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Density‑functional‑theory 
simulations of the water and ice 
adhesion on silicene quantum dots
Tianpei Duan, Wei Wu* & Kwang‑Leong Choy*

The absorption of water and ice on silicon is important to understand for many applications and 
safety concerns for electronic devices as most of them are fabricated using silicon. Meanwhile, 
recently silicene nanostructures have attracted much attention due to their potential applications in 
electronic devices such as gas or humidity sensors. However, for the moment, the theoretical study 
of the interaction between water molecules and silicene nanostructures is still rare although there 
is already theoretical work on the effect of water molecules on the silicene periodic structure. The 
specific conditions such as the finite size effect, the edge saturation of the silicene nanostructure, and 
the distance between the water/ice and the silicene at the initial onset of the contact have not been 
carefully considered before. Here we have modelled the absorption of a water molecule and a square 
ice on the silicene nanodot by using hybrid‑exchange density‑functional theory, complemented by 
the Van der Waals forces correction. Three different sizes of silicene nanodots have been chosen for 
simulations, namely 3× 3 , 4× 4 , and 5× 5 , with and without the hydrogen saturation on the edge. 
Our calculations suggest that the silicene nanodots chosen here are both hydrophilic and ice‑philic. 
The water molecule and the square ice have tilted angles towards the silicene nanodot plane at ~ 70º 
and ~ 45º, respectively, which could be owing to the zig–zag structure on silicene. The absorption 
energies are size dependent for unsaturated silicene nanodots, whereas almost size independent 
for the hydrogen saturated cases. Our work on the single water molecule absorption energy on 
silicene nanodots is qualitatively in agreement with the previous theoretical and experimental 
work. However, the ice structure on silicene is yet to be validated by the relevant experiments. Our 
calculation results not only further complement the current paucity of water‑to‑silicene‑nanostructure 
contact mechanisms, but also lead to the first study of square‑ice contact mechanisms for silicene. 
Our findings presented here could be useful for the future design of semiconducting devices based on 
silicene nanostructures, especially in the humid and low‑temperature environments.

Nowadays electronic devices are ubiquitous and indispensable for our daily life. The lifetime and reliability 
of the electronic devices are important both for the device functionalities and the environmental control. The 
water intervention to the electronic devices is an important aspect for maintaining and enhancing the device 
 performance1,2 because this type of phenomenon can usually lead to a series of safety issues, sometimes even 
catastrophes. As silicon is the cornerstone for electronic devices, the performance of most of the electronic 
devices can be deteriorated by the moisture/steam/ice on silicon inevitably in many scenarios even with the 
device insulation in place, thus causing short-circuiting, reduced sensitivity or even failure of sensors, such as 
those used in high-temperature production environments or polar developments. The current research in this 
area is to avoid electronic device failure utilising airtight isolating layers rather than exploring the underlying 
mechanisms of the hydrophobicity/hydrophilicity of electronic  devices1. Studying the interaction between the 
water molecule and the electronic device is crucial to solve the problem fundamentally and identify the optimal 
materials to prevent the water intervention. On the other hand, the study of this type of interaction can be useful 
for the design of advanced humidity sensors with high sensitivities.

As the counterpart to graphene, silicene has been progressively researched and developed in the recent years. 
The difference of silicene from graphene is that silicene has a zig–zag  structure3, which can provide energetically 
different reaction sites and brings forward complexity and new possibilities for physical or chemical interactions. 
Especially, the band gap of the silicene could be tuned (up to 0.5 eV) by chemically introducing sodium  atoms4, 
which is a clear advantage compared with graphene that almost has no band gap except for multi-layer structures, 
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and particularly promising for developing semiconducting devices. Silicene holds many physical properties that 
are comparable with graphene, such as high carrier  mobility5–7, anomalous integer quantum Hall  effect8–12, giant 
 magnetoresistance13–16 and  superconductivity17–19. However, as a promising material for electronic devices such 
as gas  sensors20–22, field effect  transistors15,23,24,  photodetectors25–27 and biodegradable drug  carriers28, the studies 
of the surface wetting properties of silicene and its nanostructures are still  rare29. Furthermore, the conventional 
waterproofing techniques are challenging to be implemented in the real-world  applications30–32. silicene nanodots 
(SND) or nanoflakes have been shown to have more amenable reaction sites at the nanoscale than graphene 
in the same  form33–35, which is associated with their higher chemisorption  ability25,26. Nevertheless, this higher 
ability may imply that silicenes would absorb water molecules to a greater extent than  graphene36, which might 
be detrimental for many further electronic applications of silicenes.

The theory for the properties of silicene has also been developed rapidly in recent years. The electronic struc-
ture (such as the band gap) and the mechanical properties of silicenes have been computed from first principles, 
as reviewed in Ref.37. Therein, the simulations for the functionalization of silicene by using hydrogen or florine, 
to engineer the band gap, have also been summarized. Previously silicene and its interaction with external fields 
and the other species such as water molecules have been studied theoretically. Drummond, et al., have demon-
strated theoretically that the band gap of silicene can be tuned by using electrical  fields5. To further control the 
band gap, the other research groups have proposed to make silicene nanomesh (making holes on silicenes)38 
and absorb appropriate species such as  alkali39. Hu, et al., have performed first-principles density functional 
theory (DFT) calculations on the different number of water molecule absorbed by the periodic  silicene40. Their 
research has showed that the number of water molecules absorbed has a significant effect on the behaviour of the 
absorption. The substrates for silicene are also important for its practical application in electronic devices. Chen 
et al., have modelled the effects of a variety of substrates on the silicene and found Al-terminated  Al2O3(0001) 
might be a good  choice24.

