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ABSTRACT OF THE THESIS 

 

Synthesis and Characterization of Mesoporous Semiconductors 

 

by 

Chris Byung-hwa Kang 

 

Master of Science in Chemistry 

University of California, Los Angeles, 2012 

Professor Sarah H. Tolbert, Chair 

 

 Widely studied mesoporous oxide materials have a range of potential applications, 

such as catalysis, absorption and separation.  However, they are not generally considered for 

their optical and electronic properties.  Elemental semiconductors with nano-sized pores 

running through them represent a different form of framework material with physical 

characteristics contrasting with those of the more conventional bulk, thin film and 

nanocrystalline forms.  This thesis describes two different routes to synthesize thin film 

mesoporous silicon and powder mesoporous germanium. 

Thin film of mesoporous silicon was produced from thin film of mesoporous silica at 

low temperature (<700°C) using magnesium as reducing agent.  Excess magnesium risks the 

generation of volatile products and destruction of the bulk objects.  In thin films, excess 

magnesium was convenient resulting in some structural loss. However, our X-ray diffraction 

data show that conversion to silicon and retention of order is possible even after exposure to 

HCl to remove magnesia and HF to remove remnant silica.  Top-view SEM and low angle 
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X-ray diffraction also proves retain in order and cross-section SEM shows retention of the 

surface features and pores in the bulk of the film.  

Nanoscale ordered germanium composite materials were produced from solution 

phase using surfactant as structural directing agents.  Non-classic anionic germanium Zintl 

clusters, discrete Ge9
4- or polymeric (Ge9

2-)n, co-assemble with cationic surfactant molecules 

via electrostatic interactions.  Depending upon size and overall charge of polymerized Zintl 

clusters, shape of the inorganic/organic hybrid micelle can be varied, and the periodical nano-

structures of composites can be hexagonal, lamellar, or worm-like, as determined by low 

angle X-ray diffraction (XRD).  The anionic germanium framework of the 2-D hexagonally 

ordered germanium cluster/surfactant composite is condensed via oxidative coupling between 

the germanium Zintl clusters.  EXAFS (Extended X-ray Absorption Fine Structure) study 

indicates that the germanium clusters were destroyed upon oxidation and tetrahedrally 

coordinated germanium was produced afterwards.  IR absorption shows that the surface of 

this material is mostly hydrogen terminated.  Majority of the cationic surfactant molecules 

inside the pores can be removed.  The resulting dark brown mesoporous germanium exhibits 

surface area up to 500 m2/g.   
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CHAPTER 1 

 

Introduction to the Thesis 

 

1.1 Introduction 

 The surfactant or polymer based liquid-crystal templating mechanism for achieving 

synthetic control on the nanoscale has led to the discovery of inorganic mesophases with 

remarkable pore architectures.  This methodology involves electrostatic interactions and 

charge matching at the interface of the self-assembled surfactant molecules and inorganic 

species.  Originally used with silica-based materials1, this approach was extended to 

organosilicates2,3 and transition metal oxides4,5,6,7.  Whereas the mesoporous ceramic oxides 

are desirable for catalytic, separation and adsorption applications, their frameworks lack 

exciting electronic and optical properties.  The idea of semiconducting mesoporous 

framework solids led various research groups to develop synthetic routes for non-oxidic 

materials by binding chalcogenide clusters with a variety of linkage metal ions8,9,10.  These 

materials demonstrate long-range ordering with optoelectronic properties that originate from 

the surfactant/chalcogenide framework. 

In contrast to mesostructured compounds, mesostructured elemental materials have 

not been developed and only a few examples involving transition-metal systems have been 

reported, including Pt and Pt/Ru alloy11,12.  The synthesis of elemental structures perforated 

with tunnels on the nanoscale is challenging because of the difficulty in growing or 

organizing appropriate precursors in a desired manner.  Elemental mesoporous 

semiconductors with a three-dimensional arrangement of pores could modulate their physical 
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parameters in such a way that new opto-electronic properties not present in the bulk 

analogues can be achieved.9,13 

The semiconductor Si and the semiconductor Ge, with its many technological 

applications, has been studied extensively14,15,16.  A large number of different methods of 

synthesis and developing of Si and Ge nanoparticles have been reported17,18.  Recently, Si 

and Ge nanocrystals prepared in the liquid phase using a non-anionic surfactant as the size- 

and shape-directing agent has been described19,20.  Although the synthesis nanocrystals is 

well established, with procedures that affect the size and shape of the 'bulk' nanoparticles, no 

work has been reported for the synthesis of semiconductors with mesostructured frameworks.  

This thesis reports two successful synthetic strategies for the preparation of a mesostructured 

Si and Ge semiconductor, based on a liquid-crystal-templated technique and a new form of 

framework based entirely on group IV elements with a nanopore system. 
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CHAPTER 2 

 

 

Ordered Mesoporous Silicon through Magnesium Reduction of  

Polymer Templated Silica Thin Films 

 

 

2.1 Introduction 

Porous silicon is a technologically significant material with a variety of applications 

in sensors, optics, and biocatalysts due to its useful physical and electrical 

properties.21,22,23,24,25 The first production of porous silicon dates back to 1956 as an 

accidental product in a substrate cleaning process.26  Normally, mesoporous silicon is 

produced from crystalline silicon by etching under a significant bias (50-100V).27  Tuning 

conditions for the etch process can produce an ordered structure on the macroporous scale 

(>50 nm) but fails as smaller structures are targeted.28,29 Pore formation is limited to current 

densities below a critical value depending on the solution while porosity generally increases 

with current density. In the mesopore scale (2-50 nm) location is random and close packing is 

lacking due to the branching tendency of their formation mechanisms.27,30 

In the mesopore regime, self-assembled materials directed by surfactants are well 

established in their ability to produce small pore size distributions in close packed 

arrangements and silica is the model system. The first templated self-assembled materials 

were in powder form and published by Yanagisawa et al. of Japan in 1990 and by Kresge et 

al. of Mobil Corporation in 1992.31,32 Mesoporous silica can now be made with a variety of 

structural symmetries including cubic packing of spheres, 2D hexagonally packed cylinders, 
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and lamellar phases.33 Many templated mesoporous metal oxides34,35 have been made yet, 

despite potential interesting physical and electrical characteristics, there exists few non-oxide 

mesoporous materials.36,3738  

Using evaporation induced self-assembly leads to easy solution processed, 

mesostructured thin films with pores sizes in the 2-30 nm range and film thicknesses ranging 

from 50 to 500 nm.35,39,40 These films demonstrate tunable materials properties, symmetry 

and pore size.41  Such films can be arbitrarily stacked with independently determined 

porosity for more complex structures or for orientation control.42 It is desirable to translate 

this flexible solution processing approach to silicon and further expand the various 

applications.  

 Brute force reduction of silica has generally required high temperature processing 

with structurally destructive results.43,44,45 A promising method for reprocessing silica 

without losing its structure via magnesiothermic reduction has recently been published by 

Sandhage et al.46 Magnesium vapor in the presence of silica produces the reaction in 

Equation (1)  

 

2Mg(g) + SiO2(s)  → 2MgO(s) + Si(s) (1) 

 

This reaction is spontaneous at the temperatures above the melting point of magnesium.47  

The magnesia can be quickly dissolved with an acid solution to leave only trace silica, and 

structured silicon. Further washing with HF eliminates the remaining silica.  Used in a 

diatom system, the 3D ~10um bulk structures with  ~100 nanometer pores were retained and 

~13 nm crystallites were detected.  

The 13 nm crystallites imply a possible lower size limit for the size of structures that 

can be retained upon magnesium reduction. Indeed, we have found that when mesostructured 
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thin films based upon the triblock copolymer P12348 (13-15 nm pitch with ~3-5 nm walls) 

were reduced, the nanoscale structure was not well preserved and in most cases dense films 

were formed.  In this work, we show that by moving to a templated silica structure with a 

larger pitch and thicker wall, that nanoscale structure can be retained upon reduction.  We 

produce porous cubic silica precursor films with a 25 nm pitch and 10 nm thick walls using 

the large diblock copolymer KLE.49  Upon reduction, conversion of the silica structure to 

silicon is possible with preservation of the mesoscale porosity and much of the mesoscale 

periodicity.  

