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m-decorated tungsten ditellurides
as sensing materials for VOCs detection in exhaled
human breath: DFT analysis

Rabia Gilani,a Saleh S. Alarfaji,b Kashif Nadeem,c Ashir Saeedc and Muhammad Isa
Khan *ac

In this research, we employed density functional theory (DFT) to evaluate the sensing capabilities of

transition metal-decorated two-dimensional WTe2 TMDs nanosheets toward VOCs such as (acetone,

ethanol, methanol, toluene, and formaldehyde) that are exhaled in human breath and can serve as

potential biomarkers for detecting specific physiological disorders and also gases interfering in exhaled

breath (CO2 and H2O) detection. Au can be physically decorated onto the surface of WTe2. We analyzed

the density of states (DOS), adsorption energy, charge transfer, and sensing behavior. The pristine WTe2
monolayer, exhibiting a semiconductor characteristic with a band gap of 0.63 eV, transitions to

a metallic state upon Au-decoration, due to its actively stable nature and promising negative adsorption

energy value, it triggers the emergence of novel states within the DOS. Computed adsorption energies

of VOCs range from −0.08 to −0.57 eV, with greater interaction distances confirming the physisorption

behavior of these VOCs biomarkers on Au-WTe2. Ethanol displays greater sensitivity compared to other

considered VOCs. Au-WTe2 exhibits promising potential as a viable option for detecting VOCs in breath

analysis applications at room temperature, owing to its excellent adsorption capabilities and sensitivity.

Overall, our results highlight aurum-decorated tungsten ditelluride's potential as an efficient nano-sensor

for detecting VOCs associated with early-stage lung cancer diagnoses.
1. Introduction

Today, detecting over 870 types of volatile organic compounds
(VOCs) in human breath is crucial due to the rise in indoor air
pollution, which poses risks to both the environment and human
health.1–4 VOCs, due to their low binding to solid surfaces and
non-reactivity, can aid in the early identication of ailments,
providing a non-invasive and speedy diagnosismethod.2,5 Exhaled
breath primarily consists of nitrogen (78.04%), oxygen (16%),
carbon dioxide (4–5%), and hydrogen, with ammonia concen-
trations ranging from 0.5 to 2 ppm and carbon monoxide
concentrations ranging from 0 to 6 ppm.6 Breath analysis is
a diagnostic tool used to identify signicant diseases like liver
cirrhosis, multiple sclerosis, skin conditions, central nervous
system disorders, and various types of cancer.7 Acetone concen-
tration in human breath is a key indicator of diabetes, with
concentrations exceeding 1.7 ppm in type 2 and 2.2 ppm in type 1
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diabetics. Formaldehyde, a carcinogenic, irritant, and toxic
substance, can also cause respiratory diseases.8 Dongzhi Zhang
et al. have made signicant strides in sensor technology,
exploring innovative materials and mechanisms for self-powered,
high-performance detection of formaldehyde, hydrogen, and
tactile sensing in wearable applications. Their investigation
focuses on a room-temperature formaldehyde sensor constructed
from an MXene/Co3O4 composite and a ZnO/MXene nanowire
array piezoelectric nanogenerator. The study examines the
sensor's self-powering capability and the synergistic interactions
betweenMXene and Co3O4, highlighting its potential for wearable
applications.9 They investigated at 300 °C, a new sandwich-
structured hydrogen gas sensor made of Ag nanoparticles,
SnO2, and an electron supply layer that exhibits remarkable
performance. It has long-term stability, a low detection limit,
great selectivity, and quick reaction/recovery times. Strong
adsorption energy and hybridization between H2 and SnO2

orbitals are responsible for the sensor's efficacy in detecting
hydrogen, which makes it valuable for forecasting thermal
runaway in batteries and also introduces a exible triboelectric
nanogenerator sensor for wireless, self-powered tactile sensing,
and intelligent material recognition in wearable electronics and
smart sensing. They also developed a wearable triboelectric
nanogenerator (S-TENG) with stability, large-scale detection, and
energy harvesting, making it ideal for electronic devices and self-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04569f&domain=pdf&date_stamp=2024-08-23
http://orcid.org/0000-0002-3324-0532
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04569f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014037


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

6/
20

25
 1

:4
7:

43
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
powered wearable sensors.10–12 Shuaipeng Wang et al.13 intro-
duced a novel cantilever array biosensor to detect biomarkers for
liver cancer, while Nir Peled et al.14 Lung cancer research focuses
on volatile emissions linked to cancer-specic mutations, high-
lighting the need for nanostructured chemiresistive gas sensors
for rapid, sensitive, and cost-effective detection.15 Yuvaraj et al.
investigated Sc2CO2 MXene nanosheets that detected volatile
organic compounds in human breath, showing high sensitivity to
acetonitrile and potential for room-temperature illness sensors.16

Transition Metal Di-chalcogenide (TMD), a 2-D material, is widely
used as a sensing material in biosensors.17 Molybdenum and
tungsten dichalcogenides are well-regarded 2D layered materials
because of their distinctive chemical and physical properties.18

