiconducting, magnetic, acoustic, and 

plasmonic properties of replica materials.28−32 Some of these properties are a function of 

the porosity of the structure, for example, thermal transport, whereas others such as 

quantum confinement in semiconductors depend more on the pore size of the template. 

Transport properties such as electronic conductivity and cooperative phenomena such as 

ferromagnetism are significantly affected by the interconnectivity and long-range order of 

the nanostructures. Therefore, understanding of the structures and degree of order in the 
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nanoparticle templates is crucial to understand and tune the properties of the derived 

replicas. 

The 3D structure of colloidal assemblies made from particles of different sizes and 

compositions has been characterized by real-space imaging and by reciprocal space 

techniques. Real-space imaging techniques include confocal microscopy,33−35 FIB-

scanning electron microscopy (SEM)/transmission electron microscopy (TEM) 

tomography,36,37 and X-ray tomography/microscopy,38−40 and reciprocal space techniques 

include light scattering (static, dynamic, small angle, and multiple angle),41−43 and X-ray 

scattering (small angle,44−47 grazing incidence,48−50 micro radian, 51 and ultra-small 

angle52−55). Often real and reciprocal space techniques are used in combination as 

complementary techniques. The adequacy of the characterization technique is 

determined from the system characteristics (particle size and electron density contrast) 

and the problems being addressed (size determination, 3D structure, grain size, particle 

orientation, and defects). 

Light scattering and confocal microscopy for 3D structure determination are best suited 

for structures/particles in the hundreds of nanometers to several microns range due to 

the diffraction limit of light. Electron/X-ray microscopy tomographic techniques extend on 

the sub-100 nm scale. They are useful in identifying the local crystal structure and defects. 

However, rigorous statistical analysis is required to determine the average behavior on a 

larger scale. X-ray scattering techniques provide information about the structure and 

particle orientation averaged over several microns with particle sizes ranging from a few 

nanometers to a few microns. Therefore, grazing-incidence and small-angle X-ray 

scattering have been commonly used to study large-scale structures and kinetics of 

nanoparticle superlattices.56 
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Silica colloidal crystals and their replicas in the micro- or nano-meter regime have been 

studied previously by using light scattering,57−61 confocal microscopy,35 TEM/SEM, 61−64 X-

ray tomography,65 and small-angle X-ray scattering (SAXS).60 The observed crystal 

structures include hexagonal close-packed (hcp)/random hcp, 59,65 face-centered cubic 

(fcc),57,58,64,66,67 and body-centered cubic (bcc), 57,58 depending on the particle size, inter-

particle interaction, volume fraction, external forces (centrifugation, shear, and electric 

field), substrate, and deposition methods/conditions. 

In this study, amino acid-stabilized silica particles in the range of 20–125 nm have been 

synthesized and assembled into colloidal crystals. Earlier reports have shown that the 

amino acids facilitate hydrogen bonding between particles as they assemble allowing 

formation of ordered periodic structures as characterized by SEM. 26,27,63 Here, we provide 

a detailed characterization of the structures of these colloidal materials and their replica 

by using SAXS and SEM. 

 

3.2 Experimental Methods 

3.2.1 Silica nanoparticle synthesis and assembly 

Monodisperse silica nanoparticles of 20 to 125 nm diameter were synthesized by using 

the method described by Hartlen et al.26 and Watanbe et al.,27 as discussed in detail by 

Russell.68 The synthesis involves base-catalyzed hydrolysis of a silica precursor, 

tetraethylorthosilicate (TEOS), in an aqueous medium. Both approaches can be applied 

to the synthesis of nanoparticles between 14 and 200 nm diameter, and the seed-regrowth 

approach can be used to obtain larger sizes. However, they implemented different 

strategies to gain control of the size and dispersity. Hartlen’s approach includes a two-
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phase reaction with a floating organic layer of cyclohexane to slowly add TEOS to the 

aqueous reaction mixture. The cyclohexane does not participate in the reaction but slows 

down the hydrolysis of TEOS, providing control over the nucleation and growth rate of the 

particles. In the Watanabe synthesis, the organic layer is absent and ethanol is used as 

co-solvent in the regrowth steps to obtain larger particle sizes. 

We used the Watanabe method for synthesis of 20.3, 69.7, and 122.7 nm diameter 

particles and the Hartlen method for synthesis of 22.7, 31.1, and 48.8 nm particles. All 

reagents were purchased from Sigma-Aldrich, and nanopure water (Barnstead) was used 

for synthesis. Table B1 summarizes the type of reaction, concentration of the reagents 

used for the synthesis, reaction conditions, and deposition conditions. A brief description 

for both types of reactions is provided below, and a schematic is shown in Figure B1: 

One-phase synthesis─20.3 nm particles were prepared by mixing 0.49 mmol of L-arginine, 

4.8 mol of water, and 25 mmol of TEOS in a round-bottom flask under constant stirring. 

The mixture was heated at 70 °C for 24 h. These particles were used as seeds for the 

synthesis of 69.7 and 122.7 nm particles in a similar one-phase reaction. Briefly, for 122.7 

nm particles, 0.27 g of seed solution was added to 1.2 mol of water, 1.5 mol of ethanol 

containing 0.5 mol of L-arginine, and 25 mmol of TEOS in a round-bottom flask. This 

solution was heated at 70 °C for 24 h. A similar procedure was followed with different 

concentrations for the synthesis of 69.7 nm particles as given in Table S1. 

Two-phase synthesis ─ For the synthesis of ∼22.7 nm particles, a solution of 3.8 mol of 

water and 0.52 mmol of L-arginine was prepared in a round-bottom flask and maintained 

with constant stirring. A floating layer of 0.042 mol of cyclohexane was slowly added to 

the top of this aqueous solution, and the reaction mixture was heated to 60 °C. Once the 

final temperature was reached, 25 mmol of TEOS was added to the cyclohexane layer 

slowly and dropwise. The reaction was allowed to continue for 20 h. These particles were 

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
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used as seeds for the synthesis of 31.1 and 48.8 nm particles. Briefly, for 31.1 nm 

particles, 20 mL of seed solution was added to 4 mol of water in a round-bottom flask 

under constant stirring. A floating layer of 0.09 mol of cyclohexane was added to the 

solution and heated to 60 °C before dropwise addition of 32 mmol of TEOS. The reaction 

was left undisturbed for 30 h. 48.8 nm particles were obtained by increasing the reaction 

time to 48 h with the same reaction mixture. 

Vertical deposition for particle assembly─Nanoparticle films were prepared using the 

vertical deposition technique described by Russell et al.68,86 Briefly, silicon wafers 

(University Wafers) of ∼280 μm thickness and ⟨100⟩ orientation were used as substrates 

for the colloidal film growth. The wafers were cut into 3 cm × 1 cm pieces and were pre-

treated with piranha solution (3:1 concentrated H2SO4/30% v/v H2O2) for 15–20 min and 

rinsed with water before deposition (note: piranha solution is corrosive and can react 

violently with organic substances). 

The as-prepared silica nanoparticle solutions were diluted to 10× (122.7, 69.7, and 48.8 

nm) and 7.5× (20.3, 22.7, and 31.1 nm) for deposition without any further purification. The 

Si wafers were immersed in the nanoparticle solution at a 30° angle in open plastic vials 

as shown in Figure S2. These vials were left undisturbed for 2 weeks in a temperature- 

and humidity-controlled oven. Sizes 20.3, 22.7, 31.1, 48.8, and 69.7 nm were deposited 

at 40 °C with 82% relative humidity (RH). 122.7 nm particles were deposited at 45 °C and 

75–80% RH. The RH was controlled by placing an open crystallizing dish containing an 

appropriate concentration of NaCl in water in the oven. 

The thickness of the films varied between 300 nm and 1.5 μm depending on the 

nanoparticle size and the position in the substrate. Figure S3 shows a cross-sectional view 

of films derived from 20.3 to 122.7 nm particles. Smaller nanoparticle sizes tended to result 

in thicker films. 
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https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf


63 

 

3.2.2 Infiltration of germanium into the colloidal crystalline films and template etching 

HPcCVD was used to fabricate germanium replicas using a 5–10% partial pressure of 

germane in helium carrier gas with a total pressure of 25–30 MPa. Template films were 

kept 25 μm apart to ensure spatial confinement in the HPcCVD reactor. Germanium was 

infiltrated at 325 °C with deposition time ranging from 1 to 3 h depending on template 

particle size, germane partial pressure, and total pressure of the system. An overlayer of 

germanium was formed during infiltration after voids in the template were fully filled. The 

overlayer was removed using chlorine-based reactive ion etching. To prepare germanium 

replicas without the nano-template, the infiltrated sample was treated with an aqueous 3% 

HF solution to selectively remove silica, followed by a water and acetone rinse. 

3.2.3  Scanning electron microscopy  

Silica nanoparticles and films were imaged using a Zeiss SIGMA VP-FESEM and Quanta 

scanning electron microscope. The particle size analysis was performed using ImageJ 

software. 50 nanoparticles were measured to obtain each size distribution. For smaller 

sizes, due to lower image resolution, three particles were measured to obtain the mean 

size and standard deviation. 

3.2.4  Small Angle X-ray Scattering  

Transmission SAXS measurements were performed at the Advanced Photon Source, 

Argonne National Laboratory (Beamline 12-ID-B). A spot size of 200 × 100 μm2 of 14 keV 

X-rays was used with 1 s exposure time to collect 2D patterns on a Pilatus 2M detector. 

Several 2D patterns across different regions on the samples and replica structures were 

recorded. 
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2D patterns were indexed assuming the densest layer to be parallel to the substrate. 

Azimuthal averaging was performed to obtain 1D patterns. Details of close-packed 

structure simulation are included in the Appendix B. 

3.3  Results and Discussion 

As in earlier reports,28,30,31,68 we used evaporation-driven vertical deposition61 to 

assemble L-arginine-capped silica nanoparticles into multilayer colloidal crystal films. As 

the solvent evaporates, particles accumulate at the solvent–air interface as shown 

in Figure B2. Slow evaporation (controlled by fixed temperature and humidity) results in 

the growth of ordered films. 

Figure 3.1 shows top-view SEM images of colloidal films assembled on silicon wafer 

substrates. As in other evaporation-based assembly techniques, the drying of the films 

leads to crack formation, which can be easily seen in SEM images as shown in Figure B4. 

Boundaries separating grains of different orientations can also be observed (Figure 3.2).  

For example, regions marked 1 and 2 in Figure 3.2 have grains that are oriented at an 

angle of ∼23° with respect to each other, and region 3 has grains with both (or more) 

orientations as indicated by its corresponding fast Fourier transform (FFT) pattern. This 

polycrystalline texture is present in films of silica nanoparticles ranging from 20 to 123 nm 

diameter and can be identified in their SEM images. Other defects such as vacancies and 

twin boundaries are also observed in the assembled colloidal crystal films (Figure B4). 

In the imaged 2D plane, the particles appear to be in a close-packed arrangement with 

apparent sixfold symmetry that could represent 111, 0001, and/or 110 planes of fcc, hcp, 

and bcc structures, respectively. However, the lack of 3D information in the SEM images 

and the limited 2D views of the top surfaces of the multilayer films do not provide 
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conclusive information about their bulk structures. 

 

Figure 3.1. Top view of silica nanoparticles assembled as multilayer films on silicon 

substrates using the vertical deposition technique. Inset images show magnified regions 

of the corresponding SEM images. The scale bars in the insets correspond to the same 

lengths as in their parent images.  

In SAXS, using a beam spot of 200 × 100 μm2, a much larger region is interrogated and 

the 3D arrangement of particles throughout the film (300 nm to 1.5 μm) contributes to the 

scattering pattern. Thus, 2D SAXS patterns collected in transmission contain information 

about the structure, orientation, and crystallinity of the colloidal crystal films. We identified 

representative 2D patterns for each nanoparticle size from scattering patterns of multiple 

spots in the same sample and/or from multiple samples grown under the same conditions. 

Figure 3.3 shows representative 2D scattering patterns for 20.3 and 22.7 nm silica particle 

templates. The scattering patterns can be explained by using the bcc structure with lattice 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig3
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Figure 3.2. SEM images showing grain boundaries and different orientation of grains in a 

film of 34 nm silica spheres (a) SEM image of top view (b) FFT of region 1 marked in (a), 

(c) FFT of region 2 and (d) FFT of region 3. In both (a) and FFTs of the corresponding 

regions, different orientations of the grains can be identified. The grains in regions 1 and 

2 appear at an angle of ~23° and region 3 contain multiple grains. Grains of different 

orientations were observed with other particle sizes as well. 

parameters of 25.2 and 32.5 nm for the 20.3 and 22.7 nm templates, respectively. The 

rings in the 2D patterns represent bcc-structure 3D powders without specific orientations. 

