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Chapter 6 
Germanane: improved synthesis and application 
as antimicrobial agent 
	

	

Over the last decade new families of two-dimensional materials have become the 

focus of scientific research, owning to their unique physiochemical properties and 

structure characteristics. The rise of inorganic 2D materials beyond graphene 

promises a new nanotechnology era for a diverse range of high efficiency 

applications in electronics, sensing, catalysis, energy production and storage as well 

as the biomedical sector. Germanane, a graphane analogue, has attracted 

significant interest due to its optoelectronic properties, however environmental and 

biological effects of germanane have not been studied yet. Here we report a new and 

facile approach for the production of germanane and investigate its antimicrobial 

activity for first time. Exfoliated germanane nanosheets were deposited on various 

substrates using a simple bottom-up procedure based on the Langmuir-Schaefer 

technique in order to fabricate homogeneous and dense monolayers. The results for 

one Gram-negative bacterial strain (Escherichia coli) and two Gram-positive bacterial 

strains (Brevibacterium and Corynebacterium) revealed the unique antimicrobial 

activity of germanane nanosheets for all three strains and thereby identified 

germanane thin films as high efficiency antimicrobial coatings. 

 
 	 	

																																																								
 This chapter is based on the articles: "Synthesis of 2D germanane (GeH): a new, fast and 
facile approach", by T. Giousis, G. Potsi, A. Kouloumpis, K. Spyrou, N. Chalmpes, K. Dimos, 
M. Antoniou, G. Papavassiliou, A. Bourlinos, H. J. Kim, H. Stamatis, G. Blake, D. Gournis, P. 
Rudolf (to be submitted) and "Extraordinary antimicrobial activity of germanane monolayer 
films", by A. Kouloumpis, N. Vourvou, N. Chalmpes, T. Giousis, P. Katapodis, H. Stamatis, 
P. Rudolf, D. Gournis (to be submitted). 
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6.1 Introduction 
The emergence of infectious diseases or antibiotic-resistant bacterial strains 

increased over the last years renders the development of new antimicrobial drugs or 

antimicrobial coatings crucial. In order to maintain a sterile environment in industry or 

in health care institutions, a reduction or elimination of bacterial attachment is 

required. Significant efforts have been focused on the fabrication or improvement of 

surfaces with antimicrobial action - not only for health-related aims but also in view of 

keeping them clean by preventing the growth of microorganisms.1, 2 Antimicrobial 

surfaces are widely used for a variety of applications in hospitals,3 in the food4-6 and 

clothing industry7-9 or even at home. The antibacterial action can be induced by the 

surface roughness10, 11 (textile surfaces) as well as by physical12 or chemical effects 

achieved by functionalizing,13-17 derivatizing18, 19 or polymerizing20-26 the surfaces. 

Antibacterial coatings25, 27-33 include a plethora of materials like titanium,21, 34, 35 

hydroxyapatite,36-44 fluoride ion,45-49 silver nanoparticles27, 50-56, clays,57, 58 carbon-

based nanomaterials59-62 (graphene,63-65 nanotubes,59, 66-69 fullerenes,70 carbon-

dots,71, 72) and most recently transition metal dichalcogenides (TMDs) like MoS2.73 

The exact interactions of 2D nanomaterials with bacterial cells are not yet clear in all 

cases but various interactions that cause damage to cell membranes and lead to a 

release of intracellular contents have been identified.74, 75 The rapid growth of 

nanotechnology has opened new routes for thin films preparation by using a diversity 

of deposition methods such as plasma deposition and polymerization methods,27, 31 

layer-by-layer (LbL) assembly,28 and (modified) Langmuir-Blodgett (LB) techniques64, 

76, 77 Despite the multitude of approaches for  the formation of antimicrobial films and 

coatings, the most common problems78-80 still encountered are short-term stability 

and non-uniformity of the films; additionally the preparation methods are often not 

easily transferable to an industrial environment.  

