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Possessing excellent electronic properties and high chemical stability, semiconducting n-type two-

dimensional (2D) tin dioxide (SnO2) nanosheets have been featured in sensing and electrocatalysis appli-

cations recently. Derived from non-layered crystal structures, 2D SnO2 has abundant unsaturated dangling

bonds existing at the surface, providing interfacial activity. How the surface chemistry alters the electronic

properties of 2D SnO2 nanomaterials remains unexplored. In this study, we synthesised ultra-thin 2D

SnO2 nanosheets using a liquid metal (LM) touch printing technique and investigated experimentally and

theoretically how the interactions of organic solvents composed of alkyl and hydroxyl groups with the

surface of LM-derived 2D SnO2 modulate the electronic properties. It was found that alkane solvents can

physically absorb onto the SnO2 surface with no impact on the material conductivity. Alcohol-based sol-

vents on the other hand interact with the SnO2 surface via chemical absorptions primarily, in which

oxygen atoms of hydroxyl groups in the alcohols form bonds with the surface atoms of SnO2. The

binding stability is determined by the length and configuration of the hydrocarbon chain in alcohols. As

representative long-chain alcohols, 1-octanol and 1-pentanol attach onto the SnO2 surface strongly, low-

ering the binding energy of Sn4+ and reducing the electron transfer ability of SnO2 nanosheets.

Consequently, the electronic properties, i.e. conductivity and electronic mobility of SnO2 nanosheet-

based electronic devices are decreased significantly.

1. Introduction

Two-dimensional (2D) metal oxides (MOXs) are emerging
ultra-thin semiconducting materials, advancing technology in
many areas including electronics,1–3 sensing,4–6 catalysis7 and
energy storage.8 Among different synthesis approaches, the
recently developed liquid metal (LM) technique harvests oxide
skins from the surface of low-melting-point metals, signifying
a versatile method for high-quality and large-scale 2D MOX
production.9 This straightforward and cost-effective method
hinges on the self-limiting surface oxidation of post-transition
metals and their alloys, following the Cabrera–Mott oxidation
model.10–13 Through this approach, both stratified and unstra-

tified MOXs have been successfully fabricated, showcasing
enhanced properties applicable to electronics, optics, sensing,
and catalysis.9,14–18

As representative 2D unstratified semiconducting oxides,
tin dioxide (SnO2) nanosheets are of technological interest due
to their low cost, wide bandgap, excellent electronic properties,
and high chemical stability. Utilising the LM method, ultra-
thin 2D SnO2 films with an area of several square millimetres
have been exfoliated and deposited directly on solid and flex-
ible substrates under atmospheric conditions.19 The as-
obtained SnO2 nanosheets displayed parts-per-billion level
sensitivity as well as excellent selectivity towards ammonia gas
with and without UV-light stimulus. The underlying mecha-
nism was attributed to the electron transfer as well as inter-
facial interactions between LM-derived n-type SnO2 nanosheets
and gas molecules. The LM method can also be modified to
produce colloidal SnOx nanosheets suspended in solutions for
electrocatalytic CO2 conversion.20,21 A gas-injection strategy
was applied, in which oxygen or air was bubbled into liquid Sn
to strip off amorphous 2D SnOx nanoflakes into selected sol-
vents. It was found that the interactions between solvent mole-
cules and surface oxides are key to the morphology of as-
formed SnOx. Solvents rich in hydroxyl groups tended to
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absorb on the SnO2 surface strongly, favouring SnO2 nanoflake
formation and stabilisation. It is notable that besides the
intrinsic semiconducting nature, surface chemistry is also vital
to the material physiochemical properties and applications of
LM-derived 2D SnO2.

Distinguished from the wet-chemistry approach, where
SnO2 nanostructures are generated by bottom-up reactions
from precursors,22 the developed LM method is considered as
a top-down strategy, where SnO2 nanosheets can be simply
exfoliated from the bulk material, i.e. oxidised liquid Sn.19 The
resulting 2D SnO2 is composed of covalent bonds at all dimen-
sions and abundant unstratified dangling bonds on the
surface, offering active sites for interfacial interactions.
Although the current LM processes have been proven effective
in creating 2D SnO2 with superior properties for gas sensing
and electronics,19,23–25 understanding the interfacial chemistry
of as-produced SnO2 is limited. In particular, the influence of
intrinsic electronic properties of produced 2D SnO2 by surface
chemistry remains unexplored.

