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2D monoelemental group 14 materials beyond graphene, such as silicene and 
germanene, have recently gained a lot of attention. Covalent functionalization 
of group 14 layered materials can lead to significant tuning of their proper-
ties. While optical and electronic properties of germanene, silicene, and their 
derivatives have been studied in detail previously, there is no information on 
their electrochemistry and toxicity. Herein, electrochemical applications of 2D 
siloxene, germanane, and methylgermanane, specifically for detection of an 
important biomarker, dopamine, as well as catalyzation of oxygen reduction 
and hydrogen evolution reactions, which are important in energy applica-
tions, are explored. Among the three materials, germanane portrays most 
superior properties for the electrochemical applications mentioned. All three 
materials possess fast heterogeneous electron transfer rates, relative to bare 
glassy carbon electrodes. In addition, toxicity studies of these materials are 
conducted to gain insights on their possible harmful effects toward human 
health. The results of this study show siloxene nontoxic while germanane and 
methylgermanane impose dose-dependent toxicity. Interestingly, methylation 
successfully reduce the toxicity of methylgermanane at lower concentrations. 
These studies provide fundamental insights into electrochemical and toxic 
properties of functionalized group 14 layered materials for future electrochem-
ical applications.

1. Introduction

The groundbreaking research on gra
phene[1] has ignited intense interest in 
various 2D elemental nanomaterials.[2−9] 
These materials include group 14 mono
elemental graphene analogs known as 
silicene and germanene. Similar to gra
phene, they are 2D materials arranged 
in a honeycomb structure.[10] However, 
they have buckled sheets unlike graphene 
which is planar.[11,12] They exhibit similar 
promising electronic properties to gra
phene including low effective masses and 
high carrier mobilities but have a simi
larly negligible bandgap, which restricts 
their applications in electronics.[13] In 
addition, silicene and germanene are 
mainly synthesized on substrates due 
to lack of thermodynamic stability.[2,14] 
Hence, various modifications of silicene 
and germanene have been carried out to 
improve their stability and increase their 
bandgaps. Several modified silicene and 
germanene analogs were reported, e.g., 
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siloxene (Si6H3(OH)3), germanane (Ge6H6), or methylger
manane (Ge6(CH3)6) (Scheme 1).

Siloxene, germanane, and methylgermanane can be prepared 
by topochemical deintercalation of their Zintl phases. Siloxene 
is H and OH modified silicene, prepared by topochemical 
deintercalation of Zintl phase CaSi2.[15−18] CaSi2 possess intercon
nected Si6 rings in puckered arrangements held together by Ca2+ 
cations in a planar layered structure. These Ca2+ interlayers can 
be removed without disrupting the Si sheets, leaving each Si atom 
terminated by either H or OH. Siloxene is reported to be sem
iconducting and has a direct bandgap.[19] Meanwhile, germanane 
which is essentially hydrogenterminated germanene is typically 
prepared by topochemical deintercalation of CaGe2.[20] The hydro
genation termination of germanene results in the opening of 
bandgap which alters its electronic properties.[21] Germanane is 
semiconducting, possesses a direct bandgap with strong infrared 
photoluminescence.[22] Other unique properties of germanane 
include thermal stability and high resistance towards oxida
tion.[22] On the other hand, methylterminated germanene, meth
ylgermanane, was first synthesized by Jiang et  al.[23] and found 
to be semiconducting and have a direct bandgap of 1.76  eV.[24] 
Some interesting properties of methylgermanane includes strong 
photo luminescence, band edge fluorescence as well as improved 
thermal stability.[23] Methylgermanane is also reported with 
higher resistance against oxidation than germanane.[23]

Due to their unique and promising properties, these mate
rials have been extensively explored for several applications. 
Siloxene has been reported as a promising photocatalyst for 
efficient watersplitting reactions,[19] an anode material in Na+, 
Li+, and K+ ion batteries,[25] and a novel material for electrodes 
used for highperformance supercapacitor.[26] Germanane is 
reported to exhibit photocatalytic properties toward hydrogen 
generation through water splitting and hydrolysis of ammonia–
borane complex.[27,28] Methylgermanane has been reported as a 
fluorescence marker on nanographene–platinum microrobots 
and photocatalysts for hydrogen generation.[27−30]

To the best of our knowledge, electrochemical applications 
of siloxene (Si6H3(OH)3), germanane (Ge6H6), and methylger
manane (Ge6Me6) remain unexplored. In this study, we focus 
on investigating their electrochemical detection and cata
lyzation properties specifically for detection of an important 
biomarker, dopamine (DA), as well as the catalysis of impor
tant energy reactions, which includes the oxygen reduction and 
hydrogen evolution reactions (ORR and HER). In addition, we 
further examine their toxic properties to understand the safety 
risks they may pose to the human health. Prior to any electroa
nalysis studies, the materials were characterized to deeper com
prehend their respective properties.

