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Gas sensors are used to detect gas components in human breath to diagnose diseases, such as cancers.
However, choosing suitable two-dimensional materials for gas sensors is a challenge. Germanene can be
a good candidate because of its outstanding electronic and structural properties. Based on the density
functional theory calculations with various schemes, such as PBE + vdW-DF2, HSEO6 + PBE, and HSEO6
+ vdW-DF2, we elucidated the structural and electronic properties of germanene substrates (perfect,
vacancy-1, and vacancy-2) while adsorbing hepatocellular carcinoma-related volatile organic
compounds (VOCs), i.e., acetone, 1,4-pentadiene, methylene chloride, phenol, and allyl methyl sulfide.
These gases have been selected for investigation because of their most frequent occurence in
diagnosing the disease. We found that vacancy substrates enhanced the adsorption strength of the
VOCs compared to the perfect one, where the phenol adsorbed most strongly and exhibited the most
profound influence on the structural deformation of the substrates over the other VOCs. Besides, the
adsorbed VOCs significantly modified the energy bandgap of the considered germanene substrates. In
particular, the gases, except allyl methyl sulfide, vanished the bandgap of the vacancy-1 germanene and
converted this substrate from a semiconductor to a metal, while they widened the bandgap of the
vacancy-2 structure compared to the isolated case. Therefore, the perfect and vacancy-2 germanene
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may be suitable candidates for gas sensing applications. The nature of the interaction between the VOCs

DOI: 10.1035/d3ra05927h and the germanene substrates is a physical adsorption with a weak charge exchange, which mainly

rsc.li/rsc-advances comes from the contribution of the p, orbital of the VOCs and the p, orbital of Ge.

combination of these gases contributed to the highest accuracy
of diagnosis, up to 79.6%, with the sensitivity and specificity of

1. Introduction

(cc)

The analysis of volatile organic compounds in human breath is
areliable method for the diagnosis and screening of diseases.'
It has been found that there is a correlation between the VOC
components and contents in the breath with diseases, such as
lung cancer,* liver cancer,® breast cancer,’ and COVID-19.”
Patients with the mentioned diseases have different exhaled-
VOC profiles compared to the healthy population. Specifically,
Sukaram et al. demonstrated that acetone, methylene chloride,
phenol, 1,4-pentadiene, allyl methyl sulfide, and benzene are
biomarkers for hepatocellular carcinoma (HCC).> The
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76.5% and 82.7%, respectively. Also, the topmost frequency
occurence of VOCs commonly identified with the best accuracy-,
sensitivity-, and specificity-based combination is in the order of
acetone, methylene chloride, phenol, 1,4-pentadiene, and allyl
methyl sulfide.> HCC is one of the most dangerous cancers in
the world as it has the highest morbidity and mortality rate
among others. Patients are usually at the age of more than 50
years old, men are twice as likely to have the disease than
women, and the patients have a 5 years survival rate depending
on how early or late the disease was detected and treated.® The
quick progress of the disease makes it difficult to diagnose at
early stages. Therefore, early detection increases the likelihood
of therapy and reduces the risk of death.

Many approaches have been applied to screening for HCC,
for example, abdominal ultrasound, radiography, liver biopsy,
and gas sensors. Among them, gas sensors are considered
a simple, highly effective, and non-invasive way to screen the
disease. From this practice, researchers have been constantly
making efforts to find new gas-sensing materials with many
advantages, such as a high sensitivity, fast response speed, high
accuracy, and low cost. Currently, gas-sensing devices based on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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low-dimensional nanostructured materials are of much more
research interest than bulk materials.® Gas sensing using 2D
nanomaterials for VOC detection has proven to be a viable
strategy.'>'" In practice, 2D nanomaterials for gas sensors can
exist in single element structures, typically graphene, bor-
ophene, phosphorene, arsenene, antimonene, silicene, and
germanene;'>"” in multi-element forms, such as ZnO, transition
metal dichalcogenides (TMDs) (MoS,, WS,, and others), GaSe,
MXenes, metal oxides, and hydroxides;'*>* or synthesized het-
erostructures, such as graphene/TMDs and TMD/metal
oxides.*** The highlights of 2D nanomaterials used for gas
sensors are their thin thickness of a few nanometers, large
surface area, good mechanical strength, high thermal stability,
and tunable bandgap.

Specifically, graphene has many excellent properties, such as
single-atom thickness, good electrical and thermal conduc-
tivity, high strength, and transparency; however, it does not
have a band gap.** While borophene is a 2D nanomaterial of
boron with the same valence as graphene, it has better
mechanical strength and flexibility than graphene. Because
boron does not exist in layered structure in nature, synthesizing
borophene is very difficult. The borophene membrane still
depends on the metal substrate.”” In particular, the unique
feature of TMDs is that they have a band gap suitable for gas
sensing and are controllable depending on the number of
layers. Nevertheless, the gas adsorption capacity on TMDs is
still limited for good sensor performance.*® An improvement in
gas sensitivity was found in the 2D van der Waals hetero-
structures compared to their single component, but the heter-
ostructure materials still have low detection limits.* Finding
suitable 2D nanomaterials is still challenging. However, there
are many approaches to improving the disadvantages of 2D
nanomaterials, such as creating defects,* surface functionali-
zation,** doping,** and applying strain.*® In this work, we are
interested in germanene for the adsorption of HCC-related
VOCs because germanene is more reactive to gas molecules
than other materials.** Germanene also has a high carrier
mobility.*»*® Furthermore, germanene has a bandgap broader
than the others, for instance, silicene,*” which may lead to easy
modification of the bandgap.