It is known that 2D layered van der Waals (vdW) materials’
properties, such as electrochemical activities, friction and con-
ductivity, can be tailed by attaching hydrocarbon molecules
onto the surface.26 Organic molecules have served as dopants
to change charge carrier concentration in graphene and 2D
transition-metal dichalcogenide (TMD) materials, endowing
tunable electrical characteristics.27 However, little has been
done to understand and modulate the electrical properties of
non-layered 2D metal oxides, SnO2 in particular, by the surface
decoration of organic molecules.

In this study, we deposit several organic solvents onto LM-
printed ultra-thin SnO2 nanosheets and investigate the effects of
alkyl and hydroxyl groups on the electronic properties of the 2D
SnO2. The conductivity and electron mobility of the SnO2

nanosheets before and after solvent molecular absorption were
evaluated based on corresponding two-terminal conductometric
devices and field-effect transistors (FETs). The interfacial inter-
actions between the solvent molecules and dangling bonds of
the SnO2 nanosheets were revealed by X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. Density functional
theory (DFT) calculations were employed to provide an in-depth
understanding of the binding orientation and strength. The pre-
sented study provides insights into the interfacial interactions
between organic molecules and outermost atoms of LM-derived
2D SnO2, amplifying the crucial impact of surface chemistry on
the electronic properties of semiconducting 2D MOXs.
Moreover, this work implicates the importance of solvent selec-
tion in producing high quantity unstratified 2D MOXs as well as
hinting at the potential for tuning electronic properties of 2D
MOXs by surface doping of organic molecules.

2. Experimental section
2.1 Materials

Tin (Sn, 99.9% purity) was purchased from Roto Metals. All
organic solvents including ethanol, acetone,1-octanol, 1-penta-

nol, and dodecane in HPLC grade were purchased from Sigma-
Aldrich and used as received. 300 nm SiO2/p

+ Si wafers were
purchased from D&X Co., Ltd.

2.2 Synthesis of 2D SnO2 nanosheets

300 nm thick SiO2/p
+ Si substrates were prepared by cleaning

with acetone, isopropanol, and Milli-Q water, and dried using
compressed air. Ultra-thin SnO2 nanosheets were synthesised
by the touch printing method as per previous reports.28 Before
synthesis, 300 nm SiO2/Si substrates were preheated on a hot
plate at 300 °C to remove contamination residuals. Solid tin
metal was placed on a glass slide and heated to a molten state.
Preheated glass pieces of size 2 × 2 cm were prepared to
squeeze the liquid Sn metal to remove the thick oxide layer.
The preheated substrate was carefully picked up by a tweezer
and touched the surface of molten liquid metal, which aided
in exfoliating 2D tin oxide nanosheets from the liquid metal.
To get 2D SnO2 samples, all printed 2D SnOx samples were
then annealed at 450 °C for 15 minutes. For TEM samples, 2D
SnO2 was directly produced onto silicon nitride TEM grids via
the aforementioned procedure.

2.3 Solvent-treated SnO2 nanosheets

50 μL of organic solvents were drop-casted onto SnO2

nanosheets, which were then placed facing up and dried in a
vacuum oven at 40 °C for 8 hours.

2.4 Characterisation

All optical images of vdW exfoliated 2D SnO2 nanolayers were
taken under a Leica DM2500 optical microscope. The surface
morphology and thickness of 2D SnO2 nanosheets were deter-
mined with a Bruker Dimension Icon atomic force microscope
(AFM) operating under the ScanAsyst-Air mode. The collected
data was then processed and analysed using the Gwyddion
2.55 software. TEM images were taken using a JEOL-2100F
TEM operating at an acceleration voltage of 200 kV equipped
with a Gatan Orius SC100 CCD camera. XPS was carried out
with Thermo Scientific K-alpha XPS spectrometer features a
monochromatic (Al Kα) X-ray source with an energy of 1486.7
eV and a concentric hemispherical electron analyser operated
with a pass energy of 50 eV. The XPS data were calibrated with
C 1s at 284.8 eV and processed with CasaXPS software. Raman
spectroscopy was obtained from the Horiba Scientific LabRAM
HR evolution Raman spectrometer using a 50× objective,
1800 mm−1 grating, and 532 nm laser delivering 9 mW to the
sample synthesised on a silicon wafer. The sample tested for
Raman spectra was multi-touch printed to gain enough
signals.