TMD, including MoSe2, WS2, MoS2, and MoTe2, are two-
dimensional materials with few layers with potential applica-
tions in energy storage, catalysis, optoelectronics, and
microelectronics.19–22 WTe2, with superconductivity and topolog-
ical states, is a promising candidate for studying topological
superconductivity and its role in quantum computing applica-
tions.23 WTe2 is a TMDC known for its unique electronic structure
and optical properties, with electron mobility exhibiting a pattern
of WS2 < WSe2 < WTe2.24 Nan Gao et al. evaluates the adsorption
and sensing capabilities of six VOCs on both pristine and Li-
doped F-diamine, suggesting its suitability as a sensor for
detecting C2HCl3.25 R. Chandiramouli et al. explored the adsorp-
tion properties, rapid recovery times, and resistance changes of
MoSe2 nanosheets when exposed toML and EL vapormolecules.26

Hao Cui et al. examined the operating conditions of oil-immersed
transformers and assesses the potential of Ni-doped WTe2
monolayer to improve adsorption and sensing in transformer
oil.27 Zhang et al. investigated that the Pd-decorated WTe2
monolayer exhibits promising gas sensing capabilities for SO2

and SOF2.28 Xiqian Hu et al. explored that Pd-doped MoTe2
enhances gas sensing by reducing the band gap, increasing
conductivity, and improving adsorption compared to pure
MoTe2.29 Ran Jia et al. investigated the adsorption of VOCs in
breath, aiming to develop rapid and cost-effective screening
methods for early lung cancer detection.30 In this study, we used
DFT to assess the effectiveness of pristineWTe2 and Au-decorated
WTe2 in detecting VOCs in human breath. We analyzed their
electronic properties, such as band structure and density of states,
ELF, and studied WTe2's adsorption behavior towards different
VOCs, including alcohols, ketones, nitriles, and hydrocarbons.
Comparisons with other 2D materials highlighted WTe2 superior
adsorption capabilities. Hirshfeld charge analysis quantied
charge transfer upon VOCs adsorption, while we evaluated gas-
sensing performance in terms of recovery time, sensitivity, and
selectivity. Additionally, we explored how VOC adsorption affects
WTe2 work function, suggesting its potential as a work function-
based sensor for early disease diagnosis through breath analysis.

2. Methods
2.1. Calculation methods

The ADF-BAND package was utilized to analyze energy param-
eters, conguration, gas adsorption, and electronic simulation
models using the DFT methodology. Realistic orbital behavior
© 2024 The Author(s). Published by the Royal Society of Chemistry
around the nucleus within the examined structure was accom-
plished by employing ADF's Slater-type orbitals (STOs).31,32 The
atomic, and electronic wave functions were considered using
a triple zeta polarization (TZP) basis set, standard numerical
precision, and a non-frozen core approach.33 Investigation
delved into the inuence of electron density on ion exchange-
correlation energies by employing Perdew–Burke–Ernzerhof
(PBE) generalized gradient approximation (GGA).34 Incorpo-
rating van der Waals (vdW) interactions through D3-Grimme
correction (DFT-D3) notably enhances the precise depiction of
long-range interaction between gas molecules and Au-decorated
WTe2.35 Fully optimized lattice constants and atomic positions
were attained using ve (05) k-points. Selection of k-grid, basis
set, and density tting parameters critically inuences numer-
ical accuracy in ADF. These chosen k-points, derived from
Becke's fuzzy cell technique, are pivotal in sampling the Bril-
louin zone and establishing numerical precision in calcula-
tions.36 Convergence criteria for structure relaxation were set,
including energy (10−5 eV), gradient (0.02 eV Å−1), and step size
(10−3 Å). These criteria were consistently applied to all relaxa-
tion processes.37 The convergence criteria in the ADF-BAND
package are designed to ensure the reliability of the results by
requiring that iterative calculations reach a stable solution.
These criteria typically involve thresholds for changes in total
energy, electron density, band structure convergence, and
forces. By adhering to these stringent criteria, the package
guarantees that the results are accurate, reproducible, and
reliable for further analysis.
2.2. Analytical methods

The stability of WTe2, a monolayer, decorated with Au, is oen
assessed using binding energy Eb, as described by eqn (1).

Eb = EWTe
2
/Au − EWTe

2
− EAu (1)

In which EWTe
2
/Au signify the energy of transitionmetal (Au)

decorated TMDs, EAu denotes the energy of aurum metal, and
EWTe2 signify the energy of the WTe2 monolayer. Term adsorp-
tion energy Eads is used to characterize interaction energy and
constancy between VOCs and TMDs, which is as eqn (2):

Eads = Etotal − EVOC −Esubstrate (2)

where Etotal is the energy of a total adsorbed system and EVOC
denotes the total energy of the gas molecules and Esubstrate
energy of Au-WTe2. Hirshfeld analysis was employed concur-
rently to examine charge transfer (DQ) between the target
molecule and the adorned surface, as expressed in eqn (3):

DQ = Q2 − Q1 (3)

A positive DQ signies an electron donor, while a negative
electron-accepting behavior in the target molecule. Conduc-
tivity (s) and sensitivity of the WTe2 base monolayer and
adsorption system can be predicted using eqn (4) and (5) based
on frontier orbital theory.
RSC Adv., 2024, 14, 26788–26800 | 26789
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s ¼ A� e
� Eg

kBT (4)

S ¼ ssubstrate

sVOCþsubstrate

� 1 (5)

