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ABSTRACT: Two-dimensional germanene has been recently explored for applications in 

sensing, catalysis, and energy storage. The potential of this material lies on its graphene-like 

optoelectronic and chemical properties. However, pure free-standing germanene cannot be 

found in nature and the synthetic methods are hindering the potentially fascinating properties 

of germanene. Herein, we report for the first time a single-step synthesis of few-layer 

germanene by electrochemical exfoliation in non-aqueous environment. As a result of 

simultaneous decalcification and intercalation of the electrolyte’s active ions, we achieved a 

low-level hydrogenation of germanene that occurs at the edges of the material. The obtained 

edge-hydrogenated germanene flakes have a lateral size of several micrometers which possess 

a cubic structure. We have pioneered the potential application of edge-hydrogenated 

germanene for vapor sensing and demonstrated its specific sensitivity to methanol and ethanol. 



We have shown a selective behavior of the germanene-based sensor that appears to increase 

the electrical resistance in the vapors where methanol prevails. We anticipate that these results 

can provide a new approach for emerging layered materials with the potential utility in 

advanced gas sensing. 

INTRODUCTION 

In pursuit of novel two-dimensional (2D) materials, scientists are keen to complement 

graphene’s capabilities and overcome challenges induced by its zero-bandgap nature, low 

intrinsic optical absorption, inapplicability in the Si/Ge-based semiconductor industry as well 

as low surface reactivity. Recently, 2D allotrope of germanium ‒ germanene ‒ and its 

modifications, low-buckled analogues of graphene, have attracted considerable attention due 

to their unique physical and chemical properties. Germanene is a near-planar hexagonal 

structure with 0.24 and 0.42 nm distances between Ge-Ge atoms and layers, respectively.1 

Free-standing germanene layer was theoretically predicted for the first time in 20092 reporting 

a narrow bandgap opening (about 0.024 eV)1 in contrast to the zero bandgap of graphene. This 

promotes a quantum-spin Hall effect3 and massless Dirac fermions,4 that together with the 

tunable bandgap,5, 6 makes germanene’s use realistic for optoelectronics,7-9 sensing,10-12 energy 

storage,13-15 and catalysis.6, 16, 17 The electronic and magnetic properties of buckled germanene 

are size and geometry determined and can be tuned by strain18, 19 or surface functionalization.20-

22 It is worth noting that germanene stability is low, however, germanene derivates are stable. 

For example, germanane (“hydrogenated germanene”, Ge-H) or methyl germanane (“methyl 

terminated germanene”) are the most stable and studied forms. Nevertheless, it has not been 

electrochemically exfoliated yet from bulk germanium.23 



Various attempts to produce germanene have been demonstrated using top-down and 

bottom-up methods. Recently ultrahigh vacuum (UHV) techniques such as chemical vapor 

deposition and molecular beam epitaxy, together with high-temperature annealing have been 

reported to produce germanene. UHV germanene has been grown on various substrates such 

as Au,24 Pt,25 Ag,26 Al,27 Si,28 graphite,29, and MoS2.
30 Germanene formation is not limited to 

bottom-up synthesis as shown by the electrochemical deposition of germanene in aqueous,1, 31-

34 and nonaqueous medium.35-37 However, electrochemical deposition can be self-limited to 

approximately several germanene layers filled with the defect domains.34 

It has been known that the synthesis of germanene-based materials by deintercalation 

of corresponding Zintl phases (e.g., CaGe2, EuGe2)
38, 39 is a commonly used method. For 

instance, Ge-H was prepared by liquid-phase exfoliation from bulk CaGe2 in concentrated HCl 

at low temperatures.39-42 The as-exfoliated samples possess a direct bandgap (1.55 eV) and 

five times higher carrier mobility in contrast to bulk Ge.39 Later, the same authors reported 

methyl functionalized germanene (Ge-Me) by exfoliation in two-phase system CH3I/H2O; Ge-

Me exhibited higher thermal stability compared to germanane and larger bandgap (1.7 eV).20 