 

2.2 Experimental 

2.2.1 Thin Film Silica Preparation 

Synthesis of the silica lattice is first done with 0.23:2:10:1 by mass of KLE, TEOS, 

ethanol and 0.01M HCl. First, 0.07 grams KLE is dissolved in 2 mL ethanol while 600mg 

TEOS and 300mg 0.01M HCl are mixed with 2mL ethanol in a separate container. Stir for 1 

hour and let the solution age for 1 day. The final solution is used in a 30%RH humidity 

controlled chamber. The withdrawal rate is 2 cm/min. The films are dried overnight and 

heated to 60ºC for 24 hours. The films are calcined at 450ºC using a 1ºC/min ramp in air. 

This produces a 15 nm pore diameter with a lattice parameter of 25 nm pore to pore.  

 

2.2.2 Magnesium Reduction 

A 1cm x 1cm film was placed into a brass chamber, which has an inner volume of 

5cm3, and 5mg of Mg were placed 1cm away from a film.  The chamber was then sealed in 

a glove box with an argon atmosphere.  To generate Mg vapor pressure in its liquid phase, 

the chamber was heated in an oven in a glove box.  Temperature was ramped to 675°C in 2 
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hours and soaked for 5 hours.  To remove magnesia, the film was immersed in 1M HCl for 

10 minutes, then finally, it was immersed in 0.5% HF for 10 minutes to remove residual silica.   

 

2.2.3 Analysis Techniques 

Low angle XRD, high angle XRD, 2-D SAXS, SEM and EDAX measurements were 

taken to verify its structure and elemental composition.  Low angle XRD was measured with 

Panalytical X’Pert PRO instrument, while the sample was sealed under argon atmosphere 

with polyester film.  High angle XRD was measured with Bruker axs D8 Discover 

instrument while the sample was sealed under argon atmosphere with kasperiaton film.  2-D 

SAXS data were collected on beamline 1-4 at Stanford Synchrotron Radiation Laboratory.  

SEM is via JEOL 6700F with an EDAX attachment and the sample was loaded within a 

minute to minimize the oxygen exposure.  

 

2.3 Results and Discussions 

2.3.1 X-ray Diffraction Analysis 

To verify the success of the reaction, we use high angle X-ray diffraction (XRD) to 

examine the magnesium treated treated films. The substrate is made of <100> oriented silicon 

which does not produce peaks in our θ-θ reflection geometry (Figure 2.1 is background 

subtracted; substrate not shown). Any silicon peaks are from polyoriented crystallites only. 

Figure 2.1a shows the high angle XRD pattern after treatment with magnesium vapor. We see 

peaks for both magnesia and silicon. After washing with HCl, Figure 2.1b shows only peaks 

from silicon. Finally, after the wash with HF, we continue to see silicon peaks in Figure 2.1c 

and the film remains visibly intact. This verifies the presence of a polysilicon crystallite film. 

Scherrer analysis50 of the domain size from the diffraction peak width, however, indicates 

that the crystallite diameter is ~13 nm in good agreement with the Sandhage observations.46  
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Figure 2.1  Part A is High angle X-ray diffraction of the reduced film. It shows both MgO 
and Silicon peaks. Part B is of the HCl washed film. The MgO has been dissolved and no 
longer shows diffraction. Part C is of the HF washed film. The silicon peaks remain, 
indicating that the film is not loosely connected silicon in a silica matrix and connected to the 
substrate. 
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Figure 2.2  a) Top Low Angle X-ray diffraction showing film before magnesiothermic 
treatment. b) Middle Top: Low Angle XRD showing film after magnesiothermic treatment 
and c) Middle Bottom: HCl wash. d) Bottom: Low Angle XRD after HF 
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This size is slightly larger than the original wall and implies either elongated grains within 

the walls, or some restructuring. The Scherrer width is strongly dominated by the largest 

contributors, however, so the repositioning of the wall lattice is not necessarily drastic. 

1-dimensional small-angle X-ray diffraction (1D-XRD) shows that the mesostructure 

is preserved upon magnesium reduction, but some contraction is observed due to the thermal 

processing. Figure 2.2a shows the original diffraction of the KLE based silica film with a 

cubic lattice. This data was collected on the mesoporous film after calcination to 450ºC. 

Processing the film to 675ºC results in contraction but otherwise preserves the order of the  

film as shown in Figure 2.2b.  Figure 2.2c shows 1D-XRD of the film after exposure to Mg 

vapor at 675ºC in otherwise inert atmosphere. Though some degradation of diffraction is 

observed, the structure certainly remains after removal of the MgO via washing with HCl as 

shown in Figure 2.2d. Finally, the wash with HF to remove remnant silica is also observed to 

retain diffraction and thus structure in Figure 2.2e. The remaining material is pure polysilicon 

with mesostructured pores. 

1D-XRD results are further supported by 2-dimensional small-angle X-ray scattering 

(2D-SAXS) data.  Figure 2.3 shows 2D-SAXS patterns of a KLE-templated SiO2 film 

before (Figure 2.3a) and after (Figure 2.3b) Mg treatment as well as of a purified polysilicon 

film (Figure 2.3c). For small angles of incidence β (angle between the X-ray beam and the 

plane of the substrate), the films produce patterns with distinct maxima, which can be 

indexed in terms of a face-centered-cubic system with (111) orientation relative to the plane 

of the substrate. One can clearly see that both Mg treatment and removal of unreacted silica 

retains the mesoscale order. However, the wash with HF leads to some restructuring as shown 

in Figure 2.3c. The scattering patterns further indicate unidirectional lattice contraction 

perpendicular to the plane of the substrate. This result underscores the power of substrate  
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Figure 2.3  2-dimensional small-angle X-ray scattering. The patterns were taken at an angle 
of incidence of 10° (scattering vector s components in nm-1; s = 2/λ sinθ). (A) a KLE-
templated silica thin film after thermal treatment at 200 °C. (B) Same film after exposure to 
Mg vapor at 675 ºC. (C) Mesoporous polysilicon obtained after HCl/HF treatment of (B).  
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stabilization (the out-of-plane scattering go almost away but the in-plane maxima remain 

unchanged). Based on the relative position of the out-of-plane reflections, a contraction of 

about 65 % is determined for the pure polysilicon films. Patterns taken in transmission mode, 

i.e. at β = 90°, show isotropic diffraction rings, which confirm the presence of randomly 

oriented mesostructured domains. 

 

2.3.2 SEM image analysis and EDAX 

Figure 2.4a shows an SEM of the original film before magnesium treatment. The high 

quality spherical lattice is characteristic of oxide phases templated with the diblock 

copolymer KLE.49 The inset fast fourier transform emphasizes the symmetry of the ordered 

surface. After reduction by magnesium and the subsequent HCl and HF washes, the surface 

retains the continuous lattice as seen by the inset in Figure 2.3b. The pores are lower quality 

but definitely retain the basic shape enforced by the template during the original solution 

phase assembly process. Figure 2.4c shows a razor blade cut in the reduced film. The top 

shows retention of the original lattice. The side shows pores of similar size to the original 

template. The debris field has components of 10-20 nm in size, which corresponds well with 

the crystallite determined from analysis of the high angle XRD. It is interesting to note that 

the film has changed mechanically upon reduction. Normally porous cubic films of the same 

thickness tend to tear or smash when subjected to a razor blade. Most of the time, the tearing 

allows for clean views of the film cross-section. These films showed almost exclusively 

debris fields as though the film had crumbled under the razor.  Clean cuts are nearly 

nonexistent, making cross-sectional SEM a dubious venture. While the framework has 

granularity not present in amorphous films, the basic structure remains – the polymer 

template has clearly left its imprint on the final structure. 
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Figure 2.4  (a) Top view of SEM before magnesiothermic treatment.  (b) Cross section of 
SEM after magnesiothermic treatment and HF.  (c) Top view of SEM after magnesiothermic 
treatment and HF.  (d) EDAX after magnesiothermic and HCl washed, and after HF washed. 
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Figure 2.4d is EDAX analysis of the film. After the magnesium treatment and HCl 

wash, there is some oxygen signature and no magnesium. There exists a miniscule amount of 

oxygen after the HF treatment, which is not surprising given that the film did not detach. 

