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ABSTRACT

In this work we study the
detection of ethyl butyrate
(ETB) , a prominent SARS CoV
biomarker with reduced two-
dimensional (2D) ZnO. With
density functional theory
(DFT) calculations we show
the adsorption of ETB on non-
stoichiometric sites of 2D
rZnO. It is seen that ETB
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adsorbs well on rZnO with a binding energy of around 0.8eV and shows significant changes in the electronic density of states and charge
density of the 2D sheet upon ETB adsorption. The adsorbed ETB molecule tends to draw a small net positive charge of ~0.25eV/Bohr? around
itself. The optical properties such as dielectric function and the absorption spectra undergo detectable changes in peaks even for the
adsorption of a single molecule. The optical absorption spectra show emergence of a single peak at 780nm upon ETB adsorption compared
to multiple peaks between 675-720nm for the bare 2D sheet. These significant changes can aid in rapid detection of the biomarker, by
electronic or optical detection means, leading to the development of novel sensors for rapid SARS CoV detection.
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INTRODUCTION

Recently Ethyl butyrate (ETB) has been identified as a
promising biomarker for identifying SARS-CoV infection due to
its connection with the virus's metabolic pathways.! Recent
studies on the volatile organic chemicals exhaled with the breath
of patients infected with SARS-CoV have identified ethyl
butyrate as a noteworthy molecule.? These investigations
indicate that detection of ETB in breath can be a potentially rapid
and non-invasive method of screening for SARS-CoV.1?

Several semiconducting metal oxides such as SnO, ZnO, TiO2
and many other have been hugely popular for various gas /
chemical sensing applications for their exceptional sensitivity,
convenient production techniques, affordability, and strong
compatibility with different fabrication processes.> It is well
understood that for such oxide material gas / chemical sensors the
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performance is significantly influenced by the surface condition,
shape, and microstructure of the sensing material.>* Such factors
control the active area and the adsorption of different chemicals
/ gas molecules, thereby making a strong case for surface
engineering better sensors by exploiting nanostructured
materials.

Of late, 2D materials have become viable choices for chemical
sensors, owing to their enhanced adsorption capabilities due to
high surface-to-volume ratio, and good electrical properties
enabling the detection of various molecules with great sensitivity.
2D Graphene, transition metal dichalcogenides (TMDs), black
phosphorus, WOs, AIN and 2D ZnO and its derivatives are
materials that possess suitable electrical and chemical properties,
which can be effectively utilized in gas sensing applications,
including single molecule detection.™*°

2D ZnO the atomically thin counterpart of a very popular gas
sensing bulk material ZnO, can be of much interest for biosensing
applications.!*"** Zinc oxide (ZnO) is considered as an excellent
material for the development of gas and chemical sensors due to
its non-toxic nature, affordability, and ease of synthesis. Further
its bio-compatible nature'®*® reaffirms the application of ZnO or
its derivatives for biosensing devices. Therefore, in its 2D form
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ZnO can be a very versatile material for sensing applications,
which prompts us to investigate its usefulness for the detection of
SARS-CoV biomarker. When it comes to the adsorption
properties of ZnO, it is often observed that non-stoichiometric
ZnO or reduced ZnO often shows a better surface sensitivity to
chemical or gas molecules.*® In order to achieve higher sensitivity
for a biomarker that is expected in trace amounts, reduced ZnO
or rZnO can be a better choice, and is worth studying.

In this work we study the detection of ETB on 2D rZnO with
density functional theory calculations (DFT). We studied the
adsorption properties for different orientations of the ETB
molecule on both 2D ZnO and 2D rZnO sheets. We also studied
the changes in the electronic and optical properties of the
nanosheet upon the adsorption of ETB molecules and evaluate
the prospects of 2D rZnO based rapid non-invasive SARS-CoV
screening sensors.

