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Chemiresistive response of SnO2 thin films to dissociative adsorption

of alcohols and ketones
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Within the framework of ab initio method, a study of the dissociative adsorption process of alcohols (methanol,

ethanol, isopropanol, butanol) and ketones (2-octanone, acetone, cyclohexanone, cyclopentanone) on the surface of

a thin SnO2 film was conducted. It was established that the number of hydrogen atoms detached during dissociative

adsorption does not significantly affect the binding energy. It was found that dissociative adsorption leads to the

emergence of additional peaks in the density of states function in the valence band, which causes hybridization

of electron clouds and an increase in resistance. It was demonstrated that the chemiresistive response during

dissociative adsorption is, on average, higher for alcohols than for ketones.
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Introduction

Creation of a monitoring system capable of determining

foreign impurities in the air and its chemical composition

became one of the most pivotal issues in today’s electronic

industry. Although standard analysis methods such as

optical spectroscopy and gas chromatography with the use

of mass-spectrometers are effective for this purpose, they

take a long time to identify the analyte, are expensive, and

are not suitable for real-time or in-situ use [1].

In such gas detectors various metal oxides may be used

as a sensitive element, e.g. zinc oxide ZnO [2], indium oxide

(In2O3) [3], gallium oxide (Ga2O3) [4] and vanadium boride

(V2O5) [5]. Yet, tin oxide (SnO2) is considered one of the

most promising materials for gas sensors [6]. This wide-band

semiconductor of n-type with a band gap of about 3.6 eV

stands out for its electrical, optical and chemical stability [7],
which makes it promising for use in gas sensors.

As described in papers [8,9], adsorption of analytes on

SnO2 surface is associated with oxygen removal from the

thin oxide film which covers pure surface of SnO2 in

the air. At the same time, the analyte interacts with

the adsorbing surface via Van der Waals forces, which,

largely due to the low binding energy, limits the possible

sensitivity of SnO2 based detectors, but allows it to be

used repeatedly. However, in a medium close to vacuum,

chemical adsorption prevails, which is characterized by the

covalent interaction of the analyte and SnO2 based detecting

surface, and often leads to dissociation of the adsorbed

analyte [10–12]. Such a gas detector can only be used once,

but its sensitivity is much higher.

In order to explain the patterns in the course of the disso-

ciative reaction, the methods of density functional theory are

used (DFT). Thus, in paper [13] it was shown that oxygen

vacancies SnO2 are crucial for the dissociative adsorption

of CO molecules on SnO2 surface. In paper [14], it was
revealed that the dissociative adsorption of acetone and

ethanol molecules on the surface of SnO2 is accompanied

by charge release, which contributes to a sensitive response

of the gas detector. Despite a large number of studies

devoted to dissociative adsorption of analytes on the surface

of SnO2 in DFT studies, the nature of sensitivity variation

of such sensors remains unclear, since the magnitude of the

chemiresistive response (the ratio of the sensor’s electrical

resistance before and after adsorption) is not calculated.

The purpose of this ab initio study is — identification

of regularities of changes in the chemiresistive response in

SnO2 gas sensors under associative adsorption of alcohols

molecules (methanol, ethanol, isopropanol, butanol) and

ketones (2-octanone, acetone, cyclohexanone, cyclopen-

tanone).

1. Research methods

Ab initio computations were carried out using DFT

method, realized in the software package Siesta [15]. The

exchange-correlation interaction was simulated within gener-

alized gradient approximation (GGA) that was parametrized

via Perdew–Burke–Ernzerhof (PBE) [16]. The Grimme

correction (DFT-D2) was used to simulate the dissociative

adsorption of alcohol and ketone molecules, which implies a

long-range dispersion interaction [17,18]. During the study
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the full atomic orbital basis set DZP was used, including

polarization orbitals with a 600Ry grid cutting and with

5× 5× 1 Monkhorst–Pack set. The non-equilibrium config-

uration in all computations was searched using Fast Inertial

Relaxation Engine (FIRE) [19], the convergence criteria was

force value 0.04 eV/Å.

The bond energy was calculated as the difference be-

tween total energy Etotal of
”
surface+ analyte molecule“

system and the energies of free analyte Emol and adsorbing

surface Esur f :

Ebind = Etotal − (Esur f + Emol). (1)

To calculate the chemiresistive response, the surface

resistance values SnO2 were calculated before and after

landing of alcohol and ketone molecules. The calculation

of electrical conductivity and resistance was implemented

using theory of quantum transport, presented in Landauer-

Buttiker formalism [20] using non-equilibrium Green-

Keldysh functions realized in Transiesta program [21,22]. In
this approach, the electrical conductivity is calculated using

the formula:

G =
e2

h

∞
∫

−∞

T (E)FT (E − EF)dE, (2)

where EF — Fermi energy; e — electron charge; h —
Planck constant; FT — a function that determines thermal

broadening of energy levels; T (E) — transmission function.