Most likely this is native oxide due to re-exposure to air during introduction to the sample  

chamber. Nevertheless, the interesting points are confirmation of oxide removal and zero  

magnesium signatures. 

The EDAX presents a quandary. We have used excess magnesium, reaction time, and 

temperature compared to the Sandhage group,47 but do not detect Mg2Si. Oxygen is not the 

only removed substance during the reaction due to side reactions. In the presence of excess 

magnesium, silicon is consumed as well. 

Ultimately, we are working with an equilibrium vapor pressure of ~5 Torr at 675ºC. 

This should be sufficient to drive the reaction. However, the lattice of the film is an additional 

strain.51 We believe this film strain reduces the rate of Mg2Si production.  

Mg2Si is a less useful side product but the real structural loss likely comes from a Mg-

Si eutectic liquid that forms and flows at 638ºC.52 This liquid can effectively solidify the 

film if it does not escape. Our results, and lack of magnesium in the final film, however, 

show the feasibility of using this reaction on thin films.   

 

2.4 Conclusions 

We have demonstrated that a combination of the evaporation induced self-assembly 

and magnesiothermic reduction can be used to produce mesostructured silicon from an 

ordered silica framework with ~15 nm pores separated by 25 nm. XRD shows both the 

formation of silicon crystallites and the retention of mesostructural order even after treatment 

with HF.  SEM illustrates the fine scale damage resulting from the reduction, but it also 
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clearly illustrates that the periodicity produced by the KLE template is preserved in the final 

material. The silicon walls are composed of crystallites in the 10-17 nm range. The distortion 

to the lattice appears to be primarily a result of thermal contraction and not system collapse or 

phase change. The method appears to have a lower size limit for retention of structure set by 

the size of the silicon crystallites.  This conclusion is based mostly on the fact that smaller 

templates that generate silica films with thinner walls did not produce films that could be 

consistently reduced under the reaction conditions. 

Potentially, this relatively modest temperature process can take advantage of the 

diverse chemical control developed for templated mesostructured thin film processing.41,53 

Fundamentally, we open the way to new geometries for mesoporous silicon. The normal 

approach to mesopores generates pits with branching, but not close packed spheres confined 

to the silicon (100) direction.30 The geometry presented here is isotropic, 3D, bicontinuous 

and can be placed anywhere. Solution processing is effectively independent of the substrate 

properties, needing only a relatively smooth surface. Extending this system to a 2D 

hexagonally packed geometry should make it possible to produce ordered anisotropic 

polysilicon frameworks in the plane of the substrate.54 

Extension of this reaction to other metal oxides presents an opportunity. Based on the 

Gibbs free energy, the formation of metals from metal oxides, in the presence of hot 

Magnesium gas, is favored in many cases.55 Titanium oxide reduction has a free energy of -

303 kJ/mol at 675ºC while Tin oxide reduction has a free energy of -627 kJ/mol. Also, this 

method begs the investigation of Cs reduction for the less stable oxides like tin oxide as 

plastics like Kapton might survive at the lower temperatures required to provide Cs vapor, 

leading to flexible templated porous metal films.   
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Following the reduction, it is clear that silicon can be further modified with the 

classical dopants nitrogen, arsenic, boron, gallium.56 This could easily lead to diodes with 

exotic template self assembled surface areas. 
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CHAPTER 3 

 

 

From Germanium Zintl Clusters to Periodic Nano-Ordered Porous Germanium 

 

 

3.1   Introduction 

Amphiphilic molecules as structural directing agents have been widely employed in 

the synthesis of nano-ordered organic-inorganic hybrid composites and template nanoporous 

materials.57,58,59,60 The synthesis of these materials generally makes use of a cooperative 

assembly where low concentrations of surfactants are used in combination with charged 

inorganic species that have some electrostatic affinity for the surfactant.  Under this 

condition, the surfactant molecules in solution aggregate to form micelles when their 

concentration is higher than the critical micelle concentration (CMC).  Inorganic species 

then associate with the micelles, which in turn drives the assembly of the ordered 

inorganic/organic composite.   

In considering what structures can be produced using these methods, it is important to 

consider the ideal packing of the organic structure directing agent.  The thermodynamics of 

the micelle formation in aqueous solution has been extensively investigated.61,62  The 

morphology of the micelles can be predicted empirically using a molecular packing 

parameter g, defined as g = V/a0lc, where V is the volume of the hydrophobic portion of the 

surfactant molecule, a0 is the effective area per amphiphilic head group, and lc is the critical 

length of the hydrocarbon chain.63  The higher the g parameter, the less curvature the 

micelle has.5  From the definition of packing factor g, two parameters, the length of the 

carbon chain and the size of the head group, can be varied to produce different nanostructures.  
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It was also demonstrated that the ionic strength of the solution affects the effective size of the 

surfactant head group by charge screening.  As a result, varying the ionic strength can also 

tune the micelle nano-structures. 

Surfactant templating methods has been widely applied to the preparation of 

organic/inorganic silicate(aluminosilicate) composite materials with nanoscale periodicity 

(MCM-41 type materials).64,65  In this co-assembly process, electrostatic interactions 

between sol-gel type silica precursors and surfactant in solution cause the micelles to 

rearrange into non-spherical shapes when poly-charged silica anions were added.66,67  The 

morphology change and new mesophase formation is caused by changes of the interfacial 

energy due to favored replacement of monovalent counterions by the poly-charged silica 

anion clusters.  Up to date, mesoporous silicas can be produced with tunable pore sizes 

spanning the range from tens to several hundred angstroms, depending upon the surfactants 

used in the synthesis.4  By varying the volume ratio between the template and inorganic 

components of the precursor solution, cubic, 2-D hexagonal, and lamellar mesostructures can 

be prepared.68  

The fact that silica is a wide band gap insulator, however, is undesirable for many 

potential applications.  In an effort to overcome this, these materials are functionalized 

either by introducing functional groups at the beginning of the synthesis procedure or by 

‘post-synthesis’ treatments to their surface.4,69,70,71,72,73,74  Pure periodically structured 

transition metal oxides, which have rich redox chemical properties, have also been prepared 

using surfactant templating methods.2,75,76,77,7879  In most cases, these ordered composites 

can lead to high surface area mesoporous materials. 

Producing conducting and semiconducting nanostrutcures with well-defined 

nanoscale periodicity is a somewhat bigger challenge.  Extensive work has gone into 

nanocrystal arrays,80,81 etched nanoporous materials,82,83 and nanowire forests based on both 
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carbon nanotubes and inorganic nanowires.84,85,86,87,88,89  However, work is still in progress 

to produce a broad range of semiconducting analogues of the templated oxide systems 

described above. 

One of the systems that have been studied is the chalcogenide based small band-gap 

semiconductor materials.  Stupp and coworkers demonstrated that using supermolecular 

lyotropic liquid crystal phase as structural template, hexagonally ordered nanostructured 

organic-inorganic hybrid transition metal chalcogenides were produced.90,91,92  The other 

system that has been extensively studied is based on the poly-charged Zintl clusters.93,94,95,96  

These nanoscale ordered composite materials were generally synthesized from cooperative 

assembly of poly-charged Zintl clusters and cationic surfactants.  The inorganic framework, 

made from clusters anions, was cross-linked by transition metal cations.  Thus the band-gap 

of the nanosrtuctured materials can be fine tuned by varying either the chemical constituents 

of the Zintl anions or the transition metal cations in the system. 