Germanene has been successfully synthesized since 2014 on
Pt substrates.®® Afterward, many different synthesis methods
were applied, such as the molecular beam epitaxial (MBE)
method on Au and Ag substrates®**® and topological dein-
tercalation.** The topological deintercalation technique could
produce germanene and silicene in free-standing form, avoid-
ing interaction with the substrate. Therefore, the synthesis of
free-standing germanene sheets is feasible and could open up
new opportunities for sensing materials. Furthermore, the
research showed that defective germanene has improved gas
sensitivity more than perfect germanene.***® So far, the results
for germanene materials have focused on clarifying the elec-
tronic and adsorption properties of inorganic toxic gases such
as CO, CO,, NH;, NO, NO,, and SO,.*** The adsorption of
organic gas molecules such as acetone, acetonitrile, ammonia,
benzene, methane, methanol, ethanol, and toluene could
modify the bandgap of perfect germanene.*® The metal-doped
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GeS sensor showed an excellent ability to sense oxygen-
containing VOCs.*” Besides, studies have also explained the
influence of metal doping in the vacancy structures of germa-
nene on the ability to detect H,CO gas.** In general, the previous
papers have focused on elucidating the electronic properties of
germanene materials with individual VOCs and not with many
VOCs in the same footing and comparative manner, particularly
for the HCC-related VOCs. Therefore, the present work clarifies
the interaction between germanene and the VOCs (acetone, 1,4-
pentadiene, methylene chloride, phenol, and allyl methyl
sulfide) to gain insights into their physical significance, which
is only the first step toward the sensing applications of the HCC
gases. Through the HSE06 density functional theory calcula-
tions with van der Waals interaction, we have analyzed the
structural and electronic properties of the gas-germanene
systems. In particular, the single-vacancy germanene struc-
tures are of great interest because it is easier to fabricate a low
concentration of vacancies.*®

2. Computational details

This paper used a germanene substrate with a 4 x 4 unit cell
of the hexagonal honeycomb structure. The slab model has
a vacuum region of 20 A along the surface-normal direction,
which is large enough to prevent the periodic slab-to-slab
interaction. To study the adsorption of VOCs on germanene
substrates, we used density functional theory (DFT) calcula-
tions with a plane wave pseudopotential integrated into
VASP.*=*! The van der Waals interaction forces between the
germanene substrates and the VOC molecules were described
by the vdW-DF2 method.**** We used the GGA-PBE functional
to calculate the exchange-correlation energy*>*® and the
projector augmented wave (PAW) pseudopotential to calculate
the interaction of electrons and ions.”””*® This scheme is called
the PBE + vdW-DF2 method. Besides, we also used the HSE06
functional® to examine the accuracy of the electronic band
structures and the electronic density of states (DOS) for the
germanene/VOC systems, which is named the HSE06 + vdW-
DF2 method. The cutoff energy of 450 eV was used to expand
the plane wave basis set. We used Monkhorst-Pack's special k-
point sampling technique with a 5 x 5 x 1 k-point mesh grid
for structural optimization, total energy, and DOS calcula-
tions.®® The Gaussian smearing of order 0 with the sigma value
of 0.05 eV was used to speed up the convergence of the
calculations. The geometry of the Ge/VOC system was fully
relaxed for all their atomic positions until the interaction
forces were at 0.001 eV A",

We calculated the formation energy to determine the
tendency of the vacancy formation in germanene using the
following formula.

1 N —n
Efvaczmcy = Z (Evacuncy - ngcrfccl)7 (1)

N

where Eyacancy 18 the total energy of the vacancy germanene
structure. Eperece iS the total energy of perfect germanene. 7 is
the number of vacancies. N is the total number of atoms in the
pristine germanene structure.
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The adsorption energy was calculated to examine the
adsorption capability of the VOC on germanene.

E, = Egermanene+VOC - (Egermanene + EVOC): (2)

where Egermanenetvoc 1S the total energy of the germanene/VOC
system. Egermanene and Eyoc are the total energy of the clean
germanene substrate and the isolated VOC, respectively.

3. Results and discussion

3.1. Geometric structure

The germanene unit cells were designed and optimized for the
atomic positions before introducing gas molecules, and the
geometry structure was further optimized to obtain the
adsorption configurations of the VOCs on the substrates. Fig. 1
visualizes the hexagonal honeycomb structure of the germa-
nene substrates in the present study. The perfect germanene (a),
vacancy-1 (b) with the vacancy surrounded by 14 Ge atoms and
a single Ge atom located at the vacancy center, and vacancy-2 (c)
with the vacancy surrounded by 12 Ge atoms. Based on the PBE
+ vdW-DF2 calculations, we determined the optimal lattice
constant of all the germanene substrates, i.e., a = b = 4.04 A
Details of the dge-ge bond lengths and § bond angles among the
Ge atoms in the isolated germanene structures are listed in
Table 1. These values agree with the results obtained from the
previous theoretical studies.®*** The average values of dge_ge
and 6 are 2.46 A and 110.5° for the perfect germanene, 2.62 A
and 99.21° for vacancy-1, and 2.76 A and 104.66° for vacancy-2
structure. The vacancy substrates have a longer average bond
length and a narrower average bond angle compared to the
perfect germanene sheet. It is known that an interesting struc-
tural property of germanene, different from the planar structure
of graphene, is the buckling magnitude 4 (A), which is the
vertical distance between the two atomic sub-planes of the
germanene substrate (see Fig. 1). The highest buckling values
calculated in this study are about 0.78 A for the isolated perfect
germanene, 0.78 A for vacancy-1, and 0.73 A for vacancy-2
structure, which is consistent with the allowable warping
value of germanene in the previous studies."**%*