Functions FT (E) and T (E) depending on the energy of

electron states E , are defined by the following expressions:

FT =
1

4kB T
sech2

( E
2kBT

)

, (3)

T (E) =
1

N

N
∑

k=1

Tr [Ŵs(E)GA
C(E)ŴD(E)GR

C(E)], (4)

where kB — Boltzmann constant, GA
C(E), GR

C(E) —
advanced and retarded Green’s function which defines the

contact with electrodes; Ŵs (E), ŴD(E) source and drain

broadening matrices [23]. All resistance analysis was

performed using 50× 50× 1 Monkhorst–Pack set. N —
general number of k-points.

2. Results

To study the dissociative adsorption of alcohols and

ketones SnO2 3D-crystal SnO2 was selected having a

tetragonal crystalline structure (P42/mnm) with lattice

constants a = b = 4.832 Å, c = 3.243 Å, α = β = γ = 90◦ .

The detecting surface of the periodic thin film SnO2 was

characterized by Miller indices (110) and lattice constants

a = 3.243 Å, b = 6.834 Å, the film thickness was 6.446 Å
(cell contains 12 atoms). The sizes of analyte molecules

(for example, the area of a cyclopentanone molecule is

∼ 1.791 × 4.538 Å) are such that their landing on the

surface of the thin film SnO2 with lattice constants indicated

above will inevitably lead to interaction between neighbor-

ing molecules. To avoid this, the lattice cell of SnO2 thin

film was enlarged to the supercell 3× 2× 1 that contains

72 atoms with lattice constants a = 9.730 Å, b = 13.668 Å.

The supercell SnO2 and fragment of SnO2 thin film is given

in Fig. 1. The thickness of the thin film didn’t change.

The results of dissociative ketone adsorption on the

surface of SnO2 thin film are shown in Fig. 2. As can

be seen from the figure, during the dissociative adsorption

of 2-octanone and cyclopentanone molecules, 2 hydrogen

atoms are separated, whereas during the adsorption of

acetone and cyclohexanone — only 1 hydrogen atom. These

hydrogen atoms form chemical bonds with the surface of

SnO2 thin film. C−O chemical bonds are also formed

between 2-octanone, acetone, and cyclohexanone molecules

and SnO2 surface. It is worth noting that cyclopentanone

adsorption occurs without forming C−O bond. The lengths

of C−O bonds during ketone adsorption are shown in the

table. Dissociation of ketones on the surface of SnO2 thin

film leads to charge transfer between ketones and SnO2

film. The charge of ketone molecules varies from −0.057e

to 0.217e, with the maximum positive charge observed in

the cyclohexanone molecule, which is also characterized by

the maximum chemical bond length C−O.

Dissociative adsorption of any of the alcohol molecules

on the surface of SnO2 thin film (Fig. 3) occurs with the

separation of one hydrogen atom, which chemically binds to

SnO2 thin film. Also, as in the case of ketones, C–O bond

is formed between the analyte and the detecting surface.

Unlike ketones, all alcohols give a charge to SnO2 thin film,

and the charge value of alcohol molecules varies from 0.126

to 0.205e. On average, alcohols have a charge of = 0.170e,

while ketones have a charge of = 0.084e, which indicates a

higher chemiresistive response in alcohols than in ketones.

The table shows the values of the binding energy during

dissociative adsorption of alcohols and ketones on the

surface of SnO2 thin film. It is seen that the bond

energy, depending on the analyte, takes values from −16.52

to −13.02 eV. Such high modulus values of the bond energy

confirm the dissociative nature of adsorption and, as will

be seen below, indicate an increase in the resistance of

SnO2 thin film after adsorption of analytes. At the same

time, the bond energies of ketones and alcohols do not

differ on average. Thus, for ketones, the bond energy is on

average = −14.96 eV, and for alcohols = −14.91 eV. Since

all alcohols detach one hydrogen atom during dissociation,

and ketones have 1 or 2 hydrogen atoms, it can be

concluded that the number of hydrogen atoms that detach

during dissociation does not affect the bond energy.