Here we explore the solution phase synthesis of nano-structured composites from 

soluble germanium clusters and cationic surfactants via cooperative assembly.  The 

chemistry of germanium Zintl clusters, from solid-state synthesis to solution phase, has been 

well studied.97,98  Among these clusters, discrete Ge9
4- has been extensively studied in 

solutions and its chemistry is well understood.  This cluster anion is extremely reactive and 

is readily oxidized to –3 or –2.  When oxidized, these clusters can polymerize to form 

dimmers or cluster chains.  Previous studies of Ge9
4− anions have shown that they are 

susceptible to oligomerization/polymerization, producing [(Ge9)n]2n− oligomers (n = 2~4), 

linear polymer (Ge9
2−)n chains (n > 4) and even three-dimensional crystalline clathrate 

superstructures.99,100  Even though their chemistry has been studied for several decades, only 

recently they have been used as inorganic precursors in preparations of novel 
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material.101,102,103,104  Surfactant-directed assembly is the key to stabilizing mesoporous 

elemental germanium and binary intermetallic germanium-based mesostructures.  The 

synthetic methods involve metal-mediated coupling of discrete Ge4− and (Ge9)4− Zintl ions or 

oxidative polymerization of linear polymer (Ge9
2−)n chains around of surfactant micelles.  In 

2006, our group (Tolbert group from UCLA) and Kanatzidis group from Northwestern 

university reported the success in synthesizing mesoporous germanium using surfactant as 

template.105,106  Fundamental synthetic approach of these two groups are similar.  

Negatively charged germanium surrounds the micelle of cationic surfactant through coulomb 

attraction.  On that report, our group proposed the synthesis mechanism using 16 carbon 

chain surfactant cetyltriethylammonium bromide (CTEABr) and polymer (Ge9
2−)n Zintl 

cluster to produce hexagonally ordered mesoporous structure, and Kanatzidis group used 20 

carbon chain N-eicosane-N-methyl-N,N-dis(2-hydroxyethyl)ammonium bromide 

(EMBHEAB) and anionic Ge4- with GeCl4 as cross-linking agent to produce cubic ordered 

mesoporous material.  Kanatzidis group then moved on from using discrete Ge4- to 

monomer Ge9
4− Zintl cluster and reported the synthesis of hexagonal mesoporous germanium, 

metal-germanium mesoporous material, and they tested gas separation using the polarizable 

surface of germanium-chalcogenide framework. 107,108,109 

In this paper, we report several different approaches attempted to make germanium 

mesostructures using different types of surfactants, Zintl clusters and oxidizing agents.  Two 

different 16 carbon membered surfactants, cetyltrimethylammonium bromide (CTABr) and 

CTEABr, were mixed with discrete Ge9
4- and polymer (Ge9

2-)n, and when it was necessary, 

three different types of mild oxidizing agents, ammonium salt, ammonium bromide and 

ferrocenium, were used to enhance the cross-link between the surfactant and the Zintl clusters.  

The resulted products were analyzed and the most convenient synthetic route, which makes 

the best ordered structure was determined. 
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3.2  Experiment Section 

3.2.1  Chemicals and Instruments 

Germanium powder (99.9%), potassium metal (99.95, in mineral oil), ferrocenium 

hexafluorophosphate (97%), ammonium bromide (99%), formamide (97%), triethylamine 

(99%), 1-boromohexadecane (97%), cetyltrimethylammonium bromide (CTABr), ammonium 

bromide, ethylenediamine (en, 99%), acetonitrile, and Amberlyst 15 (Dry) ion-exchange resin 

were purchased from Acros.  With the exception of ethylenediamine (en) and acetonitrile, 

which were distilled over CaH2 (Acros), all the other reagents were used without further 

purification.  Cationic surfactanct, cetyltriethylammonium bromide (CTEABr), was 

synthesized from triethylamine and 1-boromohexadecane according to published 

procedure.110,111  The final white solids was dried under vacuum overnight.  The same 

drying procedure was also applied to CTABr. 

The low angle XRD of the composites was collected using a Rigaku UltraX18 X-ray 

rotating anode Mo X-ray source (λ= 0.711 Å), equipped with a Roper Scientific 1242 x 1152 

cooled X-ray CCD detector, and Penalytical X’PertPRO equipped with Cu X-ray source (λ= 

0.154 Å).  The IR spectrum of the porous germanium was taken on Jasco FT/IR-420 

spectrometer using KCl pellet.  The N2 absorption-desorption isotherm of the porous 

germanium was recorded using Micrometrics ASAP 2010 porosimeter.  Elemental analysis 

of the as-synthesized composite was performed at Desert Analytical Lab., Tucson, Arizona.  

The elemental spectra of oxidized and porous samples were obtained from energy dispersive 

spectroscopy (EDS) X-ray analysis operating at 15 keV and 20 mA (JEOL TSM-6700F field 

emission scanning electron microscope equipped with liquid nitrogen cooled EDAX Super 

UTW Detector).  All spectra were analyzed using EDAX inc. Genesis Spectrum SEM Quant 

ZAF Software (Version 3.60).   
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Transmission Electron Microscopy (TEM) was made use of a JEOL 2000 electron 

microscope.  TEM samples were prepared by dispersing the germanium/surfactant 

composite in hexanes or decane.  Solution was then dropped onto silicon monoxide coated 

TEM grids.  The oxidation state of germanium in the porous germanium was characterized 

using X-ray Photoelectron Spectroscopy (XPS).  The XPS spectrum was obtained on a 

Kratos Axis Ultra system using a monochromatic Al Kα X-ray source (1486.6 eV).  The 

powder sample was prepared by compression onto a conductive carbon tape in an air free 

sample chamber and loaded in the XPS loading chamber under argon.  The spectrum was 

recorded using a step size of 0.05 eV and analyzer pass energy of 20 eV respectively.  

Binding energies were calibrated with reference to adventitious carbon 1s binding energy at 

248.6 eV.  All spectra were analyzed using the XPS Peak Fit (Version 4.1). 

 

3.2.2 Composite Synthesis   

 All the operations were carried out in glove-boxes under either a N2 or an Ar 

atmosphere.  Germanium Zintl cluster compounds, K4Ge9 for monomer Ge9
4- and  K2Ge9 

for polymer (Ge9
2-)n, were synthesized via high-temperature solid-state reactions.  Elemental 

potassium and germanium were loaded stoichiometrically in a sealed niobium tube and 

heated at 750 ºC for two days in an argon atmosphere glove-box. 

 

3.2.3  Composites from CTABr and Zintl Cluster Anion Ge9
4- or (Ge9

2-)n   

  Since surfactant CTABr is not soluble in en at room temperature, these reactions 

were carried out at 70 °C.  When the red Ge9
4- en solution (0.33g of K4Ge9 in 5.0 ml en) was 

syringed into a hot CTABr solution (1.12g CTABr in 10.0 ml en), the solution became cloudy.  

After two to three hours, the mixture was centrifuged and the light red colored supernatant 
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was decanted under Ar protection.  An oily red solid was collected.  The composite of Zintl 

cluster (Ge9
2-)n and CTABr was prepared in the similar manner. 

 

3.2.4 Composites from mixed or pure CTEABr and Zintl Cluster Anion Ge9
4- or (Ge9

2-)n   

  A synthetic route of self-assembly between polymer (Ge9
2-)n and CTEABr is 

explained in our 2006 work.49  The comparatively bigger head group surfactant CTEABr 

has a higher solubility in en at room temperature.  When a red Ge9
4- en solution (0.33g of 

K4Ge9 in 5.0 ml en) was mixed with colorless CTEABr en solution (1.20g of mixed-CTEABr 

in 10.0 ml en) at room temperature, a red solution was obtained without precipitation.  

Ammonium bromide or an alternative secondary or tertiary ammonium salt was then added to 

the solution to act as a mild oxidizing agent (Detailed reaction mechanism described in 

results/discussion section). 

  In ordered to map out the reaction conditions that could produce different nanoscale 

periodicities, various amounts of ammonium bromide or secondary or tertiary ammonium salt 

were used.  40mg ammonium bromide was added to produce Zintl cluster dimmers; 80mg 

of ammonium bromide was add to produce a Zintl cluster polymer.  Polymerization states 

were estimated by assuming stoichiometric oxidation of the Zintl cluster by the ammonium 

bromide.  Similar approach was taken for oxidation via ammonium salt.  Stoichiometric 

amount of ammonium salt was added to control the oxidation state of germanium Zintl 

clusters. 

