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Early-stage diagnosis of ovarian cancer is critically limited by the absence of sensitive, non-invasive
screening technologies. The analysis of disease-associated VOCs in exhaled breath is a promising diagnostic
route; however, success depends on sensor materials that can differentiate chemically similar analytes with
high precision. This work focuses on developing a nanoscale sensing platform with enhanced sensitivity and
reliable selectivity for key ovarian cancer VOC biomarkers, including 2-butanone, decanal, and nonanal. To
uncover the sensing mechanism and assess stability against interfering gases (H,O and CO,), we used van
der Waals corrected DFT+NEGF transport calculations to analyse the adsorption behaviour and electronic
response on metal-functionalized black phosphorene. We found that pristine black phosphorene interacts
only weakly with the VOCs, exhibiting low adsorption energies (E,qs) that limit its practical sensing capability.
In contrast, metal functionalization with Au, Ag, and Cu markedly enhances molecular binding. Among all
configurations, Cu@BP shows the strongest affinity, with adsorption energies of —0.82 eV for 2-butanone,
—0.68 eV for decanal, and —0.65 eV for nonanal, respectively. Charge-transport analysis demonstrates that
Cu-decorated black phosphorene exhibits a markedly enhanced sensing response, with conductance
modulation reaching 84-100%, whereas pristine black phosphorene shows only modest variations in the
range of 4-48%. The rapid recovery at room temperature further confirms the reusability and excellent
reversibility of the sensor. Overall, these findings demonstrate that Cu-decorated black phosphorene is a
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viable nanosensor for the selective detection of ovarian cancer-associated VOC biomarkers through breath
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1. Introduction

Ovarian cancer (OC) is a highly aggressive malignancy of the
female reproductive system and represents a significant cause of
cancer related deaths among women worldwide."” Despite the
remarkable development of diagnostic technologies in recent
decades, ovarian cancer is still primarily diagnosed at advanced
stages, when treatment outcomes are severely compromised.’®
Worldwide, OC accounts for more than 324 000 new cases and
over 206 000 deaths each year, and this global burden is expected
to increase markedly by 2050 due to the continued growth of the
ageing population.*” Traditional diagnostic approaches to ovar-
ian cancer, including pelvic ultrasound, CT imaging, and serum
tumour markers, are generally invasive, expensive, and poorly
sensitive for early-stage disease.®” Consequently, the majority of
patients are diagnosed after disease progression, at which point
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overall treatment outcomes are significantly poorer.® Breatho-
mics, a form of breath-based molecular analysis, has recently
emerged as a powerful diagnostic tool and is increasingly applied
in various diseases, including cancer.” Accumulating data indi-
cate that characteristic metabolic and biochemical changes
occurring in ovarian cancer result in the formation of specific
VOCs. These represent promising metabolic fingerprints that
might enable the identification of early disease.'® Notably, the
detection of ovarian cancer-related VOCs holds great promise as
a non-invasive, rapid, and low-cost diagnostic technique, which
is particularly desirable for large-scale screening and point-of-
care applications.!" Thus, the development of effective nanosen-
sors capable of selectively identifying these biomarkers is essen-
tial for timely and precise ovarian cancer diagnosis."”