Figure 4 shows the functions of projection density of

states (PDOS) during dissociative adsorption of ketone

molecules on the surface of SnO2 thin film. As can be

seen from the figure, before ketone adsorption (Fig. 4, a),
a significant number of peaks of the density function of

states (DOS) of SnO2 thin films occur in the valence band,

i.e. levels below the Fermi level (zero in the graph).
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Figure 1. Fragment of SnO2 thin film with Miller indices (110). A supercell of SnO2 thin film on which alcohols and ketones were

landed is shown inside the rectangular border.

+2-octanone +acetone +cyclohexanone +cyclopentanone
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+0.4e

–0.77e

a

b

Figure 2. DFT-modeling of the interaction between SnO2 thin film and ketone molecules (2-octanone, acetone, cyclohexanone,

cyclopentanone): a — atomistic configurations; b — charge distribution (next to each molecule its charge is indicated). Hydrogen

atoms detached from ketone molecules due to dissociation are indicated in the figure as H (dis.).

After dissociative adsorption (Fig. 4, b−e) of ketones the

available electronic states of SnO2 thin film are redistributed

and additional DOS peaks appear in the valence band

near Fermi level (i.e., in the range from −0.5 to 0.5 eV).

Technical Physics, 2025, Vol. 70, No. 5



12-th International Symposium on Optics and Biophotonics 23−27 September, 2024, Saratov, Russia 893

Length of oxygen–carbon bond d(C−O), bond energy Ebind , Fermi energy EF , resistance R and chemiresistive response Response of

SnO2 thin films at dissociative adsorption of alcohols and ketones

d(C−O), Å Ebind , eV EF , eV R, k� Response, %

SnO2 − − −7.24 4.20 −

SnO2 + 2-octanone 1.252 −16.52 −5.53 14.10 335.71

SnO2 + acetone 1.440 −14.10 −6.06 16.24 386.67

SnO2 + cyclopentanone 1.496 −14.75 −5.55 76.74 1827.14

SnO2 + cyclohexanone − −14.47 −5.60 67.03 1595.95

SnO2 + butanol 1.490 −15.68 −5.84 91.66 2182.38

SnO2 + ethanol 1.444 −16.24 −5.86 15.21 362.86

SnO2 + isopropanol 1.458 −14.70 −6.27 12.54 298.57

SnO2 +methanol 1.496 −13.02 −6.43 66.98 1594.76

+butanol +ethanol +isopropanol +methanol

0.191e 0.158e 0.205e 0.126e

H

C

O

H(dis.)

Sn

+1.57e

+0.4e

–0.77e

a

b

Figure 3. DFT-modeling of the interaction between SnO2 thin film and alcohol molecules (methanol, ethanol, isopropanol, butanol): a —
atomistic configurations; b — charge distribution (next to each molecule its charge is indicated). Hydrogen atoms detached from alcohol

molecules due to dissociation are indicated in the figure as H (dis.).

Thus, during absorption of 2-octanone (Fig. 4, b), acetone
(Fig. 4, c), cyclohexanone (Fig. 4, d) and cyclopentanone

(Fig. 4, e) additonal peaks can be observed on the energy

−0.08, −0.01, −0.06 and −0.06 eV respectively. It is

worth noting that in all cases, the additional energy levels

of ketones fall on the energy levels of thin films SnO2,

which indicates the hybridization of electron orbitals of

ketones and SnO2. Ultimately, such hybridization will

lead to higher resistance of SnO2 thin film with adsorbed

alcohol molecules relative to SnO2 thin film before ad-

sorption and, accordingly, result in higher chemiresistive

response.

A similar conclusion can be reached from PDOS analysis

of SnO2 thin film during dissociative adsorption of butanol

and ethanol (Fig. 5, b, c). Thus, for these molecules, addi-

tional peaks in the density of states appear at energies −0.08

and −0.06 eV, respectively. However, during adsorption

of isopropanol and methanol, a more significant number

of peaks are observed near the Fermi level (i.e., in the

range from −0.5 to 0.5 eV). Thus, during isopropanol

adsorption, additional peaks (with an intensity greater than

0.1 rel.u.) can be detected at the energy = −0.13, −0.12,

−0.11, −0.1, −0.06, −0.05, −0.03 eV. At the same time

additional peaks of methanol appear at the energy −0.14,

−0.13, −0.12, −0.11, −0.08, −0.02 and 0.00 eV. Such

a significant number of peaks in the density function

of states for isopropanol and methanol, compared with

butanol and ethanol, leads to a change in the electrophysical

characteristics of the material and, in particular, lower values

of Fermi energy.