The formation energy was calculated to determine the ther-
modynamic tendency to form the vacancy-1 and vacancy-2
structures by applying formula (1). The formation energy
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calculation has been performed in the following steps: (i) opti-
mizing the perfect germanene structure with N = 32 Ge atoms
and obtaining its total energy Eperfece = —128.379 eV. (ii)
Generating the vacancy-1 and vacancy-2 structures by removing
one Ge atom, n = 1, from the perfect germanene. (iii) Opti-
mizing the vacancy-1 and vacancy-2 structures and obtaining
the total energy for each substrate: Eyacancy-1 = —122.089 €V and
Eyacancy2 = —121.824 eV. (iv) Substituting the obtained param-
eters to expression (1) to calculate the formation energy, which
iS Efyacancy-1 = 2.28 €V for the vacancy-1 and Egacancy-2 = 2.54 €V
for the vacancy-2 sheet. These results are in good agreement
with the reported values of 2.03 and 2.34 eV, respectively.®* The
vacancy formation energy Efacancy-1 < Efvacancy-2 Shows that the
vacancy-1 is thermodynamically more favorable than the
vacancy-2. Fig. 1 also describes the chemical bond between two
adjacent Ge atoms, i.e., the vacancy-1 has stable single sigma
bonds (black line in Fig. 1b), and the vacancy-2 has two flexible
and easily broken pi bonds between Gel with Ge9 and Ge5 with
Ge9 atoms (dashed line in Fig. 1c).

Besides, the VOC molecules were designed and optimized with
the PBE + vdW-DF2 method, which includes (CH;),CO (acetone),
CH,Cl, (methylene chloride), C;HgS (allyl methyl sulfide), CsHg
(1,4-pentadiene), and C¢HeO (phenol), as shown in Fig. 2.

We measured the distance between the biggest-size VOC
molecule (C4HgS) of two adjacent replicas and found that the
distances were 9.1 A and 13.3 A in the x and y dimensions,
respectively. These distances are generally reasonable to avoid
an across interaction of the gas molecule between the adjacent
images in the supercell model. Also, the distance between the
vacancy of replicas is about 16 A, which should be enough to
avoid overlapping interaction of vacancies.

Next, we designed the VOC molecules on the previously
optimized germanene substrates. The adsorption sites (Fig. 3)
are the top (T) sites on a Ge atom, the bridge (B) between two
neighbouring Ge atoms, the hollow (H,) of the Ge ring, the
valley (V) of four Ge atoms where the central Ge atom of the
lower atomic layer of the substrates exists, and the defect
position (Hg) on the vacancy substrates. Initially, we optimized
all possible adsorption cases for the VOC molecule on different
germanene substrates based on the PBE + vdW-DF2 calcula-
tions. We obtained the most favorable adsorption configura-
tions of the VOCs, as shown in Fig. 3. We also calculated the

(a)
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(b) (©)

Fig.1 The top view (upper panel) and side view (lower panel) of the optimal geometry of the isolated germanene sheets: perfect (a), vacancy-1
(b), and vacancy-2 (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Bond lengths dee_ce (A) and bond angles 6 (°) of adjacent Ge atoms in the isolated germanene structures

Perfect

Vacancy-1

Vacancy-2

Bond lengths dge_ge (A)

Bond angles 6 (°)

2.48 (Ge0-Ge1)
2.46 (Ge0-Ge9)
2.47 (Ge0-Ge5)
2.47(Gel-Ge2)
2.46 (Ge2-Ge3)
2.46 (Ge3-Ge4)
2.47 (Ge4-Ge5)
2.46 (Ge5-Geb6)
2.47 (Ge6-Ge7)

2.45 (Ge7-Ge8)

2.46 (Ge8-Ge9)

110.9 (Ge1Ge0Ge5)
113.0 (Ge5Ge0Ge9)
111.0 (Ge1Ge0Ge9)
110.3 (Ge0Ge9Ge8)
110.7 (Ge0Ge1Ge2)
109.3 (Ge4Ge5Ge0)

110.4 (Ge4Ge5Ge6)
110.5 (Ge5Ge6Ge7)

2.81 (Gel-Ge12), 2.71 (ref. 62)
, 2.68 (ref. 62)
, 2.88 (ref. 62)
, 2.80 (ref. 62)

2.78
2.85
2.81
2.52
2.46
2.53

(
(Ge1-Ge9
(
(
(
(
(
2.56 (
(
(
(
(
(
(

Gel-Ge2
Gel-Ge5
Ge2-Ge3
Ge3-Ge4
Ge4-Ge5
Ge5-Geb
2.47 (Ge6b-Ge7
2.47 (Ge7-Ge8
2.58 (Ge8-Ge9
81.6 (Ge12GelGe2)
97.1 (Ge2Ge1Ge5)
82.7 (Ge5Ge1Ge9)
98.5 (Ge12Ge1Ge9)
104.8 (Ge3Ge4Ge5)
100.8 (Ge4Ge5Ge6)
109.8 (Ge5Ge6Ge7)
108.5 (Ge6Ge7Ge8)
109.1 (Ge7Ge8Ge9)

oo DD o=

3.52 (Ge1-Ge9), 3.69 (ref. 62)
Ge5-Ge9), 3.69 (ref. 62)

3.51

3.27 (Gel-Ge5), 3.47 (ref. 62)