Recent studies have shown that advances in nanoscience
and nanotechnology have enabled the development of diverse
low-dimensional materials, including nanosheets, nanotubes,
and nanodots. Owing to their size-dependent physical and
chemical properties, these materials have found widespread
application in modern technologies, particularly in biomedical
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diagnostics and sensing.'”" In breath based diagnostics,
volatile organic compounds (VOCs) present in exhaled breath
have gained significant attention as biomarkers for the early
identification of diseases. In the present study, the VOC bio-
markers 2-butanone, decanal, and nonanal were selected due to
their strong clinical relevance and consistent identification in
ovarian-cancer-related breath studies, as reported by Sun et al.
and Moura et al."*"® These molecules exhibit notable concen-
tration differences between ovarian cancer patients and healthy
individuals, making them reliable indicators for breath-based
diagnosis. Within this series of research works, first-principles
calculations have been employed to explore links between
volatile organic compound (VOC) biomarkers and various dis-
eases, including gastric cancer. The incorporation of transition
metals on sensing interfaces enhances both adsorption and
selectivity, and this is an evident indicator of potential for VOC-
based gastric cancer detection, as reported by Ibrahim Alghoul
and co-workers in 2025.'® Using density functional theory,
Narender Kumar and co-workers (2025) explored the sensing
potential of pristine and metal-doped B12-borophene surfaces
toward VOC biomarkers associated with Alzheimer’s disease
and pancreatic cancer.'” The group showed that decoration
with one Li atom can significantly improve both adsorption and
selectivity, and they proposed that SAC-Li-f12-borophene could
be a promising nano-biosensor material. Analyzing the diag-
nosis of lung cancer, Ivan Shtepliuk in 2025 conducted an
extensive study on 22 VOCs related to lung cancer using DFT on
graphene-based materials. The study revealed adsorption
energy and charge transfer characteristics that are essential
for distinguishing VOCs in Al-supported electronic noses.'®
Related to this context, L. Zhang et al. in 2025 employed DFT
and NEGF to analyze nitrogen-doped graphyne and demon-
strated physisorption-reliant sensing with high selectivity to
acetone and 81% sensitivity at 0.5 V to emphasize its applica-
tion in diagnosing diabetes-related VOCs."® The trend of sup-
port for metal functionalization persists. In addition to carbon
materials, silver decoration has been identified by Janeeta
Hafeez et al. (2024), to ensure the metallic phase of WTe, has
a high selectivity to sense VOCs, particularly acetone, along
with a highly optimal adsorption and desorption kinetics
process.?® Similarly, Wadha Alfalasi et al. (2024) demonstrated
the selectivity and rapid recovery nature of physisorption by
functionalized Ti;C,Tx MXene, specifically Ti;C,0,, making it
ideal. In the wider domain of metabolic diseases, the sensing of
VOCs has also progressed to glucose sensing.>" Aoly Ur Rahman
and co-workers (2025) used density functional theory to inves-
tigate the adsorption behaviour of lung cancer-associated VOC
biomarkers on aluminum nitride and aluminum phosphide
nanotubes. They found that aluminum nitride nanotubes
(AINNT) exhibit stronger adsorption and superior electronic and
thermodynamic responses, identifying AINNT as a promising
sensing material for early lung cancer diagnosis.”” Similarly,
density-functional-theory-based studies have been extended to
metabolic sensing applications. For instance, Kalpana Devi
et al. (2023) reported that metal-doped graphene, particularly
Au-decorated graphene, exhibits an excellent electronic response

Mater. Adv.

View Article Online

Materials Advances

and work-function sensitivity for glucose detection, while Ag
and Cu-doped graphene also demonstrate notable sensing
performance.*® Aref Aasi and co-workers (2021) employed first-
principles density functional theory to investigate the adsorption
characteristics and sensing response of VOCs on pristine and
Pt-decorated phosphorene. They showed that Pt decoration signifi-
cantly enhances VOC phosphorene interactions, enabling highly
sensitive and selective methanol detection with a short recovery
time at room temperature.>* In 2023, Jiayin Wu et al. used density
functional theory to investigate VOC sensing on pristine and
Pt-decorated SnS monolayers. They demonstrated that Pt decora-
tion dramatically enhances charge transfer and sensitivity, while
maintaining good reversibility and short recovery times, identify-
ing Pt-SnS as a promising VOC sensing material.>®

Motivated by previous studies, the present work employs a
combined DFT and NEGF approach to investigate metal functio-
nalized black phosphorene and evaluate its capability to adsorb
three ovarian cancer related VOC biomarkers, 2-butanone,
decanal, and nonanal, commonly detected in the exhaled breath
of patients."*'*>?® In the present work, density functional theory
calculations are employed to investigate the interaction of 2-
butanone, decanal, and nonanal molecules with metal-decorated
black phosphorene. These molecules have been widely identified
as VOC biomarkers in the exhaled breath of ovarian cancer
patients. The adsorption behaviour is evaluated by examining
variation in the structural configuration, electronic characteris-
tics and thermodynamic properties of the metal-decorated BP
nanosheets. The selectivity and sensitivity of the material
towards these VOCs are also analyzed to determine its appro-
priateness for this purpose. The findings of this paper may help
in the development of nanosensors of BP for the early diagnosis
of ovarian cancer. To the best of our knowledge, a systematic
theoretical or experimental study targeting the detection of these
biomarkers using metal-decorated black phosphorene has not
yet been reported.