 

3.2.5 Oxidation of Hexagonally Ordered Composites   

  The nanoscale order of the composites was checked by low angel XRD to ensure that 

only highly ordered hexagonal  inorganic/organic composites were used in subsequent 

‘post-synthesis’ steps.  To fully oxidize the Ge/surfactant composites to nanoporous Ge, two 
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different oxidation methods were utilized, with similar results.  In one set of experiment, 

composite was suspended into distilled en, and then under vigorous stirring, an acetonitrile 

solution of ferrocenium hexafluorophosphate was quickly syringed inside the flask.  The 

mixtures were stirred for one hour before filtration.  The solid obtained was washed with 

acetonitrile.  Complete oxidation of the composite using ferrocenium hexafluorphoste is not 

possible because zero valent amorphous Ge needs some protons to cap off dangling bonds.112  

The partly oxidized composite (0.17g) was then treated with 2.0g ion-exchange resin in 15.0 

ml dry formamide.  The mixture was then kept at 60 °C overnight.  After filtration inside a 

N2 atmosphere glove-box, the obtained solid was dispersed into acetonitrile (15.0 ml) at 

60 °C overnight.  The solid after filtration was washed with diluted HF ethanol solution.  

The dark brown solid obtained was then put into a Pyrex tube and dried under high vacuum at 

90 °C for several hours. 

  In the second set of oxidation experiment, the need for a two step oxidation process 

was alleviated by again using ammonium bromide as the oxidizing agent.  In this case, an 

additional aliquote ammonium bromide was added (an additional 80mg) to convert the 

Ge/surfactant composite to amorphous Ge.  Precipitate was washed with three aliquots of 15 

ml acetonitrile.  Final product was filtered under N2 atmosphere, and dried under vacuum 

overnight.  

 

3.3  Results and Discussion 

3.3.1  Understanding Electrostatic Driven Cooperative Aseembly in Ge-Based Materials   

In the preparations of mesoporous silica/alumina and transition metal oxide materials, 

water is the solvent widely used in promoting amphiphilic molecules self-assembly, even 

though formamide and ethylene glycol have also been tested.Error! Bookmark not 

defined.,Error! Bookmark not defined.  The ability of a solvent to promote surfactant 
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self-assembly into micelles stems from the ability of the solvent to form extended hydrogen 

bonding networks.  Dissolution of hydrophobic molecules in the solvent breaks up that 

water network and results in an ethalpic penalty.  While amphiphilic assembly requires the 

system to pay an entropic penalty, assembly can be net favorable if the strength of the solvent 

hydrogen bond network is sufficiently large.   The ability of a solvent to promote surfactant 

self-assembly is thus defined as Gordon parameter, which quantifies the strength of the 

hydrogen bond network and is given by γ/V1/3, where γ is the surface tension, and V is the 

molar volume.  The Gordon parameters of several solvents, as well as other physical 

properties, are listed in Table 3.1.  The extremely reactive nature of the germanium Zintl 

clusters used here means that they do not survive in many of the protonic solvents listed 

below.  The solvent chosen for all of these experiments is ethylenediamine (en) because it 

combines favorable physical properties (Table 3.1) with low reactivity.   

Even though the Gordon parameter is not as large for en as for some of the other 

solvents listed, it is a hydrogen bonding, network forming solvent with electropositive 

protons and lone pair electrons on nitrogen atoms, which has been demonstrated to be 

essential for promoting surfactant self-assembly.113  We will show below that it is indeed 

able to promote surfactant assembly, though not as well as a solvent like water.  The other 

reason that en is used in these experiments is that en is one of the few solvents that dissolve 

Zintl clusters in high concentrations.  These clusters generally have fairly week interactions 

with organic solvents, but en pulls clusters into solution by coordinating the alkali 

ions.Error! Bookmark not defined.  Indeed, en is one of only a handful of solvents that 

will dissolve germanium Zintl clusters, as well as other structurally similar tin or lead Zintl 

clusters.   

The relatively smaller value of Gordon parameter of en, however, does indicate that 

the surfactant micelle form less readily in en is compared to an aqueous solution.5,62  The 
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differences include higher CMC, smaller aggregate number, and lower thermal stability.  

These differences results because of the reduced enthalpic penalty for dissolving the 

monomeric surfactant in en.  Micelles are also less ionized because the counter ions are less 
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Table 3.1  Physical Properties of Solvents Used in Surfactant Self-Assembly.  
 

Property H2O Formamide Ethylene glycol Ethylenediamine 

b.p. (°C) 100 210.5 197.5 116.9 

µ 1.82 3.37 2.31 1.90 

γ (dyne/cm) 72.0 58.15 48.43 41.97 

ε 78.3 111.0 37.7 12.9 

Gordon 
parameter 27.5 17.0 12.7 10.4 
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solvated in en compared to water.  The reduced aggregate number and ionization of micelles 

will further change the charge density in the vicinity of the solvent/micelle interface.   

In our experiments, two cationic surfactants, CTABr and CTEABr, were used.  

Comparatively, CTEABr has bigger head group than CTABr (ethyl groups vs. methyl 

groups).  With all other parameters the same, CTEABr, thus has smaller packing parameter 

and will be more ready to form a curved structure.  Using similar arguments, micelles 

formed from CTEABr will also have lower charge densities than those formed by CTABr.  

Since the inorganic and the organic charge density must match in neutral materials, the low 

expected cationic charge density on the surfactant must be accompanied by a reduced anionic 

charge density in the Ge Zintl phase.  This, in turn, can be accomplished using various 

oxidizing agents such as ferroceneium or ammonium. This will be described in more detail 

later. 

When the highly charged cluster Ge9
4- solution was mixed with CTABr in en at raised 

temperature, the red precipitate that formed shows no low angle diffraction, indicating a lack 

of nanoscale periodicity.  Quite different from the highly charged Ge9
4-, the greenish 

composite made from low charge density (Ge9
2-)n clusters with CTABr at 70°C shows a 

lamellar morphology, as seen from the low angle XRD data shown in Figure 3.1.  The low 

angle XRD indicates a layer-to-layer distance of 3.14 nm (q = 2/d, q = 0.20), which agrees 

very well with the result observed in silica based materials produced with a 16-carbon chain 

tail surfactant.66  Varying concentration of each component or surfactant/cluster ratio does 

not produce new nanoscale periodicities such as hexagonal structures.  

From previous studies of surfactant micelle formation, it is known that as temperature 

is raised, the aggregate number and stability of surfactant micelles decrease drastically.62  

The optimal packing geometry of the surfactant also increases with increasing temperature – 

as the surfactant tail become more thermally disordered, its effective volume increases and  
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Figure 3.1  Low angle XRD of composite synthesized from surfactant 
CTABr and polymeric germanium Zintl cluster (Ge9

2-)n.  The two peaks 
are indexed as (10) and (20) of a lamellar structure with layered distance 
about 3.14 nm. 
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the g value increases.114  We hypothesize that these factors combine to produce the results 

described above.  CTABr micelles are relatively unstable in en at high temperature.  

Because Ge9
4- clusters are monomeric clusters, the entropic penalty for formation of an 

inorganic/organic composite is relatively high and so it is likely that molecular complexs like 

(CTA)4Ge9 form instead of a nano-ordered composite.  On the other hand, when these 

unstable micelles were mixed with linear polymeric clusters like (Ge9
2-)n, the polycharge 

cation/polycharged anion interactions can actually stabilize the micelles.  In addition, the 

unfavorable entropic contribution to the free energy is significantly reduced compared to the 

case where discrete clusters must be assembled.  Thus, the formation of nano-ordered 

composite is more likely favored.  For CTABr, it thus appears that the only ordered phases 

that can be produced have a lamellar structure and Zintl cluster polymers are needed to 

overcome the entropic energy penalty of assembly and form these ordered phases. 

As discussed previously, it has already been shown that CTEABr can be used to 

produce hexagonal nanoporous materials49 and it is useful to understand these results in terms 

of the ideas presented above.  Compared to CTABr, CTEABr is more soluble in en and so 

stable room temperature micelles can be formed with CTEABr.  From the definition of 

packing parameter, CTEABr also favors a micellar aggregate with higher curvature.  Both 

of these factors make it easier to produce ordered phases with CTEABr than with CTABr. 