2. Results and Discussion

2.1. Characterization Studies

Scanning electron microscopy (SEM) in Figure  1A–C shows 
all materials with structural features typical of their bulk 
forms. Siloxene (Figure  1A) and methylgermanane (Figure  1C) 
appear to have sheetlike morphologies,[26,30] while germanane 
(Figure 1B) appears to have a layered blocklike morphology with 
more angular edges.[27] Elemental maps obtained from energy 
dispersive spectroscopy (EDS) show homogeneous distribution 
of Si and O for siloxene (Figure S1A, Supporting Information), 
Ge for germanane (Figure S1B, Supporting Information), and Ge 
and C for methylgermanane (Figure S1C, Supporting Informa
tion). Oxygen is observed on germanane and methylgermanane 
indicating small degree of material oxidation whereas carbon is 
observed only on germanane attributing to carbon from carbon 
tape and adventitious carbon from the environment. In addi
tion, atomic force microscopy (AFM) was conducted to study 
the thickness and size of the materials (Figure S2, Supporting 
Information). The results obtained show that siloxene have 
width ranging between 2 and 3 µm while its thickness varies 
from about 100 to 800  nm. Similarly, methylgermanane pos
sess width ranging from 2 to 3.5 µm but with thickness of only 
100 to 300 nm. Germanane has the largest size as its width was 
measured as 4 µm and with thickness of about 200 nm.

The materials were then characterized by Xray powder dif
fraction (XRD) and highresolution transmission electron 
microscopy (HRTEM). From the XRD analyses (Figure 2), the 
diffuse peaks suggest that the materials are more amorphous 
than crystalline, which is in accordance with 2D nature of these 
materials. From the XRD, the interlayer distance between two 
methylgermanane (GeMe) sheets is 8.9 Å (2θ 10.0°). Germanane 
(GeH), which contains less bulky hydrogen instead of methyl 
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Scheme 1. Chemical structure of siloxene (Si6H3(OH)3), germanane 
(Ge6H6), and methylgermanane (Ge6(CH3)6).

Figure 1. SEM images of A) siloxene, B) germanane, and C) methylgermanane.
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groups, has interlayer distance 5.7 Å (2θ 15.6°). For siloxene, 
the interlayer distance is about 6.4 Å (2θ 13.8°). These amor
phous structures were also confirmed by HRTEM (Figure S3,  
Supporting Information). All materials contain traces of 
residual germanium or silicon (labeled by star in Figure  2), 
respectively.

Next, Xray photoelectron spectroscopy (XPS) was employed 
to further confirm the elemental compositions of the materials. 
The XPS survey scans in Figure S4A–C (Supporting Informa
tion) show Si, Ge, C, and O peaks as anticipated. C and O peaks 
are seen due to surface functionalization, oxidation of mate
rials or exposure to adventitious C and O. In addition, Cl peaks 
are found in siloxene and germanane while an iodine peak is 
observed in methylgermanane as methyl iodide was involved 
in the preparation of materials. These impurities have been 
previously reported in other studies.[20,23] Highresolution XPS 
(HRXPS) was conducted to deeper analyze the success of mod
ification and the corresponding chemical environments of the 
materials. The modification of silicene to siloxene leads to the 
formation of H and OH bonds on Si.[16] These bonds can 
be confirmed from HRXPS Si 2p and O 1s scans. The Si 2p 
scan (Figure 3A) shows two peaks centered at 102.4 and 99.8 eV, 

which are attributed to Si–O and Si–H peaks, respectively.[19,26,31] 
An O 1s scan of siloxene (Figure S4D, Supporting Information) 
shows two peaks centered at 531 and 529.8  eV attributed to 
Si–O and adventitious oxygen (e.g., intercalated water) peaks, 
respectively.[26,31] Adventitious oxygen is present due to expo
sure of samples to the atmosphere. The modification of cal
cium germanide to germanane and methylgermanane resulted 
in the formation of GeH and GeC bonds respectively. From 
HRXPS Ge 3d scans of germanane (Figure  3B) and methyl
germanane (Figure 3C), peaks centered at 29.8 and 31.1 eV are 
observed and attributed to GeH and GeC, respectively.[27,28] 
The successful formation of H and C bonds on Ge are con
firmed by peak shifts to higher binding energies relative to ele
mental Ge.[32] Ge–C resulted in a larger shift in binding energy 
as compared to GeH as electronegativity of C is higher than 
H.[33,34] In addition, C 1s peak belonging to Ge–C was observed 
at 282.3 eV confirming the bonding of C on Ge.[30] Other peaks 
obtained from HRXPS of O 1s and C 1s (Figure S4E–I, Sup
porting Information) are attributed to adventitious C and O due 
to the exposure of materials to the atmosphere.