2.5 Electronic device fabrication

The FET and two-terminal devices were fabricated via a photo-
lithography process. First, the AZ 5214E photoresist was spin-
coated on ultra-thin SnO2 nanosheets covered SiO2/p

+ Si sub-
strates prior to the electrode patterning using a Maskless
Aligner – Heidelberg MLA150. The channel areas of FETs are
40 × 20 μm2. An e-beam evaporator (PVD75 – Kurt J. Lesker)
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was then employed to deposit Cr/Au (10/100 nm) electrodes,
followed by a lift-off process utilising acetone to remove the
photoresist residue. The exposed working areas of SnO2

nanosheets on either FET or two-terminal devices were then
modified by organic solvents following the protocols described
in the previous section.

2.6 Device performance measurements

Device measurements were performed using a probe station
equipped with a Keysight B2902A Precision Source/Measure
Unit (SMU). The active channel of the formulated two-terminal
devices was considered to be the length and width between
the electrodes with some slight effects from fringing currents.
The drain–source current (IDS) versus drain–source voltage
(VDS) of the devices was measured when the gate–source
voltage (VGS) varied from −40 to 40 V in the FETs. FET mobility
was subsequently calculated by using the following equation.

μe ¼
L
W

dIDS
dVGS

1
VDSCOX

ð1Þ

where μe is the electron mobility (cm2 V−1 s−1), L refers to the
active channel length (= 20 µm) andW is the active channel width
(= 40 µm). IDS and VDS are the drain–source current and voltage,
respectively. dIDS/dVGS is the slope of the high VGS region of the
transfer curve. To prevent devices from being burnt out under
high voltages, VDS, drain voltage in the test is set to be 1 V for
stable measurements.29,30 COX, the gate insulator capacitance per
unit area is 11.5 × 10−9 F cm−2 for 300 nm SiO2.

23,49

2.7 DFT calculations

The quantum mechanical calculations were performed using
DFT as implemented in the Vienna ab initio Simulation
Package (VASP).31,32 The generalised-gradient approximation
(GGA) was employed with the Perdew–Burke–Ernzerhof (PBE)33

exchange–correlation functional and projector-augmented
wave (PAW)34 method to define the ion–electron interaction.
An energy cut-off of 400 eV was used, with a k-point mesh of
5 × 5 × 1 for the geometry optimizations and 1 × 1 × 1 for the
ab initio molecular dynamic (AIMD) simulations to sample the
Brillouin zone. vdW forces were accounted for by the Grimme
DFT-D3 approach.35 The AIMD simulations were performed at
298 K with a time step of 0.5 fs for up to 3.8 ps.

The SnO2(110) surface was cleaved from bulk SnO2 with cell
dimensions of 4.83 × 4.83 × 3.24 Å, which agrees with a pre-
vious DFT study.36 The (110) facet was selected as it is the
most thermodynamically stable surface.37,38 A [4 × 2] model was
used, having lattice parameters of a = 12.97 Å and b = 13.67 Å. A
vacuum spacer of 20 Å was added in the z-direction to minimize
interactions between adjacent cells after applying periodic
boundary conditions. To represent the defect surface, one of the
topmost surface O atoms was removed from the stoichiometric
surface, creating the SnO2(110)–VO surface. To model the
adsorption of octanol on the surface, the adsorbate was initially
placed ∼3 Å above each surface in different locations above the
surface and in different orientations. The atoms in the bottom
surface layer were fixed while all other atoms were allowed to

relax until the total energy of the system was converged to
1 × 10−6 eV and the Hellman–Feynman force on each relaxed
atom was less than 0.01 eV Å−1. The binding energies were
calculated as BE = (Eoctanol+surface − Esurface − Eoctanol), where
Eoctanol+surface, Esurface, and Eoctanol are the total energies of the
adsorbed system, the isolated surface and the isolated octanol,
respectively. The octanol molecule was optimised in a 30 × 30 ×
30 Å3 sized cell using a k-point mesh of 1 × 1 × 1.