Deintercalation of Ca from bulk CaGe2 using inositol hexakisphosphate acid (IP6) was 

demonstrated to produce germanene sheets; the final product included multiple phases of 

calcium germanides and Ge-based nanosheet bundles.43 Several layers of hexagonal 

germanene by using fluoride diffusion in the CaGe2 crystal have also been reported.44 The 

structures were suitable for high-performance electronic systems. Furthermore, a low-energy 

synthesis of organo- and hydrogen-terminated germanene was proposed using metallic Ge or 

its oxide form (GeO2).
45 Authors describe recyclable quinone/catechol redox reactions as an 



alternative to elemental chlorine/hydrochloric acid in the conversion of Ge and GeO2 to a 

GeCl4. Nevertheless, these developed methods produce low yield of germanene, they are time-

consuming, and complicated in terms of reaction conditions, e.g. aggressive acidic medium, 

and low temperatures. 

Herein, for the first time, we demonstrate a single-step synthesis of low hydrogenated 

germanene (namely, edge-hydrogenated germanene ‒ Hedge-Ge) by low-potential 

electrochemical exfoliation of CaGe2 in 0.01 M tetrabutylammonium chloride (TBACl) in 

acetonitrile (AN). The procedure is based on two simultaneous processes, namely intercalation, 

and decalcification. A detailed study of the structure and surface morphology of the produced 

materials was performed based on a series of microscopic and spectroscopic techniques. The 

sensing ability of the as-exfoliated samples upon the vapor of several volatile organic 

compounds (VOCs) was investigated and performed by using impedance spectroscopy. The 

selectivity analysis of the Ge-enabled sensor was also elucidated while exposure to mixed 

vapors of methanol and ethanol of various ratio was analyzed. This research provides a new 

approach to advanced gas sensing integrated with solution-processed few-layer germanene. 

EXPERIMENTAL SECTION 

Characterization methods. Topological and structural analysis of the exfoliated Hedge-Ge 

samples were performed by Scanning transmission electron microscopy (Jeol7600F SEM) 

operating at 30 kV; Energy-dispersive X-ray analyzer (acquired with silicon drift detector X‐

MaxN 80 TS by Oxford Instruments); Transmission electron microscopy (EFTEM Jeol 2200 

FS microscope) operating at 200 keV; assisted with the selected area electron diffraction 

technique. The morphology of the samples was also described based on the AFM and XRD 



techniques. Atomic force microscopy under ambient conditions with a scan rate of 1 Hz and a 

scan line of 512. The cantilever was is working in a tapping mode with a strain constant of 1.5 

kN m−1 equipped with a standard silicon tip with a curvature radius lower than 10 nm. X-ray 

diffractometry (Bruker D8) in Bragg−Brentano parafocusing geometry and applying Cu Kα 

radiation (λ = 0.1540598 nm, U = 40 kV, I = 40 mA). Dynamic Laser Scattering was used to 

evaluate the particle size distribution using a Zetasizer ZS90 instrument (Malvern Instruments, 

Great Britain). 

Optical properties of the bulk and exfoliated samples were compared employing Raman 

and FTIR spectroscopies. Raman spectroscopy (Renishaw) is equipped with a charge-coupled 

device detector and a 532 nm DPSS laser. A single measurement was performed at ambient 

conditions employing 50× objective, 10 s integration time, and the laser power of 1 mW. 

Fourier Transform Infrared Spectroscopy was performed on an iS50R FTIR 

spectrometer (Thermo Scientific, USA). For the measurement samples were drop coated and 

dried on the gold substrate (200 nm gold film sputtered on the SiO2 wafer). 

X-ray photoelectron spectroscopy was used to confirm the chemical composition and 

binding states of bulk and exfoliated samples. XPS spectra were acquired with a 

monochromatic Al X-ray radiation source (1486.7 eV) and a Phoibos 100 spectrometer 

(SPECS). 

Chemicals. The crystals of CaGe2 were grown according to the published procedures and 

analyses were consistent with previous results.39 Stoichiometric amount of high-purity 

germanium (99.999 %) and calcium (99.9 %), corresponding to 10 g of CaGe2 were placed in 

the 100 ml quartz ampule with an aluminum oxide liner and melt-sealed under a high vacuum 



(1 × 10−3 Pa). The ampule with the reactive mixture was heated at 1050 °C for 1 hours. This 

was followed by the slow cooling at the rate of 0.5 °C min−1. When the temperature dropped 

to normal conditions the formed CaGe2 crystals were transferred from the ampule and stored 

in a glovebox under an inert argon atmosphere. 