A smaller band gap Eg, combined with constant A, Boltz-
mann constant (k), and temperature (T), implies higher
conductivity at a given temperature. This correlation is crucial
for investigating the electrical properties effectively of Au-WTe2
for gas sensing at different temperatures and sVOC+substrate and
ssubstrate electrically conductive values of Au-decorated WTe2
with VOCs, and Au-WTe2 respectively. Additionally, the ability of
the Au-WTe2 monolayer to recover can be examined through
van't Hoff–Arrhenius/transition state theory and is expressed in
eqn (6).38,39

s ¼ A� 1e
Eads

kBT (6)

A, attempted frequency, is determined to be 1012 s−1. Eads
represent adsorption energy, kB and T denote Boltzmann
constant, and the sensor's temperature (8.6173303 × 10−5 eV
K−1).25,29,40,41 A valuable approach for gas sensors includes
tracking changes in the work function of the sensing substrate.
The work function (F), calculated as.

F = V(F) − Ef (7)

V(F) represents electrostatic potential relative to vacuum level,
and Ef denotes potential relative to Fermi energy level. Variable
F responds to surface changes induced by gas adsorption.16,42
3. Results and discussion
3.1 Structural property of pristine and Au-decorated WTe2

Firstly, the honeycomb structure of pristine WTe2 monolayer
(WTe2-ML) was congured with a supercell of dimensions 4 × 4
× 1, housing a total of 16W atoms and 32 Te atoms withW atoms
positioned between two Te sublayers, as illustrated in Fig. 1(a).
According to our computations, the lattice constant of the WTe2
monolayer is determined to be 3.54 Å, the W–Te bond length
measures 2.70 Å, and the bond angle is 72.3° is shorter, indi-
cating a smaller atomic radius compared to the previously re-
ported value of 2.76 Å bond length remains consistent aer
optimization. These values align with a previous theoretical
report indicating a lattice constant of 3.6 Å.43 WTe2 primarily
exists in 2H- and Td-phases, the Td-phase, oen referred to as 1T-
phase, has received the most research attention. Furthermore,
because of its remarkable superconducting features, the T-phase
of WTe2 has garnered interest.23,44,45 For dynamic stability of
WTe2 phonon dispersion in the reported structure.46 WTe2-ML
was optimized to attain relaxed geometric conguration and
electronic properties of decorated ad-atom and adsorbed gases.

Notably, decorating with metal elements is an effective
strategy to enhance the sensitivity of adsorbent. The adsorption
performance of the WTe2 was enhanced by decorating this with
Au atom. For the most stable conguration of Au-WTe2, three
distinct locations on pristine WTe2 monolayer surfaces were
26790 | RSC Adv., 2024, 14, 26788–26800
examined for ideal locations for VOCs. These positions
encompassed the Tw site positioned over the W atom, the TTe
site positioned over the Te atom, and the H site located over-
head center of the six-membered ring as illustrated in Fig. 1(a).
The optimal conguration for Au-decoration on the WTe2
monolayer is found at the H site, exhibiting the highest inter-
action strength with Eb of −8.61 eV which indicates Au-WTe2
conguration showed superior stability and strong interaction
at the H site, with Au decoration forming a bond with three Te
atoms with bond lengths of 3.030 Å is illustrated in Fig. 1(b).

The bond length between W and Te atoms was 2.7 Å. The Au
atom is adsorbed on the hollow site of WTe2. In this structure,
theW atoms are sandwiched between the Te atoms, as shown in
Fig. 1. The hexagonal structure of WTe2 has three Te and
three W atoms, and only all Te atoms form a bond with Au, with
a bond length of 3.030 Å.
3.2 Electronic properties of pristine and Au-decorated WTe2

Investigated electronic properties of Au-decorated WTe2
compared to pure WTe2 by examining total DOS and projected
DOS, as depicted in Fig. 2(a–c). DOS analysis of pristine WTe2
indicates an absence of states at the Fermi level, suggesting its
semiconducting nature with a bandgap of 0.63 eV. Moreover,
the TDOS and PDOS curves of Au-WTe2 shi to a higher energy
region aer Au decoration. This shi is attributed to the
electron-donating behavior of WTe2, leading to an improved
effective Coulomb potential. Additionally, a transition from
semiconducting to metallic behavior is observed. Comparison
with the pristine WTe2 system reveals that Au-decoration
introduces novel states, some of which ll the bandgap, trans-
forming the Au-decorated WTe2 monolayer into a metallic state.
Atomic DOS analysis demonstrates signicant overlap between
Au 5d, 6s orbital, and Te 5p orbital at −1.0 and 1.5 eV, indi-
cating durable orbital interactions between Au and Te atoms.
This interaction further contributes to alteration in the elec-
tronic states of the Au-decorated WTe2 system.

In the context of Hirshfeld analysis, Au exhibits a negative
charge of −0.211e, acting as an electron acceptor and with-
drawing 0.063e from WTe2. Conversely, each of the three
bonded Te atoms carries a positive charge of 1.276e, demon-
strating an electron-donating behavior. W atoms act as electron
acceptors, whereas Te atoms act as donors. This highlights the
electronegativity of W and Te atoms within a system, along with
newly formed Au–Te bonds. Moreover, Au–Te bonds display
electron accumulation, conrming the electron-donating
property of Te atoms and emphasizing robust orbital interac-
tions in Au–Te bond formation.