In addition, the absorption of a water molecule and ice structures on graphene nanostructure has been 
studied previously to assess the performance of the current density-functional  approximation41. The authors 
therein have found that DFT approximations with London dispersion forces can provide great results. BLYP-D4, 
TPSS-D4, rev-vdW-DF2, and PBE0-D4 have the best performance among the tested methods. Notice that most 
of the carbon nanostructures studied are hydrophilic except the benzene that can be hydrophobic for the zero-
leg configuration (the water molecule stands on the benzene ring with oxygen nearer to the ring). In addition, 
the water absorption on the graphite and graphene has been studied by the Van der Waals-force-corrected DFT, 
which is a very promising method without using any fitting  parameters42. Moreover, the absorption of water 
molecule clusters on the graphene has been modelled from first principles, which showed the similar results 
for the absorption  energies43. The calculations mentioned above showed the graphene was hydrophilic with the 
absorption energies in the order of 10 meV, which are much smaller than those for  SND40.

To the authors’ best knowledge, the detailed study of the absorption of water molecules on silicene nanostruc-
tures such as SND is still absent. In particular, the theoretical model of the variation of the surface properties of 
the silicene due to the absorption of water molecules is needed to understand the behaviour of the water molecule 
on silicene, hence facilitating the practical design of the future silicene-based electronic device. It is therefore 
necessary to use suitable computational modelling methods to reveal the microscopic picture for the interaction 
between the SND and water molecules. Additionally, the application of the silicene-based electronic devices in 
the low-temperature environment is going to be a challenging task. Considering that the working capacity of 
electronic devices such as graphene-based gas detectors is reduced below room  temperature44 and that similar 
low-temperature capabilities of silicene as a comparator have rarely been investigated, our study explores the 
interaction of silicene with the low-temperature state of water, i.e. ice, in the scenario where the silicene is used 
in the electronic devices under the extreme weather condition.

In this work, by using the hybrid-exchange DFT, complimented by the dispersion  forces45, we have modelled 
from first principles the interactions between the water molecules and the SND in different attaching positions 
and with different SND sizes. Two types of SNDs (with and without the hydrogen saturation on the edge) have 
been investigated. The absorption energies and the effects of the water molecule and the square ice on the vibra-
tional frequencies have been analysed in detail. We demonstrate that SNDs generally possess hydrophilic or 
ice-philic properties, mainly owing to the formation of the chemical bonds between the silicon and the oxygen 
atoms. The remaining discussions fall into three sections. In the section II, we introduce our computational meth-
ods. In the section III, we present our calculation results. In the section IV, we draw some general conclusions.

Computational methods
As shown in Fig. 1, in our simulations we have first performed single-point calculations and geometry optimiza-
tions for the SND, followed by those for the absorption of the water/ice on SND. The silicene lattice constant a 
for a hexagonal lattice was initially set as 3.82 Å with a distance of �Z = 0.44 Å between the top and the bottom 
layers of silicon atoms in SND. We have presented three hydrogen-saturated SND structures (namely 3× 3 , 
4× 4 , and 5× 5 ) in Fig. 2 for illustrations.

The geometrical optimizations of the SNDs have been performed to see the finite-size effect and the restruc-
turing on the edge. Two different structures (with and without the hydrogen saturation) were calculated using 
the B3LYP hybrid-exchange density  functional46 and the 6–31  g47 and CEP-4G48,49 basis sets, implemented in 
Gaussian 09  code50. This method was complimented by the calculations taking into account the dispersion 
 forces45 for comparison. The absorption energy of the water molecule onto the silicene is defined by the following 
Eq.40,42,51:Ea = ESND−D − ED − ESND , where D is a water molecule or a square ice. Here ESND−D labels the total 
energy of the optimized combined structure, while ED and ESND refer to the total energies of the water molecule/
square ice and the SND alone, respectively. The water molecules and the square ice (we have adopted its structure 
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in Ref.43) have been absorbed at the centre and the edge of the SND. We have also compared the infrared (IR) 
spectra and vibrational frequencies of the combined structures and SNDs, to identify the signature of the water 
 molecule32,52–56. The silicon atom is depicted in grey, oxygen in red, and hydrogen in white throughout the paper. 
The colour coding for the molecular orbitals, such as the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO), is that the positive value is depicted in red and negative in blue.

Results and discussion
In Fig. 3, we show the calculation results for the SND without (a, c, e) and with (b, d, f) a water molecule absorbed 
with an initial zero-leg or two-leg geometries. The calculation results for the 3× 3 SND is in (a) and (b), 4× 4 in 
(c) and (d), and 5× 5 in (e) and (f). In each sub-figure of Fig. 3, we show the optimized geometry in (i), the top 

Figure 1.  The simulation process for the pure SND and the absorption of a water molecule and a square ice on 
the SND.

Figure 2.  (a) The initial structures for the SNDs with different sizes. (i) 3× 3 , (ii) 4× 4 ; and (iii) 5× 5 . (b) The 
water molecules with three different initial orientations were put on the 3× 3 SND (and the other two SNDs 
as well, not shown here). (i) is the lying-down configuration, (ii) standing-up (zero-leg), and (iii) standing-up 
(two-leg). The different distances of 1, 2, and 3 angstroms (near, moderate, and far) were considered, which are 
close to the Si–O bond length (~ 1.5 angstroms).