(

(

(

2.53 (Gel-Ge2)
2.44 (Ge2-Ge3)
2.46 (Ge3-Ge4)
2.59 (Ge4-Ge5)
2.55 (Ge5-Geb)

2.49 (Ge6-Ge7)

2.49 (Ge7-Ge8)

2.54 (Ge8-Ge9)
100.8 (Ge12Ge1Ge2)
109.3 (Ge1Ge2Ge3)
105.0 (Ge2Ge3Ge4)
111.0 (Ge3Ge4Ge5)
99.4 (Ge4Ge5Ge6)
108.0 (Ge6Ge7Ge8)
104.6 (Ge7Ge8Ge9)
99.2 (Ge8Ge9Ge10)

110.6 (Ge6Ge7Ge8)

(
(
(
(
(
108.1 (Ge0Ge5Geb6)
(
(
(
110.6 (Ge7GeSGe9)

1.80 AA} 80A
ST
¢ o

(a) (b) (c)

S

134 A 186AL°>
97.60
150 A

1.84A

(d) (e)

Fig. 2 The optimized configuration of volatile organic molecules: (CH3),CO (a), CH,Cl, (b), C4HsS (c), CsHg (d), and CeHgO (e). Oxygen (red),

hydrogen (white), carbon (black), chlorine (green), and sulfur (yellow).

adsorption energy E, for each gas molecule in the correspond-
ing adsorption configuration via formula (2). Particularly, the
total energies were determined as follows. In step 1, we opti-
mized the structure of the isolated VOC molecule and obtained
the total energy of —49.93, 15.66, —63.95, —66.41, and
—71.78 eV for acetone, methylene chloride, allyl methyl sulfide,
1,4-pentadiene, and phenol, respectively. At the same time, we
also optimized the isolated germanene substrates and obtained
the total energy of —71.973 eV for the perfect, —68.195 eV for
vacancy-1, and —68.090 eV for the vacancy-2 substrate. In step 2,
we optimized the geometry structure of the VOC-substrate
systems and calculated their total energy. Finally, we calcu-
lated the adsorption energy for the VOCs on the germanene
systems by substituting the necessary parameter into eqn (2).
For each substrate, we measured the shortest distances d¢_ge,
dcl-Ges Ao-Gey As-Ge, aNd dy_ge from the VOC molecule to the
germanene substrate surface. The minimum (4,,) and
maximum (4,,) buckling magnitude of the germanene
substrate after gas adsorption were also determined. All ob-
tained values of the structural parameters are listed in Table 2.

Fig. 3a shows that on the perfect substrate, the (CH;),CO
molecule adsorbs most favorably with E, = —0.259 eV when the
central C atom and the O atom located at the V and H, sites,

© 2023 The Author(s). Published by the Royal Society of Chemistry

respectively, which agrees with the adsorption site and energy of
—0.296 eV found in Wang's study.” Meanwhile, the most
favorable adsorption configuration of CH,Cl, has its C atom on
the B site of two Ge atoms and two Cl atoms (forming two legs of
C-Cl bonds) on the H, positions of the Ge ring (Fig. 3b). For
C,H;S (Fig. 3c), its S atom is present on the H, site of the Ge
ring. The CsHg molecule (Fig. 3d) adsorbs most favorably when
its chain of C atoms arranges over two adjacent V sites of the Ge
substrate. Finally, the CsHsO molecule prefers its configuration
with the carbon ring located over the V position with one Ge
atom of the substrate lining up under the center of the CsHsO
carbon ring. Considering the defective substrates, the gas
molecules tend to adsorb most favorably around the Hy vacancy
and more strongly than those on the perfect Ge structure
because the atoms at the defective site offer higher potential,
see Table 2 for more details of the adsorption energy and
favorable adsorption site. The flexible pi bonds of the vacancy-2
substrate are easily broken to facilitate the reaction of the VOCs
with the substrate's surface. In the vacancy-1 structure, the
(CH3),CO molecule adsorbs most favorably at the Hy site (the
five-member ring of germanene) so that its O atom is located on
the B site with E, = —0.245 €V, and in the vacancy-2 structure,
(CH3),CO has the central C atom on the T position of the Ge

RSC Adv, 2023, 13, 36144-36157 | 36147
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Fig. 3 The top and side views of the most favorable adsorption configuration of the VOC molecule on the germanene substrate: perfect (first
column), vacancy-1 (second column), and vacancy-2 (last column). Ge/(CHs),CO (a), Ge/CH,Cl, (b), Ge/C4HsgS (c), Ge/CsHg (d), and Ge/CgHgO

(e). The blue Ge atoms represent the adsorption sites of the VOCs.

atom and the O atom on the B site and E, = —0.305 eV. CH,Cl,
prefers the Hy site on vacancy-1 with two C-Cl bonds pointing
outward from the substrate surface and the T site on the
vacancy-2 structure with two C-Cl bonds parallel to the
substrate plane. Meanwhile, the C,HgS molecule adsorption is
the most stable when its S atom is located on the Hy and B
positions of vacancy-1 and vacancy-2 structures, respectively.