METHODS

Our calculations involve a supercell of monolayer 2D ZnO
(rZn0), as illustrated in Figure 1. The supercell has a vacuum gap
of 10 A on both sides. The DFT calculatons are performed with
the Quantum ESPRESSO? software package as implemented in
Material Square. The calculations use the generalized gradient
approximation (GGA) in DFT with the Perdew-Burke-Ernzerhof
(PBE) exchange and correlation functional.® The standard solid
state pseudopotentials (SSSP) PBE Efficiency v1.1.0 sets were
used for the elements.’® In the calculations, the wavefunctions
were set a kinetic energy cutoff of 60 Rydberg, while the density
cutoff was set at 240 Rydberg.2®1° The supercell was discretized
with a 3x3x1 Monkhorst-Pack k-point mesh.2® The Davidson
diagonalization procedure®> was used and the electron
convergence threshold was taken to be 107Ry. The Fermi-Dirac
smearing technique was considered for the electron occupations
in the DFT calculations. The Grimme's DFT-D3 approach is used
to introduce the van der Waals corrections in all the
calculations.?? In the structural relaxations studies the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm® was used to
minimize the Hellmann-Feynman forces below 10-°Ry/Bohr
while the pressure convergence threshold was set at 0.005 GPa.

The adsorption energy was calculated as [12]-[16]

- (1)

Where EETB@ZNO , EETB and EZNO are the total energies
of the ETB adsorbed 2D sheet, total energy of the isolated ETB
molecule and that of the isolated 2D ZnO (rZnO) respectively.

The structural optimizations showed that ETB adsorbed
favourably on 2D rZnO rather than on pure 2D ZnO, and
therefore further studies such as charge density, DOS, optical
properties were limited to the ETB adsorbed rZnO structure only.

The optical spectra were computed employing the random
phase approximation (RPA) method, which is included in the
epsilon.x toolset of ESPRESSO.Y

Eads = EETB@ZNO - EETB - EZNO
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RESULTS AND DISCUSSIONS

From the structural optimization calculations, different
orientations of the ETB molecule and different adsorption sites
were considered on 2D ZnO and 2D reduced ZnO supercell. It
was observed that the adsorption of ETB molecule happened on
the defect site (oxygen vacancy) of the 2D rZnO rather than on
perfect ZnO. In Figure 1, we show the optimized ZnO and rZnO
supercells and the optimized structure with ETB molecule
adsorbed on rZnO. It is readily seen that ETB molecule adsorbed
lying horizontally parallel to the surface of the 2D sheet, rather
than vertically and that the oxygen atom of the ETB molecule
tends to anchor generally towards the vacancy. The distance
between the 2D sheet and the closest oxygen atom of ETB to the
2D surface was measured to be 2.704A.

(a) 2DZn0 o (b) 20 r2Zn0 o
o Py Oe 000.
0s Oe¢ O 0e O« De
[« 2 1 4 P .o. .0.000.00.0‘ O-e
0s D¢ O¢ O 4 0e 9%< 04 O
o . °‘°.° o & De O
¢« O o O
-0.0- [+ %)
00O CGO DD DDe 0QVVCVQGOVDOV
ETB on rZn0
(@ ,o'o, (d)
0< O o {-d e &
0 0% B3 0 oo oo o
ol 0420 0" 0000CO0000.
0« Pse
e ‘Do
[« 2]

Figure 1: Supercell of (a) 2D ZnO and (b) 2D reduced ZnO (rZnO),
showing views from the top (XY plane) and side (YZ plane) (c) top
view of ETB molecule adsorbed on rZnO and (d) side view of ETB
molecule adsorbed on rZnO.