Figure 3.  We show the water-molecule absorptions on the 3× 3  SND (a,b), the 4× 4 (c,d), and the 5× 5  (e,f). 
The optimized structures without and with the water molecule are shown in (i) for each scenario, respectively. In 
each sub-figure, (ii) and (iii) ((iv) and (v)) are the top (side) views of HOMO and LUMO, respectively.
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(side) views of HOMO and LUMO in (ii) and (iii) ((iv) and (v)), respectively. After the geometry optimization, 
all the structures computed here end up with so-called the zero-leg configuration, where the oxygen atom of 
the water molecule is closer to the SND than the hydrogen atoms. The HOMO and LUMO for the 3× 3  SND 
are shown in Fig. 3a,b as well. From the charge distributions, we can see that the interaction between the water 
molecule and SND is weak. Similarly, for 4× 4  and 5× 5 , all the water configurations on SNDs end with the 
zero-leg, as shown in Fig. 3c–f, respectively. We can also notice that for all the three scenarios, the water molecular 
plane is tilted on the SND surface at ~ 70° (not perpendicular). This may be attributed to the presence of several 
different reactive sites in  SND57 due to its zig-zag structure, and the combined effects among the sites result in this 
slightly skewed orientation of the water molecule. In addition, the HOMO and LUMO are dominated by the 3p 
orbitals on the silicon sites, forming a conjugated system although the structure is not purely two-dimensional. 
As the size of the SNDs increases, we can see that the charge distribution tends to be more localized on the edge. 
This may have some effects on the water molecule absorption, e.g. the water molecule will be attached more 
easily on the edge than in the centre, as can be proved in the calculation results suggested later on in Table 1.

Table 1.  The optimized water/square-ice-SND distance and absorption energies are shown for all the 
interaction scenarios considered here.

Interaction scenarios between water molecule, square ice and SNDs

Silicene Position and basis set d/Å Ea / eV

Unsaturated SND (3 × 3)

Lying down (6–31 g)

Inside
Centre 2.122 − 0.27

Edge 1.993 − 1.09

Outside
Centre 2.051 − 0.66

Edge 1.993 − 1.09

Standing up (6–31 g)

Zero-leg

Inside
Centre 2.170 − 0.28

Edge 1.993 − 1.09

Outside
Centre 2.051 − 0.66

Edge 1.993 − 1.09

Two-leg

Inside
Centre 2.060 − 0.52

Edge 1.993 − 1.09

Outside
Centre 2.051 − 0.66

Edge 1.993 − 1.09

Square ice (6–31 g)

Inside
Centre 1.884 − 0.99

Edge 1.871 − 1.70

Outside
Centre 1.886 − 0.27

Edge 1.873 − 1.78

Saturated SND

Lying-down water (CEP-4G)

Centre

3× 3 2.279 − 0.33

4× 4 2.274 − 0.35

5× 5 2.272 − 0.34

Edge

3× 3 2.241 − 0.51

4× 4 2.235 − 0.53

5× 5 2.231 − 0.53

Standing water (CEP-4G)

Zero-leg

Centre

3× 3 2.278 − 0.33

4× 4 2.274 − 0.35

5× 5 2.270 − 0.34

Edge

3× 3 2.241 − 0.51

4× 4 2.235 − 0.53

5× 5 2.231 − 0.53

Two-leg

Centre

3× 3 2.278 − 0.33

4× 4 2.274 − 0.35

5× 5 2.272 − 0.34

Edge

3× 3 2.241 − 0.51

4× 4 2.235 − 0.53

5× 5 2.231 − 0.53

Square ice (CEP-4G)

Centre

3× 3 2.030 − 0.99

4× 4 2.029 − 1.00

5× 5 2.027 − 1.01

Edge 5× 5

Near 2.027 − 1.20

Moderate 2.058 − 0.86

Far 2.027 − 1.20
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For the absorption of the square ice on the SNDs (Fig. 4), we can see the similar behaviour, i.e., the square 
ice plane is tilted towards the SND plane, but the titling angle is smaller than the water molecule, which is ~ 45°. 
Another complication of the square ice absorption compared with the water molecule is the hydrogen atom 
movement. The hydrogen atoms that are initially coplanar with the oxygen atoms, are now out of the square ice 
plane, owing to the interaction with the SNDs. This suggests the silicon-oxygen bond formation will push further 
the hydrogen atoms of the water molecule. The square ice might be dissociated due to the interaction with  SND40. 
However, in our calculations, we are not able to identify the complete dissociation of the square ice, which is only 
distorted or stretched and maintains its original shape. This might be due to the hydrogen bonds in the square 
 ice58, which can stabilize the structure. However, there might be some attaching position and water–silicon 
distances that may cause the complete dissociation, which can be studied in the future.

In Fig. 5 we show the water molecule absorption on the edge of SND, where the final contact results are very 
similar to those at the centre as shown in Fig. 3. This suggests that SND has a stable mechanism of contact with 

Figure 4.  The square ice absorptions on the 3× 3 , 4× 4 , and 5× 5  SND are shown in (a–c), respectively. In 
each sub-figure, (i) is the optimized structure, (ii) and (iii) ((iv) and (v)) are the top (side) views of HOMO and 
LUMO, respectively.

Figure 5.  The water-molecule absorptions on the edge of the SND: (a) 3× 3 ; (b) 4× 4; (c)  5× 5 . The ice 
square on 5× 5 is shown in (d). The optimized structures are shown in (i) for each scenario, respectively. In 
each sub-figure, ((ii) and (iii)), and ((iv) and (v)) are the top (side) views of HOMO and LUMO, respectively.
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water molecules that does not shift with the reaction site or the size of the SND structure. Figure 5d illustrates 
the situation where the square ice comes into contact with the edge of the SND. Similar to what happens at the 
centre, the silicon atom in direct contact with that oxygen atom in the ice structure responsible for forming the 
contact is slightly depressed, with the final bond length stabilised at 2.027 Angstroms. This finding demonstrates 
the stability of the silicene and succinctly establishes that the square ice does have some specific contact angles 
and symmetries on the SND, both at the centre and at the edges, as shown in Figs. 4 and 5.