TBACl was obtained from Sigma‒Aldrich. Acetonitrile was obtained from LachNer; 

it was dried two times for 24 h over molecular sieves. Ethanol, methanol, acetone, isopropyl 

alcohol, dichloromethane, ethyl acetate, tetrahydrofuran, toluene, and acetic acid were 

purchased from commercial suppliers such as Sigma–Aldrich, Merck, Penta, Fluorochem and 

used without further purification. 

Electrochemical exfoliation of edge hydrogenated germanene. Electrochemical exfoliation 

of Hedge-Ge was carried out in the 50 mL electrochemical cell assembled with working (WE) 

and counter (CE) electrodes. The CaGe2 crystal served as cathode and the WE, and the 

platinum plate of about 1×2 cm2 size was used as the CE. The non-aqueous solution of TBACl 

(0.01 M) in AN was employed as the electrolyte. The whole procedure was performed in an 

oxygen-free atmosphere by purging argon into the electrochemical cell. The exfoliation 

consists of three stages at different potentials. Starting potential of −1 V was applied to the 

anode for 2 min to wet the crystal of CaGe2. It follows by the accumulation of the cations (at 

−2 V for 30 min) in the electrolyte toward WE. The last stage at −2.87 V takes 4–5 hours and 

combines two simultaneous processes: 1) intercalation of the active ions (TBA+) between the 

interlayers of CaGe2; 2) decalcification (removal of calcium) by the crystal’s interaction with 

the anionic environment formed of chloride ions. The as-exfoliated material was collected and 

ultrasonicated for 30 min. Samples were washed in several solvents, namely AN (Hedge-Ge*) 



and 0.01 N acetic acid plus AN (Hedge-Ge**), and vacuum filtrated. Finally, samples were 

stored in AN. 

Germanene-enabled vapor sensor: fabrication and test. Ge-enabled vapor sensors were 

fabricated by drop-casting of the electrochemically exfoliated germanene, namely Hedge-Ge* 

and Hedge-Ge**. To check the resistivity and behavior of contacts between golden electrodes 

and the active material the voltampere characteristics were performed. Vapor sensing 

properties were studied by impedance spectroscopy employing an Autolab PGSTAT204 with 

the impedance module FRA32M controlled and collected by NOVA 2.1 software. The 

frequency range was 0.01 Hz to 500 kHz. The amplitude of measurement was 0.01 V. The 

delay before the measurement was set to 5 min. The measurement was conducted in two-

electrode mode on the prepared sensors. The measurement under ambient conditions was 

employed as a reference. 

RESULTS AND DISCUSSION 

Synthesis and characterization. Synthesis of few-layer Hedge-Ge nanosheets was performed 

by electrochemical exfoliation of CaGe2 crystal in non-aqueous 0.01 M TBACl in AN (see 

details in the Experimental Section). A platinum plate served as the counter electrode. The 

whole procedure was carried out in an oxygen-free environment due to continuous purging of 

argon. The intercalation of the TBA+ ions into CaGe2 interlayers began at a minimum potential 

of −2.2 V (Figure S1), followed by the exfoliation of germanene at −2.87 V. This working 

potential corresponds to the reduction potential of Ca2+.46 After 4–5 hours of electrochemical 

exfoliation, the produced germanene flakes were transferred to a vial and ultrasonicated for 30 



min. To remove residuals of the TBACl, as well as CaCl2 further washing in AN and 0.01 N acetic 

acid were performed by vacuum filtration. 

 

Figure 1. Topological characterization of the electrochemically exfoliated few-layer edge-

hydrogenated germanene nanosheets: AFM image (a), and corresponding height profiles (b). 