2. Computational details

Density functional theory (DFT) calculation combined with the
non-equilibrium greens function (NEGF) formalism were per-
formed using the Quantum ATK simulation package (version
2024.12)"*% to investigate the adsorption behaviour of three
OC-related VOC biomarkers, together with interfering gases
(CO,, H,0), on black phosphorene (BP) and noble metal (Ag,
Au, and Cu)-decorated BP systems. Fig. 1a depicts the orthor-
hombic lattice of pristine black phosphorene. To prevent artifi-
cial interactions between periodic images, a vacuum spacing of
30 A was introduced along the y and z directions, thereby
ensuring adequate isolation of the nanosheet within the simula-
tion cell.>® The electronic structure calculations were carried out
using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional.®® As GGA based
methods are known to underestimate the bandgap of semicon-
ducting systems, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional was additionally employed to obtain a more reliable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bandgap value. In this work, HSE06 was applied specifically for
band-gap evaluation, whereas the PBE functional was retained
for the remaining electronic property analyses, including DOS,
PDOS, and adsorption-induced electronic variations.** All calcu-
lations were conducted using norm-conserving pseudopotentials
within the linear combination of atomic orbitals (LCAO)
formalism.>* The electronic wave functions were described using
the Fritz-Haber Institute (FHI) double-zeta plus polarization
(DZP) basis set, which offers a balanced compromise between
computational efficiency and an accurate representation of the
electronic states at a reasonable computational cost.*> A mesh
cutoff energy of 90 Hartree was selected to achieve reliable
convergence of the total energy in the calculation.** To account
for long-range dispersion interactions associated with weak phy-
sisorption, the DFT-D2 correction scheme was incorporated in
the calculations.®® Geometry optimizations were performed until
the residual forces on each atom and stress in the system were
reduced below 0.01 eV A™* and 0.001 eV A™, respectively,
ensuring well-relaxed equilibrium structures.*® In addition, the
stability of noble metal (NM) incorporation (Cu, Au, and Ag) into
the BP sheet was evaluated by calculating the binding energy (Egg)
based on total energy differences as expressed in eqn (1).>”*

Egg = ENM@BP — Egp — Exm (1)

In this expression, the first, second, and third terms corre-
spond to the total energies of the noble-metal-decorated BP
system, pristine BP, and isolated noble metal atoms, respec-
tively. The adsorption energy (E.qgs) of the VOC molecules and
interfering gases on the noble metal-decorated BP surface was
subsequently evaluated using eqn (2).*>*°

Eads = ENM*BP/VOCS - ENM*BP - EVOCS + BSSE (2)

In this formulation, the first term corresponds to the total
energy of the VOC or interfering molecule adsorbed on the
NM-decorated BP surface, whereas the second and third terms
represent the energies of the clean NM-decorated BP sheet, and
the isolated VOC or interfering molecule, respectively. In addition
to adsorption energy, sensor sensitivity is an important parameter
for evaluating the performance of a VOC sensing material. The
sensitivity (S) is therefore defined as the relative variation in
electrical conductance of the nanosensor before and after inter-
action with the target VOC molecule, as expressed in eqn (3).*"*>

Ggas - Gpure

S =
Gpurc

x 100 (3)

In this relation, Gpyre and Gg,s represent the conductance of
the pristine or noble metal-decorated BP before and after inter-
action with the VOC molecule, respectively. The electron-
transport behaviour of the pristine and metal-decorated BP
system was analysed using DFT in combination with the NEGF
approach. The device model comprised left and right metallic
electrodes connected through a central scattering region aligned
along the z-direction. For transport calculations, the Brillouin
zone was sampled using a 1 x 3 x 50 Monkhorst-Pack grid. The
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current flowing through the device under an applied bias voltage
Vi, was evaluated based on the Landauer-Biittiker formalism.**™*°

7= %rj T(E, Vo) f(E, —pp) — fL(E — ug)|dE 4)

In this equation, T(E) represents the transmission probability,
f(E) corresponds to the Fermi-Dirac distribution function, and E
denotes the electron energy. The parameters g, and g indicate
the electrochemical potentials of the left and right electrodes,
respectively. In addition, the recovery behaviour of the metal-
decorated BP monolayer was estimated using the van’t Hoff-
Arrhenius transition-state model, as expressed in eqn (5).*°*°

—F.