36148 | RSC Adv, 2023, 13, 36144-36157

Particularly, the C-S bonds are parallel to the surface of all
substrates. The Hq site is also the most favorable adsorption
location of CsHg on vacancy-1 and vacancy-2 structures. Mean-
while, C¢H¢O prefers the V position for both vacancy-1 and
vacancy-2 substrates. All adsorption energy values are negative,
indicating that the gases adsorb stably on the germanene
sheets, see Table 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The adsorption energy £, (the favorable adsorption site is in the parentheses) of the gas molecules on the germanene substrates. dc_ge.
do-Ge. dci-Ge: ds_ge. and dy_ge are the shortest distances from the C, O, Cl, S, and H atoms in the VOC molecules to the germanene substrate
surface, respectively. The minimum (4min) and maximum (4m,,) bucklings of the germanene substrate before and after the gas molecule

adsorption
Ge/(CH;),CO Ge/CH,Cl, Ge/C,HgS Ge/CsHg Ge/CgH,O

Structure Isolated Ge E, (eV)

Perfect —0.259 (V-H,) —0.163 (B-H,) —0.272 (H,) —0.187 (V) —0.392 (V)

Vacancy-1 —0.245 (Hg-B) —0.220 (Hq) —0.319 (Hq) —0.253 (Hq) —0.376 (V)

Vacancy-2 —0.305 (T-B) —0.314 (T) —0.397 (B) —0.320 (Hq) —0.494 (V)

dcge (A), do_Ge (A), dcige (A), ds_ge (A) and dy_ge (A)

Perfect 3.62 (C-Ge) 4.27 (C-Ge) 3.39 (C-Ge) 3.80 (C-Ge) 3.34 (C-Ge)
3.45 (O-Ge) 3.60 (Cl-Ge) 3.70 (S-Ge) 2.61 (H-Ge) 3.97 (O-Ge)
2.87 (H-Ge) 4.75 (H-Ge) 2.82 (H-Ge) 3.34 (H-Ge)

Vacancy-1 3.55 (C-Ge) 3.72 (C-Ge) 3.50 (C-Ge) 3.54 (C-Ge) 3.28 (C-Ge)
3.32 (O-Ge) 3.54 (Cl-Ge) 3.49 (S-Ge) 2.90 (H-Ge) 3.88 (O-Ge)
3.14 (H-Ge) 2.85 (H-Ge) 2.65 (H-Ge) 3.10 (H-Ge)

Vacancy-2 3.50 (C-Ge) 4.08 (C-Ge) 3.38 (C-Ge) 3.79 (C-Ge) 3.38 (C-Ge)
3.22 (O-Ge) 3.36 (Cl-Ge) 3.45 (S-Ge) 3.09 (H-Ge) 3.59 (O-Ge)
2.93 (H-Ge) 3.19 (H-Ge) 2.71 (H-Ge) 3.34 (H-Ge)

Armin (A)v Amax (A)v L = dmax — 4min (A)

Perfect

Aminy Arnax 0.68, 0.78 0.58, 1.02 0.48, 1.29 0.43,1.22 0.47, 1.02 0.53, 1.10

L1 0.10 0.44 0.81 0.79 0.55 0.57

Vacancy-1

Aminy Amax 0.52, 0.78 0.52, 0.80 0.52, 0.79 0.46, 0.82 0.50, 0.81 0.51, 1.16

L2 0.26 0.28 0.27 0.36 0.32 0.65

Vacancy-2

Aminy Arnax 0.53, 0.73 0.40, 0.73 0.41, 0.73 0.42, 0.74 0.53, 0.74 0.36, 0.99

L3 0.20 0.33 0.32 0.32 0.21 0.63

Fig. 4 shows the most favorable adsorption energy behavior
on different germanene substrates. On the perfect germanene,
the adsorption strength of gases was enhanced in the order
CH,Cl, < CsHg < (CH;),CO < C4HgS < CgHgO. The order of
adsorption capacity changes slightly for the vacancy-1 substrate
as follows: CH,Cl, < CsHg = (CH3),CO < C4HgS < C¢HO, and for
the vacancy-2 substrate as: CH,Cl, = CsHg = (CHj3),CO < C4H,gS
< CgHgO. Obviously, on all three substrates, CsHsO and CH,Cl,
have the most negative (strongest adsorption strength) and least
negative (weakest adsorption strength) adsorption energies,
respectively. Besides, the adsorption strength of the VOCs is

perfect

.\

E, (eV)
I
=}
W
T

~ vacancy-1

vacancy—2

-0.6 | | 1 | |
CH,Cl, CsHg  (CH;),CO C4HgS  CcHgO

Fig. 4 The adsorption energy for the most favorable configuration of
the VOCs on germanene substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry

greater on vacancy-2 than on vacancy-1 and perfect germanene
sheets. However, the adsorption strength on the vacancy-1
structure is significantly higher (more negative) than that on
the perfect substrate for CH,Cl,, CsHg, and C,HgS and a little
lower (more positive) for the adsorption of (CH3),CO and CsH¢O.
Note that both VOCs of the latter case contain oxygen atoms.
Therefore, we predict that the vacancy-1 germanene does not
favor the O-containing VOCs compared to the perfect sheet. Also,
we can see that the vacancy-2 substrate is more reactive than the
perfect and vacancy-1 substrates for the considered gases.