A comparative study of the quality and morphology of as-exfoliated germanene was 

complied by a series of micro- and spectroscopic analysis. The high-resolution STEM images are 

illustrated in Figure S2, both samples Hedge-Ge* (washed in AN; Figure S2 a, b) and Hedge-Ge** 

(washed in 0.01 N acetic acid plus AN; Figure S2 c, d) are layered flakes with lateral size of up 

to several micrometers (~1-6 μm). This is consistent with the particle size distribution analysis 

performed by DLS (Figure S3) which shows the presence of the flakes from about 50 nm to 

several micrometers. Darker sheets on the STEM images correspond to thicker flakes of 

germanene and are densely self-aggregated with thinner ones. The AFM analysis confirms 

successful exfoliation of few-layer nanoflakes (Figure S4) as well as micrometer size single- 

and multi-layer germanene (Figure 1). Germanene samples are quite homogeneous with a 

slightly wrinkled surface similar to liquid-processed graphene47 or phosphorene.48 The quality 

of the exfoliated germanene lattice was not affected by the washing procedure. 



Detailed morphological insight of the exfoliated Hedge-Ge was revealed by TEM and 

SAED (Figures 2 and S5), coupled with TEM-EDX analysis (Figure S6). Low-magnification 

TEM image (Figure 2 a) shows well-executed several layers of germanene with lateral size of 

few micrometers. The corresponding SAED pattern (Figure 2 b) exhibited a cubic structure 

with the germanene plane directions at (002) and (111) and confirmed its layered 

configuration. 

 

Figure 2. TEM analysis of electrochemically exfoliated few-layer edge-hydrogenated 

germanene in 0.01 M TBACl/AN. High-resolution TEM images at different magnifications (a, 

c, d) and corresponding SAED pattern revealing a cubic structure (b). The distance between 

the in-plane Ge atoms is 0.54 nm, marked by two white parallel lines (d). 

High-magnification TEM images of Hedge-Ge in Figure 2 c, d showed the in-plane Ge atoms’ 

order in the y-direction with an interatomic distance of 0.54 nm. From the TEM-EDX 

elemental mapping, we confirm the uniform distribution of Ge across the material and traces 



of Ca; the concentration of Ca was 6.9% after cleaning samples with AN (Figure S6 a–c) and 

significantly decreased (up to 1.5%) after the additional washing in acetic acid (Figure S6 d–f). 

It has to be pointed out that the structure of germanene sheets becomes silkier as the amount 

of Ca is reduced. 

Structural characterization of the Hedge-Ge structure was performed by Raman and 

FTIR spectroscopies (Figure 3). Analysis of the Raman spectra revealed the formation of the 

2D lattice (Figure 3 a) demonstrated by the intense E2g mode (Ge-Ge stretch) at 302 cm−1 for 

both Hedge-Ge* and Hedge-Ge** samples. The evident 67 cm−1 redshift further confirmed the 

successful exfoliation of 2D germanene from bulk CaGe2. This is also consistent with the slight 

redshift of E2g mode compared to the 297 cm−1 for crystalline germanium accordingly.39 The 

second emerged A1g vibrational mode at 226 cm−1 affirms the Ge-H signature which almost 

disappears after the thorough cleaning of the as-exfoliated samples. The appearance of the A1g 

mode is caused by a low-level hydrogenation of the germanene.39 FTIR characteristics are in 

good agreement with the Raman spectroscopy results and further validate the exfoliation of 

edge-hydrogenated germanene (Figure 3 b). FTIR spectra exhibit two main modes at 808 and 

649 cm−1 for Hegde-Ge* and 798 and 679 cm−1 for Hegde-Ge**. The vibrations are assigned as 

bend (808 and 798 cm−1) and wag modes (649 and 679 cm−1) that originate from the Ge-H2 

bending order from the nearest Ge atoms at the edges within the Ge lattice.49, 50 For a Hedge-Ge** 

sample with a considerably less amount of Ge-H groups, these peaks shift to lower 

wavelengths. We did not observe the presence of the intense and broad vibrational modes at 

∼2000 cm−1 or in the range 800–1000 cm−1 that are the signature for increased hydrogen 

concentration (Ge-H stretching) or oxidation (Ge-O-Ge and Ge-O vibrations), respectively.51, 52 



 

Figure 3. Raman (a) and FTIR (b) spectra of the electrochemically exfoliated few-layer edge-

hydrogenated germanene, where Hedge-Ge** ‒ washed in 0.01 N acetic acid and acetonitrile, 

Hedge-Ge* ‒ washed in AN only, CaGe2 – initial crystal. 