After the discovery of graphene in 2004, many other 2D materials have been 

isolated and studied in less than a decade.81 This family includes not only carbon 

materials but also transition metal dichalcogenides, boron nitride, black phosphorus 

or phosphorene and layered metal oxides, just to name a few.81, 82 Because of the 

remarkable electronic and optoelectronic properties of these 2D solids, a new 

generation of superconductors, semiconductors, metallic materials and insulators 
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can be developed,83 which in turn open new prospects for a variety of applications 

including high performance sensors and transistors, electronics, catalysis, gas 

separations and storage.82 

Germanane (GeH), the germanium graphane-analogue (hydrogen-terminated 

germanium multilayer) is especially interesting in this context since theory predicts 

extraordinary properties such as a direct band gap (approximately 1.4 eV)84, 85 and 

an electronic mobility that exceeds 18.000 cm2 V-1 s-1, five times higher than that of 

crystalline germanium and hence an outstanding potential for electronic and 

optoelectronic applications.86, 87 Although these remarkable physical and chemical 

properties of germanane place it in the top group with regards to potential 

applications, its potential for bioapplications has not been explored yet. 

Recently germanane crystals (GeH) have been successfully synthesized from the 

topochemical deintercalation of β-CaGe2 layered Zintl phase using HCl acid.86, 87 The 

synthetic protocols reported so far use various acids (HCl, HBr, HI or acetic acid) at 

different temperatures (from -40 to 25 oC), requiring long reaction times (between 5 

to 14 days).88 In this work high quality germanane was synthesized by the topotatic 

deintercalation of β-CaGe2 in aqueous HF solution (38% w/w) at room temperature 

for a few minutes (or even a few seconds).  

To study the antimicrobial activity of germanane, coatings of this new material on 

a substrate suitable for cell growth were produced. Towards this aim here we 

describe a facile and low cost Langmuir-Schaefer (LS) deposition approach for the 

production of germanane monolayers and few layers, with precise control of the 

packing of GeH nanosheets in 2D arrays. Germanane is highly dispersible in ethanol 

and dimethylformamide (DMF) and easily separates into single nanosheets by liquid 

exfoliation in these solvents, while it is less dispersible in H2O. Such dispersions 

were injected at the air-water interphase of the Langmuir-Blodgett trough to form a 

floating monolayer on top of the water. Subsequently a compression of the GeH 

nanosheets with the help of the movable barriers of the Langmuir-Blodgett trough 

lead to a dense Langmuir layer.89 Uniform monolayers of germanane with high 

surface coverage were transferred to hydrophilic substrates by horizontal dipping of 

the latter, a technique also called Langmuir Schaefer (LS) technique method. 
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To understand our choice of bacteria for this study, it is maybe useful for the 

reader to learn something about the differences between bacilli. In 1884 Christian 

Gram developed a special technique of staining bacteria (Gram staining or Gram's 

method) in order to make them more visible under microscopic examination; this 

method lead to a classification of bacteria based on the colour the sample exhibits. 

The stain is a weekly alkaline solution of crystal violet or a gentian violet.90 Bacteria 

with a thick layer of peptidogly can retain the crystal violet dye and are called Gram-

positive bacteria. Gram-negative bacteria do not retain the violet dye and are 

coloured red or pink90 but that is not the only difference. The structural characteristics 

of Gram-negative and Gram-positive bacteria are shown in Scheme 6.1 while their 

cell wall differences are summarized in Table 6.1.  

 

Table 6.1. Difference in the cell wall of Gram-negative and Gram-positive bacteria. 

 Gram negative Gram positive 

Gram reaction 
Do not retain the dye colour 
after washing with alcohol or 

acetone 

Remain coloured with Gram 
staining even after washing with 

alcohol or acetone 
Peptidoglycan layer Thin (single-layered) Thick (multi-layered) 

Teichoic acids Absent Present 

Periplasmic space Present Absent 

Outer membrane Present Absent 
Lipid & lipoprotein 

content 
High (due to presence of outer 

membrane) 
Low (acid-fast bacteria have 

lipids linked to peptidoglycan) 
Susceptibility to 

anionic detergents 
Low High 

Cell wall 
Composition 

The cell wall is 70-120 Å thick 
and built up from two layers. 
The lipid content is 20-30% 

(High)  
 Murein content is 10-20% 

(Low) 

The cell wall is 100-120 Å thick 
and built up from a single layer. 
The Lipid content of the cell wall 

is low 
Murein content is 70-80% 

(Higher) 
Antibiotic 

Resistance 
Resistant to antibiotics Susceptible to antibiotics 

Mesosome Mesosome is less prominent Mesosome is more prominent 
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Scheme 6.1. Structure characteristics of Gram-negative (bottom) and Gram-positive 

(top) bacteria. 