To better illustrate the various absorption scenarios recorded in the table, we present Fig. 6 to correspond with 
the Table 1. The inside/outside refers to the separate studies of the adsorption scenarios inside and outside the 
curved surface when the silicene is slightly bent without the edge hydrogen saturation. The (a) and (b) represent 
the water molecule/ square ice adsorption studies on the unsaturated silicene. (c, d) are the same contact studies 
on the hydrogen saturated silicene. The measurement of "d" is determined by taking the distance between the 
water or ice bonding atom and the silicon atom responsible for the bonding on the silicene during adsorption.

As shown in Table 1, the absorption energies have been calculated for unsaturated and saturated SNDs for 
a water molecule and a square ice. All the energies are negative, which means all the SNDs here are hydrophilic 
and ice-philic. For the unsaturated SNDs, the absorption energies for the edge are larger than the centre. This 
also applies to the square ice. For the saturated SNDs, the absorption energies of water molecules at the cen-
tre are ~ 0.3 eV, which is smaller than those at the edge (~ 0.5 eV). For the square ice the absorption energies 
are ~ 1 eV both for the centre and the edge absorptions. However, by average, the absorption energies of the 
square ice are larger at the edge than those at the centre, which is consistent with the water absorption calcula-
tions. Comparing unsaturated and saturated scenarios, the absorption energies are strongly dependent on the 
SND size in unsaturated cases, which implies the importance of the silicon dangling bonds. Our calculation 
results are also in good agreement with the previous theoretical work on the absorption energies of water on 
 silicence40. The calculation results of the absorption energies presented here show the SND is hydrophilic, which 
is very similar to those for the graphene nanostructure due to the formation of the chemical bonds between 
silicon/carbon and oxygen atoms. However, one exception is the benzene, which is hydrophobic; this might be 
due to hydrogen  bonds43. This aspect needs to be studied carefully further in the future. We can also see that the 

Figure 6.  The stable adsorption scenarios of a water molecule and a square ice on the SND. (a) a water 
molecule adsorbed inside and outside the unsaturated SND with a curvature, at the centre and the edge: 
① inside and centre, ② inside and edge, ③ outside and centre, and ④ outside and edge. (b) a square ice 
adsorption: ① inside and centre, ② inside and edge, ③ outside and centre, and ④ outside and edge. (c) a water 
molecule adsorbed at the centre and edge of the saturated SND: ① centre, ② edge. (d) a square ice adsorption: 
① centre, ② edge. The stable bond lengths d are calculated as shown in Table 1. The calculations based on 
various initial spacings (1, 2, and 3 angstroms) are applied to each adsorption scenarios and result in stable and 
equivalent adsorption distances d for each.
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absorption energy for SND is at least one order larger than that for graphene, which suggests the water molecule 
is more strongly bonded on the SND than the graphene. Moreover, the calculations for the water absorptions 
on the 3× 3 SND have been performed by adding the dispersion force on top of the B3LYP density functional, 
as shown in Table 2. The four initial configurations, including top, hollow, valley, and bridge, with the molecule 
lying on the SND plane and the zero-leg geometry, have been computed. Our calculations therefore show that 
the top configuration is the most stable for both geometries, which is consistent with the previous  work40. For 
the lying down geometry, the absorption energies are slightly different as the optimizations end with different 
top sites due to the different initial configuration. For the zero-leg geometry, all the optimizations end with the 
top configuration except the valley one, which can be seen from the larger energy difference (~ 0.1 eV) of the 
valley configuration from the other initial configurations as shown in Table 2. In addition, compared with the 
calculations without dispersion forces, the absorption energy per water molecule is slightly lower by ~ 0.1 eV 
and the bond length between the oxygen atom and the nearest silicon atom decreases by ~ 0.01 angstroms, which 
is reasonable as the dispersion forces increase the attraction potential. We can also see the tilted angle of the 
water molecule by ~ 70°. However, there might be complications with the orientations and positions of the water 
molecule, which need further studies in the future. We have also performed the calculations for the 3× 3 SND 
absorbing a square ice taking into account the Van der Waal forces, which show the absorption energy will be 
slightly decreased by 0.1 eV per water molecule, which has an insignificant effect on the qualitative picture. A 
more detailed comparison between the calculations with and without the Van der Waal forces can be performed 
in the future study.

Figure 7a–e show the IR spectra when a single water molecule and a square ice are absorbed on a 5× 5  SND 
at the centre and the edge. The IR spectra are plotted as a function of vibrational frequencies. There are two main 
peaks at 490  cm−1 and 2200  cm−1, which is in a good agreement with the recent experimental work on  silicene52. 
The 490  cm−1 peak involves both the silicon and hydrogen atoms for saturation, whereas the 2200  cm−1 peak is 
dominated by the saturation hydrogen atoms. Compared to Fig. 7b, the presence of a peak at ~ 175  cm−1 and the 
disappearance of a minor peak at ~ 1500  cm−1 in Fig. 7c indicates a more complex water absorption result because 
the hydrogen atoms on the edge of SND are closer to the contact site. Hence, the stretching of the molecule water 
at the centre gives rise to an additional peak at ~ 175  cm−1 in Fig. 7b, which disappeared in Fig. 7c due to the spa-
tial position change of the molecule water. Figure 7d,e are focused on the vibrations of the combined structure of 
a square ice at the centre and the edge of the silicene to demonstrate the sensitivity of the silicene to the proximity 
of ice. The difference between these two graphs is that in Fig. 7e there are some less pronounced peaks at 310  cm−1 
and 470  cm−1, with the major difference being the peaks at 2500  cm−1, 2700  cm−1 and 2900  cm−1 producing great 
increases in value of about five times, which stems predominately from the absorbed water molecule. However, 
the absorption energy is generally the same for both interaction scenarios, at approximately − 1 eV.