However, the 2D patterns of the templates also contain bright spots that can be explained 

by indexing them to oriented single crystals. The indexing of some of these reflections is 

shown in Figure 3.3; however all of them can be indexed by in-plane rotations of this 

single-crystal orientation (Figure B5). This implies the presence of multiple crystallites at 

different angles in the 2D plane with bcc as their 3D structure. Other 2D scattering patterns 

observed for these two sizes are shown and indexed in the bcc structure in Figures B6 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig3
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and B7. For sizes larger than 22.7 nm, we use a combination of 2D scattering patterns 

and their azimuthally averaged 1D patterns to determine the 3D crystal structure. Figure 

3.4 shows 2D hexagonal indexing for 48.8, 69.7, and 122.7 nm templates. The 2D patterns 

can be indexed using 2D-hexagonal system space group p6mm with close-packed plane 

orientation perpendicular to the X-ray beam. The reflections which are not indexed 

in Figure 3.4 are indexed by rotation of the crystallite in the 2D plane as shown in Figure 

B8. 

 
 
Figure 3.3. (a) 20.3 nm 2D scattering pattern with powder and single crystal fit showing 

bcc structure (a = 25.2 nm, 2r = 21.8). (b) 23 nm 2D scattering pattern with powder and 

single crystal indexing showing bcc structure (a = 32.5, 2r = 28.2). Rotations of the 

orientation of crystallites in the 2D plane explain all the diffraction spots. (Figure B5)

The indexed 2D scattering patterns were used to extract the lattice parameter for these 

templates. In order to understand the 3D arrangement of the close-packed planes in these 

templates, azimuthally averaged 1D scattering patterns of simulated close-packed 

structures were compared with the 1D patterns of the templates. Figure 3.5a shows the 

simulated 1D patterns for five differently oriented close-packed structures─fcc, hcp, 2D 

hexagonal (HEX), and random hexagonal close-packed (rhcp) structures. 

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig4
https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig4
https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig5
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Figure 3.4. 2D hex fit using p6mm space-group and orientation of close pack plane 

perpendicular to the beam direction (a) 48.8 nm, a = 54.4 (b) 69.7 nm, a = 82.5 nm and 

(c) 122.7 nm, a = 137.7 nm. The reflections not indexed here can be explained by a 

different crystallite orientation in the 2D plane as shown in Figure B8. 

2D hexagonal represents a 2D close-packed structure labeled A/B/C. In the fcc structure, 

the stacking of close-packed planes is ABCABC and the 111 plane is perpendicular to the 

beam. Likewise, for the hcp structure, the 100 plane is perpendicular to the X-ray beam 

and the stacking is ABABA. In rhcp structures, this stacking of close-packed planes 

(A/B/C) is random. Figure 3.5a has two types of rhcp structures, where rhcp1 considers 

the peak shape is still round and rhcp2 assumes the peak shape elongation along 

the qz axis. 

The 1D patterns obtained by azimuthal averaging of the simulated 2D patterns (Figure 

B11) highlight the difference between differently oriented close-packed structures. The 

first reflections observed in fcc is the one at qD/2π = 2, corresponding to the position of 

{110} of 2D hexagonal. In hcp, the peak that corresponds to {100} reflection of 2D 

hexagonal shows up. The major difference between various structures is the relative peak 

intensity of the first two reflections {100} and {110} reflections. 2D hexagonal shows the 

highest {100} peak intensity followed by hcp. The rhcp could show any intensity between 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig5
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that of hcp and fcc depending on the degree of randomness. If there is no registration 

along the Z axis at all, for example, if an AA stacking can occur, rhcp would be no different 

from 2D hexagonal. The 1D patterns for templates were adjusted using the lattice 

parameter obtained from the 2D-indexed patterns to overlay with the simulated 1D 

patterns. From Figure 3.5b, it is evident that the template structure is not fcc. In order to 

distinguish between the remaining structures, the peak 1/peak 2 ratio was 

compared. Table B2 shows the peak ratios for different simulated close-packed structures 

and the different-sized silica templates. The peak ratios for 31.1, 69.7, and 122.7 nm are 

between rhcp1 and rhcp2, and for 48.8 nm, the peak ratio is between rhcp2 and hcp. 

These values indicate that the particles assemble in the rhcp structure with possible peak 

shape elongation along qz axes. This elongation is also observed in the 2D scattering 

patterns. However, the reflections are predominantly broad as seen in both 1D/2D 

patterns, indicating presence of the disordered hexagonal phase.69 Some sharp 

reflections are also present, for example, at 48.8 nm ∼ q = 1, 2.04 Å–1, which indicate a 

crystalline behavior. 

Thus, the smaller sizes 20.3 and 22.7 nm assemble into non-close-packed body-centered 

cubic structures and sizes 48.8, 69.7, and 122.7 nm assemble into rhcp structures with 

disordered hexagonal phase. The larger sizes have short-range translational order, and 

in contrast, smaller sizes have long-range translational order (sharp reflections). In this 

trend, 31.1 nm is the transition size; its 1D pattern shows similarity with the rhcp1 structure, 

but there are reflections which cannot be explained by just one structure. These could be 

multiple structures as shown in Figure B12. The lattice parameter from SAXS for the 31.1 

nm template is reported corresponding to p6mm indexing as carried out for other larger 

sizes. 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig5
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
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There are several factors (both kinetic and thermodynamic)70−74 that determine the final 

structure of a colloidal crystal film made by evaporative assembly of charged 

nanoparticles. The interplay of these parameters is complex, and therefore, it is non-trivial 

to evaluate each independently. However, we can qualitatively evaluate some of the 

dominant factors in our system such as charge-based repulsion, poly-dispersity, van der 

Waals attraction, and shear. Body-centered cubic structures for spherical systems are 

favored when there is long-range repulsion75−77 with high dispersity78,79 and are also 

formed due to shear-induced transition from close-packed structures.80,81 Furthermore, 

investigation is needed to determine their independent influence and combined interplay 

on the assembly in this study. We have evidence of higher polydispersity in smaller (20.3 

and 22.7 nm) sizes compared to larger size (Table B1). The standard deviation in smaller 

sizes (20.3 and 22.7 nm) was found to be around 5–6.5% whereas for larger sizes, it was 

lower than 4–5%. This high dispersity could be a contributing factor for formation of the 

bcc structure. The transition size in this trend, 31.1 nm, also has high dispersity which 

could be the reason behind its complex behavior with multiple structures. 

For larger sizes, the rhcp structure is observed. This behavior is common in sheared 

spherical colloids. During the vertical deposition process, the particles experience shear, 

which is known to cause slipping of planes, leading to random stacking.82 Increased 

attraction between the larger particles potentially leads to/disorder in these hexagonally 

packed layers. 

This is also reflected in the subtle variation of the number of unit cells in an average grain 

as a function of particle size. The grain sizes were determined using the full width at half-

maximum of the first-order reflections and the Debye Scherrer equation (see Supporting 

Information for details of the calculation) for different-sized nanoparticle templates. The 

average number of unit cells in an average grain shows a gradual decrease with the 
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increasing particle size (Figure 3.6). This trend supports the decrease in the translational 

order in the templates with increasing size as previously discussed. However, a significant 

variation is observed in the grain size for all sizes. Grain sizes are known to be influenced 

by particle size dispersity and by deposition conditions.83,84 

 

Figure 3.5. (a) Simulated azimuthally averaged 1D patterns of different oriented close pack 

structures. Corresponding 2D patterns are in Figure B11. (b) Comparison of azimuthally 

averaged 1D patterns of different sizes with the simulated 1D patterns shown in (a) and 

Figure B12. Particle size is calculated from the lattice parameter in the SAXS for 

consistency. 

SEM images also show grain boundaries and defects in proximity to anomalously sized 

particles, as shown in Figure B4. Narrower particle size distributions and a controlled rate 

of deposition can help to lower the variation in grain size and further decrease the density 

of grain boundaries. Both large grains and uniform grain sizes are desirable for certain 

applications of colloidal crystals and their replicas. 

The voids in these colloidal crystal films can be infiltrated using high-pressure confined 

chemical vapor deposition (HPcCVD) and high-pressure supercritical fluid deposition with 

semiconductors and metals as shown for 48.8 nm template films in Figure 3.7. In order to 

understand the properties of these 3D nanostructures independent of the template, we 

used HF to selectively etch away the silica nanoparticles. SEM images after etching 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig6
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confirm the formation of an interconnected Ge nanostructure as shown in Figure 3.7d. 

TEM tomography of these systems reported previously has analyzed the variation in the 

structure between different voids and interconnections.85 However, as previously 

discussed, this information is limited to a small region or field of view in the TEM. Because 

the nanostructure only occupies ∼26–32% of the film volume, it is important to confirm the 

preservation of the long-range structure and ordering in the replica films after template 

etching. 

  

Figure 3.6. Variation in grain size and number of unit cells in a grain as a function of particle 

size. 

Figure 3.7 shows 1D SAXS patterns for a 48.8 nm silica film template, the Ge-infiltrated 

film, and the Ge nanostructure following template etching. We chose Ge rather than Si for 

this study due its contrast with silica in the SAXS measurement. The 48.8 nm infiltrated 

https://pubs.acs.org/doi/10.1021/acsami.1c19193#fig7
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template and inverse Ge structure also show a similar structure to the template structure. 

The peak 1/peak 2 ratios in infiltrated and inverse structures are between simulated rhcp1 

and rhcp 2. Thus, akin to the template, these also have a rhcp structure with broad 

reflections, indicating presence of the disordered hexagonal phase. The indexed 2D 

patterns are shown in Figure B14. 

 

  

Figure 3.7. (a) Comparison of azimuthally averaged 1D patterns for 48.8 nm empty 

template, Ge infiltrated template and Ge inverse structure after template removal with 

simulated 1D patterns for rhcp and hcp. Representative SEM images (top view) of (b) 

empty silica template film (c) Ge-infiltrated template film and (d) inverse Ge structure. Inset 

scale bar in SEM images is 100 nm. 

This behavior of the inherited template structure is observed at other sizes as well. For 

smaller sizes, 20.3 and 22.7 nm, inverse Ge also shows a bcc structure like their 

corresponding templates as shown in Figure B15. In case of 31.1, 69.7, and 122.7 nm, a 

rhcp structure is formed with peak1/peak 2 ratios varying between rhcp1 and hcp 

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
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simulated structures, indicating different stacking patterns and elongation along z axes 

(Table B5 and Figure B17). In these larger sizes, just like their templates, presence of 

disordered hexagonal phase is observed in the form of broad reflections. This comparison 

confirms the retention of the structure following semiconductor infiltration and template 

etching. 

3.4 Conclusion 

Sub-100 nm monodisperse silica nanoparticles have been synthesized and assembled 

into 3D structures as films using evaporation-induced vertical deposition. These 

nanoparticle films were used as templates and infiltrated with germanium to obtain a 3D 

interconnected replica. Using SEM and SAXS, we have characterized the structure and 

ordering of the silica nanoparticle templates and the replica materials derived from them. 

From SEM images, information on particle size and shape, their relative arrangement in 

the 2D plane, crystallinity, and type of defects was obtained. The particles are spherical in 

shape with standard deviations in particle size within 6.5% and appear to be in close-

packed arrangements within the 2D surface plane. Several SEM images show grains with 

different orientations in all the films, indicating polycrystallinity. Other defects such as 

vacancies and cracks due to drying of the films were also observed in SEM images. 

More detailed information about the 3D arrangement of the particles could be obtained by 

SAXS. A size-dependent variation was observed in the colloidal crystal silica films. 

Particles smaller than 31.1 nm assembled into the non-close-packed bcc structure, 

whereas particles larger than 31.1 nm assemble into rhcp with disordered hexagonal 

phase. 

We extended this analysis to the infiltrated templates and replica nanostructures after 

template removal. Using SAXS, we confirmed that the high-temperature and -pressure 

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c19193/suppl_file/am1c19193_si_001.pdf
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infiltration of the template does not affect its structure or ordering. After etching, the replica 

material retains the template structure. 