Before dissociative adsorption the Fermi energy of thin

film SnO2 = −7.24 eV. After adsorption Fermi energy rises

and takes values in the interval from −6.06 (acetone)
to −5.53 eV (2-octanone) depending on the landed ke-
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Figure 4. PDOS: a — SnO2 thin film before ketones adsorption; b — SnO2 + 2-octanone system; c — SnO2 + acetone system; d —
SnO2 + cyclohexanone system; e — SnO2 + cyclopentanone system. The intensities of peaks are normalized to unity. Fermi level is

shifted to zero. Ketone intensity peaks are marked with a dashed line.

tone and from −6.43 (methanol) to −5.84 eV (butanol)
depending on the landed alcohol molecule. At the same

time, the minimum Fermi energy is observed during the

adsorption of isopropanol and methanol. It should be

emphasized that Fermi energy is higher for ketones (average
Fermi energy = −5.69 eV) than for alcohols (average Fermi

energy = −6.10 eV).
Chemiresistive response was found using formula

Res ponse =
Rsur f

Rsur f +mol
· 100%,

where Rsur f — resistance of the adsorbing surface SnO2,

Rsur f +mol — resistance of SnO2 surface during dissociative

adsorption of one of the alcohol molecules (methanol,

ethanol, isopropanol, butanol) or ketones (2-octanone,
acetone, cyclohexanone, cyclopentanone).
The calculation results are given in the table. As

can be seen from the table, the chemiresistive response

is on average higher for alcohols (1109.64%) than for

ketones (1036.37%). It is worth noting that the cor-

relation coefficient of the oxygen-carbon bond length

d(C–O) and chemiresistive response Res ponse = 0.58,

the bond energy Ebind and chemiresistive response

Res ponse = 0.29 and Fermi energy EF and chemiresis-

tive response Res ponse = 0.16, i.e. the correlation of

electrophysical parameters with chemiresistive response is

small. The main contribution to the change in chemiresistive

properties comes from the change of DOS function during

dissociative adsorption of analytes, namely, the appearance

of additional energy levels of alcohols and ketones, as well

as a shift in energy levels SnO2. Paper [24] presents the re-

sults of calculating the chemiresistive response during phys-

ical adsorption of alcohols (butanol, ethanol, isopropanol,

butanol) and ketones (2-octanone, acetone, cyclopentanone,

cyclohexanone) on SnO2 surface coated with 10 atoms of

oxygen, which corresponded to the formation of a thin oxide

film on SnO2 surface in the air. When comparing with

results of this work, it can be seen that during physical

adsorption on SnO2 + 10O surface, the chemiresistive re-

sponse varies in the range from 144.56% to 188.67%, while

during dissociative adsorption from 298.57% to 2182.38,%

its depends on the analyte. Thus, in the air environment,

the formation of a thin oxide film on SnO2surface leads

to a decrease in the chemiresistive response. In addition,

as was shown in [25], an increase in temperature reduces

the sensitivity of SnO2 sensors, since fewer molecules

form a bond with the detecting surface due to thermal

motion.
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Figure 5. PDOS: a — SnO2 thin film before adsorption of ketones; b — SnO2+ butanol system; c — SnO2 + ethanol system; d —
SnO2 + isopropanol system; e — SnO2 + methanol system. The intensities of peaks are normalized to unity. Fermi level is shifted to zero.

Alcohols intensity peaks are marked with a dashed line.

Conclusion

In the framework of DFT-studies of dissociative adsorp-

tion of alcohols (methanol, ethanol, isopropanol, butanol)

and ketones (2-octanone, acetone, cyclohexanone, cyclopen-

tanone) on the surface of SnO2 thin film, the following main

patterns were identified:

1) The number of hydrogen atoms that open during

the dissociative adsorption of alcohols and ketones on the

surface of SnO2 thin film has no significant effect on the

bond energy. So, on average, the bond energy of ketones

differs by 0.33% from the bond energy of alcohols;

2) dissociative adsorption leads to the appearance of

additional peaks of the density function of states mainly in

the valence band. These peaks are superimposed on DOS

peaks of SnO2, which leads to hybridization of the electron

clouds and an increase in resistance;

3) chemiresistive response during dissociative adsorption

is on average by 73.27% higher for alcohols than for

ketones.

Based on the obtained modelling results, it can be

concluded that SnO2 based detectors can find applications

in the detection of alcohols and ketones in the near vacuum

environment.
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