Conclusions
In summary, we have studied the water contact scenario for SND and pioneered the study of the mechanism of 
its contact with ice. We have computed the absorption energies of water molecules and square ice on SNDs with 
three different sizes ( 3× 3 , 4× 4 , and 5× 5 ) and revealed that the absorption energy is slightly lower at the 
edges, implying stronger absorption. Our calculation results for the absorption energies are in agreement with 
the previous work on the similar structures. We have also found that SNDs are hydrophilic and ice-philic both 
on the centre and the edge of the SND. All the calculations here show that SND is hydrophilic, which is similar 
to graphene nanostructures except benzene. The water/ice absorption energy of SND is one order larger than 
those for graphene. The calculations with the Van der Waals forces corrections show that the absorption energies 
only decrease by ~ 0.1 eV per water molecule. The charge distributions for HOMO and LUMO would tend to be 
localized on the edge when increasing the size.

Our calculations show that the water molecules and square ice will be tilted on the SND plane each at ~ 70° 
and ~ 45° respectively, probably as a consequence of the zig-zag structure of the SNDs. Some symmetry might 
exist between the respective tilts of water and square ice, a feature which is supposed to be directly related to the 
charge distribution in the contact scenario. Our results have enriched the current wetting mechanism of silicene, 
which will be relevant for the preparation of 2D silicon-based materials such as the wet chemical separation 
method, and explored the icing mechanism, which could be used for the semiconducting device applications 
based on SNDs. The calculation results presented here will facilitate the design of silicene-based electronic devices 
when taking into account water molecules is necessary.

Table 2.  Water absorption energies (eV) for lying down and one-leg geometries for different initial attaching 
positions, including top, hollow, valley, and  bridge40. a 3× 3 SND has been chosen here.

Water molecule geometry/initial configurations Top Hollow Valley Bridge

Lying down − 0.47 − 0.46 − 0.48 − 0.46

Zero-leg − 0.47 − 0.46 − 0.32 − 0.46
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Figure 7.  The IR spectra (in the unit of  cm−1  M−1) as a function of vibrational frequencies (in the unit of  cm−1): 
(a) the 5× 5 SND, (b) a single water molecule on the centre of the 5× 5 SND, (c) a single water molecule on the 
edge of the 5× 5 SND, (d) a square ice on the centre of the 5× 5 SND, and (e) a square ice on the edge of the 
5× 5 SND.



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8537  | https://doi.org/10.1038/s41598-022-11943-w

www.nature.com/scientificreports/

Received: 23 January 2022; Accepted: 1 April 2022

References
 1. Vanhoestenberghe, A. & Donaldson, N. Corrosion of silicon integrated circuits and lifetime predictions in implantable electronic 

devices. J. Neural Eng. https:// doi. org/ 10. 1088/ 1741- 2560/ 10/3/ 031002 (2013).
 2. Schimpf, C. et al. Failure of electronic devices due to condensation. Microsyst. Technol. 15(1), 123–127. https:// doi. org/ 10. 1007/ 

s00542- 008- 0643-y (2009).
 3. Kim, S. O. & Glinskii, G. F. Silicene band structure calculations using a semi-empirical pseudopotential method with spin and 

spin-orbital coupling included. J. Phys.: Conf. Ser. https:// doi. org/ 10. 1088/ 1742- 6596/ 1199/1/ 012019 (2019).
 4. Wang, Q. et al. Water adsorption on the β-dicalcium silicate surface from DFT simulations. Minerals https:// doi. org/ 10. 3390/ 

min80 90386 (2018).
 5. Drummond, N. D., Zólyomi, V. & Falko, V. I. Electrically tunable band gap in silicene. Phys. Rev. B Condens. Matter Mater. Phys. 

85(7), 1–7. https:// doi. org/ 10. 1103/ PhysR evB. 85. 075423 (2012).
 6. Shao, Z. G. et al. First-principles calculation of intrinsic carrier mobility of silicene. J. Appl. Phys. 114(9), 2011–2014. https:// doi. 

org/ 10. 1063/1. 48205 26 (2013).
 7. Gao, N., Li, J. C. & Jiang, Q. Bandgap opening in silicene: Effect of substrates. Chem. Phys. Lett. 592, 222–226. https:// doi. org/ 10. 

1016/j. cplett. 2013. 12. 036 (2014).
 8. Liu, C. C., Feng, W. & Yao, Y. Quantum spin Hall effect in silicene and two-dimensional germanium. Phys. Rev. Lett. 107(7), 1–4. 

https:// doi. org/ 10. 1103/ PhysR evLett. 107. 076802 (2011).
 9. Ezawa, M. Valley-polarized metals and quantum anomalous hall effect in silicene. Phys. Rev. Lett. 109(5), 1–5. https:// doi. org/ 10. 