The materials were then characterized by Fourier trans
formed infrared (FTIR) spectroscopy. The FTIR spectrum of 
siloxene (Figure S5A, Supporting Information) shows dis
tinct peaks corresponding to Si–OH and SiH at 1008 and 
2104 cm−1.[25,26,31,35] FTIR spectra of germanane (Figure S5C, 
Supporting Information) and methylgermanane (Figure S5E, 
Supporting Information) both show absorption bands corre
sponding to H2O (1635 cm−1). In addition, methylgermanane 
possess absorption bands for Ge–C (530 cm−1) and CH3 at 
769, 1236, and 2906 cm−1 while germanane have GeH bands 
at 472 and 1998 cm−1.[20,22,23,36] Following that, the crystallinity 
and bonding nature of the materials were studied by Raman 
spectroscopy. Figure S5B (Supporting Information) shows the 
Raman spectrum of siloxene with one main band at 497 cm−1 
corresponding to Si–O vibrations. Several weaker bands are also 
observed at 380 cm−1 consistent with Si–Si vibrations as well as 
636, 732, and 2119 cm−1 attributed to SiH vibrations.[19–26,31] 
Raman spectra of germanane (Figure S5D, Supporting Infor
mation) and methylgermanane (Figure S5F, Supporting Infor
mation) have observable peaks at ≈300 cm−1 consistent with the 
GeGe vibration E2 mode.[22,36] These characterization results 
are in close agreement to our previous work which implies suc
cessful synthesis of materials.[37]

As the experiments were performed in the aqueous condi
tions, stability of these materials could be an issue. Therefore, 
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Figure 2. XRD spectra of methylgermanane, germanane, and siloxene. Star 
labeled peaks correspond to residual germanium or silicon, respectively.

Figure 3. HR-XPS scans of A) Si 2p from siloxene, B) Ge 3d from germanane, and C) Ge 3d from methylgermanane.
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stability test of these materials were performed by measuring 
FTIR and Raman spectra before and after 1 week in water. 
According to the spectra, there is no obvious change in mate
rial composition (Figures S6 and S7, Supporting Information). 
FTIR spectra were measured on diamond ATR, therefore, the 
scale between 1950 and 2200 cm−1 is not displayed.

2.2. Fundamental Electrochemical Studies

Understanding fundamental electrochemical properties of 
materials is important for their prospective applications. 
Inherent electrochemical properties of siloxene, germanane, 
and methylgermanane were explored to understand their 
intrinsic redox behavior upon application of an electrochemical 
potential. To study this, glassy carbon (GC) electrodes were 
modified by these materials respectively and cyclic voltam
metry was performed over a potential range of −1.5 to +1.5  V 
in phosphate buffered saline (PBS) electrolyte as presented 
in Figure 4A. From the results, an irreversible oxidation peak 
is observed at +0.7  V for methylgermanane while the others 
have negligible redox peaks. This implies that oxidation of 
Ge+ to higher oxidation states, possibly Ge2+/3+, have occurred. 
One possible reason is that a few Ge atoms are still exposed 

on the surface of the material as the bulky methyl groups are 
not fully covering the Ge layers, resulting in the occurrence of 
oxidation.[38] Since inherent properties may limit the operating 
potential window of materials, the absence of peaks in siloxene 
and germanane allows more opportunities for prospective elec
trochemical applications.[39,40]

Next, we set forth to study the rate of heterogeneous 
electron transfer (HET), an important factor for assessing the 
compatibility of material for electrochemical applications. A 
fast HET rate suggests fast kinetics and is therefore a desir
able attribute of a prospective electrode material. To study 
HET, cyclic voltammetry of [Fe(CN)6]3−/4− redox probe in KCl 
(0.1 m) with material modified electrodes were studied. The 
results in Figure 4B show shifts in cathodic and anodic peaks, 
which brought about a change in peaktopeak separation (ΔEp). 
The ΔEp values are presented in Figure  4C. Germanane and 
methylgermanane have lower ΔEpvalues of 155 and 138  mV, 
respectively, while siloxene has a higher ΔEp of 248 mV which 
suggest HET rates for germanium materials are relatively 
higher. Nevertheless, all three materials possess smaller ΔEp 
than GC which implies that modification of electrode with these 
materials can successfully improve HET rates. To confirm this, 
HET rate constants (kobs

0 ) were then obtained from ΔEp values 
which are presented in Table S1 (Supporting Information). The 
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Figure 4. Cyclic voltammograms (CVs) of GC, siloxene, germanane, and methylgermanane in A) PBS (50 × 10−3 m), B) [Fe(CN)6]3−/4− redox probe 
(10 × 10−3 m) in KCl (0.1 m), and C) peak-to-peak separations (ΔEp) with their corresponding standard deviation. All measurements are performed 
using Pt counter electrode at a scan rate 100 mV s−1 versus Ag/AgCl reference electrode.



www.afm-journal.dewww.advancedsciencenews.com

1910186 (5 of 11) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

calculated kobs
0  of siloxene is 5 times higher than that of GC, 

while the calculated kobs
0  of germanane and methylgermanane, 

2.01 × 10−3 and 2.57 × 10−3  cm s−1 respectively, are ≈17 and 
21 times higher than the kobs

0  of GC (1.18 × 10−4 cm s−1). In a nut
shell, germanane and methylgermanane have high HET rates 
(compared to GC), which is a favorable property for electrode 
materials in electrochemical applications.