We have calculated ELF which is a computational tool used
to visualize different degrees of electron localization and the
value lies in the range of 0 to 1. Where 0 represents delocalized
electrons (metallic behavior), and 1 indicates highly localized
electrons (covalent or ionic behavior) also calculation is used to
understand chemical bonds and interactions that is illustrated
in Fig. 2(d). It provides insights into electron pairs and bonding
types through varied colors. Red on WTe2 indicates strong
electron localization associated with covalent or directional
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Geometric structure of pristine WTe2 with three typical locations and (b) Au-decorated WTe2.

Fig. 2 (a–c) TDOS and PDOD curves of pristine WTe2, Au-decorated WTe2, and green dashed lines are Fermi level, (d) ELF of Au-WTe2.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 26788–26800 | 26791
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Table 1 Theoretically reviewed (Eads) eV of VOCs with other 2D nano-sensors

Sensing materials H2O CO2 CH2O CH4O C7H8 C3H6O C2H5OH References

WTe2 −0.01 −0.09 −0.01 −0.10 −0.07 −0.06 −0.08 This work
Au-WTe2 −0.28 −0.14 −0.24 −0.11 −0.55 −0.08 −0.57 This work
BC6N — — −0.22 — — — −0.37 38
Tellurene-MoS2 — — — — — −0.32 −0.21 47 and 48
Phosphorus — — — — −0.43 — −0.21 49
MoS2 — — −0.25 — — — −0.25 50
B4C3 −0.19 −0.15 −0.19 — −0.21 — — 51
N-WS2 −0.15 — — — — — — 30
Sc2CO2 −0.44 −0.19 — — −0.18 −0.48 −0.59 16
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bonds and signies regions with high electron localization
while brown hues on Au suggest lower electron localization
characteristic of metallic bonding and indicate specic electron
densities that are known for their metallic properties and in the
context of WTe2 sheets, they likely form metallic bonds.
3.3. Structures of adsorption and electronic properties of
VOCs over Au-decorated WTe2

Investigation delves into enduring adsorption, dynamics, and
electronic conguration of gases onto pristine WTe2 and deco-
rated with metal (Au). Results indicate that some gas molecules
adsorbed physically on the structure. The adsorption energies
of WTe2 towards gases are classied from higher to lower as
follows: CH4O > CO2 > C2H5OH > C7H8 > C3H6O > H2O, CH2O.
However, the incorporation of the Au atom signicantly
enhances WTe2 adsorption capabilities. Decorating WTe2 with
Au atom notably augments the monolayer's capacity to adsorb
gas molecules, with increasing adsorption hierarchy arranged
as follows: C2H5OH > C7H8 > H2O > CH2O > CO2 > CH4O >
C3H6O as summarized in Table 1.

3.3.1 Adsorption and electronic properties of C7H8 onto
Au-WTe2. Aer optimization C7H8, it is evident that gas mole-
cules predominantly favor adsorption on Au-WTe2 via C atoms.
Gas molecules adsorbed parallel to the surface of Au-WTe2 with
adsorption energy (Eads) amounting to−0.55 eV as illustrated in
Fig. 3(a). These shi results are signicantly higher than C7H8/
WTe2, as seen in Table 1. Post-optimization, the bond distance
between Au and gas atoms is 3.90 Å which indicates weak
interaction because the distance is greater than 3 Å.52

The electronic properties of Au-WTe2 during C7H8 adsorp-
tion are illustrated in Fig. 3(b). TDOS analysis shows that
adsorbed gas does not affect the material's metallic behavior,
indicating that Au plays a more signicant role in determining
metallic qualities than the inuence of gas. PDOS also reveals
that C-2p and H-1s orbitals overlap with Au-5d, and 6s orbitals
at −0.3 eV and 1.3 eV also strong hybridization is seen in the
valence band.

The results of the Hirshfeld charge analysis, shown in
Fig. 10, indicate that C7H8 acts as an acceptor during the
adsorption process. The white and brown hues observed on
C7H8 indicate localized electron regions, highlighting the
presence of covalent bonds between carbon and hydrogen
atoms within C7H8, as illustrated in Fig. 3(c). On Au-WTe2, the
26792 | RSC Adv., 2024, 14, 26788–26800
red color reects areas of elevated electron density or localiza-
tion, implying a robust interaction between Au atoms and
WTe2. This suggests a mix of covalent bonding within C7H8 and
the possibility of metallic bonding between Au and WTe2 in
adsorbed conguration.

3.3.2 Adsorption and electronic properties of CH2O onto
Au-WTe2. Adsorption of CH2O on Au-WTe2 monolayer is
depicted in Fig. 4(a), revealing a notable distance of 2.694 Å
between Au and a carbon (C) atom showcasing a parallel tilted
positioning. Despite the improvement in (Eads) of CH2O/Au-
WTe2 is −0.24 eV compared to CH2O/WTe2 with a calculated
Eads of−0.01 eV, it is inferred that the presence of Au decoration
minimally impacts the adsorption performance of WTe2
monolayer concerning CH2O molecules.

Aer adsorption, Au-WTe2 material acts as a donor while
CH2O functions as an acceptor. It is noticeable that the oxygen
atom closest to the Au atom shows a subtle interaction with Au-
WTe2, while the carbon atom displays some extent of charge
transfer with an oxygen atom, acting as a donor, as depicted in
Fig. 10.