This study confirms that silica nanoparticle assembly forms a robust model system for 

template-mediated design of 3D interconnected and periodic nanostructures on the sub-

100 nm length scale. A detailed understanding of particle arrangements in the template 

can help in establishing structure–property relationships in the replica nanostructures. The 

formation of non-close-packed structures without the use of specific ligand interaction or 

substrate modification can likely be attributed to particle size dispersity and shear forces 

in the assembly process. These parameters can in principle be tuned to obtain different 

structures as needed. 
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(47)  Lokteva, I.; Koof, M.; Walther, M.; Grübel, G.; Lehmkühler, F. Coexistence of Hcp and Bct 

Phases during In Situ Superlattice Assembly from Faceted Colloidal Nanocrystals. J. Phys. 

Chem. Lett. 2019, 10, 6331−6338.  

(48)  Weidman, M. C.; Yager, K. G.; Tisdale, W. A. Interparticle Spacing and Structural Ordering 

in Superlattice PbS Nanocrystal Solids Undergoing Ligand Exchange. Chem. Mater. 2015, 

27, 474− 482.  

(49) Corricelli, M.; Altamura, D.; Curri, M. L.; Sibillano, T.; Siliqi, D.; Mazzone, A.; Depalo, N.; 

Fanizza, E.; Zanchet, D.; Giannini, C.; Striccoli, M. GISAXS and GIWAXS Study on Self-

Assembling Processes of Nanoparticle Based Superlattices. CrystEngComm 2014, 16, 

9482−9492.  

(50)  Kuhlmann, M.; Feldkamp, J. M.; Patommel, J.; Roth, S. V.; Timmann, A.; Gehrke, R.; Müller-

Buschbaum, P.; Schroer, C. G. Grazing Incidence Small-Angle X-Ray Scattering 

Microtomography Demonstrated on a Self-Ordered Dried Drop of Nanoparticles. Langmuir 

2009, 25, 7241−7243.  



81 

 

(51)  Thijssen, J. H. J.; Petukhov, A. V.; ‘t Hart, D. C.; Imhof, A.; Van Der Werf, C. H. M.; Schropp, 

R. E. I.; Van Blaaderen, A. Characterization of Photonic Colloidal Single Crystals by 

Microradian X-Ray Diffraction. Adv. Mater. 2006, 18, 1662−1666. 

(52)  Reus, V.; Belloni, L.; Zemb, T.; Lutterbach, N.; Versmold, H. Fusion of Colloidal Crystals 

Induced by Monovalent and Asymmetric Salt: An Osmotic Pressure and Ultra-Small-Angle 

X-Ray Scattering Study. Colloids Surf., A 1999, 151, 449−460.  

(53)  Abramova, V. V.; Sinitskii, A. S.; Grigor’eva, N. A.; Grigor’ev, S. V.; Belov, D. V.; Petukhov, 

A. V.; Mistonov, A. A.; Vasil’eva, A. V.; Tret’yakov, Y. D. Ultrasmall-Angle X-Ray Scattering 

Analysis of Photonic Crystal Structure. J. Exp. Theor. Phys. 2009, 109, 29−34.  

(54)  Matsuoka, H.; Harada, T.; Yamaoka, H. An Exact Evaluation of Salt Concentration 

Dependence of Interparticle Distance in Colloidal Crystals by Ultra-Small-Angle X-Ray 

Scattering. Langmuir 2002, 10, 4423−4425.  

(55) Harada, T.; Matsuoka, H.; Ikeda, T.; Yamaoka, H. The Mystery of Colloidal Crystal 

Formation Novel Aspects Obtained by UltraSmall-Angle X-Ray Scattering. Colloids Surf., A 

2000, 174, 79−98.  

(56)  Li, T.; Senesi, A. J.; Lee, B. Small Angle X-Ray Scattering for Nanoparticle Research. Chem. 

Rev. 2016, 116, 11128−11180.  

(57)  Okubo, T. Melting Temperature of Colloidal Crystals of Monodisperse Silica Spheres. J. 

Chem. Phys. 1992, 96, 2261−2268.  

(58)  Okubo, T.; Okada, S.; Tsuchida, A. Kinetic Study on the Colloidal Crystallization of Silica 

Spheres in the Highly Diluted and Exhaustively Deionized Suspensions as Studied by Light-

Scattering and Reflection Spectroscopy. J. Colloid Interface Sci. 1997, 189, 337− 347.  

(59)  Verhaegh, N. A. M.; Van Duijneveldt, J. S.; Van Blaaderen, A.; Lekkerkerker, H. N. W. Direct 

Observation of Stacking Disorder in a Colloidal Crystal. J. Chem. Phys. 1995, 102, 1416.  

(60)  Schaefer, D. W.; Martin, J. E.; Wiltzius, P.; Cannell, D. S. Fractal Geometry of Colloidal 

Aggregates. Phys. Rev. Lett. 1984, 52, 2371.  



82 

 

(61)  Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V. L. SingleCrystal Colloidal Multilayers of 

Controlled Thickness. Chem. Mater. 1999, 11, 2132−2140.  

(62)  Russell, J. L.; Tran, N.-L. L.; Mallouk, T. E. Adaptive Shape Ripening and Interparticle 

Bridging of L-Arginine-Stabilized Silica Nanoparticles during Evaporative Colloidal Crystal 

Assembly. ACS Appl. Mater. Interfaces 2019, 11, 4568−4577.  

(63)  Yokoi, T.; Sakamoto, Y.; Terasaki, O.; Kubota, Y.; Okubo, T.; Tatsumi, T. Periodic 

Arrangement of Silica Nanospheres Assisted by Amino Acids. J. Am. Chem. Soc. 2006, 128, 

13664−13665.  

(64)  Míguez, H.; Meseguer, F.; López, C.; Mifsud, A.; Moya, J. S.; Vázquez, L. Evidence of FCC 

Crystallization of SiO2 Nanospheres. Langmuir 1997, 13, 6009−6011.  

(65)  Davis, K. E.; Russel, W. B.; Glantschnig, W. J. Settling Suspensions of Colloidal Silica: 

Observations and X-Ray Measurements. J. Chem. Soc., Faraday Trans. 1991, 87, 411−424.  

(66)  Míguez, H.; Meseguer, F.; López, C.; Holgado, M.; Andreasen, G.; Mifsud, A.; Fornés, V. 

Germanium FCC Structure from a Colloidal Crystal Template. Langmuir 2000, 16, 

4405−4408.  

(67)  Hoogenboom, J. P.; Derks, D.; Vergeer, P.; Van Blaaderen, A. Stacking Faults in Colloidal 

Crystals Grown by Sedimentation. J. Chem. Phys. 2002, 117, 11320.  

(68)  Russell, J. L.; Noel, G. H.; Warren, J. M.; Tran, N.-L. L.; Mallouk, T. E. Binary Colloidal 

Crystal Films Grown by Vertical Evaporation of Silica Nanoparticle Suspensions. Langmuir 

2017, 33, 10366−10373.  

(69)  Marcus, A. H.; Rice, S. A. Observations of First-Order Liquidto-Hexatic and Hexatic-to-Solid 

Phase Transitions in a Confined Colloid Suspension. Phys. Rev. Lett. 1996, 77, 2577.  

(70)  Weidman, M. C.; Smilgies, D.-M.; Tisdale, W. A. Kinetics of the Self-Assembly of Nanocrystal 

Superlattices Measured by RealTime in Situ X-Ray Scattering. Nat. Mater. 2016, 15, 

775−781.  



83 

 

(71)  Korgel, B. A.; Fitzmaurice, D. Small-Angle x-Ray-Scattering Study of Silver-Nanocrystal 

Disorder-Order Phase Transitions. Phys. Rev. B: Condens. Matter Mater. Phys. 1999, 59, 

14191−14201.  

(72)  Park, J.; Zheng, H.; Lee, W. C.; Geissler, P. L.; Rabani, E.; Alivisatos, A. P. Direct 

Observation of Nanoparticle Superlattice Formation by Using Liquid Cell Transmission 

Electron Microscopy. ACS Nano 2012, 6, 2078−2085.  

(73)  Smith, D. K.; Goodfellow, B.; Smilgies, D.-M.; Korgel, B. A. Self-Assembled Simple 

Hexagonal AB2 Binary Nanocrystal Superlattices: SEM, GISAXS, and Defects. J. Am. 

Chem. Soc. 2009, 131, 3281−3290.  

(74)  Goodfellow, B. W.; Yu, Y.; Bosoy, C. A.; Smilgies, D.-M.; Korgel, B. A. The Role of Ligand 

Packing Frustration in BodyCentered Cubic (Bcc) Superlattices of Colloidal Nanocrystals. J. 

Phys. Chem. Lett. 2015, 6, 2406−2412.  

(75)  Ackerson, B. J.; Clark, N. A. Shear-Induced Partial Translational Ordering of a Colloidal 

Solid. Phys. Rev. A: At., Mol., Opt. Phys. 1984, 30, 906.  

(76)  Kremer, K.; Robbins, M. O.; Grest, G. S. Phase Diagram of Yukawa Systems: Model for 

Charge-Stabilized Colloids. Phys. Rev. Lett. 1986, 57, 2694.  

(77)  Monovoukas, Y.; Gast, A. P. The Experimental Phase Diagram of Charged Colloidal 

Suspensions. J. Colloid Interface Sci. 1989, 128, 533−548.  

(78)  Cabane, B.; Li, J.; Artzner, F.; Botet, R.; Labbez, C.; Bareigts, G.; Sztucki, M.; Goehring, L. 

Hiding in plain view: colloidal selfassembly from polydisperse populations. Phys. Rev. Lett. 

2016, 116, 208001.  

(79)  Botet, R.; Cabane, B.; Goehring, L.; Li, J.; Artzner, F. How Do Polydisperse Repulsive 

Colloids Crystallize? Faraday Discuss. 2016, 186, 229−240.  

(80)  Bang, J.; Lodge, T. P. Mechanisms and Epitaxial Relationships between Close-Packed and 

BCC Lattices in Block Copolymer Solutions. J. Phys. Chem. B 2003, 107, 12071−12081.  



84 

 

(81)  Park, M. J.; Bang, J.; Harada, T.; Char, K.; Lodge, T. P. Epitaxial Transitions among FCC, 

HCP, BCC, and Cylinder Phases in a Block Copolymer Solution. Macromolecules 2004, 37, 

9064−9075.  

(82)  Ackerson, B. J.; Hayter, J. B.; Clark, N. A.; Cotter, L. Neutron Scattering from Charge 

Stabilized Suspensions Undergoing Shear. J. Chem. Phys. 1986, 84, 2344.  

(83)  Weidman, M. C.; Nguyen, Q.; Smilgies, D.-M.; Tisdale, W. A. Impact of Size Dispersity, 

Ligand Coverage, and Ligand Length on the Structure of PbS Nanocrystal Superlattices. 

Chem. Mater. 2018, 30, 807−816.  

(84)  Gasser, U. Crystallization in three-and two-dimensional colloidal suspensions. J. Phys.: 

Condens. Matter 2009, 21, 203101.  

(85)  Yu, S.-Y.; Cheng, H. Y.; Dysart, J. L.; Huang, Z.; Wang, K.; Mallouk, T. E.; Crespi, V. H.; 

Badding, J. V.; Mohney, S. E. Scanning Transmission Electron Tomography and Electron 

Energy Loss Spectroscopy of Silicon Metalattices. Sept 2, 2020, arXiv:2009.01111. arXiv 

preprint.  

(86)  Russell, J. L.; Tran, N.-L. L.; Mallouk, T. E. Adaptive Shape Ripening and Interparticle 

Bridging of L-Arginine-Stabilized Silica Nanoparticles during Evaporative Colloidal Crystal 

Assembly. ACS Appl. Mater. Interfaces 2019, 11, 4568−4577. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 

 

CHAPTER 4 – Synthesis, exfoliation, and assembly of oppositely charged nanosheets 

 

4.1 Introduction  

 
Hierarchical functional materials such as superlattices/heterostructures made by 2D 

nanosheets as building blocks are gaining popularity due to their novel properties arising 

from the synergistic and interfacial effects between the 2D host layers at a molecular 

scale1–3. The interaction between the vertically stacked 2D sheets has led to enhanced 

charge transfer/separation, structural changes, improved stabilization, magneto-optical 

response4,5, based on the type and composition of 2D nanosheets used for material 

design.  