2.3. Electrochemical Detection

Generally, due to high HET rates, 2D materials can be inte
grated on electrode surfaces to increase selectivity and 
sensitivity of electrochemical sensors to target molecules.[41,42] 
Properties such as large surface area, enhanced mass trans
port, excellent signaltonoise ratios, and high sensitivity have 
resulted in the vast incorporation of 2D materials in sensing 
applications.[43] DA is a vital neurotransmitter in the brain for 
optimal performance of the central nervous system, cardiovas
cular system, and hormonal system. DA in abnormal levels 
has been known to lead to conditions such as Parkinson’s dis
ease, schizophrenia, attention deficit hyperactivity disorder, 
and restless legs syndrome (RLS).[44] However, detection of 
DA is challenging owing to its low physiological concentration 
along with interferences from other biomolecules, specifically 

ascorbic acid (AA) and uric acid (UA), due to overlapping oxi
dation potentials.[45,46] Since then, novel 2D materials have 
been explored to enhance selectivity and sensitivity of DA 
detection.[45–51] Commonly reported materials are carbonbased 
and goldbased materials.

As DA is an electroactive species, cyclic voltammetry (CV) 
and differential pulse voltammetry (DPV) were performed 
to evaluate the performance of siloxene, germanane, and 
methylgermanane modified electrodes for selective detection 
of dopamine. The redox reaction of dopamine involves two 
electrons transfer to form dopamine oquinone and this two 
electrons transfer can be detected electrochemically.[52] Since 
DA commonly coexists with AA and UA in biological sam
ples, a selective detection is highly desired. CV was performed 
with the modified electrodes in a solution mixture containing 
AA (1.0  × 10−3 m), UA (0.1  × 10−3 m), and DA (0.1  × 10−3 m). 
These respective concentrations are chosen as the commonly 
reported linear range of AA is generally higher than that of 
UA and DA.[46] From Figure  5A, two distinct peaks are seen 
from the germanane modified electrode (green line) at +0.42 
and +0.61  V. Similarly, the methylgermanane modified elec
trode (purple line) show distinct separation of peaks at +0.38 
and +0.65  V. However, peak currents from methylgermanane 
are significantly lower than that of germanane. This suggests 
that methylgermanane possesses selectivity but lacks sensi
tivity. Bare GC (blue line) and siloxene modified electrode (red 
line) both have negligible peak separations which eliminates 
siloxene as a material for selective detection of DA.

After establishing germanane as the most promising mate
rial with high selectivity and sensitivity, the identities of the 
peaks were investigated. In Figure 5B, germanane was utilized 
to detect AA, UA, and DA simultaneously and individually as 
a comparison. The peak potentials of AA and UA are observed 
to be close to each other specifically, at +0.31 V (red line) and 
+0.40 V (blue line) respectively. As the peaks are close together, 
simultaneous detection of the UA and AA results in an overall 
broad peak centered at +0.42  V as seen in the simultaneous 
scan (black line). However, the peak potential of DA is found 
at a higher potential of +0.64 V (green line) and is reflected as a 
separate peak in the simultaneous scan (black line). This shows 
that the germanane modified electrode can separately detect 
DA from AA and UA due to its higher peak potential. Hence, 
germanane can aid in the selective detection of DA with good 
sensitivity.

Following that, DPV was used for calibration studies of DA. 
In Figure S8A (Supporting Information), an increase in peak 
currents with increasing concentration of DA is observed. The 
respective current peaks are obtained and plotted against the 
concentration of DA (Figure S8B, Supporting Information). In 
the range of 30  × 10−6 to 100  × 10−6 m of dopamine, a linear 
relationship was obtained with a correlation coefficient of  
R2 = 0.988. The limit of detection (LOD) and limit of quantifica
tion (LOQ) values were found to be 19.1 × 10−6 and 63.9 × 10−6 m  
respectively. To calculate sensitivity, the electroactive surface 
area is foremostly required. CVs were performed for the ger
manane modified electrodes in ferro/ferri at different scan rates 
(Figure S9A, Supporting Information). The measured anodic 
current is plotted against square root of scan rate, showcasing a 
linear relationship which implies a diffusion controlled process 
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Figure 5. A) Cyclic voltammograms (CVs) obtained with GC, siloxene, 
germanane, and methylgermanane modified electrodes with simulta-
neous addition of AA (1.0  × 10−3 m), UA (0.1  × 10−3 m), and DA  
(0.1 × 10−3 m). B) CVs obtained with germanane modified electrode with 
simultaneous addition of AA, UA, and DA (black line); AA only (red line); 
UA only (blue line); and DA only (green line). These measurements were 
performed in PBS (50 × 10−3 m) using Pt counter electrode at a scan rate 
of 100 mV s−1 versus Ag/AgCl reference electrode.
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(Figure S9B, Supporting Information). At the same time, the 
gradient obtained from RandlesSevcik equation,