1103/ PhysR evLett. 109. 055502 (2012).
 10. Pan, H. et al. Valley-polarized quantum anomalous hall effect in silicene. Phys. Rev. Lett. 112(10), 1–5. https:// doi. org/ 10. 1103/ 

PhysR evLett. 112. 106802 (2014).
 11. Tahir, M. & Schwingenschlögl, U. Valley polarized quantum Hall effect and topological insulator phase transitions in silicene. Sci. 

Rep. https:// doi. org/ 10. 1038/ srep0 1075 (2013).
 12. Tahir, M. et al. Quantum spin/valley Hall effect and topological insulator phase transitions in silicene. Appl. Phys. Lett. https:// doi. 

org/ 10. 1063/1. 48030 84 (2013).
 13. Xu, C. et al. Giant magnetoresistance in silicene nanoribbons. Nanoscale 4(10), 3111–3117. https:// doi. org/ 10. 1039/ c2nr0 0037g 

(2012).
 14. Rachel, S. & Ezawa, M. Giant magnetoresistance and perfect spin filter in silicene, germanene, and stanene. Phys. Rev. B Condens. 

Matter Mater. Phys. 89(19), 1–6. https:// doi. org/ 10. 1103/ PhysR evB. 89. 195303 (2014).
 15. Tao, L. et al. Silicene field-effect transistors operating at room temperature. Nat. Nanotechnol. 10(3), 227–231. https:// doi. org/ 10. 

1038/ nnano. 2014. 325 (2015).
 16. Yang, X. F. et al. Transport properties of bare and hydrogenated zigzag silicene nanoribbons: Negative differential resistances and 

perfect spin-filtering effects. J. Appl. Phys. https:// doi. org/ 10. 1063/1. 48966 30 (2014).
 17. Linder, J. & Yokoyama, T. Superconducting proximity effect in silicene: Spin-valley-polarized Andreev reflection, nonlocal trans-

port, and supercurrent. Phys. Rev. B Condens. Matter Mater. Phys. 89(2), 1–5. https:// doi. org/ 10. 1103/ PhysR evB. 89. 020504 (2014).
 18. Wan, W. et al. Phonon-mediated superconductivity in silicene predicted by first-principles density functional calculations. EPL 

https:// doi. org/ 10. 1209/ 0295- 5075/ 104/ 36001 (2013).
 19. Zhao, J. et al. Rise of silicene: A competitive 2D material. Progr. Mater. Sci. 83, 24–151. https:// doi. org/ 10. 1016/j. pmats ci. 2016. 04. 

001 (2016).
 20. Prasongkit, J. et al. Highly sensitive and selective gas detection based on silicene. J. Phys. Chem. C 119(29), 16934–16940. https:// 

doi. org/ 10. 1021/ acs. jpcc. 5b036 35 (2015).
 21. Aghaei, S. M., Monshi, M. M. & Calizo, I. A theoretical study of gas adsorption on silicene nanoribbons and its application in a 

highly sensitive molecule sensor. RSC Adv. R. Soc. Chem. 6(97), 94417–94428. https:// doi. org/ 10. 1039/ c6ra2 1293j (2016).
 22. Hu, W. et al. Silicene as a highly sensitive molecule sensor for NH3, NO and NO2. Phys. Chem. Chem. Phys. 16(15), 6957–6962. 

https:// doi. org/ 10. 1039/ c3cp5 5250k (2014).
 23. Quhe, R. G., Wang, Y. Y. & Lü, J. Silicene transistors—A review. Chin. Phys. B https:// doi. org/ 10. 1088/ 1674- 1056/ 24/8/ 088105 

(2015).
 24. Chen, M. X., Zhong, Z. & Weinert, M. Designing substrates for silicene and germanene: First-principles calculations. Phys. Rev. 

B 94(7), 1–6. https:// doi. org/ 10. 1103/ PhysR evB. 94. 075409 (2016).
 25. Liu, C. et al. Silicon/2D-material photodetectors: from near-infrared to mid-infrared. Light Sci. Appl. https:// doi. org/ 10. 1038/ 

s41377- 021- 00551-4 (2021).
 26. Kharadi, M. A. et al. Performance analysis of functionalized silicene nanoribbon-based photodetector. Int. J. Numer. Model. Electron. 

Netw. Dev. Fields 34(1), 1–8. https:// doi. org/ 10. 1002/ jnm. 2809 (2021).
 27. Kharadi, M. A. et al. Silicene/MoS 2 heterojunction for high-performance photodetector. IEEE Trans. Electron Devices 68(1), 

138–143. https:// doi. org/ 10. 1109/ TED. 2020. 30372 85 (2021).
 28. Lin, H. et al. Silicene: Wet-chemical exfoliation synthesis and biodegradable tumor nanomedicine. Adv. Mater. 31(37), 1–12. https:// 

doi. org/ 10. 1002/ adma. 20190 3013 (2019).
 29. Guzmán-Verri, G. G. & Voon, L. Y. Electronic structure of silicon-based nanostructures. Phys. Rev. B Condens. Matter Mater. Phys. 

76, 7. https:// doi. org/ 10. 1103/ PhysR evB. 76. 075131 (2007).
 30. Kara, A. et al. A review on silicene—New candidate for electronics. Surf. Sci. Rep. 67(1), 1–18. https:// doi. org/ 10. 1016/j. surfr ep. 

2011. 10. 001 (2012).
 31. Grazianetti, C., Cinquanta, E. & Molle, A. Two-dimensional silicon: The advent of silicene. Materials https:// doi. org/ 10. 1088/ 

2053- 1583/3/ 1/ 012001 (2016).
 32. Su, C. et al. Waterproof molecular monolayers stabilize 2D materials. Proc. Natl. Acad. Sci. U.S.A. 116(42), 20844–20849. https:// 

doi. org/ 10. 1073/ pnas. 19095 00116 (2019).
 33. Lin, X. & Ni, J. Much stronger binding of metal adatoms to silicene than to graphene: A first-principles study. Phys. Rev. B Condens. 