In this expression, E.qs, Kz, and T denote the adsorption
energy, Boltzmann constant, and absolute temperature, respec-
tively. The parameter V, represents the attempt frequency,
which is typically taken as 10" Hz under visible light condi-
tions and 10'® Hz under ultraviolet irradiation.

3. Results and discussion

3.1. Adsorption behaviour of VOC molecules on pristine BP

The optimized structure of pristine BP, along with its electronic
band structure and projected density of states (PDOS), is pre-
sented in Fig. 1(a-c). These results confirm the semiconducting
nature of BP, and a GGA-PBE band gap of 0.88 eV was calculated
in quite good agreement with several previous theoretical
reports.’>>! The band gap obtained with the HSE06 hybrid func-
tional is 1.55 eV, closely matching the experimentally reported
value.”>** While HSE06 describes the electronic structure far more
accurately, its much higher computational cost makes this func-
tional unsuitable for regular large-scale simulations.>*

To identify the most reactive site for VOC adsorption on
pristine BP, several initial configurations spanning both hor-
izontal and vertical orientations were examined. As summar-
ized in Table S1, the comparison of adsorption energy reveals
that the horizontal configuration is the most stable; therefore,
it was selected as the preferred adsorption orientation. Conse-
quently, this configuration was chosen as the representative
adsorption geometry for all subsequent investigations. Before
adsorption, all VOC molecules were fully relaxed, and their
optimized geometries, shown in Fig. S1 (SI), agree well with
previously reported structures.®® Afterwards, the VOC mole-
cules were relaxed on pristine BP, as shown in Fig. 2. Among
the investigated VOCs, pristine BP exhibits only moderate
interaction, with the highest adsorption energy reaching
—0.45 eV for the decane + BP system, while the corresponding
values for all other VOCs are listed in Table 1. Overall, the
adsorption strengths stay weak, especially with regard to those
of common interfering air molecules. Such weak interactions
signal that pristine BP is not suitable to provide reliable sensor
performance. Note that an appropriate adsorption strength is a
precondition to enhance sensor sensitivity, VOCs have to
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Fig. 1 Pristine black phosphorene: (a) optimized primitive-cell structure displayed from both top and lateral perspectives; (b) electronic band structure;
(c) projected density of states (PDOS); the blue and red curves correspond to the GGA-PBE and HSEOQ6 calculations, respectively.

interact sufficiently strongly with the surface to induce detectable
changes in the electronic properties of the material. However,
they should not interact too strongly, as desorption would then
be difficult, and the sensor non-reusable. In general, the adsorp-
tion energies should lie in the regime of strong physisorption. To
overcome the limitations of pristine BP and achieve adsorption
in this optimal range, selected noble metals (Ag, Au, and Cu)
were incorporated into BP, enabling a more favourable inter-
action with VOC biomarkers on the metal-functionalized BP
systems, as established in our previous work.>®

3.2. Adsorption behaviour of VOC molecules on noble metal-
decorated BP

Based on the structural optimization of noble-metal-decorated
black phosphorene (NMs-BP; NMs = Ag, Au, and Cu) systems

previously reported by Ramkumar et al,*® the adsorption
behaviour of VOC molecules on these metal functionalized BP
surfaces was further investigated. After introducing the VOC
molecules onto the optimized NMs-BP platforms, all config-
urations were fully relaxed to obtain their minimum-energy
geometries. The calculated adsorption energies (Fig. 3 and
Table 1) demonstrate that NMs-BP exhibits stronger interac-
tions with the target VOC biomarkers compared with common
atmospheric interfering molecules, highlighting its potential
applicability for selective breath-based sensing.