i nFAC
nFvD

RT
0.446p

0 0
1/2

= 







 
(1)

was used to compute the electroactive surface area, A. Sensi
tivity is then obtained to be 0.308 µA µM−1 cm−2. Stability of 
germanane modified electrodes after 1, 3, and 6 days were inves
tigated by monitoring the changes to DA peak obtained from 
DPV (Figure S10A, Supporting Information). The peak potentials 
were found to be unaltered but a slight decrease in peak currents 
were observed. As compared to the initial current measured 
on day 1, peak currents on day 3 and day 6 decreased to 94% 
and 90%, respectively (Figure S10B, Supporting Information). 
These decrease are near negligible which show that germanane 
modification on GC electrodes have relatively high stability. 
Additionally, the effect of pH on the detection properties of DA 
was investigated. Figure S11 (Supporting Information) present 
voltammograms of germananemodified electrodes in the pres
ence of DA, UA, and AA at varying pH of 2, 4, 6, 7, 8, and 10. 
From the results obtained, pH 6, 7, and 8 have distinct separa
tions of DA peaks from UA and AA, allowing selective detec
tion of DA. These peaks were found at the same potential of 
+0.64  V. However, peak current in pH 7 is found to be twice 
as high as that in pH 6 and 8. There are no observable peak 
separations in pH 2, 4, and 10. This shows that a neutral pH is 
optimum for detection of DA whereas acidic and alkaline pH 
diminish the selectivity of DA detection.

Previously, 2D siloxene sheets have been reported as a 
novel electrochemical sensor for selective dopamine detection. 
Ramachandran et  al.[53] showed that these 2D siloxene sheets 
possessed great improvements in performance as compared to 
the materials studied herein. This is due to their thin sheetlike 
nature which directly suggest that size greatly influence the per
formance of siloxene as material for sensor. Hence, reducing 
the size and thickness of germanane and methylgermanane 
could also possibly improve their performance tremendously.

2.4. Electrocatalytic Performance

In this section, we report on the electrocatalytic performances 
of siloxene, germanane, and methylgermanane in energy 
applications, specifically for the ORR and HER. ORR is an 
essential cathode reaction in fuel cells for energy production 
while HER is the cathodic half reaction for water splitting in 
fuel production.[54,55] These are important reactions in energy 
applications and several studies aiming at improve their costs 
and efficiency have been conducted. To date, noble metals such 
as platinum (Pt) remain to be the best performing catalyst with 
highest efficiency but are not economically favorable.[56] As 
such, the search for cheaper alternatives with similar catalytic 
efficiency is growing.

Electrocatalytic performance toward ORR was investigated 
by linear sweep voltammetry (LSV) in KOH (0.1 m). Their 
performances are compared with the catalytic performance of 
Pt, more commonly used in the form of Pt/C.[55] In ambient 
conditions (solid lines), the cathodic current decreases due 

to a direct 4electron reduction pathway from O2 to H2O in 
aqueous solution.[57] From Figure 6A, the respective reduction 
peaks attributed to ORR were clearly observed. The identities 
of these ORR peaks were verified by conducting the experi
ments in N2purged conditions (dotted lines) in which the 
peaks are absent in oxygenfree conditions. The electrocatalytic 
ORR performances of the materials were analyzed using onset 
potentials; the potential at which 10% of the maximum current 
is reached, as presented in Figure 6B. Overall, the onset poten
tials of siloxene, germanane, and methylgermanane are higher 
than Pt/C indicating weaker ORR catalytic performance. None
theless, germanane possesses a slightly lower onset potential 
than bare GC, −0.28 and −0.29 V respectively, but siloxene and 
methylgermanane have slightly higher onset potentials than 
bare GC specifically, −0.32 and −0.29 V respectively, indicating 
unfavorable electrocatalytic performance for ORR.