3. Results and discussion
3.1. Formation of SnO2 nanosheets by LM method

Ultra-thin tin oxide nanosheets were synthesised by the LM
process as illustrated in Fig. 1(a). Briefly, the initial step
involves heating the tin metal to its liquid phase, followed by
contacting with a flat preheated SiO2 substrate. Since the
heating process took place under atmospheric conditions, it
resulted in the formation of interfacial tin oxide layers over the
tin metal. The attachment between the tin metal and the inter-
facially formed tin oxides is relatively weak. In comparison,
vdW interactions between the solid substrate and the inter-
facial oxide layer are stronger, enabling the tin oxide
nanosheets to be detached from the tin metal surface and sub-
sequently forming ultra-thin layers on a solid substrate.20

The obtained pristine SnOx nanosheets were examined
under an optical microscope shown in Fig. S1(a).† The
different reflection colour displayed under the optical
microscopy depicts the successful delamination of tin oxide
nanosheets (blue colour), which have been transferred onto
SiO2 substrates (purple colour). This finding, in conjunction
with previous reports in the literature,21,28,39–41 suggests the
feasibility of exfoliating ultra-thin tin oxide nanosheets by LM.
Large-scale fabrication with lateral dimensions reaching milli-
metre scales is also achievable (Fig. S1(b)†), demonstrating the
potential for integrating 2D materials into semiconductor
manufacturing.24,42–46 Further characterisation by XPS reveals
that the as-synthesised SnOx nanosheets contain a mixture of
Sn2+ and Sn4+ oxidation states, indicating a degree of chemical
inhomogeneity in the structure (Fig. S2†).

Thermal annealing was then applied to treat the as-syn-
thesised SnOx nanosheets. After being heated at 450 °C for
15 minutes in the air, the sample was re-examined under the
optical microscope. Its colour became lighter as depicted in
Fig. 1(b). The high-resolution morphology of the annealed
samples is visualised through AFM in Fig. 1(c) and Fig. S3,†
showing a smooth and flat nanosheet with a thickness of 2.68
± 0.34 nm. The XPS spectra of Sn 3d in Fig. 1d show Sn 3d3/2
peaking at the binding energies of 494.9 eV and Sn 3d5/2 at
486.9 eV. The deconvolution of these two peaks reveals domi-
nating Sn4+ chemical characteristics in the annealed samples.
Raman spectroscopy was also employed to characterise the
annealed SnOx nanosheets (Fig. 1(e)). The peak at 618 cm−1

presents the A1g mode of the tetragonal rutile structure of
SnO2 crystals with the existence of bridging oxygen
vacancies.47 TEM images of annealed SnOx in Fig. 1(f ) reveal a
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homogeneous appearance with a d-spacing of 0.34 nm, corres-
ponding to the (110) index of SnO2 crystals, as corroborated by
the fast Fourier transforms (FFT) analysis. It was confirmed
that after the annealing process, SnOx has been transited into
SnO2. Therefore, the obtained annealed SnOx nanosheets are
noted as SnO2 in the following studies.

3.2. Electronic performance of solvent-treated SnO2

nanosheets

The high-quality and large-scale SnO2 nanosheets generated
on silica substrates allow to fabricate electronic devices con-
veniently. As illustrated in Fig. 2(a), SnO2-based two terminal

Fig. 1 High-quality SnO2 nanosheets by the LM touch printing method. (a) Schematic illustration of ultrathin SnO2 nanosheets forming on the SiO2

substrate. (b) Optical image of obtained SnO2 nanosheet on SiO2 (300 nm)/Si substrate. (c) AFM image of a SnO2 nanosheet with the corresponding
step height profile (top right inset). (d) XPS spectrum in the Sn 3d region of the SnO2 nanosheet. (e) Raman spectrum of a SnO2 nanosheet. (f ) TEM
(left), HRTEM (top right), and the corresponding FFT (bottom right) images of the SnO2 nanosheet.
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devices/FETs were constructed. The solvent molecules were
then deposited onto the surface of SnO2 afterwards. The elec-
tronic behaviours of the SnO2 before and after the solvent
coating were assessed and compared.

The current–voltage (I–V) curves of SnO2-based devices were
tested initially. When applying dodecane onto SnO2, there was
a negligible change in I–V behaviour (Fig. S4†). However, when
the surface of SnO2 was exposed to 1-octanol, unexpectedly
higher electric resistance was displayed on 1-octanol@SnO2

devices compared to SnO2 devices (Fig. S5†). To investigate
this further, back-gated FET devices were constructed. The
SnO2 nanosheet-based transistor exhibited exceptional elec-
tronic performance, attributed to fast electron mobility and
high conductivity of LM-derived 2D SnO2.