The emergence of these novel properties in heterostructures has facilitated their 

applications in catalysis, energy storage, rechargeable batteries, electronic devices 

(transistors)6–10. Hierarchical functional materials based on 2D nanosheets as building 

blocks range from composite materials (organic-inorganic hybrid materials, polymer-

based composites, nanoparticles with 2D nanosheets), meso/microporous lamellar solids, 

and thin films on planar/curved substrates. For this study, we will focus on the methods 

for superlattices of only 2D nanosheets, excluding composite materials with nanoparticles, 

polymers, and hybrid organic materials.  

Based on the type of 2D nanosheets – van der Waals (VdW) or charge bearing (oxides 

and hydroxides) several approaches have been developed to synthesize and tune the 

superlattice-based nanoarchitectures. In the case of VdW heterostructures composed of 

chalcogenides, graphene, hBN nanosheets, methods of synthesizing heterostructures 

include CVD-based direct growth methods, physical or CVD epitaxy, mechanical lift, and 

stack1,11.  
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Charge-bearing nanosheets of oxides and hydroxides are often obtained by exfoliation in 

solution, and therefore different solution-based approaches have been developed to 

design their heterostructures3. There are broadly three types of assembling methods with 

nanometer control to synthesize superlattice type heterostructures from charged 

nanosheets – flocculation, electrostatic deposition, and Langmuir deposition3,6, as shown 

in Figure 4.1.  Flocculation involves the addition of oppositely charged ions to the existing 

colloidal solution of nanosheets. This leads to the spontaneous restacking of sheets due 

to electrostatic attraction. It has been most beneficial in intercalating different 

ions/polymers/polyoxometalates between the restacked nanosheets. It has also been 

extended to create lamellar solids from oppositely charged nanosheets example, reduced 

graphene oxide (rGO) and titanates12, where the sheets stack alternately, as shown in 

Figure 4.2a. A significant drawback of this method is that the stacking is random without 

a defined layer registry and nanosheet orientation.  

Figure 4.1. Schematic of different approaches to assemble oppositely charged 

nanosheets. Reprinted from (6), copyright 2019 Advanced Materials 



87 

 

In layer-by-layer deposition, a multilayer is created by alternatingly dipping the substrate 

in a colloidal suspension of nanosheets and oppositely charged polycation/nanosheet4,13. 

The properties of the multilayer superlattices can be tuned by controlling the cycles of the 

sequential deposition and thus the thickness14 (Figure 4.2c). This method has been 

extended beyond planar substrates to hollow capsules. Layer by layer deposition of 

nanosheets on colloidal polystyrene particles followed by thermal removal of particles 

gives hollow crystalline capsules with a larger surface area than a film on a planar 

substrate15. Since this method involves random adsorption of 2D nanosheets, gaps and 

overlaps exist between the sheet in the multilayer structure. The Langmuir-Blodgett (LB) 

technique allows for finer control of the deposition process. This method involves the 

formation of a monolayer of tiled nanosheets at the air-water interface, which can then be 

transferred by dipping or pulling to a substrate. The obtained nanofilms and 

nanostructures are densely packed, highly ordered and organized with quality comparable 

to vapor deposition techniques but with the added advantage of being solution based. This 

technique has been widely used to make organized crystalline structures with molecular 

level thickness control and also provide seed layers of nanosheets on variety of 

substrates. Despite its strengths, the precise control of tuning parameters in this method 

like the role of substrate surface on the film formation, compression to induce orderly tiling, 

can make this cumbersome compared to bulk flocculation. Figure 4.2e shows a 

superlattice created by using the LB technique16.    

The methods mentioned above provide an opportunity to design heterostructures of 2D 

nanosheets with oppositely charged ions, polymers, and nanosheets. However, there is 

space to develop a scalable method in bulk like flocculation which provides more precise 

control over the registry of the 3D arrangement of the 2D nanosheets like obtained in LB 

deposition.   
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This type of control on the 3D arrangement of oppositely charged building blocks is well 

established in the case of nanoparticles. Numerous ways such as ligand-based covalent 

bonding, polymer-based steric interactions, salt-based screening of electrostatic 

interactions, and their combinations have been used to create 3D periodic 

nanostructures17,18. In a recent study published by Hueckel et al19., they introduce a 

"polymer attenuated Coulombic self-assembly approach" to design nanostructures from 

oppositely charged polystyrene nanoparticles. The polystyrene particles have Pluronic 

surfactants adsorbed on their surface, which act as brushes that allow for the overlap of 

Figure 4.2. TEM and schematic of 2D nanosheet heterostructures made by (a), (b) 

flocculation. Reprinted from J. Am. Chem. Soc. 2015, 137, 8, 2844–2847, copyright 2015 

American Chemical Society (c), (d) layer by layer. Reprinted from J. Am. Chem. 

Soc. 2016, 138, 24, 7621–7625, copyright 2016 American Chemical Society (e), (f) 

Langmuir Blodgett. Reprinted from ACS Nano 2011, 5, 9, 6871–6879, copyright 2011 

American Chemical Society. 
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electrical double layers and cause steric repulsion, which prevents particles from entering 

the van der Waals region. The polymer brushes' length and electrostatic attraction were 

tuned in the system by using different Pluronic surfactants and by adding salt to screen 

the charges on the particles. This balance between the steric and electrostatic interaction 

allowed tuning of Debye screening length and, therefore, the assembly of particles. 

Different structure types such as cesium chloride, C60, sodium chloride, and aluminum 

diboride were obtained. The self-assembled crystals can also be pulled out of the solution 

and dried into solid structures. 

The approach developed by Heuckel et al.19 has two significant advantages – (1) it is a 

relatively simple approach based on polymer adsorption to the particle surface and doesn't 

need covalent bonding and specific functional groups to control particle assembly and (2) 

It has several convenient tuning parameters such as the length of the polymer brushes, 

particle sizes and salt concentration to control the final structure of the particles. 

Considering the uniqueness and versatility of this approach, in this study, we attempted 

to implement the use of polymer brushes and the steric interaction caused by them to 

control the assembly of oppositely charged nanosheets in the solution. We used NaTSM 

and Co-Al LDH as the layered systems for this study.  

4.2 Experimental methods  

4.2.1 Exfoliation of NaTSM in water and formamide 

NaTSM was exfoliated in water/formamide as described by Hata et al20. Briefly, 0.75 g 

of NaTSM was added to 74.25 g of water (75 ml formamide) and stirred for 24 hours at 

500 rpm.  
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4.2.2 Synthesis and anion exchange of Co-Al LDH 

Co-Al carbonate, chloride, and nitrate was synthesized as described by Liu et al21. Co-Al 

carbonate LDH was synthesized by a reflux reaction under nitrogen flow in a two-neck 

flask. CoCl2.6H2O, AlCl3.6H2O, and urea were added to water in the molar ratio of 2:1:7, 

and the reaction was carried out at 97 °C for 48 hours with stirring at 360 rpm. The 

transparent solution becomes cloudy as the reaction progresses, and a solid pink 

precipitate forms. The solution was vacuum filtered and washed with nanopure water 

and anhydrous ethanol to extract the pink solid which was then dried in air or vacuum at 

room temperature. The anion exchange of Co-Al carbonate (~0.2 g) was carried out in 

200 ml of 3mM HCl solution with 1M NaCl in a conical flask.  

The mixture was shaken at 200 rpm for 12 hours to facilitate the exchange. The resulting 

product was filtered and washed as described for carbonate synthesis. Care was taken to 

avoid carbonate contamination by using degassed water (purged by nitrogen) for solution 

preparation and filtration. Co-Al nitrate LDH was synthesized by treating 0.1 g Co-Al 

chloride with 100 ml 0.1 M KNO3 and mixing the solution on a shaker at 200 rpm for 12 

hours. The filtration and washing treatment was similar to the chloride exchange reaction.  

4.2.3 Polymer adsorption  

1 ml of exfoliated NaTSM was added to 10 ml of the required concentration (0.8 mM - 

6.4 mM) of Pluronic F127 solution prepared in water/formamide and was mixed on a 

rocking shaker for ~5 min. The mixture was then allowed to sit for 1 hour. The mixture 

was then centrifuged at 4000 rpm for 10 min, three times to remove excess surfactant. 

The resulting gel/powder was used for measurements.  
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4.2.4 X-ray diffraction 

Powder X-ray diffraction (XRD) was performed on a Rigaku SmartLab SE with a Cu-Kα 

radiation source (λ = 0.154 nm) with a tube voltage of 45 mV and a tube current of 40 

mA.  Diffraction patterns were obtained with a step size of 0.01° (2θ) between 5-70° at a 

scanning rate of 4° min-1. 

4.2.5 Infrared spectroscopy  

FT-IR spectroscopy was measured on a Nicolet iS5 spectrometer over a range of 4000 

cm-1 to 400 cm-1 at a resolution of 4 cm-1.  

4.2.6 Zeta potential 

Zeta potential measurements were done on Malvern Pan-analytical zeta sizer. Values 

from 10 runs were averaged for each sample.  

4.2.7 Scanning electron microscopy 

SEM was performed on FEI Quanta 600 FEG Mark II. 10-30 kV voltage was applied, 

and multiple regions were imaged for each sample.  

4.3 Results and discussion 

Figure 4.3a shows the XRD of the layered NaTSM structure. The d spacing corresponding 

to the 001 reflection is 12.28 Å. XRD of the exfoliated nanosheets was collected in both 

powder and gel form, as shown in Figure 4.3. The powder form restacks back to the 

layered structure, but the gel form may have some swollen/restacked/flocculated 

nanosheets, which results in broadening of the reflections, loss of the precise 3D structure, 

and shift towards lower two theta for some 00l reflections. These observations are 

complemented by the TEM images of the sheets Figure 4.3c. AFM is required to confirm 

if the exfoliation process led to single-layer nanosheets or delamination of the layered 
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crystals into multilayer nanosheets. In this study, we refer to the obtained product as 

exfoliated NaTSM.  

The exfoliated NaTSM was treated with Pluronic F127 to facilitate its adsorption. As shown 

in Figure 4.4a, the interlayer gallery spacing in the pluronic-treated NaTSM increases from 

15.2 Å to 17.6 Å. This increase in gallery height of ~0.24 nm could be due to the adsorption 

of the polymer on the exfoliated NaTSM surface. Infrared spectroscopy of the polymer-

treated NaTSM shows modes characteristic of F127 and NaTSM, as shown in Figure 4.5. 

Exfoliated NaTSM has a zeta potential of -20 ± -1.18 mV, and post polymer treatment, it 

is -17.6 ± -0.99 mV. Given the neutral nature of the F127 polymer, the exfoliated system's 

zeta potential doesn't change after polymer treatment as expected.  

Figure 4.3. (a) XRD of NaTSM powder as purchased, NaTSM exfoliated powder, and 

NaTSM exfoliated gel (b) SEM image of NaTSM powder (c) TEM image of exfoliated 

NaTSM. 
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XRD, TEM and IR measurements indicate the adsorption of polymer on the NaTSM 

surface but do not provide information about the orientation or density of the polymer on 

the NaTSM surface. The desired brush effect for steric interactions between oppositely 

charged nanosheets, as described by Heuckel et al.19, is achieved if the F127 adsorbs 

through the PPO unit uniformly on the surface and the PEO segment extends from the 

surface (Figure 4.5c). This orientation of polymer adsorption occurs in certain hydrophilic 

solvents when the PPO block has more affinity for the surface compared to the solvent. 

The more hydrophilic PEO units dangle into the solution, creating a steric barrier and 

brush-like effect as the surface is saturated by more preferentially adsorbed PPO units. 

The surface density of the adsorbed polymer is an interplay of energy of adsorption (-ve) 

and osmotic repulsion between the brushes ( 

+ve).  

Figure 4.4. (a) XRD of NaTSM exfoliated gel and polymer treated NaTSM exfoliated gel. 

(b) TEM image of the NaTSM-F127. 
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These energies are a function of the polymer characteristics (molecular weight, PPO: PEO 

length ratio), surface-polymer interaction, and the surrounding solvent. The size of a fully 

extended PEO segment in F127 is ~ 40 nm22. However, the thickness of absorbed F127 

on a flat surface is a function of the amount of F127 adsorbed and the percentage of PEO 

extended/coiled from the adsorbed surface. Previous studies on carbon black, silica 

particles, latex, and laponite crystals have shown an adsorbed thickness of 7.1 nm, 2.5 

nm, 8 nm and  3.7 nm for F127, respectively22,23. NaTSM could have behavior closest to 

laponite due to similar chemical and surface composition. Considering the length of fully 

extended PEO in F127 and the thickness increase in laponite-F127 system, the increase 

in d spacing observed in NaTSM-F127 implies a coiled/non-extended PEO segment. 