Next, electrocatalytic performance toward the HER was 
investigated by LSV in H2SO4 (0.5 m) (Figure 7A) and analyzed 
by comparing their respective overpotential; that is, the poten
tial at which the current density of −10  mA cm−2 is achieved. 
Overpotential is commonly used as a performance indicator of 
the HER efficiency in energy applications, with lower overpo
tentials indicating higher catalytic performance for the HER.[58] 
It is clear that Pt/C has the lowest overpotential of −0.14 V indi
cating superior electrocatalytic performance toward the HER 
as compared to others. Siloxene and methylgermanane have 
higher overpotentials than GC indicating poorer electrocatalytic 
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Figure 6. A) Linear sweep voltammograms for ORR in ambient (solid 
line) and N2-purged (dotted line) conditions. B) Average onset potentials 
with respective standard deviations of GC, siloxene, germanane, methyl-
germanane, and Pt/C. All measurements were performed in KOH (0.1 m) 
using Pt counter electrode at a scan rate of 5  mV s−1  versus Ag/AgCl 
reference electrode.
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performance for the HER but germanane has a lower overpo
tential than bare GC, −1.04 and −1.11 V respectively, suggesting 
improved electrocatalytic performance for the HER. Similar to 
the ORR, only germanane showed improvement as the catalyst 
for the HER in comparison to bare GC. Apart from the HER 
overpotential, Tafel slopes also evaluate the electrocatalytic 
ability for the HER and is employed to deduce the rate lim
iting step of a material. Tafel slopes, b, are obtained by plotting 
the linear range fitted to the Tafel equation of η  = a  + b log 
|j|, where η is the overpotential and j is the current density as 
shown in Figure 7B. Following are possible rate limiting steps 
of the HER[59,60]

( ) + →
+ ≈

+ −

−

Adsorption Volmer process : H O e

H H O; 120 mV dec
3

ads 2
1b  

(2)

( )

( )

+ + →
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+ → ≈

′ + −

−

−

a.Desorption Heyrovsky process : H H O e
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ads 3

2 2
1

ads ads 2
1

b

b
 (3)

The first step of the HER is the formation of hydrogen atoms 
by adsorption followed by either a Heyrovský or Tafel desorp
tion step. Out of the three materials, germanane produces the 
lowest Tafel slope value of 184 mV dec−1 while the Tafel slope of 
siloxene and methylgermanane are higher, specifically 202 and 
303  mV dec−1, respectively. Tafel slopes of all three materials 
suggest the rate liming step to be a Volmer adsorption process, 
similar to that of bare GC (150 mV dec− 1). Germanane has the 
best performance as an electrocatalyst for the HER among the 
three materials.

When comparing with other monoelemental materials, 
siloxene, germanane, and methylgermanane have better HER 
performances than bulk pnictogens but weaker than shear 
exfoliation pnictogen nanosheets.[61] For ORR, these function
alized group 14 materials possess comparable performance 
to triplelayered and doublelayered graphene but are weaker 
then fewlayered 3D graphene and graphene with low oxygen 
content.[62,63] However, it should be mentioned that ORR on 

graphene is often driven by residual Mnbased impurities.[64] 
Other 2D materials commonly reported as HER and ORR 
catalysts include transition metal dichalcogenides (TMDs) and 
transition metal oxides. Generally, HER catalytic performance 
of group 6 (Mo and Ws) TMDs[65] were reported to be higher 
whereas HER performance of group 4 (Ti, Zr, and Hf)[66] and 
group 5 (V, Nb, and Ta) TMDs were found comparable with an 
exception of VTe2 which exhibited a much lower HER overpo
tential of 0.5 V.[67] The ORR catalytic performance of siloxene, 
germanane, and methylgermanane were found comparable 
with group 6 TMDs and transition metal oxides with an excep
tion from Mn oxides which possessed low onset potentials indi
cating higher ORR catalytic performance.[64,68]

2.5. Toxicity Studies

Next, toxicity of siloxene, germanane, and methylgermanane 
were evaluated on four cell lines obtained from different parts 
of a human body, namely breast carcinoma (MCF7), lung carci
noma (A549), kidney (HEK 293), and liver carcinoma (HepG2) 
cells. Toxicity is an important property to study prior to large 
scale usage of new materials[69,70] and toxicity of these mate
rials have yet to be determined. This serves as a preliminary 
step toward investigating their biocompatibility for biological 
applications. Herein, cytotoxicity was assessed by evaluating 
cell viabilities after exposure to the respective materials in 
increasing concentrations. Cell viability was measured using 
cell counting kit8 (CCK8); a sensitive colorimetric cell prolif
eration assay whereby cell viability can be quantified by absorb
ance spectroscopy.[71]