 

Therefore to get an idea of the antimicrobial activity of germanane with respect to 

different types of bacteria, we investigated three strains as models, namely one 

Gram-negative bacterial strain (Escherichia coli) and two Gram-positive strains 

(Brevibacterium and Corynebacterium). Escherichia coli is a facultative anaerobe, 

rode-shape bacterium of the genus Escherichia, found in the normal flora of the 

lower intestine of endothermic organism. Most of E. coli bacterial strains are 

harmless and have a double role in the intestine, they produce vitamin K291 and 

prevent the colonization of the intestine by pathogenic bacteria.92, 93 Some types of 

E. coli can cause food poisoning in their hosts. Brevibacterium and Corynebacterium 

belong to the order of Actinomycetales and are widely present in animal and human 

microbiota. Corynebacterium is a club-shaped bacillus; Brevibacterium is a rode-

shape bacterium, which can change the cell morphology during growth and become 

granules, a characteristic depending sometimes on the nutrients of the growth 

medium. Brevibacterium and Corynebacterium are harmless but some types can 

cause food contamination as well as human diseases; i.e. Diphtheria is caused by C. 

diphtheriae. 

Plasma	Membrane

Periplasmic	space

Peptidoglycan	

Plasma	Membrane

Periplasmic	space

Peptidoglycan	

Outer	membrane

Gram	Positive

Gram	Negative
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6.2 Experimental Section 

6.2.2 Materials 
Ethylenediaminetetraacetic acid (EDTA, ≥99%) was purchased from Fluka. Ge 

powder (≥99%), Ca granules (≥99%), acetone, methanol, ethanol and 

dimethylformamide (DMF) were purchased from Sigma-Aldrich. Hydrogen fluoride 

(38%) was purchased from Merck. Ultrapure deionized water (18.2 MΩ) produced by 

a Millipore Simplicity® system was used throughout. The Si-wafer (P/Bor, single side 

polished purchased from Si-Mat) and mylar (thickness of 0.35 mm, purchased from 

Sabic Innovate Plastics BV Snij-Unie HiFi) substrates were cleaned prior to use by 

15 min ultra sonication in water and ethanol. All reagents were of analytical grade 

and were used without further purification. 
	

6.2.3 Synthesis of Germanane4 
Germanane (GeH) was synthesized by the topotactic deintercalation of β-CaGe2 

in aqueous HF (38% w/w) (12M) at room temperature. The initial phase of β-CaGe2 

was formed by sealing stoichiometric ratios 1:1 of calcium and germanium in a 

cylindrical alumina crucible (external diameter of 11 mm), enclosed in an evacuated 

fused quartz tube (internal diameter of 12 mm). The mixing of the two metals and the 

filling of the crucible took place in a glove box under nitrogen atmosphere. The 

sealed quartz tube was placed in a box furnace with the following temperature path: 

I. Heating to 1025 oC within 2 h at a rate of 8.3 oC/min 

II. Homogenization at 1025 oC for 20 h. 

III. Slow cooling to 500 oC at a rate of 0.1 oC/min. 

IV. Reach the room temperature at a rate of 0.2 oC/min. 

Small crystals (2-6 mm) of CaGe2 were collected and treated with an aqueous HF 

solution (38% w/w) (12M) at room temperature under stirring for 15 min. The 

resulting material contained apart from GeH also salts (mainly CaF2) that were 

removed by ethylenediaminetetraacetic acid (EDTA) addition. The final material 

																																																								
4 Germanane samples were provided by Theodosios Giousis (University of Ioannina, 
Greece) 
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(GeH) separated by centrifugation, washed several times with distilled water (and 

methanol at the end) and finally left to dry under vacuum. 