One method implemented for obtaining extended orientation of the PEO segment is by 

increasing the surface density of adsorbed F127. However, in the NaTSM-F127 system 

increasing the concentration of Pluronic in the solution mixture up to 8x to increase 

Figure 4.5. (a) IR of NaTSM, F127 and NaTSM-F127. (b) Magnified IR of NaTSM-F127 

and (c) Possible confirmations of polymer on NaTSM surface. 
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adsorption didn't change the interlayer distance (Figure 4.6). At different concentrations, 

the d spacing remains the same as seen in XRD, and IR shows the presence of modes 

characteristic of F127.  

In this study, the positively charged nanosheets were obtained from Co-Al LDH. As 

discussed in the methods section, Co-Al LDH were synthesized using a homogeneous co-

precipitation method that leads to carbonate as the interlayer anion. Figure 4.7 shows 

XRD of as-synthesized carbonate Co-Al LDH indexed using Appleman 2 software. The 

carbonate of the Co-Al LDH was exchanged with chloride anion by a salt-acid treatment. 

The chloride ion can be easily exchanged with other anions by treating with their 

sodium/potassium salts. Co-Al LDH with nitrate anion was obtained, as shown in Figure 

4.8 and 4.9. The interlayer spacing between the 2D layers changes with different anions, 

0.75 nm for Co-Al-CO3
2-, 0.77 nm for Co-Al Cl, and 0.88 nm for Co-Al NO3

-. The nitrate 

LDH can be exfoliated in formamide, as discussed in 4.1.1. 

Figure 4.6. XRD and IR of NaTSM-F127 at different F127 concentrations. 
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Due to the hydrogen bonding between water, interlayer anions, and 2D host layers in LDH, 

it is exceptionally challenging to exfoliate it into nanosheets in water. Studies have shown 

that LDH swells and exfoliates in formamide into nanosheets of lateral size in microns21,24. 

Therefore, the solvent system for exfoliation and polymer adsorption was switched from 

water to formamide.  

Figure 4.7. XRD of Co-Al carbonate. 

Figure 4.10 shows the XRD of NaTSM after exfoliation in formamide. The d spacing is 

larger in formamide, perhaps due to more swelling. However, with a similar treatment for 

polymer adsorption, this interlayer spacing doesn't increase as observed in the water 

phase.  
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The adsorption and orientation of the polymer as discussed above depends on the 

polymer's higher affinity to the heterogenous surface compared to the solvent. Formamide 

being less polar than water could change this affinity of the polymer, and the polymer could 

prefer staying in solution to being adsorbed on the surface under these reaction 

conditions.  

Figure 4.8. Co-Al LDH with different interlayer anions – (a) XRD (b) IR 

A more detailed investigation is required to understand the behavior of polymer adsorption 

on sheets in formamide using advanced techniques such as small-angle neutron 

scattering, used in earlier studies23,25–28. Other wet chemical methods used earlier, such 

as Baleux29, are incompatible with this system due to formamide’s reactivity. Therefore, 

SANS would be best suited for NaTSM-LDH-F127 in formamide. A more thorough 

optimization is also required post-understanding of the adsorption to create a brush-like 

effect on the nanosheet surface. Other di-block or tri-block co-polymer systems can also 

be explored to create a similar effect for tunability once the fundamental behavior of PEO-

PPO-PEO adsorption on NaTSM and LDH nanosheets is established. 

Considering the advanced nature of these studies required for moving forward in this 

project during the time of COVID-19 pandemic, we decided to pivot the study into another 
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exciting direction (discussed in chapter 5) which can be investigated in our lab with the 

available equipment.  

 

Figure 4.9. SEM images of Co-Al LDHs with different anions 

Figure 4.10. XRD of NaTSM exfoliated in formamide and NaTSM-F127 in formamide. 

4.4 Conclusions 

In this study, we have explored methods for the controlled assembly of oppositely charged 

nanosheets using tri-block co-polymer F127 to tune interactions between the nanosheets. 

NaTSM and Co-Al LDH were used as sources for negatively charged and positively 

charged nanosheets, respectively. Co-Al LDH was synthesized with three different anions 
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– carbonate, chloride and nitrate. The increased interlayer spacing in Co-Al nitrate allows 

it to be exfoliated in formamide.  

We used two solvent systems – water and formamide for exfoliation and treatment with 

F127. TEM, XRD, and IR studies reveal exfoliation and adsorption of F127 on NaTSM in 

water. The interlayer spacing of F127 treated NaTSM is unaffected by the concentration 

of the F127 added in the solution for adsorption. The orientation and surface density of 

F127 on NaTSM in water needs to be investigated further. Since the Co-Al LDH system 

can be exfoliated only in formamide, the NaTSM-F127 system was translated to 

formamide. However, the XRD of NaTSM-F127 in formamide doesn't indicate adsorption 

of F127 on the NaTSM surface. Further investigation is needed to understand polymer 

and NaTSM surface behavior in formamide.  
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CHAPTER 5 – Synthesis, thermal characterization and ionic conductivity measurements 
on Zn-Al and Mg-Al Layered double hydroxides. 

5.1 Introduction   

In recent years, 2D layered materials and their nanosheets are being explored for ion 

conductivity and ion transport for applications in electronics, catalysis, selective ion 

transport, and energy storage devices. Several layered materials such as graphene oxide 

and vermiculite have shown high proton conductivity1–6. For anion conduction, layered 

double hydroxides (LDH) have garnered a lot of attention7–17. The positively charged 2D 

host layers in LDHs, which have a network of covalently bonded hydroxyl groups, make 

them a promising material for OH- conductivity.  

Research on the anion conductivity of LDH is motivated by the idea of using inorganic 

solid electrolyte/anion conductors for electrochemical systems such as alkaline fuel cells 

and electrolyzers. A shift to the alkaline environment in electrochemical cells is increasing 

to reduce cost using non-precious catalysts. However, the OH- ion conductivity is ~ 10-3 to 

10-2 S/cm which is lower than proton conductivity ~ 10-1 S/cm in commercially available 

membrane-based systems. This low OH- conductivity is due to limitations of the existing 

anion conducting membranes and also low mobility of hydroxide compared to proton in 

water. In addition to the low conductivity values, current commercial anion exchange 

membranes, made of quaternary ammonium polymers, also have toxic synthesis 

procedures, and poor chemical and thermal stability. Therefore, LDH, as an inorganic 

material that is stable in alkaline conditions and at high temperatures, is being explored 

for anion conduction and ion selectivity.  

Ion conductivity of different forms of LDH - bulk, lamellar, and nanosheets across different 

temperature ranges and humidity is being studied9–12,15,18–23. Bulk LDH has shown 

conductivity approaching ~ 10-2 S/cm at 200 °C and 100 % relative humidity19. This value 
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decreases, as expected, at lower temperatures and humidity. Different combinations of 

interlayer anions (chloride, carbonate, hydroxide, nitrate, bromide) and M2+- M3+ ions (Mg-

Al, Co-Al, Zn-Al, Co-Ni) in the host layer have been explored18,21. LDH nanosheets 

obtained by exfoliation of the bulk LDHs show high-in plane hydroxide ion conductivity 

approaching~ 10-1 S/cm at 60 °C and 80% RH21. The in-plane conductivity in nanosheets 

is one to three orders magnitude higher than their bulk precursors at this temperature and 

relative humidity. However, the cross-plane conductivity in stacked nanosheets is four to 

five orders lower than the in-plane conductivity. The anisotropic structure of LDHs is 

responsible for this large in-plane and cross-plane conductivity difference.   

Experimental and theoretical simulations point towards a Grotthuss type mechanism of 

hydroxide ion conductivity along the plane of LDH 2D host layer/nanosheet18,24. The highly 

ordered and densely packed surface hydroxyl groups form a hydrogen-bonding network 

with the surrounding water molecules. In the presence of water, hydrolysis of the 2D sheet 

provides a free hydroxide ion which then hops through the hydroxyl network by rapid 

hydrogen bond formation and breaking. The hydroxyl ion network doesn’t extend in  the 

cross-plane direction, thereby drastically reducing the anion conductivity. Restacking the 

nanosheets decreases the ionic conductivity because it disrupts the hydrogen bonding 

network of the surrounding water and increases the electrostatic repulsion of the hydroxyl 

anion with the interlayer anions under spatial confinement. Therefore, for bulk/restacked 

LDHs, larger interlayer spacing, lower/monovalent charge of interlayer anions, and higher 

interlayer water content are associated with better anionic conduction. Interlayer water 

content is also related to the composition of the 2D host layer and the ratio of M2+/M3+ ions 

as shown for the Mg-Al carbonate system23. However, in both nanosheets and bulk LDHs, 

higher relative humidity is favorable for ionic conductivity due to an increase in the number 

of surrounding water molecules.  
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One of the promising applications for LDH is the alkaline fuel cell, given its stability at high 

temperatures and alkaline environments. Increasing the operating cell temperature 

between 100-250 °C for fuel cells can increase the efficiency and reduce the cost by using 

non-precious metallic catalysts. However, most of the work on ionic conductivity of LDH 

and their application in electrochemical systems has been studied below 100 °C with the 

exception of a few studies9,19. In this study, we have synthesized and characterized Zn-Al 

and Mg-Al LDH systems with three interlayer anions to understand their hydroxide ion 

conductivity as a function of temperature in the 100-250°C range for applications in 

electrochemical systems. We have selected Zn-Al and Mg-Al LDH to separate the effects 

of electronic conductivity and ionic conductivity. 

5.2 Experimental methods  

5.2.1 Synthesis of Zn-Al carbonate  

Zn-Al carbonate was synthesized as described by Liu et al. 25 Briefly, an aqueous mixture 

of anhydrous ZnCl2, AlCl3.6H2O, and urea in molar ratio 2:1:5 was refluxed at 97 °C with 

magnetic stirring at 360 rpm for 24 hours. A white precipitate forms as the reaction 

progresses. The white precipitate is extracted by filtration and washed with nanopure 

water and anhydrous ethanol. The precipitate is dried in air/vacuum at room temperature.  

5.2.2 Anion exchange of Zn-Al carbonate  

0.2 g of Zn-Al carbonate was added to 200 ml 3mM HCl and 1 M NaCl mixture in a conical 

flask. The flask was purged with nitrogen and sealed to avoid contamination from 

atmospheric carbon dioxide. The mixture was shaken at 200 rpm for 12 hours. The 

obtained product was filtered and washed with degassed water and anhydrous ethanol 
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under an inert atmosphere. The product was left to dry in inert atmosphere and was 

retreated according to the same procedure to complete the exchange.   

5.2.3 Synthesis of Mg-Al carbonate  

Mg-Al carbonate was synthesized hydrothermally as described by Li et al26. Briefly, 80 ml 

aqueous mixture of MgNO3.6H2O (0.02 mol), Al(NO3)3.9H2O (0.01 mol) and 

hexamethylenetetramine (0.026 mol) was prepared and heated at 140 °C for 24 hours in 

a hydrothermal vessel. The white product was washed with water and ethanol and dried 

in air/vacuum at room temperature.  

5.2.4 Anion exchange of Mg-Al carbonate  

Anion exchange of Mg-Al carbonate was carried out in the same way as described for Zn-

Al LDH with acid (HCl) and salt (NaCl) concentrations being 5 mM and 4.8 M respectively.  

5.2.5 Chloride to nitrate ion exchange  

0.1 g of chloride LDH was added to 0.1 M 100 ml KNO3 solution and was shaken at 200 

rpm for 12 hours. The exchanged product was filtered and dried as described for the 

chloride exchange.  

5.2.6 X-ray diffraction  

Powder X-ray diffraction (XRD) was performed on a Rigaku SmartLab SE with a Cu-Kα 

radiation source (λ = 0.154 nm) with a tube voltage of 45 mV and a tube current of 40 

mA.  Diffraction patterns were obtained with a step size of 0.01° (2θ) between 5-70° at a 

scanning rate of 4° min-1. The collected diffraction patterns were indexed using Appleman 

2 software.  
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5.2.7 Infrared spectroscopy 

FT-IR spectroscopy was measured on a Nicolet iS5 spectrometer over a range of 4000 

cm-1 to 400 cm-1 at a resolution of 4 cm-1.  