Among the investigated noble-metal-decorated configura-
tions, Cu-decorated black phosphorene (Cu@BP) exhibits the
most pronounced adsorption behaviour toward the VOC mole-
cules. In particular, Cu-decorated BP yields the strongest E,qs of
—0.82, —0.68, and —0.65 eV for 2-butanone, decanal, and

el - 1 ™
CNL G C
3.04A : 3.33A :

(©)

Fig. 2 Optimized adsorption configuration of OC-related VOC molecules on pristine BP (a) 2-butanone + BP, (b) decanal + BP, and (c) nonanal + BP.
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Table 1 Adsorption parameters for OC-related VOC molecules and representative interfering gases on NM-decorated BP (Cu, Ag and Au): adsorption
energy (E,qs). adsorption distance (d), band gap (Eg), charge transfer (Ag), and recovery time (7)

System VOCs Eqq4s (eV) d (A) Eq (eV) Property Aq (e) 7 (s)
Pristine — N/A N/A 0.88 S/C N/A N/A
2-Butanone —0.12 3.16 0.88 S/C 0.024 1.0 x 107
Decanal —0.45 3.04 0.87 S/C —0.048 4.0 x 107°
Nonanal —0.13 3.33 0.87 S/C —0.025 1.5 x 10 *°
H,O 0.06 3.26 0.87 S/C 0.025 1.5 x 107
CO, 0.10 3.37 0.88 s/C 0.003 7.2 x 10711
Cu@BP — N/A 2.42 0 M N/A N/A
2-Butanone —0.82 2.04 0 M 0.189 73.86
Decanal —0.68 1.82 0 M 0.033 0.317
Nonanal —0.65 1.88 0 M 0.013 9.3 x 1078
H,0 —0.58 2.16 0 M 0.206 9.4 x 1073
CO, —0.07 3.03 0 M 0.032 2.2 x 1071
Ag@BP — N/A 2.42 0 M N/A N/A
2-Butanone —0.67 2.34 0 M 0.165 0.215
Decanal —0.48 2.44 0 M 0.002 1.3 x 107
Nonanal —0.55 2.48 0 M 0.026 2.0 x 1073
H,0 —0.46 2.44 0 M 0.166 8.8 x 107°
CO, —0.08 3.11 0 M 0.028 3.3 x 10 !
Au@BP — N/A 2.35 0 M N/A N/A
2-Butanone —0.16 3.07 0 M 0.048 2.0 x 107
Decanal —0.25 2.96 0 M —0.019 1.6 x 1078
Nonanal —0.41 2.62 0 M —0.014 8.5 x 10°°
H,0 —0.26 2.56 0 M 0.142 3.6 x 1078
CO, —0.07 3.26 0 M 0.001 2.2 x 107

nonanal, respectively. This enhanced interaction arises from the
effective electronic coupling between the Cu active sites and the
adsorbed VOC molecules, which promotes charge redistribution
at the adsorption interface and strengthens the binding affinity
of the sensing surface. Furthermore, the selectivity of the NM-
decorated BP-based sensor was evaluated by comparing the
adsorption energies of the target VOC biomarkers with those
of typical atmospheric interfering gases, confirming the superior
sensing capability of the Cu@BP configuration. For complete-
ness, the corresponding adsorption characteristics of Ag and Au-
decorated BP systems are presented in the SI (Fig. S2 and S3).

3.3. Electronic band structures and total density of states
(TDOS) analysis

According to the adsorption analysis, the three VOC molecules -
2-butanone, decanal, and nonanal - exhibit adsorption energies
greater than 1.00 €V on Cu-decorated BP, as listed in Table 1.
Therefore, only these VOC molecules were considered for further
investigation. The electronic structures, including the band struc-
tures, total density of states (TDOS), and optimized adsorption
configurations of these VOCs on Cu-decorated BP are illustrated
in Fig. 3.

Prior to VOC adsorption, the band structure and TDOS of
Cu@BP (Fig. 3) clearly reveal its metallic character, with a band
gap of E; = 0 eV, as summarized in Table 1. The electronic state
near the Fermi level shows strong hybridization arising from the
interaction between the p orbitals of BP and the Cu-d orbitals.
Upon adsorption of the VOC molecules, noticeable modifica-
tions appear in the band structures of Cu@BP, particularly
around the Fermi level, indicating the formation of localized
electronic states induced by the Cu decorated system. After VOC
adsorption, the band structures of Cu@BP display only minor