The gas adsorption influenced the geometry of the germanene
substrates. Table 2 also details the buckling values of the ger-
manene substrates before and after the gas adsorption. The
results showed that 4,,;, and 4, of the germanene in the
presence of the adsorbed gas, compared to that of the isolated
substrate, varied with the VOCs. Typically, the 4,,;, value of the
perfect germanene substrate in the adsorption system becomes
shorter compared with that (0.68 A) of the isolated substrate, of
about 0.58-0.43 A in the order (CH;),CO > C¢HgO > CH,Cl, > CsHg
> C4HgS. However, the 4,,;, magnitude of the vacancy-1 substrate
remained A,,;, = 0.52 A when adsorbing (CH3),CO and CH,Cl,,
and insignificantly changed when adsorbing C¢HsO, C,HsS, and
CsHg with A, in the range of 0.46-0.51 A compared to 0.52 A of
the isolated substrate. On the other hand, the 4,,;, magnitude of
the vacancy-2 substrate decreased markedly from 0.53 to 0.36 A in
the order CsHg > C4HgS > CH,Cl, > (CHj3),CO > CgHgO. According

RSC Adv, 2023, 13, 36144-36157 | 36149
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to the published literature, a slight warping may widen the band
gap at the Dirac point of the material.*”** The 4, values indi-
cated that the deformation is higher on the perfect structure than
on the vacancy substrates upon the VOC adsorption. The ger-
manene structural deformation after the gas adsorption was also
determined based on the difference, L, between the maximum
and minimum buckling, see Table 2. The difference for the
adsorption of CcHgO has the highest magnitude compared to that
of the other gases, which is consistent with the adsorption energy,
and it also has the same order (L1 < L2 = L3) as that of the
isolated germanene substrates. Meanwhile, it was in the order of
L1>L2 = L3 for (CH;3),CO, CsHg, C4HgS, and CH,Cl,. It indicated
that these gases influenced the structural deformation of the
perfect germanene more than the vacancy germanene substrates,
even though the adsorption energy of these gases on the perfect
germanene is less than that on the vacancy germanene sheets.
The reason may be that the gas molecules tend to adsorb most
favorably around the Hy defect site, and therefore, less aggres-
sively reconstruct the sub-lattice structure of the vacancy
substrates.

3.2. Electronic properties

To understand the physical significance of the interaction
between the VOC molecules and the germanene substrates
deeply, we analyzed the electronic properties of the systems
based on their energy band structure, the density of states, and

0.02{
0.01

View Article Online

Paper

the Bader point charge.®*®® Because no experimental data is
available for the considered systems, it is not possible to vali-
date the band gap of our calculations with the experiment.
Therefore, we have chosen the most commonly used calculation
methods of PBE and HSE06 with and without van der Waals
interactions. Because the PBE-only calculations gave positive
adsorption energies, we disregarded this method from our
present paper. Therefore, we used the PBE + vdW-DF2, HSE06 +
vdW-DF2, and HSE06 + PBE methods. Although the HSEO06
involvement is an expensive method that consumes computa-
tional resources and time, its results are evaluated as having
high accuracy for determining the bandgap of material systems.

Fig. 5 shows the energy band structure of the germanene
substrates before and after the adsorption of the VOCs calcu-
lated by the HSE06 + vdW-DF2 method, see also Fig. S1 and S2
in ESI{ for calculations using the PBE + vdW-DF2 and HSE06 +
PBE methods. Table 3 shows the detailed bandgap values for
different systems. The isolated perfect germanene is a semi-
conductor with a narrow direct bandgap of 4.6 meV (PBE + vdW-
DF2, Fig. S1at), 148.5 meV (HSE06 + vdW-DF2, Fig. 5a), and
190.3 meV (HSE06 + PBE, Fig. S2at) at the point K in the Bril-
louin zone. This result agrees with that of the previous publi-
cations, i.e., the clean perfect germanene is a semimetal without
bandgap (by the GGA-PBE method) and the bandgap of 103 meV
(by the HSE06 only method),* or the bandgap of 25 meV at the
point K (using the GGA-PBE + spin-orbit interaction scheme).*”

0.00¢

E-Er(Ha)

-0.014
-0.02f

0.02

0.01

0.00

E-Er(Ha)

-0.01
-0.02

0.02

0.01]

0.00

E-Er(Ha)

-0.01
-0.024

Isolated germanene

(1) Ge/(CH3),CO

(2) Ge/CH,Cl

(3) Ge/C4HsS (4) Ge/CsHg (5) Ge/CsHsO

Fig. 5 The band structure of germanene before and after the VOC adsorption by HSE06 + vdW-DF2 method. Perfect (top panel), Vacancy-1

(middle panel), and Vacancy-2 (bottom panel). Fermi level at O Ha.
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Table 3 The bandgap of germanene before and after the VOC adsorption

Ey (meV)
Method Isolated Ge Ge/(CH;),CO Ge/CH,Cl, Ge/C4HgS Ge/CsHg Ge/CgHgO
Perfect
PBE + vdW-DF2 4.6 15.6 38.4 20.9 24.9 11.7
25 (GGA-PBE + spin-orbit)®’ 4.6 (PBE + DFT-D2)"*
semimetal (PBE)*
HSE06 + vdW-DF2 148.5 151.3 160.3 149.2 162.9 157.5
103 (HSE06)%
HSE06 + PBE 190.3 185.0 189.1 188.7 190.5 187.2
Vacancy-1
PBE + vdW-DF2 2.5 0 0 5 0 0
HSE06 + vdW-DF2 63.1 16.1 0 76.7 0 0
HSE06 + PBE 0 21.8 0 75.6 0 0
Vacancy-2
PBE + vdW-DF2 101.0 149.7 164.5 137.8 95.6 163.3
80 (GGA-PBE)®®
HSE06 + vdW-DF2 237.1 287.0 303.7 290.3 220.9 313.9
370 (B3LYP)*®
HSE06 + PBE 158.6 159.6 177.8 195.9 108.9 294.7

The bandgap of the isolated vacancy-1 and isolated vacancy-2,
different from that of the clean perfect germanene, is the
indirect bandgap defined as the difference between the
conduction band minimum and the valence band maximum in
their band structure. The obtained values of the indirect
bandgap for the clean vacancy-2 substrate are 101.0 meV (PBE +
vdW-DF2, Fig. SimT), 237.1 meV (HSE06 + vdW-DF2, Fig. 5m),
and 158.6 meV (HSE06 + PBE, Fig. S2mT), which are comparable
to that of the previous works, i.e., 80 meV (by GGA-PBE)* and
370 meV (by B3LYP),*® respectively. The isolated vacancy-1
(Fig. 5g) has a smaller indirect bandgap compared to that of
the isolated vacancy-2 sheet, and it is zero bandgap by the
HSE06 + PBE scheme.