The morphology of the germanium cluster/surfactant composite is determined by the 

balance between intra- and inter-aggregate interactions that minimizes the overall free energy.  

For example, almost all surfactants form spherical micelles in dilute solution as a sphere 

minimizes head-group repulsion from neighboring molecules.  When the poly-charged 

cluster anions are introduced into the CTEABr micellar solution, ion-exchange of bromide by 

poly-charged germanium clusters readily occurs.  When the poly-charged clusters replace 

those bromide ions, the effective charge on each head group is better screened from each 
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other, and thus the effective area per surfactant head group is decreased, and the g value is 

increased.  The system then favors a less curved morphology and the system adopts a 

cylindrical or lamellar geometry.  Indeed, depending on the inorganic charge density, it 

should be possible to tune the final geometry from lamellar to hexagonal be decreasing the 

inorganic charge density. 

Much work has gone into showing that oxidation of Ge Zintl clusters in solution can 

be used to tune the effect cluster charge density in solution.  For example, it was discovered 

that by controlling the amount of the oxidant added, a double linked trimer [Ge9=Ge9=Ge9]6-, 

tetramer [Ge9=Ge9=Ge9=Ge9]8- germanium anion compound can be isolated from en 

solution,115,116 and when more oxidant is added in control, tetramer of clusters along three 

elongated trigonal-prismatic edges that is more oxidized to charge of less than (-2) per Ge9 

clusters such as [Ge9=Ge9=Ge9=Ge9]6- can be formed.117  Therefore, bigger size polymer 

clusters with even smaller charge such as (Ge9
m-)n

 (0 < m < 2 and n>4) can be expected as 

more oxidant is added before the clusters are completely oxidizes to amorphous Ge0. 

To use these concepts in a practical synthesis, we controllably oxidize our Ge9
4- 

clusters using the mildly acidic proton from ammonium bromide (see experimental for 

reaction details).  As with CTABr, when discrete Ge9
4- clusters are mixtured with CTEABr, 

initially there is no precipitation as entropic considerations still favor the formation of 

molecular complexes such as (CTEA)4Ge9 which are fairly soluble.  When ammonium 

bromide (NH4Br) is added to this mix, hydrogen ion oxidizes Ge9
4- and form bond between 

germanium clusters and produces first dimer (Ge9
3-)2.  Further oxidation produces polymers 

which likely have a charge near 2- (Ge9
2-)n.   

n (-NR2H+) + n Ge9
4-    n/2 (Ge9

-3)2 (dimer) + n (-NR2) + n/2 H2 

n (-NR2H+) + n (Ge9
-3-Ge9

-3) (dimer)    (Ge9
-2)n/2 (polymer)  n (-NR2) + n/2 H2 
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As the amount of oxidant can be easily controlled, we were able to correlate the nanoscale 

morphology with the degree of oxidation of the Zintl clusters.  Figure 3.2 shows diffraction 

patterns obtained using CTEABr and Ge9
4- that is progressively oxidized with additional 

ammonium bromide.  Dimeric (Ge9
3-)2 Clusters with relative high charge densities form 

lamaellar structure when mixed with CTEABr.  These materials shows three lamaellar peaks 

at q = 0.22, 0.43, 0.64, which are indexed as (10), (20), (30).  As the Zintl clusters are 

slowly oxidized to a polymeric form by addition of increasing amounts of ammonium 

bromide, a gradual transition from a lamellare phase to a hexagonal phase is observed, with a 

significant region of two-phase coexistence.   At the extreme, charge reduced polymer 

(Ge9
2-)n

 shows a highly ordered hexagonal structure seven hexagonal peaks at q = 0.175, 

0.310, 0.350, 0.465, 0.535, 0.640, 0.702, which are indexed as (10), (11), (20), (21), (30), 

(31) and (40). 

In our previous work, self-assembly was made through Coulomb attraction and 

Hoffmann elimination between CTEABr and polymer (Ge9
2-)n.49  When bromohexadecane 

is added to the same mixture, it reacts with en.  According to 13C NMR results, secondary 

ammonium di-cation:  (H33C16)H2N+H2C-CH2N+H2(C16H33) is produced.  While this 

molecule is a type of gemini surfactant that can be used as a structure directing agent in its 

own right,118,119 in this case, its role is to donate proton and oxidize the anionic germanium 

Zintl cluster.  With proper addition of the proton donating gemini surfactant, hexagonal 

phases exactly analogous to those produced using ammonium bromide can be generated as 

seen on Figure 3.3.  The five peaks with q = 0.175, 0.301, 0.350, 0.463, and 0.525 can be 

indexed as (10), (11), (20), (21) and (30) of a 2-D hexagonally ordered structure with lattice a 

= 41 Å.  The peak at q = 0.63 is due to small angle scattering from the cluster cage itself.  

Elemental analysis of the hexagonal material (Table 3.2) reveals that the ratio of germanium  
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Figure 3.2  Low angle XRD patterns of composites showing phase 
change.  Initial mixture of CTEABr surfactant in mixture with discrete 
germanium Zintl cluster Ge9

4- makes molecular complex which stays in 
en solution.  When ammonium bromide is added to the mix, Zintl cluster 
dimerizes (Ge9

3-)2 then polymerizes (Ge9
2-)n.  The precipitated 

composite from dimeric cluster shows a lamaellar structure with three 
peaks indexed as (10), (20), (30), while the one from polymeric cluster 
show seven hexagonal peaks observable indexed as (10), (11), (20), (21), 
(30), (31) and (40).  Mixed phase between lamaellar and hexagonal 
structure can be observed as the amount of ammonium bromide is varied 
in between. 
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Figure 3.3  Low angle XRD patterns of composites from polymeric 
germanium clusters (Ge9

2-)n, with CTEABr and bromohexadecane 
mixture.  The composite from polymeric cluster show five peaks 
observable with q value 1:√3:2: √7:3, indexed as (10), (11), (20), (21), 
and (30), a hexagonal order.  The lattice parameter deduced from this 
pattern is 4.1 nm.  The sixth peak is from cluster itself. 
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Table 3.2  Elemental Data of Hexagonal Composite after ‘Post-Synthesis’ 
Treatments 
 

 Ge% C% N% Composition 
(exp.) 

Composition 
(theoretical) 

as-
synthesized 

40.3 33.4 2.02 (CTEA)2.07Ge9 (CTEA)2Ge9 

oxidized 78.4 19.2 2.4 (CTEA)0.60Ge9 (CTEA)0.60Ge9 
porous 98.8 0.95 0.26 (CTEA)0.02Ge9 (CTEA)0Ge9 
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cluster to surfactant is 1:2 with only trace of K+ and Br- ions (both are less than 1% in mass); 

the calculated formula is (CTEA)2.07Ge9.  This data thus suggests that any non-quaternary 

ammonium group can be used oxidize Ge9
4- to a less charged species and that it is the 

oxidation state of the Ge Zintl clusters that is most crucially important in producing ordered 

inorganic/organic composites. 

  The formation of different nano-structured composites from germanium clusters and 

quaternary ammonium cationic surfactants are summarized in Figure 3.4.  CTABr forms 

unstable micelles at high temperature.  When high charge density germanium clusters Ge9
4- 

are added to the micelles solution, instead of nanostructured composite, a soluble molecular 

complex is possible produced.  When the germanium clusters are polymerized, a composite 

can form and in this case, the composite has a lamellar structure dictated by the g value of the 

CTA+ surfactant.  Use of a surfactant with a larger head group like CTEABr allows us to 

form stable solutions in en at room temperature, which should favor micelle formation.  The 

combination of the CTEABr with highly charged discrete Ge9
4- clusters still produces soluble 

molecular species, however, due to the unfavorable entropy associated with the self-assembly 

process and the reduced enthalpic gain from assembly in en comparted to water.  On the 

other hand, as soon as even partly polymerized clusters are used, composite formation is 

facile.  The combinations of CTEABr with dimerized and polymerized germanium clusters 

produce composites with lamaellar and hexagonal respectively.  We speculate that the 

higher charged dimers form lamellar phases so that there is a match between the inorganic 

and organic charge density.  Lower charged Ge polymers can, in turn, match with the lower 

interfacial charge density of a hexagonal phase.   