5.2.8 Thermal characterization (DSC-TGA) 

Differential Scanning Calorimetry and Thermogravimetric Analysis measurements were 

performed on NETZSCH’S STA 449 F3 Jupiter. LDH powder was loaded in Pt pans, and 

the scan was conducted from 25 – 600 °C at 1°C/min in air. The data were analyzed in 

Origin. The enthalpy associated with loss of water was calculated by integrating the area 

under the curve (DSC output in mW/mg x time in s). Background subtraction was 

performed for the water loss peak by defining a local baseline near the peak, as shown in 

Figure 5.9a and 4.10a inset. 

5.2.9 Scanning electron microscopy  

SEM was performed on FEI Quanta 600 FEG Mark II. 10-30 kV voltage was applied, and 

multiple regions were imaged for each sample.  

5.2.10 Ion conductivity measurements  

A 850 fuel cell testing station by Scribner was used to measure ionic conductivity at 

different temperatures and relative humidity. Mg-Al carbonate powder (~0.1 g) was 

pressed into a ~0.5 mm pellet with carbon paper on one side as a contact. Two such 

pellets (total thickness ~ 1 mm) were then pressed in the fuel cell between the graphite 

electrodes. Teflon sheets were used to prevent short-circuiting between the graphite 

electrodes outside the pellet area. A torque of 3N/m was used to tighten the cell before 

the measurements. 0.35 V of AC voltage was applied with a frequency range of 1 - 0.1 

MHz, and impedance was collected as a function of frequency. Zview software was used 

for fitting the data. 
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5.3 Results and discussion 

Figure 5.1 and 5.2 shows XRD patterns for Zn-Al-CO3
2- and Mg-Al-CO3

2- synthesized by 

the reflux method25 and hydrothermal method26, respectively. The Zn-Al LDH and Mg-Al 

LDH are crystalline and have a hexagonal crystal structure with interlayer spacings 0.76 

nm and 0.75 nm, respectively. The corresponding SEM images show polydisperse 

platelets with lateral sizes of a few microns. 

Carbonate anions have a strong affinity to the host layers, and due to this, LDHs are also 

used for carbon dioxide capture. However, this strong affinity of carbonate makes it 

challenging to replace with other anions. Decarbonation of LDHs has been attempted by 

treatment with inorganic acid solution/vapor27,28. The proton from the acid facilitates 

carbonate  

removal by forming bicarbonate, and the corresponding anion acts as an interlayer anion. 

Though acid treatment allowed for carbonate exchange, it also led to degradation of LDH 

and weight loss during the process. Another approach for decarbonation was heat 

Figure 5.1. (a) Indexed XRD of Zn-Al-CO3
2- (a = b = 3.076 nm, c = 22.809 nm) (b) SEM 

of Zn-Al-CO3
2-   
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treatment to expel carbonate as carbon dioxide and then reconstruction of LDH structure 

using aqueous solution treatment with the desired anion29,30. The heat treatment method 

requires structural reconstruction, which was affected by the number of heat cycles and 

thus caused degradation. In 2004, Iyi et al.31 developed a salt-acid treatment for 

decarbonation of LDH, which maintained the crystallinity and structure while achieving 

complete exchange. The salt-acid method is based on the acid treatment method; 

however, adding salt drastically improves anion exchange without degrading the LDH 

structure.  

The concentration of acid and salt required to obtain complete decarbonation without 

weight loss is a function of the amount of carbonate in the formula unit of LDH, type, and 

the ratio of M2+/M3+ ions in the 2D host layers31,32. We have optimized this ratio and reaction 

conditions for the LDHs synthesized in this study.  

 

Figure 5.2. (a) Indexed XRD of Mg-Al-CO3
2- (a = b = 3.046 nm, c = 22.772 nm) (b) SEM 

of Mg-Al-CO3
2-   
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Due to the high affinity of carbonate to LDH, it is also essential to prevent any carbonate 

contamination during the exchange process. It has been observed for the Mg-Al carbonate 

system that the intercalated carbonate dynamically exchanges with the carbon dioxide in 

the atmosphere within 30 minutes33. Therefore, degassed water is used for the exchange 

process, and filtration is performed in an inert atmosphere. 

Zn-Al carbonate was anion exchanged with chloride by salt-acid treatment in this study. 

Figures 5.3 and 5.4 show the XRD and IR of different acid-salt concentrations and filtration 

conditions. We observed that the inert atmosphere/glove box filtration decreased the 

carbonate content in the exchanged LDH as seen in the decreased intensity of carbonate-

associated XRD peak (2θ = 11.67°) and IR mode (1356 cm-1 and 753 cm-1). However, 

complete exchange was observed by retreatment of the exchanged product. A weight loss 

Figure 5.3. (a) XRD of Zn-Al-CO3
2- and Zn-Al-Cl- obtained by different salt-acid treatment; 

(b) 003 reflection magnified from (a); (c) 006 reflection magnified from (a).   
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ranging from 20-44% was observed in each treatment. Relatively higher weight loss was 

observed in the retreatment reaction. This weight loss involves the acid-based breakdown 

of the LDH structure and loss during filtration/handling of the exchanged product. The 

SEM images of the exchanged product do not show any morphological changes 

suggesting that the acid degradation leads to complete dissolution of a fraction of LDH 

particles and the remaining LDH is intact.  

In the case of Mg-Al LDH, a higher concentration of salt-acid, as reported in the literature34,  

Figure 5.4. FTIR spectrum of Zn-Al-CO3
2- and Zn-Al-Cl- for different salt-acid treatments 
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was used for the exchange reaction. Figures 5.5 and 5.6 shows XRD and IR of the 

exchanged product with carbonate reference at different salt-acid and reaction conditions.   

Figure 5.5. (a) XRD of Mg-Al-CO3
2- and Mg-Al-Cl- obtained by different salt-acid treatment; 

(b) 003 reflection magnified from (a); (c) 006 reflection magnified from (a).   

Figure 5.6. FTIR spectrum of Mg-Al-CO3
2- and Mg-Al-Cl- for different salt-acid treatments 



114 

 

Residual carbonate was seen in the IR vibrational mode and not in XRD reflection, unlike 

the Zn-Al LDH case. This could indicate a low percentage of carbonate that cannot be 

detected by XRD. Retreatment was needed to ensure complete exchange as in Zn-Al 

LDH. However, a relatively lower weight loss (5-23%) was observed in case of Mg-Al LDH.  

The interlayer spacing increases to 0.78 nm and 0.77 nm in Zn-Al-Cl- and Mg-Al-Cl- 

respectively. The chloride ions are exchanged with nitrate ions by treatment with 

potassium nitrate solution. The excess nitrate ion in the solution drives the exchange  

reaction. XRD of the nitrate LDHs shows the increased interlayer spacing of 0.87 nm and 

0.84 nm for Zn-Al and Mg-Al LDH, respectively. The nitrate exchange was performed on 

chloride-LDH with some carbonate; therefore, carbonate can be seen in nitrate-LDH XRD. 

Splitting in the 003 reflection for nitrate LDH at lower 2θ could be due to increased spacing 

from hydrated LDH.  

Figure 5.7. (a) XRD of Zn-Al-CO3
2-, Zn-Al-Cl- and Zn-Al-NO3

- and (b) Magnified of (a) 

showing shift towards lower 2θ for 003 reflections and increase in d spacing with anion 

exchange.   
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An essential aspect of implementing LDHs as anion conductors in the temperature range 

of 100-250 °C is understanding the structural and chemical changes in this temperature 

range. As discussed earlier, the ion conductivity in LDHs is a consequence of the hydroxyl 

Figure 5.8. (a) Differential scanning calorimetry of Zn-Al-CO3
2- (b) TGA and DTG of Zn-

Al-CO3
2- 

Figure 5.9. (a) XRD of Mg-Al-CO3
2-, Mg-Al-Cl- and Mg-Al-NO3

- and (b) Magnified of (a) 

showing shift towards lower 2θ for 003 reflections and increase in d spacing with anion 

exchange.   
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ion network in the 2D host layer and its hydrogen bonding with the neighboring water 

molecules. Therefore, the presence of interlayer water helps in the ion conductivity of bulk  

LDH. The amount and the temperature at which interlayer water is lost is a function of host 

layer composition, the interlayer anion, and relative humidity. We have performed DSC-

TGA in the air to study the loss of water and the enthalpy associated with it for different 

LDHs (Figures 5.9 and 5.10).  

The water loss in Zn-Al Carbonate LDH happens between 126.9 °C to 164.3 °C, followed 

by decarbonation and dehydroxylation at 201.3 °C and 244.9 °C. In the case of Mg-Al 

LDH, the water loss occurs at a higher temperature range 151.9 °C to 191.6 °C, followed 

by decarbonation and dehydroxylation at 272.7 °C and 389.4 °C, respectively. These 

transitions are also observed in TGA, and mass loss associated with loss of water, 

carbonate and hydroxyl ions occurs with increasing temperature. The enthalpy associated 

with the interlayer water loss is -438.7 J/g and -388.9 J/g for Zn-Al LDH and Mg-Al LDH, 

respectively. We aim to compare the water loss temperature for LDHs with different 

Figure 5.10. (a) Differential scanning calorimetry of Mg-Al-CO3
2- (b) TGA and DTG of 

Mg-Al-CO3
2- 
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interlayer anions to understand the effect of interlayer anion on water retention and 

conductivity. Water retention at temperatures greater than 100 °C is promising for 

application of these LDHs in alkaline fuel cells.   

For bulk ion conductivity measurement performed on Fuel cell station 850, LDH samples 

were prepared in two forms – a film on hydrophilic carbon paper and a pellet pressed 

between carbon paper. The film was prepared as described by Xu et al35 using transfer 

method. A LDH film was prepared on a filter paper by filtration and then transferred onto 

hydrophilic carbon. However, short-circuiting was observed during measurement in the 

fuel cell setup. Therefore, a thicker LDH system in the form of a pellet was used for 

measurements. Figure 5.11 shows cross-sectional SEM of the pellet with thickness 

variation across the length. This pellet was pressed between graphite electrodes in the 

Figure 5.11. Cross-sectional SEM of LDH pellet used for ion conductivity measurement. 

(a) and (b) show two ends of the pellet with thickness 346.5 µm and 468 µm, respectively. 

(c) magnified image of pellet and (d) magnified image of (c) showing most platelets are 

parallel to each other. 



118 

 

measurement cell, as shown in Figure 5.12a. Room temperature measurement at 100 % 

RH on the pellet (Figure 5.12) gives a conductivity value of 0.47 x 10-6 S/cm. This value is 

comparable to the earlier values on Mg-Al-CO3
2- in the literature19.  

Higher temperature measurements on the same pellet were not reproducible between 

different runs. Several improvements are required in the system to ensure  

reproducibility of the measurement – (a) thermal insulation of the setup needs to be 

improved to prevent significant heat loss during the measurement. We propose using a 

thermal insulation jacket around the fuel cell. (b) Another observation that needs to be 

addressed is that the pellet breaks and fills the serpentine grooves of the fuel cell. A 

graphite electrode without grooves but just a depression to hold the pellet may be better 

suited to avoid effects of pellet disintegration on the measurement. And (c), as shown in 

Figure 5.11, a significant fraction of the platelets is parallel to each other and the carbon 

electrode. This implies that the ion conduction path is cross-planar. An in-plane conduction 

Figure 5.12. (a) Fuel cell testing station set up for ion conductivity measurements. (b) 

Nyquist plot at 25 °C – experimental and fit using the circuit shown in inset. 
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path will be more favorable for application in devices due to high in-plane ion conductivity. 

Therefore, synthesis approaches that provide in-plane platelet orientation perpendicular 

to the electrode need to be explored. Composite membranes of LDH and polymer have 

been proposed in the literature to grow oriented LDH for electrochemical cells17,36. A 

compatible system needs to be identified for this study and further incorporation in fuel 

cells.  

5.4 Conclusion 

This study aims to provide insight into the feasibility of LDHs as anion conductors in 

electrochemical systems operating in the intermediate temperature range of 100-250 °C. 

We have synthesized and characterized Mg-Al and Zn-Al LDH with different interlayer 

anions to study their structural, thermochemical properties and their impact on ionic 

conductivity for application in electrochemical systems.  