Investigation of CH2O adsorption on an Au-WTe2 entails
DOS examination. PDOS interaction between Au-5d, 6s and C-
2p, O-2p, and H-1s orbitals overlap at −0.3 eV and 2.1 eV and
strong hybridization can be seen at −0.3 to −1.2 eV while
(TDOS) overlap with Au and CH2O/Au-WTe2 at 2.4 eV is illus-
trated in Fig. 4(b). However, peaks of adsorbed CH2O near the
Fermi level indicate weak adsorption, contrasting with Au
robust interactions. While CH2O/Au-WTe2 displays metallic
behavior, the adsorbed gas lacks this trait, suggesting Au
predominantly drives the material's metallic properties rather
than the adsorbed gas contribution.

Color-coded representation provided by ELF highlights
specic electron densities, with brown shading on CH2O indi-
cating the presence of pi-electron density associated with its pi-
system. This observation suggests a potential for pi-interactions
with Au-WTe2. Additionally, red coloring observed on Au-WTe2
points to electron localization resulting from gas interaction,
implying a chemical interaction and electron redistribution at
the surface is illustrated in Fig. 4(c).

3.3.3 Adsorption and electronic properties of C3H6O onto
Au-WTe2. Aer optimization of C3H6O on the surface of Au-
WTe2, the C3H6O appeared as almost parallel and the bond
distance between Au–H atoms increased from 2.927 to 3.029 Å
indicating elevated physisorption16,52 illustrated in Fig. 5(a).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Configuration of C7H8 adsorption (b) TDOS and PDOS (c) ELF of C7H8.

Fig. 4 (a) Adsorption configuration of CH2O (b) TDOS and PDOS (c) ELF of CH2O.

Fig. 5 (a) Configuration of C3H6O adsorption (b) TDOS and PDOS (c) ELF of C3H6O.
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This arrangement leads to an acetone adsorption energy of
−0.08 eV, which is strong compared to C3H6O/WTe2, which can
be obtained using eqn (2).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 5(b) indicates the DOS distribution of C3H6O. We can
affirm limited contact between C3H6O and Au-WTe2 signifying
minimal charge transfer during adsorption and showing
RSC Adv., 2024, 14, 26788–26800 | 26793
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Fig. 6 (a) Configuration of H2O adsorption (b) TDOS and PDOS (c) ELF of H2O.
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metallic behavior due to less contribution of gas molecules.
Furthermore, PDOS orbital overlap very strongly at 2.2 eV and
hybridization at 2.1 to 2.7 eV especially Au-5d overlap at the
Fermi level. Only a discernible change in TDOS at 2.2 eV for
C3H6O/Au-WTe2 compared to Au-WTe2, slight elevation of
peaks, and noticeable hybridization at −0.3 to −2.4 eV in PDOS
orbitals.

Hirshfeld charge analysis indicates gas molecules exhibit an
electron-accepting behavior, while Au-WTe2 serves as a donor.
In the C3H6O system, Au-WTe2 demonstrates a robust electron-
donating propensity upon gas adsorption, thereby affirming its
exceptional chemical activity and reactivity in gas interaction
scenarios.

Fig. 5(c) illustrates ELF Within C3H6O, white regions signify
areas of lower electron densities, whereas brown regions denote
specic electron densities like pi-electron, localized electron
distributions, or distinctive bonding features within C3H6O
molecule. The red hue on the Au-WTe2 sheet indicates partic-
ular electron distributions or localized densities on this surface.
This suggests electron localization stemming from interactions
between surface Au and absorbed acetone molecule
respectively.
Fig. 7 (a) Configuration of CO2 adsorption (b) TDOS and PDOS (c) ELF

26794 | RSC Adv., 2024, 14, 26788–26800
3.3.4 Adsorption and electronic properties of H2O onto Au-
WTe2. Before optimization oxygen atom is sited vertically at Au
but aer adsorption H2O is inclined to the Au-WTe2 surface as
illustrated in Fig. 6(a). Corresponding Au with H-atom bond
length before and aer are 763, and 2.387 Å respectively. This
decrease in bond length suggests that the optimized congu-
ration is more stable, with potentially stronger interactions
between H2O/Au-WTe2 due to elevated physisorption this
arrangement leads to an H2O adsorption energy of −0.28 eV,
which is strong as compared to H2O/WTe2.

Au-WTe2 demonstrates electron transfer behavior, while H2O
acts as an acceptor by withdrawing electrons from a substrate,
indicating a strong accepting property. It becomes evident that
the oxygen atom exhibits a weak interaction with Au-WTe2,
while the hydrogen atom displays some degree of charge
transfer with an oxygen atom, behaving as a donor. WTe2
suggests minimal charge transfer from a surface to adsorbed
gas.

DOS distribution in Fig. 6(b) demonstrates electronic
changes in the Au-WTe2 system upon H2O adsorption. In H2O,
the peak at the Fermi level weakens, while new peaks emerge
around−0.3 eV and−0.9 eV. A signicant decrease in the PDOS
of CO2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Configuration of CH4O adsorption (b) TDOS and PDOS (c) ELF of CH4O.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

6/
20

25
 1

:4
7:

43
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
peak of Au-5d at the Fermi level provides compelling evidence
compared to the isolated Au-WTe2 system. Moreover, the
emergence of a novel peak in PDOS around 1.5 eV due to H2O
suggests hybridization with Au-5d.