 

3.3.2 Condensation of Germanium Zintl Cluster/Surfactant Composites to Produce 

Nanoporous Germanium   
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Figure 3.4  Proposed cooperative assembly mechanism of the formation of hexagonal 
mesoporous germanium material (solid brown circles: discrete germanium Ge9

4- 

clusters; solid brown circles on a string: polymeric germanium cluster (Ge9
2-)n; pairs of 

connected brown circles: (Ge9
3-)2; surfactant with a red head: CTA+; surfactant with an 

orange head: CTEA+.  (a) When CTABr is mixed with highly charged Ge9
4-, it forms 

soluble molecular complexs:  if polymeric Ge is used instead, a lamellar structured 
composite can be produced.  (b) CTEABr, is a surfactant with a bigger head group and 
thus small packing parameter which favors more cured structures.  The initial mixture 
of surfactant and discrete Ge9

4- clusters again forms soluble molecular complexs.  As 
oxidant is added, dimeric cluster first forms which produce lamellar composites, and 
then polymeric cluster form which can produce cyliner based composites.  More 
curved geometries form as cluster charge density is reduced.. 
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In the preparations of mesoporous silica and transition metal oxide materials, the 

inorganic oxide frameworks of the composite materials is locked in place through chemically 

and thermally driven dehydration and condensation of the silica network prior to calcination 

or ion-exchange to remove the surfactant molecules.4,7,8  This mechanism for inorganic 

condensation is obviously not applicable to the germanium cluster based composites 

described above.  The chemical reactions that can cross-link the cluster chains, however, 

have been studied.  As stated above, it is observed that when an oxidant is present, these 

clusters are able to link together via ‘oxidative coupling’, i.e., two radicals generated by 

oxidation couple to form a new Ge-Ge covalent bond.Error! Bookmark not defined.  Using 

this same chemistry, germanium Zintl clusters can eventually lose all charge and be oxidized 

to amorphous germanium.49,51  Using these ideas, it has been shown that by adding an 

oxidant to the 2-D hexagonally nano-ordered cluster/surfactant composite, condensation of 

the inorganic germanium wall can occur, leading to the formation of nanoporous germanium. 

In our earlier work on nanoporous Ge, ferrocenium hexafluorophosphate was used as 

oxidative coupling agent.49.  Assuming stoichiometric oxidation of the Ge Zintl clusters, by 

the ferrocenium, changes in the nanoscale structure of the hexagonal composite upon 

oxidation can be monitored.  Figure 3.5 shows low angle X-ray diffraction of the 

Ge/surfactant composites at various percent oxidation (where 100% corresponds to Ge0).  

x (-NR2H+) + (Ge9
-2)n (polymer)    9·n Ge0 (amorphous) + x (-NR2) + x/2 H2  

From the low angle XRD, two major changes can be detected.  All the XRD patterns change 

from well resolved six peaks to only one clear peak with a small higher order ‘hump’.  Also, 

the position of the (10) peak changes from 0.175 to 0.193 at 5% oxidized and to ≈ 0.200 at 

10% oxidized.  When more than 10% oxidant was used, the q values remained constant at  
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Figure 3.5  Low angle XRD of the hexagonal composite treated with 
different amount of ferrocenium hexafluophosphate.  For comparison, the 
hexagonal composite and the porous germanium after proton treatment are 
also shown.  After oxidation, the higher order peaks of the hexagonal phase 
are not observable, indicating that long-range order has been lost.  The (10) 
shifts toward higher q as more oxidant added, indicative of a more condensed 
material.  Ion-exchanged only shifts (10) by a small amount, but HF 
treatment shifts (10) by more than 10%.  
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0.200.  The increase of q value, i.e., the decrease of d-spacing, indicates that upon oxidation, 

the structure shrinks, as it becomes more condensed.   

As the charges of the inorganic wall decrease, some of the surfactant molecules may 

be expelled from the cylindrical channels.  This is confirmed by a 1H NMR study of the 

filtrate, which shows that the moles surfactant released from composite are approximately 

equal to the moles of oxidant added in the experiment.  Elemental analysis of 70% oxidized 

sample from EDAX (Table 3.2) indicates that surfactant accounts ~20% mass of the 

composite.  The calculated formula based on elemental result is (CTEA)0.60Ge9. 

In order to achieve high surface area, the remaining surfactant cations inside the pores 

have to be removed.  We find that the structure is not stable under either thermal calcination 

or further oxidation with ferrocenium.  This is because pure oxidation is not sufficient to 

produce amorphous Ge, and some dangling bonds must be passivated with hydrogen to 

produce a-Ge:H.56  Acid treatment using an ion-exchange resin can be used to remove 

surfactant molecules without destruction of the nanoscale structure.  The low angle XRD, 

after ion-exchange, is also shown in Figure 3.5.  The (10) peak of the material shifts to q = 

0.205.  Compared to the value of 0.200, it is obvious that at this stage, only small degree 

condensation of the framework happened.  TEM (Figure 3.7) shows that similar stripe 

patterns are seen for the Ge/surfactant composite, the partly oxidized Ge, and the proton 

treated nanoporous Ge. 

While the method described above works well, we show below that ammonium 

bromide, which was used to polymerize the Ge9
4- in solution, can also be used to fully oxidize 

the germanium clusters and make amorphous germanium Ge0 in a single step.  The products 

of this reaction (NH3 and H2) are fairly intert and H2 bubbles out after oxidation.  Similar to 

the case where ferrocenium was used, there is some shrinkage and disordering in the long-

range hexagonal structure upon oxidation.  As seen on figure 3.6, seven distinct hexagonal 
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Figure 3.6  Low angle XRD of the hexagonal composite treated with 
ammonium bromide as an oxidant.  After full oxidation to 9Ge0, the higher 
order peaks of the hexagonal phase are not observable, indicating that long-
range order has been lost.  The (10) shifts toward higher q, indicative of a 
more condensed material. 
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peaks on as-synthesized polymeric germanium clusters are reduced into one peak, and the 

position of the first peak is shifted from q = 0.175 to q = 0.215.  The data is very much 

equivalent to the results obtained using ferrocenium and a supported acid, however, a result 

which indicates that any mild oxidant and proton source can produce the desired end products 

as long as the products of the oxidation reaction do not react with the zero valent nanoporous 

Ge.  For example, the use of oxo-acids results in degradation of the nanoporous Ge.   

A significant advantage of using ammonium bromide as an oxidizing agent is the 

simplification of the synthesis.  Because ammonium bromide is both an oxidant and a 

proton donating acid, it can polymerize Ge9
4- to form a structured composite, oxidizing the 

Ge into amorphous germanium, and cap off dangle bonds, all in a single step.  And the 

amount of the oxidant can be easily controlled to monitor the structural phases in each step. 

TEM image of the as-synthesized hexagonal ordered composite is shown in Figure 3.7a.  

The stripe pattern is seen along the pore channels.  The spacing agrees well with low angle 

XRD result.  The hexagonal array of dots is also seen to support 2-D hexagonal structure.  

After oxidation, the stripe pattern is still observable (Figure 3.7b), indicating the hexagonal 

structure is retained.   