The X-ray powder diffraction was conducted to analyze the structure of the Hedge-Ge 

framework and compare it to bulk CaGe2 (Figure 4a). The analysis of the XRD pattern of Hedge-

Ge revealed its cubic Fd-3m symmetry (PDF card: 04-014-2572) and agreed with the SAED 

patterns (Figures 2 and S5) and literature.41 Compared to the original CaGe2 unit cell 

parameters of a = 3.987 Å, c = 30.583 Å, the unit cell parameters of Hedge-Ge (with a = 3.621 Å 

and c = 5.621 Å) demonstrate a slight contraction in the a-direction and expansion in the c-

direction due to the formation of the Ge-H2 bonds between each layer. The low-intensity, broad 

peak at 13.3° is assigned to the (002) plane of hydrogenated germanene that indicates an 

interlayer spacing of 3.34 Å. Contrary to previously published results,53 this spacing is very 

close to the distance between non-functionalized bilayered germanene24, 28 and refers to its 

low-level hydrogenation that occurred at the edges. The peaks at 26.0° and 27.4° scattering 

angles are assigned to the (100) and (111 ) diffraction reflection, respectively. Their narrower 



full-width-at-half-maximum compared to the (002) peak indicates a disorder along the c-axis, 

which is common in layered materials and particularly in buckled germanene.39 The less 

intense peak at 45.6° is assigned to the (220) plane reflection of germanium. The presence of 

Bragg reflections at high angles in the XRD pattern indicates the periodic nature and 

polycrystallinity of the exfoliated samples. The peaks at 17.2°, 18.3° and 35.4° were attributed 

to the residuals of CaGe2. 

 

Figure 4. Structural analysis of the electrochemically exfoliated few-layer edge-hydrogenated 

germanene. The XRD spectra (a), where the elemental germanium is marked with the asterisk (*) 

and residuals of CaGe2 marked as rhomb (). The peak at 18.2° scattering angle belongs to 

CaGe2O5.
54 The wide survey XPS of Hedge-Ge and high-resolution spectra of Ge 2p (b). 

X-ray photoemission spectroscopy (XPS) was employed to further investigate the 

bonding configuration of the as-exfoliated Hedge-Ge. The XPS survey and Ge 2p spectra are 

demonstrated in Figure 4 b. Wide-scan survey spectra confirmed the presence of Ge, C, O as 

well as Au (samples were drop casted on top of a gold substrate). The values were referenced 

to an adventitious carbon peak at 284.8 eV, but the absolute values are mainly for illustration 



due to sample charging and its semiconducting behaviour.55 The Ge 2p spectra were fit with 

three peaks representing elemental germanium at ∼1216.1 eV (green area), Ge−H at 

∼1219.0 eV (red area), and traces of Ge−O at ∼1222.8 eV (blue area) that originate from the 

surface oxidation of germanane. The results demonstrate insignificant oxidation of as-

exfoliated germanene and confirmed its surface termination with low-level hydrogenation. 

Hedge-Ge‒enabled vapor sensor. Efficient detection of volatile organic compounds in human 

breath or environmental surroundings is significant for healthcare,56, 57 and ecology.58 The use 

of 2D materials has been widely explored for the detection of VOCs and gases,59 where the 

intrinsic electrical conductivity60, 61 (charge transfer, bandgap value) of the materials was 

considered. For instance, several investigations describe the influence of volatile molecules on 

2D surfaces such as metal nanoparticles, metal oxides nanostructures,62-64 MoS2,
65 WS2,

66 

BN,67 graphene,60, 68-70 silicene,71 phosphorene.72-76 Recently hydrogenated germanene as a 2D 

graphene analog has been rightly considered for gas sensing yet based on the theoretical 

study.10 To date, the only research shows the ability of germanene to detect toxic NH3, NO2, 

and SO2 gas molecules, in particular NO2 gas, due to its strongest interaction with the 

germanene (adsorption energy is 273.72 meV) and highest charge transfer value. 