ELF analysis suggests strong electron localization on both
Au-WTe2 sheets and adsorbed water molecules. ELF values on
Au-WTe2 sheets indicate strong electron localization in these
regions. Brown coloring on hydrogen and oxygen atoms
signies high ELF values, indicating localized electron density
around these atoms which is illustrated in Fig. 6(c).

3.3.5 Adsorption and electronic properties of CO2 onto Au-
WTe2. Aer the optimization conguration of CO2 indicating
physisorption with Eads −0.14 eV, and bond length 2.45 Å that is
related to the previous report.41 These observed changes provide
compelling evidence for the activation of both CO2 and Au-WTe2
during the adsorption process which is illustrated in Fig. 7(a).

The DOS analysis of CO2 emphasizes the pivotal role of Au-5d
orbitals in electron transfer, increasing electron density and
surface electronegativity seen in Fig. 7(b). These peaks consis-
tently align at 0 eV, indicating substantial electron transfer.
Conversely, Au-6s orbitals show minimal change, maintaining
their position at −1.2 eV suggesting limited involvement in
electron transfer during the adsorption mechanism indicating
that both Au and the gas contribute to electron transfer, playing
a key role in imparting metallic properties to the material.

Hirshfeld charge analysis indicates that during the adsorp-
tion process of CO2, functions as an acceptor in this particular
arrangement from Au-WTe2 and Au-decorating WTe2 empha-
sizing notable electron-donating characteristics. At the same
time, the carbon atom donates a charge of 0.266e to an oxygen
atom.

ELF in CO2 that is illustrated in Fig. 7(c) red color on Au
might designate a durable interaction between gold and WTe2
and lead to a stronger interaction compared to purely metallic
bonding. Analysis shows brown hues on CO2, indicating specic
electron densities associated with their pi-electron systems.

3.3.6 Adsorption and electronic properties of CH4O onto
Au-WTe2. The CH4O adsorbs on Au-WTe2, with a preference
© 2024 The Author(s). Published by the Royal Society of Chemistry
parallel to the Au site. This conguration shows physisorption
with Eads −0.11 eV and 2.387 Å bond length with Au–H, indi-
cating activation of both VOC molecules and Au-WTe2 as shown
in Fig. 8(a).

TDOS conguration of Au-WTe2 is changed aer gas
adsorption. Au-WTe2 peak shi to the higher region nearly close
to Fermi level but aer a gas adsorbed shi at Fermi level with
same height and analysis show that adsorbed gas has no effect
on material's metallic behavior, indicating that Au plays a more
signicant role in determining material's metallic qualities and
PDOS interaction between Au-5d, 6s and C-2p, O-2p, H-1s
orbitals overlapped at −2.4 eV and hybridized at 0.6 to 1.5 eV
and −0.3 to −1.2 eV is illustrated in Fig. 8(b).

Hirshfeld charge analysis suggests that during the adsorp-
tion process, CH4O acts as an acceptor within this specic
arrangement involving Au-decorated WTe2, highlighting its
signicant electron-donating properties. Simultaneously, the
carbon atom exhibits an electron-withdrawing effect on
hydrogen and oxygen atoms within the molecule.

ELF of CH4O showsmetallic interaction between gold atoms,
possibly forming metal–metal bonds within the gold. Addi-
tionally, there might be some sort of interaction between the
gas atoms and the material, possibly involving charge transfer
or electronic transitions between the gas atoms and the mate-
rial's orbitals illustrated in Fig. 8(c).

3.3.7 Adsorption and electronic properties of C2H5OH onto
Au-WTe2. Fig. 9(a) depicts the adsorption arrangement of the
C2H5OH system on Au-WTe2. The C2H5OH molecule optimized
on Au-WTe2 in tilt form and slightly perpendicular to interact
with the Au atom aer optimization. This orientation is
preferred due to its enhanced stability and stronger interac-
tions, as indicated by the decrease in bond lengths between Au
and the H-atom of the gas from 2.375 Å to 2.371 Å post-
optimization. This decrease indicates a more stable congura-
tion and suggests potentially stronger interactions between the
molecule and the surface.25 Strong interaction between the gas
molecule and the adsorbent surface induces signicant defor-
mation in the geometric structure of Au-WTe2, resulting in
RSC Adv., 2024, 14, 26788–26800 | 26795
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Fig. 9 (a) Configuration of C2H5O adsorption (b) TDOS and PDOS (c) ELF of C2H5OH.
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a high Eads of −0.57 eV, stronger than other gases and C2H5OH/
WTe2 interactions,29,53 the Au-WTe2 system demonstrates
superior interaction strength and also changes electronic
conguration that is roughly related to the previous report.54

This enhanced adsorption energy suggests that the Au decora-
tion signicantly improves the material's sensitivity and effec-
tiveness for detecting C2H5OH, making it a more promising
candidate for sensor applications.

C2H5OH demonstrates an accepting nature, while the Au-
WTe2 material serves as a donating behavior. Au-decorated
WTe2 exhibits a strong capability for electron donation upon
the adsorption of C2H5OH. This emphasizes its notable chem-
ical activity and reactivity in gas interaction scenarios as in
Fig. 10.