 

6.2.4 Preparation of germanane monolayers 
Germanane dispersions in ethanol and DMF (0.04 mg mL-1) were prepared for the 

LB assembly. The dispersions were sonicated for 30 min using a probe ultrasonic 

sonicator (Ultrasonicator biobase UCD150L, 150 W). A centrifuge for 15 min at 1000 

rpm was performed to purify the dispersions by removing aggregates and larger 

germanane flakes. 

A Langmuir Blodgett trough (KSV 2000 Nima Technology model) was cleaned 

with ethanol and distilled-deionized water. Ultra pure water (18.2 MΩ) was used as 

subphase. A Pt Wilhelmy plate was used to monitor the surface pressure during the 

compression and deposition procedures. Ethanol and DMF dispersions of 

germanane (1-15 mL) were slowly spread onto the water surface using a glass 

syringe. After a waiting time of 30 min to allow for the solvent to mix with the water, 

the germanane layers were compressed at a rate of 5 mm min-1 until the target 

surface pressure of 10 mN m-1 was reached, forming dense germanane Langmuir 

films94, 95 as shown in Scheme 6.2. The GeH Langmuir films were transferred onto 

hydrophilic substrates by the LS technique (horizontal dipping), with downward and 

lifting speeds of 10 and 5 mm min-1, respectively. After each deposition step the 

substrates were rinsed several times by dipping into ultrapure water (to remove any 

weakly attached GeH flakes that remained from the deposition step) and dried with 

nitrogen flow.94, 95 Hydrophilic surfactant-treated Si-wafer and mylar substrates (as 

reported in Chapter 5, see Appendix B) were used for the LS deposition. 

 



Germanane: improved synthesis and application as antimicrobial agent 6 
	

	 116	

 
Scheme 6.2. Schematic representation of the LS procedure followed for the 

production of germanane monolayers. 

 

6.2.5 Bacterial strains and growth media5 
The bacteria strains Escherichia coli (ECO), Corynebacterium glutamicum (COR) 

and Brevibacterium lactofermentum (BRE) were grown in Luria-Bertani (L-B) broth at 

37 °C with rotary shaking (180 rpm) until the stationary growth phase (approximately 

20 h of incubation) was reached. Exponential-growth-phase cultures of bacteria were 

grown as described above but cells were harvested after 4 h. The cultivated bacteria 

were washed three times by normal saline solution (0.9 % NaCl w/v) before use.  

 

6.2.6 Preparation of bacteria and treatment of germanane6 
The antibacterial activity of GeH dispersions was studied with the microtiter plate 

method, adapted with some modifications to this nanomaterial.96 Bacterial cell 

suspensions were diluted with a normal saline solution to obtain cell samples 

containing 106 CFU/mL. 200 μL of bacteria cells were transferred into a sterile 96-

well microplate. GeH were added aseptically in each micro-culture at a final 

concentration of 50 μg/mL and then the microplates were shaken at 180 rpm at 37 
oC for 20 h. In a control test, the bacteria suspension was put into the wells of the 

microtiter plate but without the addition of antimicrobial material. Subsequently, 

50 μL from each well was transferred aseptically into a new microplate diluted with 
																																																								
5 Provided by Prof. Haralambos Stamatis (University of Ioannina, Greece) 
6 The preparation of bacteria and the treatment of germanane were performed by Nikolina 
Vourvou (University of Ioannina, Greece)	
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200 μL fresh L-B medium. The microplates were agitated by the microplate reader 

and then incubated at 37 ± 1 °C for 20 h. Turbidity was measured as absorbance at 

600 nm. Growth inhibition (%) at different time intervals was calculated using the 

following equation:  

Growth inhibition % =
OD!"#$%"& − OD!"#

OD!"#$%"&
∙ 100 

where ODGeH is the absorbance of the microculture at 600 nm after exposures in 

GeH nanomaterial at the specified time intervals and ODcontrol is the absorbance of 

the control respectively. To confirm reproducibility, each test was repeated at least 

three times. 