After having verified the successful exfoliation of few-layer germanene, planar vapor 

sensors integrated with Hedge-Ge* and Hedge-Ge** were fabricated (see details in the 

Experimental Section) to evaluate their electrochemical performance to the exposure of the 

VOCs. The response of the Ge-enabled sensors to the presence of VOCs has been examined 

by impedance measurements (Figure 5 and S8). The sensors have been exposed to 

concentrated ethanol (EtOH), methanol (MeOH), acetone, isopropyl alcohol (IPA), 



acetonitrile, dichloromethane, ethyl acetate, tetrahydrofuran, and toluene. Initial electrical 

resistivity of the sensors based on Hedge-Ge* and Hedge-Ge** were 0.24 and 0.80 kΩ, 

correspondingly, and has been stable after the multiple tests. It has been demonstrated that both 

sensors are sensitive to the presence of EtOH, MeOH, IPA, and acetone (Figures 5 a, S7 a). 

In addition, the electrical resistivity increases noteworthily after the sensors are placed in the 

saturated vapors of the mentioned VOCs. (Figures 5 b, S7b). 

 

Figure 5. Hedge-Ge**-based vapor sensor characterization: Bode (a, c) and corresponding 

Nyquist diagrams (b, d). The initial resistivity of the germanene-based gas sensor is about 

0.24 kΩ. 

The sensitivity analysis of the Ge-based sensor is represented by Bode diagrams which 

exhibit the frequency and phase shifts of the peak maximum upon the adsorption of the VOCs 

(Tables S1 and S2). The impedance phase spectra show two prominent peaks at the resonance 

frequency of about 64 and 60 kHz (Hedge-Ge*-based sensor) as well as 5 and 1 kHz (Hedge-Ge**-



based sensor) in presence of MeOH and EtOH vapors, respectively. The phase shift at the peak 

maximum at approximately 16° and 14° (Hedge-Ge*‒based sensor), as well as 12° and 18° 

(Hedge-Ge**‒based sensor) has confirmed the sensitivity of both sensors towards MeOH and 

EtOH. The less intense response upon exposure to IPA and acetone was recorded for both 

sensors although with the stronger sensitivity of Hedge-Ge**. The results indicate that Ge-based 

sensors demonstrate specific sensitivity to MeOH and EtOH caused by their highest polarity 

and thus strongest interaction with germanene surface. 

Additionally, the selectivity of the Ge-based sensors toward methanol over ethanol was 

evaluated by using a mixture of concentrated solutions in the following ratio of EtOH to MeOH 

such as 1:1, 1:3, 1:5, 1:7, 1:10, and vice versa (Tables S3 and S4). As shown in Figure 5 c, 

the frequency of the peak maximum for Hedge-Ge*‒based sensor is blueshifted when MeOH 

predominates and redshifted when EtOH predominates. Based on the Nyquist diagrams 

(Figure 5 d), the phase maximum increases from approximately 10° to 23° with the higher 

concentration of MeOH in the solution and, consequently, decreases from 23° to 17° when the 

amount of EtOH prevails. A similar dependence of the frequency and phase of the peak 

maximum is observed for the sensor integrated with Hedge-Ge** (Figure S8). The increased 

electrical resistance under the MeOH vapors and decreased under the EtOH vapors is due to 

the better affinity of the Ge-based electrode toward the less polar but more symmetric MeOH. 

CONCLUSIONS 

In conclusion, we have presented the electrochemical exfoliation of few-layer germanene with 

a low level of hydrogenation for the first time. We have showed that the exfoliation is based 

on two simultaneous processes, namely decalcification (Ca deintercalation) and intercalation 



(insertion of TBA+ cations). Based on a series of analyses we have confirmed the edge-

hydrogenated form of germanene and its cubic structure. We have demonstrated a germanene-

enabled vapor sensor detecting several organics such as methanol, ethanol, isopropyl alcohol, 

and acetone. Furthermore, we have shown the selectivity of the germanene-based sensor to 

methanol over ethanol; the sensor exhibits an increase of the electrical resistance in the vapors 

where methanol predominates. Overall, the noticeable changes in the electrical resistance will 

help to distinguish between the volatile organic compounds. This research is highly beneficial 

for the top-down synthesis of emerging monoelemental 2D materials and their great potential 

for gas sensing. 
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