Reflux and hydrothermal synthesis methods were used for the synthesis of Zn-Al and Mg-

Al carbonate LDH, respectively. XRD and SEM indicate the formation of crystalline LDHs 

with a hexagonal crystal system. The carbonate LDHs were anion exchanged using salt-

acid treatment to obtain chloride intercalated LDHs, showing an increase in the interlayer 

spacing. The interlayer spacing increases further on exchanging chloride with nitrate 

anion. DSC-TGA studies on the carbonate Zn-Al and Mg-Al LDH show interlayer water 

loss (dehydration) peak at 156.1 °C and 175.4 °C respectively, providing promising 

conditions for ionic conductivity the range of 100-200 °C. We have used a Fuel cell station 

for measuring the ion conductivity of LDHs at controlled temperature and humidity. Room 

temperature measurements on bulk LDH (as pellets) have shown a value of 0.47 x 10 -6 

S/cm, comparable to literature studies. Further improvements are required in the setup to 

prevent heat loss at higher temperatures. In addition, the orientation of LDH platelets in 
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bulk pellet or as a polymer composite needs to be optimized to utilize high in-plane 

conductivity.  
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CHAPTER 6 – Conclusions and Perspective 

6.1 3D Nanostructured material design in the sub-100 nm regime using silica colloidal 

crystal and high-pressure chemical vapor deposition 

HPCVD infiltration of silica colloidal crystals provides a versatile strategy to synthesize 3D 

interconnected nanostructures of semiconductors and metals, defined as metalattices in 

this dissertation1–6. The structural repeat distance in metalattices is comparable to the 

characteristic length scale of the intrinsic physical phenomenon in the material, leading to 

the interaction between structural periodicity and the corresponding physical 

phenomenon.    

In chapter 2, a core-shell-based chemical passivation strategy for Ge metalattice and its 

structural and electronic properties are discussed. The core-shell approach prevents 

oxidation of Ge core, and the oxide-free Ge core shows evidence of quantum 

confinement1. Based on these findings, we suggested two parameters for tuning the 

electronic structure of Ge metalattices – void size in the template and interdiffusion 

between core and shell. The core-shell metalattice is also being explored for 

semiconductor-based EUV plasmonics.5 

Although the semiconductor metalattice exhibits a quantum confinement effect and is 

interconnected, a parallel study of Si metalattices showed that the semiconducting and 

metallic transport properties expected in doped and confined nanocrystals are not 

observed in metalattices7. This low conductivity may be attributed to the presence of grain 

boundaries and defects in infiltrated Si, surface traps at the Si-SiO2 interface, a non-

uniform dopant distribution, and disorder in the superlattice structure. One possible 

approach to improving the transport properties is to synthesize single-crystalline 

metalattices. This can be achieved by controlled laser annealing through a single crystal 

substrate to propagate single crystal growth into the polycrystalline metalattice. Laser 
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annealing has led to the formation of single-crystalline semiconductors in silica fibers in 

earlier studies8,9. Another way to achieve single-crystalline metalattices is through epitaxial 

growth during HPCVD. Surface modification of the metalattice can also help in reducing 

the surface traps, as seen in other semiconductor nanocrystals/thin films.10–12  

The thermal and magnetic behavior of metalattices in the current structure have shown 

promising results. Ferromagnetic Ni metalattices show the presence of topological 

magnetic monopoles originating from magnetic frustration in the 3D curved surfaces of the 

metalattice.13 The size-dependent variation in metalattice structure/curvature can in 

principle be used to tune the interactions between these magnetic monopoles and to 

design them for potential applications in magnetic storage devices. Thermal studies on Si 

metalattices made from different size templates (14 nm to 120 nm) have shown a very low 

thermal conductivity with a value of 1 W/m/K14. Computational studies indicate that this 

can be lowered further to 0.16 W/m/K by reducing silica template size to 5 nm. Another 

finding derived from that study is that a graded structure of Si metalattice comprised of 

different size silica particles arranged in parallel layers along z-direction can enable 

thermal rectification in this structure15. Thus, by varying the porosity of Si metalattices and 

their lattice spacing, heat transport in semiconductor materials can potentially be tuned in 

unique ways.  

These studies have shown that the structure of metalattices, i.e., their void size, local and 

long-range order, has an impact on their physical properties. Since metalattices inherit the 

template structure, we investigated the detailed structure of silica nanoparticle templates 

using SAXS and SEM (Chapter 3). We found that particles less than 32 nm in diameter 

assemble in a body-centered cubic structure, and larger particles assemble in a random 

close packed structure along with a 2D hexatic phase. This structure and order are 

maintained in the inverse structures obtained by infiltrating these templates by using 
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HPCVD. This size-based structural variation can be attributed to shear force during 

assembly and to size dispersity in the silica nanoparticles. More investigation is needed 

to understand the contributions and interplay of different factors such as particle non-

covalent interactions, size dispersity, and capillary and gravitational forces during the 

assembly process on the resulting template structure. A detailed understanding of the 

underlying factors driving particle assembly can also help in tuning the 3D arrangement of 

the particles. Different 3D arrangements of particles will introduce variations in symmetry, 

porosity, and structure of the metalattices, thereby potentially enabling tuning of their 

properties.  

Grain boundaries and disorder in the templates propagate to the metalattices and affect 

their properties, as observed in the case of electronic transport. Reducing particle 

dispersity synthetically or by fractionalization of particles post-synthesis can help in 

improving the quality of colloidal crystals. Optimization of the deposition process and 

surface modification of the substrate has been shown to decrease the density of cracks 

and grain boundaries in the deposited film,16,17 and this strategy could be implemented for 

silica nanoparticle system.  

6.2 Synthesis and characterization of layered double hydroxides   

Layered double hydroxides in all three of their forms - bulk, intercalated, and nanosheets 

- have garnered a lot of attention for applications in catalysis and energy storage devices. 

One of their characteristic properties is hydroxide ion conductivity, which is comparable to 

proton conductivity in ionomer-based systems18. This makes inorganic LDHs, which are 

stable at high temperatures and in an alkaline environment, promising candidates for 

anionic conduction in electrochemical systems at intermediate temperatures (100-250 °C) 
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In this dissertation, we synthesized and characterized the structural, thermochemical, and 

ionic conduction properties of LDHs in order to understand their fundamental behavior for 

applications as anionic conductors in electrochemical systems operating between 100-

250 °C (chapter 5). We synthesized nine different types of crystalline layered double 

hydroxides by varying the M2+ ion (Co-Al, Mg-Al, Zn-Al) and the interlayer anions 

(carbonate, chloride, and nitrate). The ion exchange method was used to convert as-

synthesized LDH containing carbonate anions to LDH with chloride and nitrate interlayer 

anions. Variations in the M2+ ion and the interlayer anion change the interlayer spacing, 

the content of interlayer water, and the enthalpy/free energy associated with desorption of 

interlayer water, thus affecting the ion conductivity of LDHs. We used DSC-TGA to study 

their thermochemical behavior and determine the enthalpy of water desorption. Future 

work will include comparing the thermal behavior and free energy of water desorption of 

different LDHs in order to establish a correlation between the composition and retention 

of water at intermediate temperatures. This may enable us to identify LDH compositions 

that function well under electrochemical device conditions. Ionic conductivity 

measurements using the Scribner fuel cell station need to be optimized further to reduce 

thermal loss, improve measurement reproducibility and measure conductivity across 

different LDH orientations.  

In addition to identifying the composition of LDHs for anion conduction, their orientation in 

the device is also essential to maximize the in-plane conduction. This can be achieved by 

synergistic work on synthesizing oriented LDH samples19,20 and by measuring their 

corresponding anisotropic ionic conductivity. The optimized composition and orientation 

of LDH will be implemented in bipolar membranes and/or ion-selective conductors in redox 

flow batteries, electrolysers, and fuel cells that operate in alkaline environments.  
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 APPENDIX A – Supporting Information for Chapter 2 

 

 

Figure A.2. Ge metalattice from a 60 nm silica sphere template at different 

magnifications (a) and (b). Ge-Si core-shell metalattice at different magnifications (c) and 

(d). Inset scale bar is 250, 200, 500 and 200 nm for a,b,c and d respectively. 

1µm 

Figure A.1. Top view SEM image of the silica template used for the synthesis of 

core-shell metalattice. Scale bar in the magnified inset image is 1 µm. 
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Figure A.3. (a) X-ray diffraction (CuKα, λ = 1.5418 Å) of the core-shell metalattice film. 

The inset shows width of the Ge (111) peak after stripping the Kα2 component of the 

reflection. (b) X-ray diffraction of a crystalline Si standard with inset showing the width of 

the Kα2 stripped (111) peak to determine the instrumental line broadening. 

 

A3(a) 

A3(b) 
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Calculation of the Ge crystalline domain size using the Scherrer formula1 –  

Ge (111) FWHM = 0.19° 

Si (111) FWHM = 0.08° (instrumental line width) 

λ = 1.5418 Å = 0.15418 nm 

Deconvoluted Ge (111) FWHM = (0.192 – 0.082)½ = 0.17° = 3.01 x 10-3 radians 

Crystal domain size: t =
 0.9 

≈ 47 nm 
FWHM cos 

1. Patterson, A. "The Scherrer Formula for X-Ray Particle Size Determination". Phys. 

Figure A.4. Photoluminescence spectra of a core-shell metalattice at two different spots 

on the sample, a CVD-grown Ge film, and the Si substrate. The inset shows a 

magnified view of the region to the blue of the Ge bulk band gap energy. 
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Rev. 1939, 56, 978–982.  

Figure A.5. (a) Synchrotron 2D SAXS pattern for a-Ge metalattice after template removal 
and before shell infiltration (b) 1D Azimuthal average of (a). 
 

Figure A.6. Background correction of EELS spectrum to obtain the edge onset of the Ge 

3d edge. 
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Sample Peak position (cm-1) FWHM 

Si reference (Si-Si) 520.3 2.83 

CVD grown Ge film (Ge-Ge) 299.6 4.02 

Ge metalattice spheres in. (Ge-Ge) 299.5 5.96 

Ge metalattice sphere out. (Ge-Ge) 298.2 6.18 

Ge-Si core shell metalattice. (Ge-
Ge) 

297.9 7.22 

Table A-1. Peak position in Raman spectrum and their corresponding FWHM for    

different Ge samples. 

 

 

 

 

 

 

 

 

 

Site Average edge onset (eV) Std. dev 

Octahedral 

(3 data points) 

30.10 0.06 

Tetrahedral 

(3 data points) 

30.16 0.07 

Meta-bond 

(3 data points) 

30.36 0.13 

Table A-2. Average and standard deviation for the edge onset of the different sites- Oh, 

Td and MB. 



137 

 

Site Average edge onset 
(eV) 

Std. dev 

Core (1) 

(5 data points) 

30.02 0.12 

Interface (2) 

(5 data points) 

30.05 0.08 

On shell (3) 

(4 data points) 

30.43 0.14 

On Shell (4) 

(5 data points) 

30.24 0.13 

Table A-3. Average and standard deviation for the edge onset of different  

 points from core to shell. 
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 APPENDIX B – Supporting Information for Chapter 3 

 
Partic
le size 
from 
SEM 
(nm) 

% 
Dispe
rsity 

Arg 
(mm
ol) 

TE
OS 
(mo
l) 

Wa
ter(
mo
l) 

Eth
an
ol 
(m
ol) 

Cyclohe
xane 
(mol) 

Seeds 
(ml) 

Reacti
on 
tempe
rature 
(°C) 

Reactio
n time 
(Hours) 

20.3 ± 
1.3 

6.4 0.49 0.02
5 

4.8 N/A N/A N/A 70 24 

22.7 ± 
1.2 

5.3 0.52 0.02
5 

3.8 N/A 0.042 N/A 60 20 

31.1 ± 
2.1 

6.8  0.03
2 

4 N/A 0.09 20 (23 
nm 

seeds) 

60 30 

48.8 ± 
2.5  

5.1  0.03
2 

4 N/A 0.09 20 (23 
nm 

seeds) 

60 48 

69.7 ± 
2.8 

4.0 0.5 0.01
2 

1.4 1.4 N/A 0.64(20 
nm 

seeds) 

70 24 

122.7 
± 5.5 

4.5 0.5 0.02
5 

1.2 1.5 N/A 0.27(20 
nm) 

70 24 

Table B-1. Precursor concentrations and reaction conditions for synthesis of silica 

nanoparticles.  