23 The output curves
(IDS vs. VDS) and transfer curves (IDS vs. VGS) plotted in Fig. 2(b),
respectively, confirmed the n-type semiconducting behaviour
of SnO2 nanosheets48 with electron mobility μe of 2.2 cm2 V−1

s−1. Upon applying 1-octanol onto SnO2, it is pronounced to
see the significant alterations in the FET device performance.
Both IDS–VDS and IDS–VGS profiles of the devices exhibited a
significant reduction in the drain current. At VGS = 40 V and

VDS = 1 V, IDS decreased from 1.56 μA to 0.08 μA as shown in
Fig. 2(b) insert, indicating a huge drop in μe. Although it
retained n-type semiconducting behaviour after 1-octanol
coated on the SnO2 surface, μe of 1-octanol@SnO2 FET was cal-
culated to be 0.3 cm2 V−1 s−1. An 86% reduction in electron
mobility suggests a compromised performance when the SnO2

surface is covered by 1-octanol molecules. The on/off ratio of
the device was also decreased from 2.45 × 103 to 8.93 × 102,
which is consistent with observation on the I–V characteristics.

It is known that the electron mobility of the n-type semi-
conductor is influenced by the position of the Fermi level (Ef )
to the conductive band.46 To construct the band diagram,
Tauc plots of these samples were extracted from UV-vis absorp-
tion spectra first. By extrapolating the linear part, the optical
bandgaps for all the samples are found to remain at ∼4.1 eV
(Fig. S6(a)†). XPS valence band analysis (VB-XPS) was per-
formed as well. The Fermi level positions of these samples
relative to their valence band edge were determined by extra-
polating the onset of the leading edge of the VB-XPS
(Fig. S6(b)†). They are observed to be 3.2 eV for both SnO2

nanosheets and the dodecane-treated ones, while 2.9 eV for

Fig. 2 Electronic performance of solvent-treated SnO2 surface. (a) A schematic illustration of coating solvents onto SnO2-based FET electronic
devices device. (b) Transfer curves of FET devices based on annealed SnO2 nanosheets before (black) and after (red) applying 1-octanol with VDS

ranging from 0 to 1 V. The inset in (b) shows the output curves of the FET device based on annealed SnO2 nanosheets before (black) and after (red)
applying 1-octanol with varying VGS from −40 to 40 V. (c) Simplified band diagrams of SnO2, 1-octanol@ SnO2, and dodecane@ SnO2, respectively.
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the 1-octanol-treated SnO2 nanosheets. Accordingly, the sim-
plified electronic band structures of these three samples are
provided in Fig. 2(c). Notably, the Fermi level of SnO2 shifts
away from its conduction band when 1-octanol was capped
onto the surface, enlarging the barrier for electrons in the
valence band to transition into the conduction band.49 On the
other hand, it is possible that the interaction between
1-octanol and the SnO2 surface results in distortion of the
SnO2 crystal lattice and reduction of overall electron concen-
trations.19 As a result, the electronic performance of SnO2-
based devices is suppressed.

3.3 Surface states of solvent-treated SnO2 nanosheets

It is evident that the electronic properties of SnO2 were sensi-
tive to surface. To probe the surface chemistry of the aforemen-
tioned organic molecule treated SnO2, XPS as a surface-sensi-
tive technique, was deployed.50 The high-resolution survey of
the Sn 3d in Fig. 3(a) showed that the Sn 3d5/2 peak of the
SnO2 was at 486.9 eV initially. After the deposition of dodecane
onto SnO2 nanosheets, a subtle shift of 0.1 eV in the Sn 3d5/2
peak occurred. As for 1-octanol-treated SnO2, a more pro-

nounced shift toward a low binding energy in the Sn 3d5/2
peak, to 486.6 eV, was observed. Such a shift suggests an
increase in the electron density around Sn atoms, resulting
from the change in Sn atom binding states.51 The normalised
carbon-to-tin (C : Sn) ratios are 0.24 and 0.26 for
dodecane@SnO2 and 1-octanol@SnO2 (Fig. 3(b)), respectively,
suggesting ∼0.02 dodecane molecule per Sn atom and ∼0.031-
octanol molecules per Sn atom on the SnO2 surface. Notably,
with similar coverage on SnO2, 1-octanol, containing the OH
group, displayed much stronger interactions with Sn atoms
than dodecane, consequently altering the electronic properties
of SnO2.