The results obtained show varying toxic properties for dif
ferent materials in different cell lines (Figure 8). Cells exposed 
to siloxene show no change in cell viability (red bars), which 
indicate negligible toxicity toward all cell lines. This is expected 
as several siliconbased materials are similarly reported to be 
nontoxic.[72–74] On the other hand, germanane and methyl
germanane are found to induce dosedependent toxicity on 
cells. Previously, studies have indeed reported high toxicity of 
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Figure 7. A) Linear sweep voltammograms for HER and B) Tafel plots of GC, siloxene, germanane, methylgermanane, and Pt/C with respective standard 
deviations. All measurements are performed in H2SO4 (0.5 m) using bare GC counter electrode at a scan rate of 2 mV s−1 versus RHE.
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germanium nanoparticles.[75] Additionally, our studies found 
germanane to be more toxic than methylgermanane, specifically 
in low concentrations (6.25 and 12.5 µg mL−1). This implies that 
methylation of germanane can reduce toxicity in the lower con
centration range. Notably, germanane and methylgermanane 
were both found to be most toxic toward HepG2 cells and least 
toxic toward MCF7 cells. As an illustration, upon exposure of 
3.125 µg mL−1 of germanane, the cell viability reduced to 64% 
for HepG2 cells while the other cell lines remained above 75%. 
Likewise, upon exposure of 6.25 µg mL−1 of methylgermanane 
to HepG2 cells, the cell viability reduced to 69% while other 
cells remained above 80%. The lowest viability of MCF7 cells 
remained at 40% despite exposure of the highest concentration 
(50  µg mL−1) of both materials. This implies that germanane 
and methylgermanane are more toxic toward liver cells and are 
more compatible toward breast cells.

Control studies of the respective materials were per
formed to eliminate assay interference which may lead to 
false results.[76,77] They were carried out with materials in the 
absence of cells to observe false positive and negative results 
due to interferences from the materials toward the assay 

reagents. From the control studies, false positive results for 
germanane and methylgermanane were found. Due to this, 
a background removal step was implemented before analysis 
of cytotoxicity data above to obtain more accurate results. 
To elaborate, Figure S12A (Supporting Information) shows 
normalized absorbance measurements taken at 450  nm 
wavelength at different concentrations of materials. From 
the results, germanane and methylgermanane increased 
in absorbance with increasing concentration of materials 
which suggest possible interference. This was confirmed by 
obtaining absorbance spectra (350–550  nm) of respective 
materials in different concentrations in both the absence and 
presence of cells. For siloxene, absence of peaks was observed 
for the control set while peaks were observed in the presence 
of cells as expected (Figure S12B, Supporting Information). 
This is not the case for methylgermanane (Figure S12C, Sup
porting Information) and germanane (Figure S12D, Sup
porting Information) as peaks were observed in the spectra 
during both the absence and presence of cells. This implies 
that germanane and methylgermanane possess absorb
ance at these similar wavelengths which resulted in false 

Adv. Funct. Mater. 2020, 1910186

Figure 8. Percentage of cell viability for A549 cells, HEK 293 cells, HepG2 cells, and MCF-7 cells upon introduction of 0–50  µg mL−1 of siloxene, 
germanane, and methylgermanane for 24 h with the respective standard deviations. Cell viability percentages were obtained from normalization of 
absorbance readings with readings of negative control.
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positive results. This may be due to strong light absorbance 
in the whole visible light region by germanane and methyl
germanane as reported by Liu et al.[28]

3. Conclusion

Siloxene (Si6H3(OH)3), germanane (Ge6H6), and methylger
manane (Ge6(CH3)6) were successfully synthesized and func
tionalized as confirmed by characterization studies through 
SEM, AFM, HRTEM, EDS, XPS, XRD, FTIR, and Raman 
spectroscopy. Following that, electrochemical properties 
studies show that they possessed relatively fast HET rates, 
compared to a bare GC electrode, which implies improved 
performance for electrochemical detection. Germanene
based materials were found to be superior to siloxene as they 
demon strate faster HET rates and higher sensitivity for detec
tion of DA. Between the two germanenebased materials, 
germanane portrayed the most sensitive detection of DA. 
Similarly, electrocatalytic studies found germanane to have 
the best electrocatalytic properties toward the ORR and HER 
with improved performance to a bare GC electrode. Toxicity 
studies show negligible toxic properties for siloxene but dose
dependent toxicity for germanane and methylgermanane. 
Interestingly, it is found that methylation can successfully 
reduce toxicity of germanenebased materials in a lower con
centration range. Overall, germananebased materials have 
more superior properties than siloxene, with germanane 
(Ge6H6) as the best material for electrochemical applications. 
These studies provide essential fundamental insights into 
the electrochemical properties and toxicity of these function
alized group 14 layered materials for future electrochemical 
applications.

4. Experimental Section
Synthesis of Materials: Siloxene[78] (Si6H3(OH)3): CaSi2 (0.500  g, 

5.20  mmol) was treated with 35% aqueous hydrochloric acid (50  mL) 
at room temperature and stirred for 24 h. A yellowish solid was then 
collected by filtration and rinsed with 35% aqueous hydrochloric acid 
(2 × 25 mL), water (5 × 100 mL), and acetone (2 × 50 mL).