Matter Mater. Phys. 86(7), 1–9. https:// doi. org/ 10. 1103/ PhysR evB. 86. 075440 (2012).
 34. Feng, J. W. et al. Gas adsorption on silicene: A theoretical study. Comput. Mater. Sci. 87, 218–226. https:// doi. org/ 10. 1016/j. comma 

tsci. 2014. 02. 025 (2014).
 35. Denis, P. A. ‘Stacked functionalized silicene: A powerful system to adjust the electronic structure of silicene. Phys. Chem. Chem. 

Phys. R. Soc. Chem. 17(7), 5393–5402. https:// doi. org/ 10. 1039/ c4cp0 5331a (2015).
 36. Jose, D. & Datta, A. Structures and chemical properties of silicene: Unlike graphene. Acc. Chem. Res. 47(2), 593–602. https:// doi. 

org/ 10. 1021/ ar400 180e (2014).
 37. Kharadi, M. A. et al. ‘Review—silicene: From material to device applications. ECS J. Solid State Sci. Technol. 9(11), 115031. https:// 

doi. org/ 10. 1149/ 2162- 8777/ abd09a (2020).
 38. Fu, C. et al. Synthesis and microwave absorption properties of graphene-oxide(GO)/polyaniline nanocomposite with gold nano-

particles. Chin. Phys. B 24(8), 1–5. https:// doi. org/ 10. 1088/ 1674- 1056/ 24/8/ 087801 (2015).

https://doi.org/10.1088/1741-2560/10/3/031002
https://doi.org/10.1007/s00542-008-0643-y
https://doi.org/10.1007/s00542-008-0643-y
https://doi.org/10.1088/1742-6596/1199/1/012019
https://doi.org/10.3390/min8090386
https://doi.org/10.3390/min8090386
https://doi.org/10.1103/PhysRevB.85.075423
https://doi.org/10.1063/1.4820526
https://doi.org/10.1063/1.4820526
https://doi.org/10.1016/j.cplett.2013.12.036
https://doi.org/10.1016/j.cplett.2013.12.036
https://doi.org/10.1103/PhysRevLett.107.076802
https://doi.org/10.1103/PhysRevLett.109.055502
https://doi.org/10.1103/PhysRevLett.109.055502
https://doi.org/10.1103/PhysRevLett.112.106802
https://doi.org/10.1103/PhysRevLett.112.106802
https://doi.org/10.1038/srep01075
https://doi.org/10.1063/1.4803084
https://doi.org/10.1063/1.4803084
https://doi.org/10.1039/c2nr00037g
https://doi.org/10.1103/PhysRevB.89.195303
https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1063/1.4896630
https://doi.org/10.1103/PhysRevB.89.020504
https://doi.org/10.1209/0295-5075/104/36001
https://doi.org/10.1016/j.pmatsci.2016.04.001
https://doi.org/10.1016/j.pmatsci.2016.04.001
https://doi.org/10.1021/acs.jpcc.5b03635
https://doi.org/10.1021/acs.jpcc.5b03635
https://doi.org/10.1039/c6ra21293j
https://doi.org/10.1039/c3cp55250k
https://doi.org/10.1088/1674-1056/24/8/088105
https://doi.org/10.1103/PhysRevB.94.075409
https://doi.org/10.1038/s41377-021-00551-4
https://doi.org/10.1038/s41377-021-00551-4
https://doi.org/10.1002/jnm.2809
https://doi.org/10.1109/TED.2020.3037285
https://doi.org/10.1002/adma.201903013
https://doi.org/10.1002/adma.201903013
https://doi.org/10.1103/PhysRevB.76.075131
https://doi.org/10.1016/j.surfrep.2011.10.001
https://doi.org/10.1016/j.surfrep.2011.10.001
https://doi.org/10.1088/2053-1583/3/1/012001
https://doi.org/10.1088/2053-1583/3/1/012001
https://doi.org/10.1073/pnas.1909500116
https://doi.org/10.1073/pnas.1909500116
https://doi.org/10.1103/PhysRevB.86.075440
https://doi.org/10.1016/j.commatsci.2014.02.025
https://doi.org/10.1016/j.commatsci.2014.02.025
https://doi.org/10.1039/c4cp05331a
https://doi.org/10.1021/ar400180e
https://doi.org/10.1021/ar400180e
https://doi.org/10.1149/2162-8777/abd09a
https://doi.org/10.1149/2162-8777/abd09a
https://doi.org/10.1088/1674-1056/24/8/087801


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8537  | https://doi.org/10.1038/s41598-022-11943-w

www.nature.com/scientificreports/

 39. Quhe, R. et al. Tunable and sizable band gap in silicene by surface adsorption. Sci. Rep. https:// doi. org/ 10. 1038/ srep0 0853 (2012).
 40. Hu, W., Li, Z. & Yang, J. Water on silicene: A hydrogen bond-autocatalyzed physisorption–chemisorption–dissociation transition. 