52 We also conducted tests with other alkane solvents
including decane and hexadecane, which showed no impact
on the Sn 3d5/2 peak energy (Fig. 3(b)). As for other primary
alcohols including ethanol and 1-pentanol, interestingly,
ethanol has little impact on I–V characteristics (see Fig. S7†)
and the Sn 3d5/2 peak energy of SnO2. While similar to
1-octanol, 1-pentanol made the electric resistance of SnO2

increase (see Fig. S8†), and the Sn 3d5/2 peak shifted 0.3 eV to
a low energy side. The results herein signify the roles of both
the alkyl chain and the OH group in interacting with the SnO2

Fig. 3 Surface characterisation of solvent-treated SnO2. (a) XPS spectra in the Sn 3d5/2 region of the SnO2 nanosheet, where the black represents
pristine SnO2, the blue represents dodecane@SnO2, and the red represents 1-octanol@SnO2. (b) Normalised C : Sn ratios from SnO2 treated by
alkanes including decane (C10H22), dodecane (C12H26), and hexadecane (C16H34) as well as alcohols including ethanol (C2H6O), 1-pentanol (C5H12O)
and 1-octanol (C8H18O). Note that the carbon-to-tin ratio of solvents@SnO2 is normalised by the carbon-to-tin ratio obtained on the SnO2 surface
to provide a semi-quantitative estimation. (c) The binding energy of Sn 3d5/2 in indicated solvent-treated SnO2.
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surface. It is considered that the OH group with unpaired elec-
trons on its oxygen atom is capable of binding with Sn atoms
and the alkyl chain can facilitate such interactions via physical
absorption,19 collectively suppressing the electronic mobility
and conductivity of SnO2. The observed synergy impact of
alcohol molecules on SnO2 is regarded as the doping effect.
Positive dipoles of the OH group are likely to induce the
depletion of charge carriers in the SnO2 conduction band, low-
ering charge mobilities and densities.53 Meanwhile, the physi-
sorbed long alkyl chain with a wide bandgap hinders efficient
charge transfer.54 Therefore, SnO2 treated by 1-octanol and
1-pentanol exhibited pronounced Sn 3d5/2 peak energy shift as
well as a significant decrease in the electronic mobility and
conductivity.

As for alkane molecules, unlike previously reported work on
layered 2D materials, our results indicated that the physical
absorption of these hydrocarbons has little impact on the Sn
binding energy and SnO2 electronic behaviours. Also, the influ-
ence of solvent volatility, which is reduced along with

increased hydrocarbon chains, cannot be excluded. Compared
to 1-octanol and 1-pentanol, ethanol is more volatile and
readily evaporates thus its contact with SnO2 is relatively
insufficient under the incubation condition with negligible
influence.

3.4. Mechanism of 1-octanol interacting with SnO2 surface

Elucidation of the binding mechanism between 1-octanol and
SnO2 nanosheets is expanded upon through the utilisation of
DFT calculations and AIMD simulations, as presented in Fig. 4
and Fig. S9.† Both the pristine Sn surface (SnO2) and the
surface with oxygen vacancies (SnO2–VO) were examined.
Interestingly, 1-octanol was observed to preferentially adsorb
dissociatively on both surfaces as follows:

C8H17OHðgÞ ! C8H17OðadsÞ þHðadsÞ ð2Þ
The specific orientations of the 1-octanol molecule on each

surface are illustrated in Fig. 4 and Table S1† summarises the
binding energy (BE, eV), along with crucial bond distances