Germanane[22] (Ge6H6): CaGe2 (1.000  g, 5.40  mmol) was added 
to 35% aqueous hydrochloric acid (100  mL) at −35 °C and stirred for 
7 d. A gray solid was then collected by filtration, washed with cold 35% 
aqueous hydrochloric acid (2 × 25 mL), water (5 × 100 mL), and acetone 
(2 × 50 mL).

Methylgermanane[23] (Ge6Me6): CaGe2 (0.400  g, 2.16  mmol) and 
methyl iodide (5 mL, 11.4 g, 80.32 mmol) were inserted into a sintered 
glass funnel (pore size S4) and closed with parafilm. The bottom part 
of the funnel was filled with water and stirred for 7 d. The solid was 
collected by filtration, washed with water (5 × 100  mL), and acetone 
(3 × 50 mL).

The products were dried in vacuo and stored in the dark under an 
inert argon atmosphere.

Instruments: SEM and EDS were imaged by JEOL 7600F (Japan). 
Phoibos 100 spectrometer with a monochromatic Mg X-ray radiation 
source (SPECS, Germany) was used to obtain XPS data and analysis 
was carried out with CasaXPS software. InVia Raman microscope 
(Renishaw, England) in backscattering geometry with CCD detector, 
DPSS laser (532  nm, 50  mW) with applied power of 10  mW was 
used for Raman spectroscopy measurements. FTIR measurements 

were performed on an iS50R FTIR spectrometer (Thermo Scientific, 
USA). µAutolab type III electrochemical analyzer (Eco Chemie, The 
Netherlands) was used to conduct electrochemical measurements and 
analysis was carried out using NOVA version 1.10 software. Thermo 
Multiskan GO was used to measure absorbance readings and analyses 
were carried out by SkanIt software for microplate readers (Thermo 
Fisher Scientific, Singapore).

Electrochemical Measurements: The materials were dispersed in 
ultrapure water (2.5  mg mL−1) and subjected to 1 h of ultrasonication 
to obtain well-dispersed suspensions. Prior to electrochemical 
measurements, the suspensions were subjected to an addition of 10 min  
of ultrasonication to maintain well-dispersed samples. For electrode 
modification, 5  µL of suspensions were drop-cast onto bare GC 
electrodes and dried under a lamp. Inherent electrochemistry was 
studied by CV in nitrogen-purged conditions at a scan rate of 100 mV s−1 
in 50  × 10−3 m, pH 7.0 PBS. Electrochemical sensing of 1.0  × 10−3 m 
ascorbic acid, 0.1  × 10−3 m uric acid, and 0.1  × 10−3 m dopamine was 
similarly conducted by CV at a scan rate of 100 mV s−1 in 50 × 10−3 m, 
pH 7.0 PBS. HET studies were conducted by CV with 10 × 10−3 m ferro/
ferricyanide [Fe(CN)6]4-/3- redox probe at a scan rate of 100  mV s−1 in 
potassium chloride (0.1 m) as supporting electrolyte. The obs

0k  values 
were calculated by Nicholson’s method[79] that correlated to the obtained 
ΔEp values. Electrocatalytic performance toward HER was investigated 
by linear sweep voltammetry (scan rate of 2 mV s−1 in 0.5 m H2SO4) with 
bare GC as counter electrode. Electrocatalytic performance toward ORR 
was studied by linear sweep voltammetry in both purged and ambient 
conditions (scan rate of 5 mV s−1 with 0.1 m KOH). All measurements 
were conducted relative to Ag/AgCl reference electrode and Pt counter 
electrode unless otherwise stated.

Cytotoxicity Assessments: Materials were dispersed in ultrapure 
water (500 µg mL−1) and subjected to 1 h of ultrasonication. Culturing 
of A549 (Bio-Rev, Singapore), MCF-7, HepG2, and HEK-293 cells 
(ATCC, Manassas, VA, USA) were at 37 °C with 5% CO2 in cell 
culture media (CCM). CCM consists of Dulbecco’s Modified Eagle 
medium (DMEM), 10% fetal bovine serum (FBS) (Life Technologies, 
Singapore), and 1 % penicillin/streptomycin (Capricorn). Cells 
were seeded (3000 cells per well) in a 96-well plate and cultured 
for 24 h. After 24 h, CCM was removed and replaced with varying 
concentrations of material suspensions prepared in fresh CCM 
(100 µL per well) and further incubated for 24 h. Negative control was 
cells that were only exposed to CCM and background were materials 
in CCM in the absence of cells. Subsequently, 10 µL per well of WST-8 
reagent (Dojindo, Japan) was added and incubated for another hour 
for the quantification of cell viabilities. After 1 h, absorbance was 
measured at 450 nm and absorbance spectrum from 350  to 550 nm 
was obtained.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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