Nano Res. 10(7), 2223–2233. https:// doi. org/ 10. 1007/ s12274- 016- 1411-4 (2017).
 41. Brandenburg, J. G. et al. Interaction between water and carbon nanostructures: How good are current density functional approxi-

mations?. J. Chem. Phys. https:// doi. org/ 10. 1063/1. 51213 70 (2019).
 42. Ambrosetti, A. & Silvestrelli, P. L. Adsorption of rare-gas atoms and water on graphite and graphene by van der waals-corrected 

density functional theory. J. Phys. Chem. C 115(9), 3695–3702. https:// doi. org/ 10. 1021/ jp110 669p (2011).
 43. Freitas, R. R. Q. et al. DFT studies of the interactions of a graphene layer with small water aggregates. J. Phys. Chem. A 115(44), 

12348–12356. https:// doi. org/ 10. 1021/ jp208 279a (2011).
 44. Gupta Chatterjee, S. et al. Graphene-metal oxide nanohybrids for toxic gas sensor: A review. Sens. Actuators B Chem. 221(2), 

1170–1181. https:// doi. org/ 10. 1016/j. snb. 2015. 07. 070 (2015).
 45. Grimme, S. et al. A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 

94 elements H-Pu. J. Chem. Phys. 132, 15. https:// doi. org/ 10. 1063/1. 33823 44 (2010).
 46. Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 98(7), 5648–5652. https:// doi. 

org/ 10. 1063/1. 464913 (1993).
 47. Ditchfield, R., Hehre, W. J. & Pople, J. A. Self-consistent molecular-orbital methods. IX. An extended gaussian-type basis for 

molecular-orbital studies of organic molecules. J. Chem. Phys. 54(2), 720–723. https:// doi. org/ 10. 1063/1. 16749 02 (1971).
 48. Stevens, W. J., Basch, H. & Krauss, M. Compact effective potentials and efficient shared-exponent basis sets for the first- and 

second-row atoms. J. Chem. Phys. 81(12), 6026–6033. https:// doi. org/ 10. 1063/1. 447604 (1984).
 49. Stevens, W. J. et al. Relativistic compact effective potentials and efficient, shared-exponent basis sets for the third-, fourth-, and 

fifth-row atoms. Can. J. Chem. 70(2), 612–630. https:// doi. org/ 10. 1139/ v92- 085 (1992).
 50. Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, et. al., Gaussian, Inc., Wallingford CT, 2016.
 51. Nakada, K. & Ishii, A. Migration of adatom adsorption on graphene using DFT calculation. Solid State Commun. 151(1), 13–16. 

https:// doi. org/ 10. 1016/j. ssc. 2010. 10. 036 (2011).
 52. Ryan, B. J. et al. Silicene, siloxene, or silicane? Revealing the structure and optical properties of silicon nanosheets derived from 

calcium disilicide. Chem. Mater. 32(2), 795–804. https:// doi. org/ 10. 1021/ acs. chemm ater. 9b041 80 (2020).
 53. Scalise, E. et al. Vibrational properties of epitaxial silicene layers on (1 1 1) Ag. Appl. Surf. Sci. 291, 113–117. https:// doi. org/ 10. 

1016/j. apsusc. 2013. 08. 113 (2014).
 54. Solonenko, D. et al. 2D vibrational properties of epitaxial silicene on Ag(111). Materials 4, 1. https:// doi. org/ 10. 1088/ 2053- 1583/4/ 

1/ 015008 (2017).
 55. Cinquanta, E. et al. Getting through the nature of silicene: An sp2-sp3 two-dimensional silicon nanosheet. J. Phys. Chem. C 117(32), 

16719–16724. https:// doi. org/ 10. 1021/ jp405 642g (2013).
 56. Scalise, E. et al. Vibrational properties of silicene and germanene. Nano Res. https:// doi. org/ 10. 1007/ s12274- 012- 0277-3 (2013).
 57. Seyed-Talebi, S. M., Kazeminezhad, I. & Beheshtian, J. Theoretical prediction of silicene as a new candidate for the anode of 

lithium-ion batteries. Phys. Chem. Chem. Phys. 17(44), 29689–29696. https:// doi. org/ 10. 1039/ c5cp0 4666a (2015).
 58. Yun, Y., Khaliullin, R. Z. & Jung, Y. Low-Dimensional Confined Ice Has the Electronic Signature of Liquid Water. J. Phys. Chem. 

Lett. 10(8), 2008–2016. https:// doi. org/ 10. 1021/ acs. jpcle tt. 9b009 21 (2019).

Acknowledgements
The authors thank the software support from the UCL Research Computing. W. W. would like to acknowledge 
the funding support from EU Marketplace project 545083.

Author contributions
T.D. performed the first principles calculations. T.D. and W.W. interpreted and analysed the data. W.W. supervised 
the whole study, which was initiated by W.W. and K.L.C. All the authors wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.W. or K.-L.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/srep00853
https://doi.org/10.1007/s12274-016-1411-4
https://doi.org/10.1063/1.5121370
https://doi.org/10.1021/jp110669p
https://doi.org/10.1021/jp208279a
https://doi.org/10.1016/j.snb.2015.07.070
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.447604
https://doi.org/10.1139/v92-085
https://doi.org/10.1016/j.ssc.2010.10.036
https://doi.org/10.1021/acs.chemmater.9b04180
https://doi.org/10.1016/j.apsusc.2013.08.113
https://doi.org/10.1016/j.apsusc.2013.08.113
https://doi.org/10.1088/2053-1583/4/1/015008
https://doi.org/10.1088/2053-1583/4/1/015008
https://doi.org/10.1021/jp405642g
https://doi.org/10.1007/s12274-012-0277-3
https://doi.org/10.1039/c5cp04666a
https://doi.org/10.1021/acs.jpclett.9b00921
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Density-functional-theory simulations of the water and ice adhesion on silicene quantum dots
	Computational methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