In addition, we also investigated the antibacterial activity of GeH thin films 

deposited on mylar substrates by means of viable cells survival on GeH surfaces.97 

Aliquots of 50 μL bacterial suspension containing 105, 106 and 107 CFU/mL were 

applied as a standing droplet on GeH films (2 cm x 2 cm). Control samples were 

placed on the same substrate without the GeH layer. To avoid contamination from 

the laboratory environment, the samples were incubated in sterile Petri dishes at 

37°C for 20 h before being washed extensively with an autoclaved PBS (phosphate-

buffered saline) buffer. In detail, eluents were serially diluted in the PBS buffer and 

plated on L-B agar for aerobic incubation at 37 °C. After 20 h, the bacterial colonies 

on each plate were counted. The viable cell number was calculated as colony 

forming units per milliliter (CFU/mL). The antibacterial activity was calculated as the 

equation below: 

Bacterial Inhibition % =
N!"#$%"& − N!"#

N!"#$%"&
∙ 100 

 where NGeH is the number of viable cells that survived on the GeH-covered substrate 

and Ncontrol is the number of viable cells that survived on the control substrate. To 

confirm reproducibility, each test was repeated at least three times. 
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6.3 Results and Discussion 

6.3.1 Structural and morphological characterization of germanane 
Initially we characterized the produced GeH by FT-IR, Raman and 1H MAS NMR 

spectroscopies. The spectra were collected as described in Appendix A and are 

presented in Figure 6.1. Figure 6.1a shows 1H MAS NMR spectra of the GeH sample 

at room temperature, as well as upon thermal treatment at various temperatures (up 

to 275 oC). At each temperature the sample was heated for two hours, subsequently 

cooled to room temperature in vacuum and then shielded into the rotor for 

performing the NMR experiment. In the case of the unheated sample (room 

temperature) the 1H MAS NMR spectrum was dominated by a peak at 5.6 ppm, 

attributed to the Ge-H. A very small quantity of adsorbed water (at 4.8 ppm) cannot 

be excluded. A Ge-H resonance at 5.16 ppm has been previously reported in 

2,2’diphenylene germane.98 At elevated treatment temperatures part of the GeH 

hydrogen dissociates as deduced from the strong signal decrease. However, a big 

part of the signal remains not only upon heating at 200 oC but even at the highest 

temperature of 275 oC. At the same time, a slight shift of the peak to lower chemical 

shift values is observed, especially at 275 oC, which is indicative of slightly more 

effective electron shielding. In the Raman spectrum (Figure 6.1b) of the synthesized 

powder flake a characteristic peak associated with Ge-H bond is observed at 

288 cm-1 87 that clearly reveals the presence of this bond in the studied material, thus 

confirming its composition. Moreover, the FTIR spectrum (Figure 6.1c) of germanane 

shows a strong peak at 2000 cm-1 due to the Ge-H stretching vibration, while peaks 

at 477 and 575 cm-1 are assigned to multiple wagging modes of Ge-H and86, 99 strong 

peaks at 770 and 825 cm-1 to H-Ge-H bending modes from neighbouring Ge atoms 

at the edges of the crystalline germanane layer and/or Ge vacancies within the 

layered germanane lattice.86 FTIR spectroscopy therefore confirms the hydrogen 

termination of the germanium atoms. 
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Figure 6.1. (a) 1H MAS NMR of GeH sample before and after thermal treatment at 

various temperatures (150, 200 and 275 oC). (b) Raman and (c) FTIR spectrum of 

GeH. (d) DRA spectrum of GeH plotted in Kubelka-Munk function versus 

wavenumbers and (e) photon energy (inset). 

 

The UV-Vis-NIR diffuse reflectance spectrum of germanane is presented in Figure 

6.1d. The reflectance spectrum was converted to Kubelka-Munk function, F(R∞) and 

plotted against wavenumbers (nm) and photon energy (eV). The sample shows a 

strong light absorption in the whole visible light region. The line tangent to the point 

of inflection of the curve (Figure 6.1d inset) determines the band gap (Eg) as close to 

1.2 eV, a value lower to that reported in the literature for germanane synthesized 

using HCl (1.58 eV).86, 100 87 

A platelet-like morphology was revealed for the produced GeH as shown in 

Scanning Electron Microscopy (SEM) picture of Figure 6.2 (top). Flakes of several 

μm are visible that are fully covered with calcium fluoride salt as a byproduct of the 

reaction. 
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Figure 6.2. Top: SEM images (and corresponding EDX specta) of germanane 

product before and after treatment with EDTA. Bottom: AFM images (including 

section analysis) of germanane films prepared by drop-casting of ethanol 

dispersions.  