TDOS, giving rise to innovative peaks in DOS of C2H5OH
structure. This deformation leads to the disintegration of elec-
tronic states around the Fermi level into quite a few smaller
states around 2.1 eV and at −0.3 eV. From PDOS we can see the
hybridization of C-2p, O-2p, H-1s, and Au 5d, 6s orbitals in the
range from −2.3 eV to 1.4 eV as depicted in Fig. 9(b). Similar to
observations in the system, it is evident that TDOS of the
C2H5OH system has an activated peak at the Fermi level that
indicates metallic behavior of C2H5OH/Au-WTe2 similar to Au-
decorated WTe2. This analysis highlights the profound impact
Fig. 10 Charge transfer of system.

26796 | RSC Adv., 2024, 14, 26788–26800
of Au-WTe2 interaction on electronic structure, with implica-
tions for the adsorption characteristics of C2H5OH on the
surface.

ELF, a computational tool, unveils electron distributions,
facilitating the comprehension of chemical bonds and inter-
actions by displaying varied colors. Brown hues on C2H5OH
indicate specic electron densities related to their pi-electron
systems, hinting at potential pi-interactions with the Au-
decorated WTe2 surface. Conversely, red coloring on Au-WTe2
denotes electron localization due to interactions with the
adsorbed gas, suggesting the emergence of chemical interac-
tions illustrated in Fig. 9(c).
4. Gas-sensing interpretation
4.1 Sensitivity and selectivity

In assessing the effectiveness of Au-decorated WTe2 as a gas
sensor for CH2O, C7H8, CH4O, C2H5OH, CO2, C3H6O, and H2O
molecules, attention must be paid to both their adsorption
characteristics and electrical conductivity. The sensor's sensi-
tivity relies on detecting changes in conductivity resulting from
variations in the bandgap. Specically, a reduction in bandgap
leads to heightened electrical conductivity. To gauge sensor
performance, key metrics such as sensitivity (S) and electrical
conductivity (s) are computed, indicating the material's ability
to detect gases effectively calculated by using eqn (4) and (5).25,55

Aer adsorbing VOCs, bandgap values of Au-WTe2 remain at
0 eV, indicating a potential enhancement in conductivity. This
phenomenon aligns with observations in other resistance-type
sensors, where increased conductivity is oen noted.25,56,57

Another aspect of device performance to consider is selectivity.
Previous research indicated that selective detection among
multiple species could be achieved by observing changes in
either bandgap or conductivity.57 Certain studies have utilized
sensitivity ratios of specic molecules to measure selectivity.
Even when adsorption energy and bandgap values are compa-
rable across various adsorption systems, certain sensors have
demonstrated remarkable selectivity.38,58
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 VOCs sensing performance on Au-decorated WTe2

VOCs molecule
Adsorption
energy (eV)

Band gap
(Eg)

Bond length
(Å)

Work function
(eV)

Work function
sensitivity (%)

Charge
Q(e)

Sensitivity
(%)

H2O −0.28 0 2.38 3.9475 −0.49 −0.129 100
CO2 −0.14 0 2.45 4.0149 1.20 −0.041 100
CH2O −0.24 0 2.69 4.2326 6.69 −0.177 100
CH4O −0.11 0 2.38 3.7956 −4.30 −0.037 100
C7H8 −0.55 0 3.90 3.8839 −2.09 −0.036 100
C3H6O −0.08 0 3.02 3.8215 −3.66 −0.099 100
C2H5OH −0.57 0 2.37 3.9354 −0.79 −0.134 100

Table 3 Recovery time (s) for mentioned VOCs at different
temperatures

System s (s) 298 K s (s) 398 K s (s) 498 K

C2H5OH 7.97 × 10−3 1.90 × 10−5 5.89 × 10−7

C7H8 3.85 × 10−3 1.06 × 10−5 1.15 × 10−7

H2O 7.31 × 10−8 3.77 × 10−9 6.83 × 10−10

Co2 2.27 × 10−10 6.14 × 10−11 2.61 × 10−11

CH2O 1.47 × 10−8 1.16 × 10−9 2.68 × 10−10

CH4O 8.14 × 10−11 2.54 × 10−11 1.29 × 10−11

C3H6O 2.4 × 10−11 1.04 × 10−11 6.4 × 10−12
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With a bandgap of 0 eV across all VOCs, adsorbed systems
exhibit a sensitivity of 100% for each gas which can be seen in
Table 2. This implies that high sensitivity and selectivity are
anticipated for qualitatively detecting VOCs through conduc-
tivity and selectivity measurements.
Fig. 11 Comparative analysis of work function for WTe2 and Au-
decorated WTe2 before and after exposure to volatile organic
compounds (VOCs).
4.2 Recovery time

The recovery time (s) is crucial for gas sensor effectiveness, as it
indicates the detachment of gas molecules post-detection. A
shorter s indicates superior reversibility, highlighting the effi-
cacy of gas sensors in detecting and releasing gas mole-
cules.39,59,60 The study investigated Au-WTe2 desorption at 298 K,
398 K, and 498 K, analyzing potential barrier (Eads) and recovery
times as shown in Table 3. High Eads in C2H5OH leads to
a notable energy barrier for desorption, resulting in prolonged
recovery times, like 7.97 × 10−3 s at 298 K. Conversely, C3H6O,
the smallest Eads, desorbs easily from the Au-WTe2, with
desorption times of 2.4 × 10−11 s at 298 K, 1.04 × 10−11 s at 398
K, and 6.4 × 10−12 s at 498 K. As the working temperature
increases, the recovery time of Au-WTe2 towards VOCs
decreases, especially evident in C2H5OH desorption, where time
reduces to 5.89 × 10−7 s at 498 K.