 

 

 

Figure B.1. Schematic representation of for synthesis of silica particles as seeds and their 

regrowth to get larger particles by (a) one phase reaction (b) two phase reaction 
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Figure B.2. Schematic representation of (a) the set-up for silica colloidal crystal deposition 

on Si wafer using vertical deposition technique (b) particles assembling at the interface 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3. Cross sectional view of colloidal crystalline films grown from 20.3 and 122.7 

nm diameter L-arginine-stabilized silica nanoparticles by vertical evaporative deposition 

on silicon substrates 
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Figure B.4. SEM images of different regions of films grown from 122.7 nm 

diameter silica nanoparticles.  (a) Region showing cracking in the film due to 

drying; (b) region showing several defects – grain boundaries and vacancies; 

(c) (d) (e) Magnified regions from (b) showing that the presence of an 

anomalous particle leads to defects in the colloidal crystal. Scale bars are 1 

micron in (a), (b) and 500 nm in (c), (d) and (e). 
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Figure B.5. 22.7 nm 2D pattern indexed with bcc structure with crystallites at different 

angles in the 2D plane. Crystallites present at different angles (0, 63 and 125 (Figure 3) 

azimuthal angle) as shown in (a) and (b) in 2D plane explain all the reflections. 

 

 

 

Figure B.6. Another representative 20.3 nm 2D pattern showing bcc structure with two 

different lattice parameters (a) Indexed with a = 25.5 nm, and (b) Indexed with a= 24.1 

nm 
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Figure B.7. Another representative 22.7 nm 2D pattern showing bcc structure (a) and (b) 

a= 32.8 and crystallites at angle 5 and 60, (c) and (d) a =31.4 nm and crystallites at 34 

and 130 angle in the 2D plane.   

Simulation of scattering from different close pack structures – 

(a) Face centered cubic (FCC) – Figure S9 shows real space FCC structure with ABCABC 

stacking and its corresponding reciprocal lattice. The lattice parameter is 10 and the 

particle diameter is 10 ⋅ √2/2. X ray beam is along the Z axes (as in the measurement)  
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and perpendicular to the close pack plane 111. The reflections on the Bragg condition, or 

the peaks on qz=0 plane, are denoted with closed symbols. The symbols with thicker lines  

are the peaks that might cross the qz=0 plane if the peaks are elongated along the qz 

direction. Such elongated peaks along one direction are called the Bragg rods. For 

example, if there are stacking faults along the Z axis in Figure S9a, these peaks become 

the Bragg rods, elongated along the qz axis. 

The reciprocal space of FCC structure of which the Z direction orientation is the same with 

one in Figure S8a is drawn in Figure S8b and S8c with selected major FCC reflections. 

FCC’s first order reflections {111} would not make to the Ewald sphere, which is parallel 

to qz=0 plane in this case, and will not be observed.  

 

 

Figure B.8. Second crystallite orientation explaining the remaining reflections in templates 

indexed in figure 4 (a) 48.8 nm a = 54.4 nm (b) 69.7 nm a = 82.5 nm, and (c) 122.7 nm a 

= 137.6 nm. The indexing of reflections is same for (a), (b) and (c). 
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Figure B.9. (a) FCC structure with lattice parameter a=10. (b) and (c) Reciprocal lattice of 

single crystal FCC with 111 plane parallel to xy plane or 111 reciprocal lattice vector is 

along the qz axis.   

(b) Hexagonal close packed (HCP) –  When spherical particles pack in ABAB packing, the 

crystal structure is the hexagonally close packed (HCP) structure, which is shown in Figure 

S9a. The reciprocal lattice of the HCP structure, for which the z-axis direction orientation 

is the same as in Figure S9a, is drawn in Figure S9b and S9c for selected major HCP 

reflections. Note that if a FCC structure would have a significant stacking fault, the 

positions of the observed peaks would be similar to those of HCP. 

Figure B.10. (a) HCP structure Here, the particle diameter is 10 ⋅ √2/2 and the lattice 

parameters are 𝑎 = 10 ⋅ √2/2 and 𝑐 = √
8

3
𝑎. (b) and (c) The reciprocal lattice of a single 

crystal HCP of which 001 plane is parallel to xy plane, or 001 reciprocal lattice vector is 

along the qz axis. The reflections in the Bragg condition, or the peaks in the qz=0 plane, 

are denoted with closed symbols. 
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(c) rHCP1 and rHCP2 - When the stacking order of three layers A, B, and C is random, 

the packing structure is called the rHCP. Each A, B, and C layer is 2D hexagonally packed 

(HEX). We calculate two rHCPs, where rHCP1 considers that the peak shape is still round 

and rHCP2 assumes the peak shape elongation along the qz axis. 

For this calculation, we set the x and y fractional coordinates of three layers A, B, and C, 

as below: 

A = [0, 0]; 

B = [1/3, 2/3]; 

C = [2/3, 1/3]; 

 

The particle 𝑗th’s real space coordinate 𝒓𝑗 can be calculated with a proper choice of 

hexagonal lattice vectors. The z position of the jth particle is 𝑗 ⋅ 𝑡𝐿, where 𝑡𝐿 is the layer 

distance and is identical to the half of the c axis length of the HCP unit cell. The scattering 

factor for a given hkl is calculated as below 

𝐴(𝑞ℎ𝑘𝑙) = 𝐹(𝑞ℎ𝑘𝑙; 𝐷) ∑ 𝑒−𝑗𝑞ℎ𝑘𝑙𝑟𝑗

𝑁𝐿

𝑗=1

 

And the intensity calculated for all possible hkl’s. The shape of each peak is described by 

a Lorenzian function 𝑓. 

𝐼(𝑞) = ∑ |𝑓 (𝑞; 𝑞ℎ𝑘𝑙 , 𝐴(𝑞ℎ𝑘𝑙), 𝜎𝑞𝑥𝑦
, 𝜎𝑞𝑧

)|
2

ℎ,𝑘,𝑙
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For simplicity, in this calculation, we kept the peak widths 𝜎𝑞𝑥𝑦
 and 𝜎𝑞𝑧

 the same for all 

structures. To include the Bragg rod effect for rHCP2, we decreased the lattice constant 

along the x-ray beam direction that is the z-axis here. 

1D pattern 

structure 

Peak ratio Template size Peak ratio 

2D Hex 12.01 31.1 nm 1.94 

HCP 2.98 48.8 nm 2.88 

rHCP1 0.46 69.7 nm  1.32 

rHCP2 2.66 122.7 nm 1.09 

Table B-2. Peak 1: Peak 2 ratio for simulated azimuthally averaged 1D patterns and 

templates. 

Figure B.11. Comparison of simulated 2D SAXS patterns for different close packed 

structures. 
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Particle size 

(from SEM, 

nm) 

Structure Average lattice 

parameter 

(From SAXS, 

nm) 

Particle size from 

lattice parameter 

(nm) 

(bcc 2r = √3a/2, rhcp 

2r= a) 

Grain size 

(nm) 

20.3 ± 1.3 bcc 25 ± 0.8   21.7 555.8 ± 234.3 

22.7 ± 1.2 bcc 32.9 ± 1.4 

 

28.5 570.3 ± 237.6 

31.1 ± 2.1 rhcp 

(multiple 

structures 

possible) 

31.6 ± 0.9 31.6 372.0 ± 64.4 

Figure B.12. 31.1 nm template has multiple structures.  Indexing of 31.1 nm template with 

(a) 2D hexagonal, p6mm, a = 31.6 nm. (b) bcc Im3m a= 39.3 nm (r = 33 nm). Multiple 

structures may be present in the transition size 31.6 nm 
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48.8 ± 2.5  rhcp 54.5 ± 0 54.5 881.7 ± 26.4 

69.7 ± 2.8 rhcp 82.5 ± 0 82.5 671 ± 15.6 

122.7 ± 5.5 rhcp 138.8 ± 1.9 138.8 1704.1 

Table B-3. Structures, lattice parameters and average grain sizes of colloidal crystal 

films grown from different size silica nanoparticles.  

Grain size calculation  

Linecuts were performed to measure first order diffraction peaks corresponding to a given 

crystal structure in a sample. The peak so obtained were fit to a Gaussian function by 

using Origin. The extracted FWHM was corrected for instrumental resolution-based 

broadening using the equation below, 

∆qcorr =  √(∆qobs 
2 − ∆qinst 

2 )  

where ∆qcorr is the corrected FWHM, ∆qobs  is the observed FWHM extracted from the first 

order diffraction peak and ∆qinst is the instrumental broadening which is 0.0005 Å-1 for our 

measurement. The resolution-corrected broadening was used to determine the crystallite 

size using the Debye Scherrer equation. For NPs having multiple crystal structures/mixed 

phases, the first order diffraction peak from non-overlapping diffraction spots were used 

to determine crystallite size.  

 

Nanoparticle 

size (nm) 

Structure ∆𝐪𝒄𝒐𝒓𝒓 (Å-1) Grain size 

(nm) 

Average 

grain size 

(nm)  

20.3 bcc 0.00098 576.8 555.8 ± 234.3 

0.00091 619.8 
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0.00059 965.2 

0.00178 317.3 

0.00162 347.8 

0.00111 507.9 

22.7 bcc 0.00064 886.9 570.3 ± 237.6 

0.00177 319.2 

0.00141 399.7 

0.0012 471 

0.00061 924.1 

0.00115 493.3 

0.00113 498.1 

31.1 rhcp (multiple 

structures 

possible) 

0.00116 488.7 372 ± 64.4 

0.00194 291.9 

0.00141 399.7 

0.00152 371.9 

0.00183 308.4 

0.00152 371.9 

0.00152 371.9 

48.8 rhcp 0.00066 853.1 715.0 ± 159.5 

0.00066 853.1 

0.00098 576.9 

0.00098 576.9 

69.7 rhcp 0.00087 652.6 625.8 ± 73.0 

0.00083 679.9 
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0.00109 518.1 

0.00087 652.6 

122.7 rhcp 0.00033 1704.1 1366.7 ± 

402.6 0.00033 1704.1 

0.00062 905.4 

0.00049 1153.7 

Table B-4 shows the ∆qobs and ∆qcorr for different nanoparticle templates. Three or more 

first order diffraction peaks were averaged to obtain grain size for a crystal structure. 

 

  

 

 

 

Figure B.13. (a) Linecut along the dotted line for 20.3 nm template with bcc structure (b) 

Guassian fit for the peak in the linecut to obtain FWHM. 
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Inverse Ge sample 

size 

Peak ratio 

31.1 nm 2.0 

49.7 nm 2.21 

68.8 nm 0.79 

122.7 nm 3.0 

Table B-5. Inverse Ge structure peak 1: peak 2 ratio. 
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Figure B.14. 2D scattering pattern of (a) and (b) Ge infiltrated 48.8 nm template indexed 

with p6mm structure and a= 52.7 nm. Two different orientations of crystallites in the 2D 

plane index all the reflections. (c) and (d) inverse Ge structure from 49 nm template 

indexed with p6mm and a= 54.5 nm. Two different orientations of crystallites in the 2D 

plane index all the reflections. Indexing is same for (a) and (c);(b) and (d). 
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Figure B.15. Inverse structure of (a) 20.3 nm, bcc with a= 25.9 (b) 22.7 nm, bcc structure a= 23.3 

nm and (c) 22.7 nm, bcc a= 25.8 nm  
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Figure B.16. Inverse structures indexed using 2D hexagonal p6mm (a) 69.7 nm, a = 69.5 

nm and (b) 122.7 nm, a = 140.2 nm Indexing is same for (a) and (b). 

Figure B.17. Comparison of 31.1 nm, 69.7 nm and 122.7 nm inverse structures with 

simulated 1D patterns. Their peak 1: peak 2 ratio are mentioned in Table S5. With the 

ratios, there structure is rhcp. 
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Representative 

template 

particle size 

(from SEM, 

nm) 

Structure Average lattice 

parameter 

(From SAXS, 

nm) 

Grain size (nm) 

20.3 ± 1.3 bcc 25.8 ± 0.6 735.8 ± 195.3 

22.7 ± 1.2 bcc 26.1± 1.7 

 

322.4 ± 70.3 

31.1 ± 2.1 rhcp 

(multiple 

structures 

possible) 

33.8 ± 0.3 440.9 ±29.4 

48.8 ± 2.5  rhcp 54.4 ± 0.1 673.6 ± 192.4 

69.7 ± 2.8 rhcp 70.5 ± 0.9 1045.7± 216.4 

122.7 ± 5.5 rhcp 136.1 ± 4.1 885.4 ± 87.8 

Table B-6. Structures, lattice parameters and average grain sizes of inverse Ge 

structures obtained by infiltration of silica templates 
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Figure B.18. Variation in grain size and number of unit cells per average grain as a 

function of particle size. The general trend for the number of unit cells per average 

grain is similar to the templates. 
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