 

In order to remove the residual CaF2, the material was treated with a saturated 

aqueous solution of EDTA, filtered and washed several times with water and 

methanol. The resulting product is a layered material consisting of germanium and 

free of any residual salt as revealed from energy dispersive X-ray	 spectroscopy 

(EDX) where no Ca and F signals can be detected. A first idea about the quality of 

the produced GeH can also be gained from representative AFM height images of 

GeH layers deposited on a Si wafer by drop-casting from an ethanol dispersion, 

shown in Figure 6.2 (bottom). The topographic image reveals GeH flakes, which are 

several micrometers large and have an average thickness of 0.7 nm as determined 

from the cross-section analysis. This value is very close to the height of a single 

germanane layer (0.6 nm).86 
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6.3.2 Structural control and characterization of GeH monolayers 
To be able to deposit GeH by the Langmuir-Schaefer technique, we first have to 

prove that it is possible to form stable Langmuir films at the subphase surface in the 

Langmuir-Blodgett trough. To this end we recorded π-Α isotherms during the 

compression of Langmuir films formed after different amounts of ethanol dispersions 

of exfoliated germanane were introduced at the air-water interphase. The π-Α 

isotherms for injections ranging from 1 to 15 mL are shown in Figure 6.3. The curves 

show a change in slope when the pressure is such that a phase transition in the 

Langmuir film of GeH sheets occurs during the compression process, first from a 2D 

gas to a condensed liquid and then to solid state.94, 95 More specifically, following the 

isotherm from right to left, the first discontinuity is the lift-off area, defined as the 

molecular area where the surface pressure becomes different from zero; here the 

flakes start to order and therefore to interact as a two-dimensional liquid. For the π-Α 

isotherm recorded when adding a small amount of GeH dispersion (1 mL) to the 

water surface, the lift-off area is 14 Å2 and the maximum surface pressure reaches 

the value of 12 mN m-1.  

 

 
Figure 6.3. π-Α isotherms of floating GeH nanosheets in water surface for different 

ethanol dispersion volumes (1 to 15 mL).  
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The phase transitions of the GeH Langmuir films are clearly observed (by the 

change of the isotherm slope) when the dispersion volumes in the water surface are 

increased to 5 mL and 10 mL, resulting higher lift-of areas of 30 Å2 and 63 Å2 

respectively, while the surface pressure reaches a maximum value of 31 mN m-1 in 

both cases. Moreover further increasing the GeH dispersion volume to 15 mL causes 

an absence of the gas phase and therefore suggests that domains of higher density 

have formed at the water/air interphase. From these results we can clearly conclude 

that stable Langmuir films are formed whose density at a certain surface pressure 

depends on the amount of GeH flakes injected at the water surface. 

In addition to studying the stability of the Langmuir films when GeH flakes were 

delivered to the water surface in the Langmuir-Blodgett trough in the form of a 

dispersion in ethanol, we also collected π-Α isotherms of germanane delivered in 

DMF dispersions. Also in this case no surfactant was employed. The results for 

different amounts of dispersion ranging from 1 to 15 mL are shown in Figure 6.4. As 

for case of the ethanol dispersion, the curves show a change in slope corresponding 

to the phase transitions of Langmuir film of GeH nanosheets during the compression 

process, from 2D gas to condensed liquid and then to the solid state.94, 95 For the 

smallest amount of GeH dispersion (1 mL) spread on the water surface, the lift-off 

area is 20 Å2 and the maximum surface pressure reaches the value of 18 mN m-1. 