We assert that Au-WTe2 shows promising material for the
detection of C2H5OH. This is due to its consistent adsorption
performance at ambient temperature and rapid recovery time at
high temperatures, facilitating its repeated and efficient use.
However, the remarkably short recovery time observed for the
C3H6O desorption system at 298 K and 498 K indicates that Au-
WTe2 is unsuitable for use as a sensor for C3H6O. The adsorp-
tion and desorption performance of Au-WTe2 for H2O mole-
cules at ambient temperature indicates its suitability as a water
sensor under simple operating conditions.55
© 2024 The Author(s). Published by the Royal Society of Chemistry
4.3 Work function

Adsorption of VOCs typically alters a material's work function,
which is a crucial parameter in gas detection applications.61,62

The work function represents the energy required to move an
electron from the Fermi level to the vacuum and is calculated by
eqn (7). Alterations in the work function of a system signi-
cantly impact its electrical conductivity. The intrinsic work
function of pure WTe2 is 3.42 eV, while Au-WTe2 has 3.96 eV.
Upon adsorption of CO2, H2O, CH4O$C2H5OH, CH2O, C3H6O,
C7H8 the work function changes. Work functions (WFs) of CH2O
and CO2 systems increase to 4.23 and 4.01 eV. Consequently,
CH4O adsorption leads to a signicant decrease in work func-
tion compared to other gases.63,64 It's important to note that DFT
calculations can reasonably predict the changes in work func-
tion induced by physisorbed gases.63 Experimentally, the
change in work function due to gas adsorption is estimated
using the Scanning Kelvin Probe, enabling the development of
work function-based gas sensors. The work functions of pristine
WTe2 and Au-WTe2 are 3.42 and 3.96 eV, respectively, suggest-
ing weaker electron affinity compared to graphene and Ni-
doped WTe2, and heightened potential for vacuum-level elec-
tron release.40,65–67 The formula to calculate the sensitivity of the
work function of Au-WTe2 with gases is.68–70

S ¼
�
�
�
�

Fgas � FAu-WTe2

FAu-WTe2

�
�
�
�
� 100%
RSC Adv., 2024, 14, 26788–26800 | 26797
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The equation can be utilized to determine the sensitivity of the
work function. Where Fgas and FAu-WTe2 represent the work
function of systems with gases adsorbed respectively. These
ndings show varied trends in the work function of CH2O and
CO2 systems. It increases to 4.23 and 4.01 eVwith the sensitivity of
work-function 6.69% and 1.20% respectively as shown in Fig. 11.

In contrast, other gases such as C3H6O, H2O, C7H8, C2H5OH,
and CH4O exhibit decreases in WF of −3.66, −0.49, −2.09,
−0.79 and −4.3%, respectively than Au-WTe2. The work
function-based Au-WTe2 sensor shows high sensitivity towards
CH2O compared to other gases. This is attributed to the higher
Fermi energy of CH2O compared to gases, resulting in a higher
work function. As a result, CH2O exhibits greater sensitivity as it
requires less energy for electrons to escape from the Fermi level
to innity than other gases.

5. Conclusion

Nanosensors offer a cost-effective and non-invasive approach to
early lung cancer detection. A key challenge is designing breath
sensors that selectively detect specic biomarkers. In this study,
the sensing capability of Au-decorated WTe2 for volatile organic
compounds like acetone, ethanol, methanol, formaldehyde,
and toluene commonly associated with lung cancer biomarkers,
was assessed using DFT calculations. Additionally, we studied
interfering gases commonly present in exhaled breath, speci-
cally carbon dioxide and water. Our calculations indicate that
the pristine WTe2 monolayer exhibits limited adsorption of the
target molecules rendering it unsuitable for lung cancer detec-
tion. The Au-decoration increases the adsorption strength of
VOC molecules on the WTe2 monolayer surface, extending their
recovery periods to the detectable range. Aer accounting for
the adsorption distances and charge transfers of the related
VOCs, the adsorption onto the Au-WTe2 surface is primarily
physisorption. Furthermore, we analyzed desorption patterns
and sensing mechanisms of Au-WTe2 concerning VOCs. Au
adsorbed ontoWTe2 viaH-sites, and electronic properties of Au-
WTe2 remain unchanged following interaction with gases. Au-
WTe2 demonstrates promising potential as a sensing material
for VOC molecules due to its effective adsorption and desorp-
tion capabilities under specic conditions. The work function-
based Au-WTe2 sensor shows high sensitivity towards CH2O
compared to other gases with 6.69% respectively. However, it
excels in detecting ethanol vapor molecules, making it a prom-
ising option for accurately assessing operational efficiency. We
expect that the ndings of this study will contribute to the
development of effective Au-WTe2-based nanosensors for early
lung cancer detection by targeting specic VOCs.
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