© 2026 The Author(s). Published by the Royal Society of Chemistry

variations mainly around the Fermi level, suggesting that the
interaction of the VOC molecules produces a limited perturba-
tion to the electronic states of the system. The overall electronic
behaviour can be summarized as follows: (i) the metallic nature
of Cu@BP remains unchanged, although small shifts in the
electronic states near the Fermi level upon adsorption of the VOC
molecules are observed (see Table 1). (ii) The occupied states
close to the Fermi level are still predominantly contributed by
the P-orbitals of the BP lattice. In contrast, its unoccupied states
retain strong contributions from the Cu (d) orbitals. These
moderate VOC-induced perturbations reflect the inherent stabi-
lity in the electronic structure of Cu@BP, which nevertheless
allows for detectable changes in sensing. Indeed, the TDOS
further supports these observations. A finite density of states
remains at the Fermi level after VOC adsorption, indicating that
Cu@BP retains its metallic character. Only slight variations in
the TDOS are observed around the Fermi level, suggesting that
the VOC molecules introduce minimal perturbation to the
electronic structure. (iii) The optimised adsorption configura-
tions displayed in Fig. 3(a-c) further illustrate different adsorp-
tion behaviours, where Fig. 3a corresponds to chemisorption,
whereas Fig. 3b and c represent physisorption interactions.

3.4. Electron density difference (EDD) and electron
localization function (ELF) analysis

Fig. 4 presents the EDD and ELF combined analyses for repre-
sentative VOCs adsorbed on Cu-decorated black phosphorene.
The EDD isosurfaces clearly evidence interfacial charge redis-
tribution upon adsorption. Regions of electron accumulation
and depletion are color-coded in green and blue, respectively.
This charge redistribution is indicative of a net electron flow
from the substrate Cu decorated BP toward the adsorbed VOC

Mater. Adv.
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Fig. 3 Optimised adsorption geometries of OC biomarkers, on Cu-decorated BP shown from top and lateral perspectives, together with the
corresponding band structure and total density of states (TDOS): (a) 2-butanone, (b) decanal, and (c) nonanal.

molecules, in good agreement with the Mulliken charge popula-
tion results summarized in Table 2. The observed charge redis-
tribution primarily originates from the Cu active sites, which
contribute the dominant electronic states in the vicinity of the
Fermi level. Therefore, all the studied VOCs and interfering
molecules behave as electron-accepting (oxidizing) species when
interacting with Cu-decorated BP. Notably, the magnitude of
charge transfer correlates directly with the adsorption strength
and thus confirms that enhanced interfacial electronic coupling
gives rise to stronger sensor-analyte interactions. The ELF graph
provides complementary insight into the nature of the bonding
at the adsorption interface. For the weakly interacting VOCs, low
ELF values between the adsorbate and substrate point to delo-
calized charge distributions typical of physisorption. For 2-
butanone, however, a marked increase in the ELF localization

Mater. Adv.

between the oxygen atom of the molecule and the Cu site
indicates the formation of a directional chemical bond. This is
further corroborated by the short Cu-O bond length of 2.04 A, as
well as the largest charge transfer among the studied VOCs
(Ag = 0.189), unambiguously identifying a chemisorption
mechanism. Fig. 5 presents the adsorption energies and charge
transfer values for the studied VOCs and interfering molecules
on Cu-decorated BP. In other words, the EDD-ELF combined
analysis indicates that Cu decoration dramatically activates black
phosphorene, making the effective donation of charge to VOCs
possible, while the electronic interaction and selectivity are the
highest for 2-butanone. These results confirm the key impor-
tance played by interfacial charge redistribution and bond
formation in the performance of Cu decorated BP-based sensors
toward OC VOC detection.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electron density difference (EDD) and electron localization function (ELF) graph illustrating the interfacial bonding characteristics of OC-related
VOC molecules adsorbed on Cu decorated BP: (a) 2-butanone, (b) decanal, and (c) nonanal. Green and blue iso-surfaces indicate charge accumulation

and charge depletion, respectively, with the iso-surface value set to 0.048 e Bohr™~.