Fig. 4 Top and side views of stable configurations of 1-octanol interacting with SnO2 surface via DFT modelling. (a and b) 1-octanol adsorbed on
the stoichiometric SnO2(110) surface. (c–f ) 1-octanol adsorbed on the SnO2(110)–VO surface.
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(d, Å), pertaining to the stable configurations of 1-octanol
adsorbed onto the SnO2 and SnO2–VO surfaces. In the case of
the SnO2 surface (Fig. 4(a and b)), there are two stable orien-
tations with BE of −1.62 eV for p1 and −1.54 eV for p2. For
both structures, 1-octanol chemisorbs on the surface by its O
atom binding to a surface Sn atom. This process causes the
O–H bond to break, resulting H atom bonding to a neighbour-
ing surface O atom on SnO2. The binding is also stabilised via
formation of a hydrogen bond between the H and O atoms of
the octanol. With a lower BE, structure p1 is regarded as more
stable than structure p2 as the enhanced binding is achieved
due to the alkyl chain being flat across the surface. For the
SnO2–VO surface, four stable orientations were found with all
structures chemisorbed having BE values of −2.24, −1.21,
−1.19, and −1.07 eV, respectively. Similar to the p1 structure
on the SnO2, the most stable structure, d1, binds to the SnO2–

VO surface by breaking the O–H bond in the hydroxyl group
and forming the O–Sn bond. The alkyl chain is also found to
be flat along the surface. The binding is stronger than that in
p1. This is likely due to the different conformation of the
hydrocarbon chain, which sits closer to the surface in d2,
enhancing its interaction with the surface. For d2, d3 and d4,
the OH bond remains intact, with 1-octanol adsorbing associa-
tively. In d2 and d3, the O atom of 1-octanol bonds to a Sn
atom at the defect site while in d4, it bonds to a surface Sn
atom. Clearly, the orientation of the alkyl chain is vital to the
binding strength. In comparison with d1, d4, with a much
lower BE, is less stable as its alkyl chain is oriented almost per-
pendicular to the surface.

Overall, the DFT findings are consistent with our experi-
mental results, substantiating that the stable chemisorption
between 1-octanol and the SnO2 surface causes the distri-
bution change of electron density on SnO2. While it is con-
sidered that the formation of a bond between octanol and the
SnO2 is essential for such a change, the conformation of the
alkyl chain also matters to the binding stability. A horizontal
alignment of the alkyl chain is much more favourable than a
vertical alignment for enhancing the binding. Therefore, it is
reasonable to see a subtle impact of ethanol onto the SnO2

surface. Without stabilising from a long alkyl chain, the che-
misorption of ethanol onto the SnO2 is much weaker. Ethanol
can easily dissociate from the surface binding, displaying neg-
ligible influence on the electronic properties of SnO2. While,
the adsorption of 1-octanol onto SnO2 is considerably stable
and strong. Both I–V characterisation and XPS measurements
indicated partial restoration of the electronic performance of
SnO2 after 1-octanol@SnO2 was treated by ethanol–acetone
wash or thermal annealing (Fig. S10†).

4. Conclusion

In summary, we have investigated the impact of alkane sol-
vents and primary alcohols on the electronic performance of
LM technique-produced 2D SnO2 nanosheets. Measurements
of SnO2-based electronic devices confirmed that the electronic

performance of SnO2 remained unchanged when exposed to
alkane solvents but dropped significantly when in contact with
non-volatile primary alcohols, such as 1-pentanol and
1-octanol. The electron mobility of FET devices fabricated
using 1-octanol-modified SnO2 only reached 0.3 cm2 V−1 s−1,
far slower than that of SnO2-based FET devices. Combing XPS
analysis with DFT modelling, it was ascertained that the
adverse effect of non-volatile alcohol-based solvents on SnO2

electronic properties was attributed to the formation of O–Sn
bond between the OH group of the solvents and the surface Sn
of SnO2, consequently changing the electronic band structure
of SnO2 and decreasing its electron mobility and density. Also,
the binding stability and strength of alcohol solvents onto the
SnO2 surface are associated with the lengths and configuration
of hydrocarbon chains in the alcohol molecules, which can
potentially interfere with the charge transfer of SnO2. In con-
trast to ethanol, 1-octanol and 1-pentanol with long alkyl
groups tended to strongly absorb on the SnO2 surface with a
preferred horizontal configuration of hydrocarbon chains. The
experimental and theoretical results were consistent and pro-
vided an in-depth understanding of the interactions between
organic molecules and unstratified 2D SnO2. The results imply
that caution is necessary when using alcohol-based solvents to
treat low-dimentional semiconductors, facilitating high-quality
2D MOX fabrication. More importantly, the work provided a
strategy to switch the electronic characteristics of SnO2 by
doping alcohol molecules having different chain lengths,
prompting the novel architecture design of responsive 2D
MOX-based optoelectronic devices for sensing and detection
applications.
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