The ion-exchange reaction with supporting acid partially terminates the surface of the 

porous germanium with hydrogen atoms.  The Ge-H stretching can be detected by IR 

spectrum (Figure 3.8), which shows a characteristic broad peak around 2000 cm-1.120  To 

remove the surface oxide impurity, the ion-exchanged solid was washed with 5% HF ethanol 

solution.  After HF treatment, the intensity of Ge-H peak increase and that of the impurity 

around 850-1000 nm decreases (Figure 3.8).  The low angle XRD shows that the framework 

is more condensed (q = 0.220).  It is possible that the HF treatment bleached germanium 

atoms from the framework.  Based on the broadness of the (10) peak before and after HF 

treatment, however, it seems that the structure does not degrade.  Further experiment needs  
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Figure 3.7  TEM Images of (a) as-synthesized composite, (b) composite after 
oxidation, and (c) final porous germanium (scale bar 20 nm).  In all images, 
stripe patterns are observed.  The hexagonal arranges of dots is seen in the right 
up corner of (a). 
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Figure 3.8  IR spectra of ion-exchanged (solid line) and then HF treated (dotted 
line) porous germanium.  The peak of carbon impurity is in the range of 850-950 
nm and Ge-H is at 2000 nm.  In the ion-exchanged sample, there is a peak at 870 
nm corresponding to Ge-C bond, while in the HF treated sample, on such peak is 
observed.  On the other hand, the Ge-H peak intensity becomes higher in the HF 
treated sample.  
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to clarify the role of HF.  The elemental data from EDAX of this sample is also listed in 

Table 3.2.  The calculated formula is (CTEA)0.02Ge9.  The oxidation state of germanium is 

then studied by XPS.  The high-resolution XPS spectrum of the 3d core level of germanium 

is shown in Figure 3.9.  The spectrum is deconvoluted into four peaks.  The two major 

peaks, centered at 28.9 eV and 29.5 eV, are from zero valent germanium 3d5/2 and 3d3/2 core, 

which agrees well with the literature value of Ge(0).121  After integration, these two peaks 

make up 86% total area.  The two small peaks, making up the shoulder of the XPS spectrum 

and centered at 30.5 and 31.0 eV, are from Ge-C bonding from organic residues.122  

Hydrogen terminated germanium surface is known to be prone to carbon contamination.  It 

was found that carbon impurities in the air displaced the hydrogen on the germanium surface 

and lead to a shoulder at +1.6 eV with respect to the germanium 3d core level signal.122  

There are two possible sources that carbon is introduced to the high-surface-area porous 

germanium.  One is from organic surfactant residues in the pores; the second one comes 

from our handling the sample for XPS analysis.  Some carbon contamination was expected 

due to the sample exposure to graphitic carbon upon adherence to a conductive graphite tape 

on the sample holder, which also underwent some mechanical agitation during transportation.  

Nevertheless, the results suggest that porous germanium oxidation state is mainly Ge(0) with 

only minor impurities contamination. 

The samples that were oxidized with different amount of ferrocenium ions followed 

by ion-exchange and washing with acetonitrile, show different surface area but similar N2 

absorption-desorption isotherm.  The trend is plotted in Figure 3.10.  The surface area 

increases as the moles of ferrocenium increases, then it decreases after 70% molar equivalent.  

The evolution of the pores is best illustrated by the changes of isotherms of the N2 

absorption-desorption of composites oxidized 70% followed by ion-exchange and washing  
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Figure 3.9  XPS spectra of HF treated porous germanium.  Ths solid line is the 
original XPS data.  It consists a major peak (86%) around 29.0 eV and a small 
shoulder centered at 30.5 eV (14%).  The major peak is from zero valent germanium 
and can be deconvoluted into a 3d3/2 (29.5 eV, dot-dot-dash) and 3d5/2 (28.5 eV, dot-
dash).  The shoulder is from surface impurity of organic carbon.  The shift is 1.6 
eV.  This shoulder is also deconvoluted into 3d2/3 (31.0 eV, short dash) and 3d5/2 
(30.5 eV, long dash). 
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Figure 3.10  Top:  the surface area dependence on the amount of 
ferrocenium added.  The highest surface area can be obtained when 
the composite is oxidized around 70%.  Bottom: N2 absorption-
desorption isotherms of hexagonally ordered composite under 
different treatments: (a) the composite is oxidized; (b) sample was 
treated with proton exchange resin after oxidation; (c) the proton 
treated sample is washed with acetonitrile at 60 °C with calculated 
BET surface area 500m2/g.   
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with acetonitrile, which is also shown Figure 3.10.  The sample a, which was obtained only 

by oxidation of the composite precipitate, shows surface area about 38 m2/g indicating that 

most of the channels is blocked by the surfactant molecules.  The sample b, which was 

further treated by ion-exchange after oxidation, shows much better improved porosity with 

surface area about 360 m2/g.  The nano-structured germanium with best porosity (sample c, 

surface area ≈ 500 m2/g) was achieved after the sample b was immersed in acetonitrile at 

60 °C overnight.  HF washing does not change surface area of the sample.   

For a perfect porous honeycomb structured material, such as MCM-41, the N2 

absorption-desorption isotherm is classified as H1 type.123,124  The isotherm of N2 absorption-

desorption of the porous germanium, H4 type, is a consequence of incomplete removal of the 

surfactant molecules trapped inside the pores.  This is confirmed by 13C solid state NMR, 

and EDAX as mentioned above.  Attempts to totally remove the remaining surfactants have 

not been successful at current stage.  This may be partially due to the fact that the wall of the 

hexagonal germanium is only about 1 nm thick, which can be easily destroyed when trace of 

reactive oxidants presents.  A thicker wall structure and better ordering after oxidation might 

help to survive harsher condition for removing surfactants.  We are currently working on 

improving the wall thickness and the porosity of the porous germanium. 

While the oxidation via ferrocenium requires 70% oxidation followed by proton-resin 

ion exchange and HF treatment in order to achieve open pores and hydrogen terminated 

surface, ammonium oxidation is simply one step process as it uses hydrogen ion for oxidation.  

Figure 3.11 shows the N2 adsorption-desorption plot of ammonium oxidized mesoporous 

germanium.  Calculated BET surface area is also 500m2/g.  Disappearance of the little 

jump at 0.5 relative pressure may indicate that the pores are more open and organic free 

compared to the ferrocenium oxidized product.  The local environmental changes on atomic  
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Figure 3.11  N2 absorption-desorption isotherms of hexagonally ordered 
composite via ammonium oxidation.  Calculated BET surface area is 500m2/g, 
which is same as the ferrocenium oxidized product.  No desorption jump at 0.5 
relative pressure may indicate that the pores are completely organic free. 
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scale during these treatments were confirmed using Ge EXAFS as we did in our previous 

work.49 

 

3.4 Conclusion 

We have demonstrated that polycharged soluble germanium Zintl cluster anions are 

able to aggregate themselves around the micelles formed by cationic surfactant molecules to 

produce nanoscale structured composites via cooperative assembly mechanism.  The 

nanoscale periodicities of composites vary upon the clusters, surfactants and subsequent 

addition of mild oxidants used in the synthesis.  With small head group surfactant CTABr, 

only lamellar structured composite can be observed at raised temperature.  With relatively 

bigger head group CTEABr, different structured composites have been synthesized.  It is 

observed that as the amount of oxidizing agent increase, the nanoscale structure of the 

composites changes from lamellar to hexagonal. 

Nanoporous honeycomb structured germanium was produced from hexagonally 

packed germanium cluster/surfactant composites through several post-synthesis treatments.  

By oxidation, the wall of the composites is condensed.  The surfactant molecules inside the 

pore channels can be removed by exchange with protons.  After wash with diluted HF 

solution, the porous germanium is mainly Ge(0).  As an oxidant was added, some of the 

cluster cages were broken, new Ge-Ge bonds formed.  After ion-exchange, the local 

bonding of the germanium atoms closely resembles that of amorphous germanium.  When 

ferrocenium was used and an oxidative coupling reagen, it needed to be followed by a 

treatment of proton resin to hydrogen cap the dangling bond of Ge-Ge, and some surfactant 

molecules are still trapped inside the pore after post-synthesis treatments.  Whereas when 

ammonium was used, it made the synthesis more convenient as it took care of all the 

synthesis steps of Zintl cluster polymerization, oxidative coupling and hydrogen termination.  
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And it seem to produce the material with more open pores.  Whether some organics were 

still left in the pores or not, both oxidants produced well-ordered structure and the surface 

area are much improved, which can be as high as 500 m2/g.  

Nanoscale periodically ordered porous germanium reported here illustrates that the 

cooperative assembly method using surfactants as structure directing agents can be applied to 

the synthesis of non-oxide nano-structured materials.  This will broaden the field of ordered 

mesoporous materials from classic silicate and transition metal oxides to materials with 

potential optical and electronic applications. 
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