Upon the adsorption of the VOCs (Fig. 5b-f, S1b-f, S2b—f in
the ESIT), the perfect germanene retains the direct bandgap
nature at the point K with the magnitude depending on each
adsorbed VOC. Notably, the population of energy bands in the
valence and conduction bands increases. The valence band
maximum and the conduction band minimum shift closer to
the Fermi level at point G; however, the direct bandgap at point
K of the adsorbed perfect germanene is expanded compared to
the case of the isolated perfect structure. Typically, the calcu-
lated E, of the perfect Ge/(CH;),CO system is 15.6 meV (PBE +
vdW-DF2), which is close to the result of 4.6 meV (PBE + DFT-
D2) of the previous work.® Meanwhile, the HSE06 + vdW-DF2
and HSE06 + PBE methods could significantly improve the
bandgap for the perfect Ge/(CH;),CO system with a value of
151.3 meV and 185.0 meV compared to the PBE + vdW-DF2
method, respectively. Similarly, the adsorption of the VOCs
except for C;Hg also enlarged the indirect bandgap of vacancy-2
compared to the isolated vacancy-2 substrate. However,
adsorption on the vacancy-1 structure vanishes the bandgap
and converts vacancy-1 from an indirect semiconductor to

© 2023 The Author(s). Published by the Royal Society of Chemistry

a metal, except for the vacancy-1 Ge/(CH;3),CO and Ge/C,H,S
systems with a small indirect bandgap of 16.1 meV and 76.7
meV (by the HSE06 + vdW-DF2) and 21.8 meV and 75.6 meV (by
the HSE06 + PBE), respectively. Furthermore, HSE06 + vdW-DF2
offered a smaller bandgap versus the HSE06 + PBE for every case
of the perfect germanene, while it is in reverse order for every
case of vacancy-2.

Fig. 6 describes the bandgap behavior with the adsorption of
different gases. Although the bandgap obtained by PBE + vdW-
DF2 is smaller than that by HSE06 + vdW-DF2 for each
substrate, the bandgap magnitude order (vacancy-1 < perfect <
vacancy-2) by using these schemes has been found to be the
same. Therefore, we could state that the PBE + vdW-DF2 method
could capture the main characteristics of the material systems,

500

250

T I '
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vacancy-1 —dp— — 200

vacancy-2

400 —

300 |— / — 150
HSE06+vdW-DF2/ /

PBE+vdW-DF2 4
0---0--"9--0@---0---0

100 — — 5

S Fo

200 F— — 100

|
]
E, (meV) by PBE+vdW-DF2 method

E, (meV) by HSE06+vdW-DF2 method

g

| l | | l |

Ge Gel(CH;),CO Ge/CH)Cl,  GelCyHgS  Ge/CsHg  GelCgH O

=100

=50

Fig. 6 The comparison of the bandgap of the germanene substrates
after the VOC adsorption by the PBE + vdW-DF2 (solid) and HSEO6 +
vdW-DF2 (dashed) methods.
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Fig.7 The total and orbital-projected density of states (TDOS and PDOS) of the gas-germanene systems by the HSE06 + vdW-DF2 method: the
perfect germanene/VOCs (first row), vacancy-1 germanene/VOCs (second row), and vacancy-2 germanene (third row). The total density of
states (gray area) of the Ge/VOC systems: (CH3),CO (a), CH,Cl, (b), C4HsS (c), CsHg (d), and CeHgO (e).

while HSE06 + vdW-DF2 is usually said to give better accuracy
for bandgap calculations.

Fig. 7 presents the total and orbital-projected density of
states (TDOS/PDOS) of the Ge/VOC systems within the HSE06 +
vdW-DF2 method: Ge (left side) and the adsorbed VOCs (right
side). The PDOS exhibits a bandgap for the perfect Ge/VOC
systems (the first row in Fig. 7) and not for the vacancy
substrate/VOC systems. This observation implies a different
nature of bandgap (direct for the perfect germanene versus
indirect for the vacancy substrates). Furthermore, it is also due
to the smearing method used in the present work with the
sigma of 0.05 eV, making the PDOS not clearly showing the
bandgap of the later cases. Therefore, the PDOS can qualita-
tively present the physical insights into the substrate-VOC

36152 | RSC Adv, 2023, 13, 36144-36157

interaction. We found in Fig. 7 that, around the Fermi level, the
p. orbital of the VOCs is the main contributor to the interaction
with the germanene substrates. Simultaneously, germanene
preferably uses its p, orbital to participate in the interaction
because the magnitude of the p, orbital is significantly higher
than that of other orbitals. There are several exceptions, i.e., for
gases (CH3),CO and CH,Cl, adsorbed on perfect germanene,
the p, and p, states have a comparable contribution at the
valence band maximum. In this work, we performed the spin-
polarized calculations. However, the TDOS and PDOS show
that the spin-up and spin-down components are in good
symmetry even for vacancy substrates, which implies that the
obtained systems are non-magnetic ones.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05927h

View Article Online

Paper RSC Advances

Table 4 Bader charge (e7) for the VOC-adsorbed germanene substrates: (+) charge gain, (—) charge loss