3.5. Recovery time

Recovery time (7) is an important parameter that determines
the reversibility of a sensing material as it reflects the
desorption behaviour of the adsorbed molecules. The calcu-
lated recovery times for the target VOCs and representative
interfering molecules on the Cu-decorated BP are summarized
in Table 1. According to eqn (5), the recovery time is mainly

3

determined by the adsorption energy; this implies that stronger

Table 2 Comparison of representative 2D nanomaterials reported for cancer-related VOC detection

molecule-surface interactions are typically associated with
slower desorption processes. Accordingly, among the VOCs
investigated, 2-butanone exhibits a comparatively strong inter-
action with Cu@BP, resulting in a correspondingly longer
recovery time of 73.86 s. In contrast, decanal has a much
shorter recovery time, amounting to 0.317 s. For nonanal, the

Adsorption
Target energy Max Recovery
Material cancer type VOC biomarkers range (eV) sensitivity % behavior Ref.
Cu@BP Ovarian cancer 2-Butanone, decanal, nonanal —0.07 to —0.82 84-100% Rapid 298 K  This
work
N-CNR:Fe Gastric cancer ~ Butanone, 2-pentanone, isoprene, —0.80to —1.56 N/A Temperature- 16
pyridine methylglyoxal, n-decanal, dependent
and n-pentanal
Fe-WSe2 Colorectal Benzaldehyde, indole, and propan-2-ol —0.42 to —1.26 N/A Prolonged 57
cancer
Metal-doped B12-borophene Alzheimer’s 2,3-Dimethylheptane, butylated hydro- —0.45to —0.85 N/A Extended 17
disease and xytoluene, and pivalic acid (AD)
pancreatic 2-Pentanone, 4-ethyl-1,2-dimethyl
cancer benzene, and n-nonanol (PC)
TizC,Tx (x= O, S, F, and OH)  Lung cancer 2,3,4-Trimethylhexane, aniline, —0.50 to —3.49 N/A N/A 58
ethylbenzene, isoprene, and
o-toluidine
Ag-doped penta-PdSe2 Lung cancer Isoprene, acrolein, isobutyraldehyde, -1.33to -1.72  70% to 74%  Limited 39
and propan-1-ol
TizC,Tx (Co, Cu, Fe, Ni) Pancreatic 2-Pentanone, 4-ethyl-1,2- —0.60 to —1.10 N/A Prolonged 59
cancer dimethylbenzene, and n-nonanal
Nitrogen-doped graphyne Diabetes Ethanol, ethylene glycol, acetone, —0.29to —0.43  81% Rapid 19
and toluene
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 5 Comparative overview of the adsorption energies and charge trans-
fer values for five VOCs associated with OC biomarkers, together with
representative interfering molecules interacting with Cu-decorated BP.

recovery is even faster, corresponding to ultrafast physisorption
at 9.3 x 10°% s. Similarly, this holds for typical interfering
molecules like H,O and CO,, that desorb rapidly, with a
recovery time of 9.4 x 10> s, while very weakly interacting
species give rise to extremely low values down to 2.2 x 10 "' s,
It should be noted that all recovery times were estimated at
room temperature (298 K). At higher operating temperatures,
the recovery time is expected to decrease considerably, result-
ing in values more suitable for reversible and continuous
sensing applications.