The phase transitions of the Langmuir film are clearly observed when the dispersion 

volume is increased to 5 mL resulting in a 57 Å2 lift-of area and a surface pressure 

that reaches the maximum value of 24 mN m-1. The absence of the gas phase is 

observed for larger dispersion volumes of GeH injected at the water surface (10 and 

15 mL), suggesting domains of higher density form before the compression is 

started. 
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Figure 6.4. π-Α isotherms for Langmuir films of floating GeH nanosheets at the water 

surface, recorded for different volumes of the injected DMF dispersions(1 to 15 mL) 

 

The success of the transfer of the GeH Langmuir films to the hydrophilic Si-wafer 

with the LS technique was proven by atomic force microscopy. Representative AFM 

height images of GeH Langmuir Schaefer films deposited at different surface 

pressures are shown in Figure 6.5. The topographic images show that the surface 

coverage of the substrate is higher as the surface pressure increases. More 

specifically, after the addition of GeH dispersion (5 mL) at the water surface and 

before the compression starts (at 0 mN m-1 surface pressure) single nanosheets with 

well defined edges and widely spaced one from the other are observed. This again 

testifies to the formation of a floating layer (without the need for any surfactant) at the 

air-water interphase (Figure 6.5a). When the compression was started and the 

floating film reached the surface pressure of 2 mN m-1 when the transfer was 

performed, the LS film consists of isolated GeH flakes with an empty space between 

them (Figure 6.5b).  
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Figure 6.5. AFM height images and cross section analysis of GeH layers deposited 

by the Langmuir Schaefer method on functionalized Si wafers at surface pressures 

of: (a) 0 mN m-1, (b) 2 mN m-1, (c) 6 mN m-1 and (d) 10 mN m-1. 

 

If the transfer takes place at higher surface pressure (6 mN m-1) the GeH 

nanosheets are almost in contact with each other, with some voids between them 

(Figure 6.5c). Still further compression of the floating layer to surface pressure of 10 

mN m-1 before transfer results in a closely packed LS film where the GeH form a 

homogeneous and dense monolayer which covers ≥80% of the substrate. The 

average thickness of the GeH flakes is 1 nm as derived from topographical height 

profile (section analysis) corresponding to single germanane layers.86 The 

a) b)

c) d)
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micrographs in Figure 6.5 conclusively prove that the Langmuir Schaefer method 

without the use of a surfactant allows for the homogeneous deposition of sparsely or 

closely packed GeH single layers on substrates, identifying this technique as an 

ideal tool for fabricating thin films of this new 2D material.	 

 

6.3.3 Antimicrobial activity of germanane7 
The antibacterial activity of GeH was evaluated using Escherichia coli (ECO), 

Corynebacterium glutamicum (COR) and Brevibacterium lactofermentum (BRE) as 

model organisms. Overnight exposure of bacteria in aqueous GeH dispersions at a 

concentration of 50 μg/mL inhibits the bacteria growth by more than 80% during the 

first 6 h of growth for both Gram-negative and Gram-positive bacterial strains as 

shown in Figure 6.6. GeH exhibits higher antimicrobial activity against Gram-positive 

bacteria than against Gram-negative ones; probably the more complex cell wall of E. 

coli (see Table 6.1 and Scheme 6.1) acts as a barrier in antimicrobial effect.101 

Similar results were obtained for GeH monolayers deposited on mylar substrates. 

More specifically, the antibacterial activity of GeH thin films was evaluated using the 

same model organisms but this time an antimicrobial drop-test was used and the 

ability of the exposed bacteria to form colonies in a Luria-Bertani growth medium was 

determined. The number of bacterial colonies grown on Luria Broth medium plates is 

shown in Figure 6.7.  

 

																																																								
7 The results of germanane's antimicrobial activity were provided by Prof. Haralambos 
Stamatis (University of Ioannina, Greece) and Prof. Petros Katapodis (University of Ioannina, 
Greece). 
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Figure 6.6. Antibacterial activity of GeH against gram-negative (Escherichia coli) and 

gram-positive (Corynebacterium glutamicum, Brevibacterium sp.) bacteria, after 20 h 

exposure. 

 
Figure 6.7. Typical images of bacterial growth after incubation of bacterial strains (E.	

coli,	Brevibacterium	and	Corynebacterium) on germanane Langmuir-Schaefer films 

on functionalized Si wafer in a Luria Broth medium.  

Escherichia coli 

Brevibacterium

Corynebacterium

Control
Bacterial growth after
incubation on GeH films



Chapter 6  
 

	 127	

Table 6.2. Antibacterial activity of GeH Langmuir-Schaefer films against gram-

negative (Escherichia coli) and gram-positive (Corynebacterium glutamicum, 

Brevibacterium sp.) bacteria, after 20 h exposure. 