VOCs (CH,),CO CH,Cl, C.HgS CsHy CeHeO

Perfect germanene

Substrate —0.084 —0.087 —0.053 —0.072 —0.041
vOC 0.084 0.087 0.053 0.072 0.041
Total C —1.789 —0.244 —0.170 —0.269 —0.764
Total O, Cl or S atom 1.774 (0) 0.493 (Cl) 0.021 (S) 1.851 (0)
Total H 0.098 —0.162 0.202 0.341 —1.046
Vacancy-1

Substrate —0.075 —0.084 —0.047 —0.068 —0.028
VOC 0.075 0.084 0.047 0.068 —0.028
Total C —1.793 —0.226 —0.126 —0.280 —0.850
Total O, Cl or S atom 1.791 (O) 0.473 (Cl) 0.031 (S) 1.858 (0)
Total H 0.076 —0.163 0.141 0.348 —0.980
Vacancy-2

Substrate —0.088 —0.043 —0.013 —0.067 —0.035
VOC 0.088 0.043 0.013 0.067 0.035
Total C —1.826 —0.263 —0.207 —0.247 —0.828
Total O, Cl or S atom 1.769 (O) 0.443 (Cl) 0.009 (S) 1.828 (O)
Total H 0.144 —0.138 0.210 0.315 —0.964

The Bader point charge in Table 4 describes the negative that the C atoms always donate, while the O, Cl, and S atoms
charge gain (plus sign) and negative charge loss (minus sign) of always accumulate the charge. The H atoms can gain and lose
the different components in the considered systems. We found the charge depending on case by case in a manner that its
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Fig. 8 The charge density difference of the VOC-perfect germanene system in the most favorable adsorption configuration of the gases. Yellow
represents occupied states, and cyan represents unoccupied states.
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charge gain and loss can compensate to give rise to the neutral
property of the total charge of the whole Ge/VOC systems.
Notably, the VOCs always gain the charge from the Ge
substrates. However, this charge exchange is about 1.3% (for
vacancy-2/C,HgS) to 8.8% (for vacancy-2/(CH3),CO) of the
elemental charge (e”), which implies that the interaction
between the germanene substrates with the VOCs is the weak
charge exchange. Fig. 8 exhibits that the yellow charge clouds
represent the negative charge accumulation in the interface
region between the VOC molecule and the substrate, while the
cyan color represents the charge loss in the germanene
substrate. There is also the charge rearrangement in the VOC
molecules. A similar profile was also found for the VOC-vacancy
systems. Besides, the charge clouds of the O, C, Cl, and S atoms
in the VOC molecule have the shape of p, orbitals. These
observations are in good agreement with the PDOS and Bader
charge data analyzed above.

As presented in Table 3, the vacancy-1 substrate is trans-
formed into a metallic state for most cases of gas adsorption;
therefore, the vacancy-1 germanene is not suitable, but the
perfect and vacancy-2 structures maintaining their semi-
conducting states are recommended for gas sensor applica-
tions. For developing vacancy-1 for the applications, strategies
to extend the bandgap of the vacancy-1, for example, using
doping, applying pressure,® applying electric fields,* and
functionalizing the surface,” are needed. Furthermore,
synthesizing 2D nanomaterials for gas sensors requires
specialized processes, such as integrating germanene on
supports in traditional methods, which may limit the applica-
bility of our results. However, by unconventional techniques, it
is possible to fabricate free-standing germanene without
supports*' and other free-standing materials such as ZnO single
and double-layer nanosheets.” Therefore, the obtained results
can only be applicable in the context of new fabrication
methods and for free-standing germanene.

As also exhibited above, germanene is a reactive surface with
gas molecules. The van der Waals interaction and the presence
of vacancies could facilitate the adsorption of gases. Besides,
many factors, such as temperature and pressure, may influence
gas adsorption. One has to clarify these effects to fully under-
stand the properties of germanene for the gas sensor applica-
tions, which will be the topics for future works.

4. Conclusion

To determine the adsorption capability of germanene
substrates toward HCC-related volatile organic compounds, we
used density functional theory calculations to analyze their
electronic and structural properties. The results showed that
the adsorption of VOCs depends on the geometry of the ger-
manene substrates (perfect or vacancy structures), where the
adsorption strength was significantly enhanced on vacancy-2
compared to vacancy-1 and perfect germanene sheets.
However, the deformation of the perfect substrate after gas
adsorption is more profound than that of the defective ones.
The bandgap of vacancy-2 germanene increased with the
adsorption of VOCs except for 1,4-pentadiene (Cs;Hg). The
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interaction between the HCC-related VOCs and germanene
sheets is physical adsorption with weak charge exchange due to
the overlapping p, orbital of the VOCs with that of the germa-
nene structures at the valence band maximum and the
conduction band minimum. To be applied in gas sensors, 2D
nanomaterials must have a bandgap. Therefore, the perfect and
vacancy-2 are more favourable for gas sensing applications.
Changing the bandgap in the energy band structure can tune
the probability of electron transition from the valence to
conduction states. Therefore, it modifies the electrical and
electronic thermal conductivities. Commonly, a narrower or
wider bandgap will exhibit higher or lower electrical and
thermal conductivity, respectively. In the present study, we only
focused on elucidating the electronic properties of gas-material
interactions to gain a deep insight into their physical signifi-
cance. Translating the findings into real-world applications
remains a challenge as more research is required to elucidate
other properties of germanene systems, such as electrical
conductivity, thermal conductivity, and gas sensitivity.
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