The adsorption energy of ETB on rZnO was calculated to be
0.802eV which suggests sufficiently good binding of the
biomarker to the sensing surface.
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Figure 2: Density of states (DOS) of bare 2D rZnO and ETB
adsorbed rZnO

In Figure 2, we show the density of states (DOS) of the 2D
rZnO sheet with and without the ETB molecule adsorbed. It is
quite evident from the plot that there are detectable changes in
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the DOS which is a result of the changes in the electronic state of
the system upon the adsorption of the biomarker. The changes are
easily observable around the conduction and valence band edges,
thereby making a good prospect for detection of the adsorbed
single molecule of biomarker through changes in electronic
transport properties of the 2D sheet. This indeed is an
encouraging result for the prospect of rZnO based ETB sensors.
The results of the charge density difference (CDD) study
presented in Figure 3, show an accumulation of positive charge
on the ETB surface after adsorption. The adsorbed ETB molecule
tends to draw a cloud of net positive charge of about 0.25e/Bohr3
around itself. Such a change in the electrostatics of the sheet is
promising for easy detection of ETB molecules on 2D rZnO.
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Figure 3: Charge density difference isosurface plot of ETB adsorbed
rZn0.
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Figure 4: Imaginary part of the dielectric function of ETB adsorbed
rZnO and pure rZnO.
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Figure 5: Joint density of states of ETB adsorbed rZnO and pure
rZn0.
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Figure 6: Absorption coefficient of ETB adsorbed rZnO and pure
rZno.

Another common method of biosensing is the measurement of
optical properties of the sensing material, where there is a
detectable change before and after the biomarker absorption. For
this the optical properties such as dielectric function, JDOS and
the optical absorption spectra were studied for both the bare rZnO
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and the ETB adsorbed rZnO sheet. The optical properties of the
2D sheet, namely the imaginary dielectric function, joint density
of states (JDOS) and absorption spectra (for both before and after
ETB adsorption) can be seen in Figure 4, Figure 5 and Figure 6
respectively. It is observable from Figure 4 that there is a less
sharp peak in the dielectric function corresponding to photon
energies of 7.25eV (UV region) upon the adsorption of ETB on
the 2D sheet. In the JDOS plot of Figure 5, the more prominent
fluctuation in the energy range of 6.5 to 7.5eV is seen for the bare
2D sheet, as compared to the more smeared nature of JDOS in
the same region for the ETB adsorbed 2D rZnO sheet.
Theoretically this indicates that there is more possible optical
transition between states having energy difference in the said
energy range as the ETB adsorbs on 2D rZnO. This is likely the
result of the charge accumulation on the ETB molecule which
may alter the occupancy of certain states of the system causing a
change in the optical transitions as well.

A more practical observable for experimental studies is likely
to be the optical absorption, which also shows a marked change
in the absorption spectra in the 600-800 nm wavelength, showing
a significant shift in the absorption peak. Instead of the multiple
smaller peaks around 675nm and 720nm for the bare 2D rZnO,
we can see a single much stronger absorption peak appearing
around 780nm. Indicating a significant observable change in the
optical properties upon the biomarker adsorption of 2D rZnO,
which is indeed a promising sign for ETB detection on 2D rZnO.

CONCLUSION

In this work with DFT calculations we explored the possibility
of sensing ethyl butyrate (ETB) , a SARS CoV biomarker, on 2D
ZnO or reduced ZnO (rZnO) sheets. The calculations show that
2D rZnO is more active in surface adsorption of ETB molecules
as compared to stoichiometric ZnO. Structural optimization
calculations show ETB to adsorb near to the oxygen vacancy in
rZnO with the molecule lying horizontally over the 2D material.
The adsorption energy of the molecule on the 2D surface was
found to be 0.8eV which indicates a good binding of the
biomarker. In terms of the possible avenues for detection of the
adsorbed biomarker, electronic and optical property changes
upon adsorption were investigated with DFT studies. It was
observed that there are detectable changes in the density of states,
and charge density even for a single adsorbed molecule, which
suggest a good scope of electronic detection of the biomarker.
Optically, marked changes in dielectric function and absorption
further indicate a prospect for sensing ETB with 2D rZnO surface
as the sensing element. These results hold promise for designing
fast and efficient biosensors for rapid detection of a SARS-CoV-
19 biomarker with 2D rZnO.
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