Strain  Bacterial inhibition of GeH films 

  Initial Inoculum 

  105 

(CFU/mL) 
106 

(CFU/mL) 
107 

(CFU/mL) 
Escherichia coli  95% 80% 30% 

Corynebacterium glutamicum  >99% 95% 60% 

Brevibacterium sp.  >99% >99% >99% 
 

The bacterial population for all bacterial strains is decreased after the incubation 

on GeH films while the antimicrobial effect of the films depends on the bacterial 

strain. The bacterial population for all bacterial strains decreased after the incubation 

on GeH thin films as shown in Table 6.2. The percentage of bacteria remaining 

viable after the exposure depends on the number of cells that was applied. When 105 

CFU/mL were applied, the antimicrobial effect was more than 95% for all the strains.  

For higher bacterial populations from 106 to 107 CFU/mL the bacterial inhibition of the 

films depends on the bacterial strain. More specifically, the GeH films exhibit a 

remarkable antimicrobial activity against Brevibacterium lactofermentum, this effect 

is slightly lower for C. glutamicum strains and even more for E coli, probably due to 

the more complex cell wall structure (see Table 6.1 and Scheme 6.1). 

Although the antimicrobial mechanism of GeH nanosheets (as well as of other 2D 

materials like graphene oxide101 and MoS2
73) is not clear yet, these results suggest 

that the cell wall of bacteria act as a barrier to the antimicrobial effect. Different 

authors attribute the antimicrobial action of 2D nanomaterials both to physical and/or 

chemical features.64, 101 The atomically sharp edges of the nanosheets can pierce 

the cell membrane causing cell rupture. Possible chemical damage involves an 

oxidative stress either by the lipid peroxidation induced by the reactive oxygen 

species (ROS) of the nanomaterials or by ROS-independent oxidative stress,73 which 

entails that nanomaterials may disturb or oxidize the cellular structure (without ROS 

production)73 leading to cell membrane disintegration. 
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According to our microscopy studies, the GeH nanosheets have been deposited 

flat and uniform on the substrates by the LS method, forming homogeneous and 

closely packed monolayers suggesting that the robust antibacterial activity of the 

GeH should not have been observed if the sharp edges of the nanosheets were the 

main cause for rupture of the cell membrane. 

 

 

6.4 Conclusions 
Germanane, a germanium graphane-analogue is a new inorganic 2D material not 

only with outstanding potential for (opto)electronic applications but can also be 

exploited for its environmental and biological properties. High quality germanane was 

synthesized by the topotatic deintercalation of β-CaGe2 in aqueous HF solution (38% 

w/w) at room temperature for few minutes. A Langmuir-Blodgett trough was used to 

form germanane Langmuir films in the air-water interphase without the use of 

surfactants. The packing density of exfoliated germanane nanosheets could be 

easily controlled from sparsely spaced isolated sheets in a 2D gas to close-packed 

films. These Langmuir films could be efficiently transferred to a substrate using the 

Langmuir Schaefer technique, with perfect control over of coverage, uniformity and 

percentage of single-layer flakes, as confirmed by π-Α isotherms and AFM 

measurements. The antimicrobial activity of GeH coatings and dispersions against 

one Gram-negative bacterial strain and two Gram-positive bacterial strains was 

investigated for first time, revealing that the bacterial populations incubated into 

germanane films were importantly decreased. More specifically, GeH thin films 

exhibit high effectiveness in antimicrobial activity against E. coli and 

Corynebacterium strains for 105 CFU/mL. In addition an extraordinary antimicrobial 

activity against Brevibacterium bacterial strain was revealed for all cell 

concentrations. GeH aqueous dispersions inhibit the bacterial growth for 6 h for both 

Gram-negative and Gram-positive bacteria. The large-scale and facile Langmuir-

Schaefer assembly constitutes a novel method for the design and fabrication of 

uniform germanane monolayers that could be ideally used as a candidate 
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nanomaterial in diverse bio-applications such as high efficiency antimicrobial 

surfaces in hospitals and in the food industry. 
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