4. Electronic transport properties and
sensing performance

To further assess the VOC sensing capability of Cu-decorated
BP, a two-probe sensor device was constructed, as schematically
shown in Fig. 6(a and b). The charge transport behaviour was
analysed along both the armchair and zigzag directions. In this
device configuration, the left and right electrodes extend per-
iodically along the transport (Z) direction and are directly
coupled to the central scattering region. To suppress
electrode-induced perturbations, a buffer region equivalent to
one phosphorene layer is included at the electrode channel
interfaces. The lengths of the left and right electrodes are
3.32 A, whereas the central scattering region spans 26.56 A.
The current voltage characteristics of a Cu-decorated BP sensor
during VOC desorption and adsorption were calculated using
DFT-NEGF, as illustrated in Fig. 6(a—d). The electrical current (1)
flowing through the Cu-decorated black phosphorene VOC
sensor under a finite bias voltage (V},) can be described using
the Landauer-Biittiker formalism, as expressed in eqn (4).
When a bias voltage is applied across the electrodes of the
Cu-decorated BP sensor, the Fermi level of one electrode shifts
relative to that of the other electrode. Once the applied bias
exceeds the threshold value, charge carriers begin to flow
through the device generating an electric current. As the bias
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voltage increases further, the bias window becomes wider,
allowing additional transmission channels to contribute to
electron transport and thereby increasing the current. Adsorp-
tion of VOC molecules modifies the local electronic structure of
Cu-decorated BP, which affects the transmission probability
near the Fermi level and consequently alters the current
response of the sensor. These adsorption-induced variations
in the characteristics constitute the fundamental sensing
mechanism of the Cu-decorated BP device. The sensing perfor-
mance was quantified by the sensitivity, defined as the relative
change in conductance induced by VOC biomarker adsorption
and evaluated using eqn (3). Fig. 6 presents the conductance (I/
V) behaviour for the different configurations. Based on these
results, the sensing sensitivity was evaluated for both the arm-
chair and zigzag transport directions for pristine and Cu-
decorated BP under bias voltages ranging from 0 to 3 V. The
sensitivity comparison for pristine and Cu-decorated BP is
illustrated in Fig. 7, where the armchair direction at a bias
voltage of 0.6 V and the zigzag direction at 2.0 V are considered.
At 0.6 V in the armchair direction (Fig. 7a), pristine BP exhibits
sensitivities of 11% for 2-butanone, 4% for decanal, 7% for
nonanal, 12% for H,O, and 12% for CO,. Under the same
conditions, Cu-decorated BP shows significantly enhanced
sensitivities of 61% for 2-butanone, 36% for decanal, and
46% for nonanal. Likewise, in the zigzag direction at a bias
voltage of 2.0 V (Fig. 7b), pristine BP demonstrates sensitivities
of 16% for 2-butanone, 17% for decanal, 14% for nonanal, 4%
for H,O, and 48% for CO,. In contrast, Cu-decorated BP
exhibits much higher sensitivities of 91% for 2-butanone,
100% for decanal, and 84% for nonanal.

Overall, Cu decoration significantly enhances the sensing
response in both transport directions, and the armchair
direction exhibits a notable improvement in sensitivity
compared to pristine BP. However, the zigzag direction
exhibits a significantly stronger and more pronounced
response, with higher sensitivity values for all target VOCs.
This indicates that although both directions are suitable for
sensing applications, charge transport along the zigzag
orientation is more effectively modulated by VOC adsorp-
tion, making the zigzag direction the most favourable
configuration for achieving optimal sensing performance
in the Cu-decorated BP sensor.

Compared with previously reported two-dimensional sen-
sing materials for cancer-related VOC detection, Cu-decorated
BP exhibits a favourable balance between adsorption strength
and electronic response at room temperature (Table 2). Many
sensing platforms either suffer from excessively strong adsorp-
tion, leading to slow recovery, or from weak interactions that
result in minimal conductance modulation. In contrast, the
Cu@BP system demonstrates an optimal interaction strength
with VOC biomarkers, enabling significant charge transfer
and pronounced conductance variation while maintaining
rapid desorption characteristics. This balanced adsorption-
desorption behaviour demonstrates that Cu@BP has strong
potential as an effective nanosensor for the rapid and non-
invasive detection of ovarian cancer biomarkers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusion

In this study, density functional theory calculations were per-
formed to examine the adsorption behaviour of three OC
related VOC biomarkers in comparison with two interfering
molecules (CO,, H,0) on pristine and metal-decorated BP. The
adsorption of the VOCs on pristine black phosphorene yielded
weak interaction energies, indicating low sensing capability. To
improve the adsorption mechanism and selectivity, the selected
NMs (Au, Ag, and Cu) were introduced into the black phos-
phorene surface. Among the decorated systems, Cu-decorated
black phosphorene exhibits the most pronounced improve-
ment, yielding strong E,qs values of —0.82, —0.68, and
—0.65 eV for 2-butanone, decanal, and nonanal, respectively,
thereby confirming its superior sensing capability. The I-V
characteristics clearly indicate that Cu-decorated BP exhibits a
substantially stronger sensing signal, achieving conductance
variations in the range of 84-100%, whereas pristine BP shows
only modest changes confined to the 4-48% range. The recov-
ery time analysis indicates fast desorption for 2-butanone
(73.86 s), decanal (0.317 s), and nonanal (9.3 x 107% s) at
298 K, highlighting the excellent reversibility and reusability of
the Cu decorated BP sensor. Overall, these results authenticate
Cu-decorated black phosphorene as a robust and efficient
nanosensing platform for the selective detection of ovarian
cancer related VOC biomarkers, offering strong potential for
non-invasive breath-based diagnostic applications.
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