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Molecular modeling study 
on the water‑electrode surface 
interaction in hydrovoltaic energy
Goncagül Serdaroğlu 1, İ. Afşin Kariper 2,3 & S. Esra Bolsu Kariper 4*

The global energy problem caused by the decrease in fossil fuel sources, which have negative 
effects on human health and the environment, has made it necessary to research alternative energy 
sources. Renewable energy sources are more advantageous than fossil fuels because they are 
unlimited in quantity, do not cause great harm to the environment, are safe, and create economic 
value by reducing foreign dependency because they are obtained from natural resources. With 
nanotechnology, which enables the development of different technologies to meet energy needs, 
low‑cost and environmentally friendly systems with high energy conversion efficiency are developed. 
Renewable energy production studies have focused on the development of hydrovoltaic technologies, 
in which electrical energy is produced by making use of the evaporation of natural water, which is 
the most abundant in the world. By using nanomaterials such as graphene, carbon nanoparticles, 
carbon nanotubes, and conductive polymers, hydrovoltaic technology provides systems with 
high energy conversion performance and low cost, which can directly convert the thermal energy 
resulting from the evaporation of water into electrical energy. The effect of the presence of water 
on the generation of energy via the interactions between the ion(s) and the liquid–solid surface can 
be enlightened by the mechanism of the hydovoltaic effect. Here, we simply try to get some tricky 
information underlying the hydrovoltaic effect by using DFT/B3LYP/6‑311G(d, p) computations. 
Namely, the physicochemical and electronic properties of the graphene surface with a water molecule 
were investigated, and how/how much these quantities (or parameters) changed in case of the water 
molecule contained an equal number of charges were analyzed. In these computations, an excess of 
both positive charge and negative charge, and also a neutral environment was considered by using the 
 Na+,  Cl−, and NaCl salt, respectively.

Natural water is the most abundant clean and sustainable resource on earth, covering approximately 71% of the 
earth’s surface and capturing approximately 70% of the solar energy received by the earth’s  surface1. The excess 
energy in the water, which can flow and evaporate spontaneously by adsorbing thermal energy without being 
affected by environmental conditions, is separated from the surface in the form of latent  heat2,3. The evaporation 
potential and current, which continues as long as the evaporation of water continues, provide the conversion 
of thermal energy into electrical  energy2,4. Due to the unique characteristics of both the water molecule and 
graphene surface in terms of the structural, electronic, and thermal properties, water-graphene systems have 
been increasingly studied in many  areas5–7. The graphene structure consists of the sp2 hybridized carbon atoms 
and thus the electron delocalization on the surface plane is responsible for the in-plane heat conductivity, while 
out-of-plane thermal conductivity can be provided by the weak dispersion forces or van der Waals  interactions8. 
Also, the water molecule has been reported with a vital role in the harvesting of new-generation energy such as 
kinetic energy by hydrovoltaic tools, gradient, and evaporation  energy9.

Hydrovoltaic systems, which produce electricity from the direct interaction of water with the material, are 
preferred instead of existing technologies used to obtain electrical energy from the kinetic energy of water. Energy 
from water is converted into electrical energy by hydrovoltaic effects provided by mechanisms such as flow 
potential, fluctuation potential, shrinkage potential and evaporation-induced electricity, and gradient-induced 
ion diffusion. When solids come into contact with water, ions with opposite charges to the surface charge are 
attracted and an electrical double layer (EDL) is formed at the water–solid interface. EDL-based electrokinetic 
effects, such as flow potential, can convert the kinetic energy of water flowing through narrow channels into 
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electrical energy. However, the formation of a high flow potential is possible with a large pressure gradient. By 
placing a single layer of graphene or carbon on the film formed along the surface of the rippling water, wave 
energy is collected and the wave potential is converted into electrical energy. A drop of water is dripped onto a 
graphene sheet to create an attractive potential and is used to collect the kinetic energy of raindrops and solar 
cells operating on rainy days. Evaporation of water in our environment always takes place as a normal process, 
during which a large amount of thermal energy is converted into latent water vapor energy. Sustainable tension 
can be obtained from the evaporation of natural water using a small porous piece of carbon black film partially 
immersed in water. Any energy gradient is equivalent to a repulsive force that can do work on the system, such as 
moving charge carriers. Osmotic energy is the most common gradient energy and is derived from the directional 
diffusion of ions along a concentration gradient in water. Low ion concentration and the large distance between 
ions and solid surface limit the interaction between water vapor and solid surface, resulting in low electrical 
 output9. Electric output generation can be improved using porous materials such as carbon black sheets and 
nanowires with nano-sized  channels10,11. In this direction, studies have focused on finding the amount of energy 
the system has due to the effect on the water drop and graphene surface.

Recently, molecular dynamic computations were performed to explore the effect of the water humidity on the 
graphitic surface and suggested that the graphene surface is quite wettable and presents hydrophobic behavior 
in case it was covered by the double water  layers12. The hydrophilic and hydrophobic phenomena have great 
importance in predicting/evaluating the interactions that exist in a specific adsorbent (a solid surface)-adsorbed 
(water)13–15. In this respect, Jiang et al. explored the catalytic effect of a perpendicular electric field on the revers-
ible transition of graphene with water from hydrophobic to hydrophilic by using first-principles calculations; 
they disclosed that the electric field could act as a switch to reversibly change the graphene from hydrophobic 
to hydrophilic in the presence of water  vapor16. On the other hand, polarizability holds a crucial position in the 
modulation of its hydrophilicity-hydrophobicity dynamics, establishing the groundwork for its interactional 
paradigm with water molecules. Thus, this intrinsic characteristic significantly influences graphene’s physical 
properties, thus broadening the potential for its applicability across a variety of scientific domains. In this regard, 
a comprehensive analysis of graphene’s electronic polarizability had been conducted using multiple theoretical 
methodologies, including Kubo’s linear response formalism for frequency and wave-vector-dependent polariz-
ability within the random phase  approximation17. Furthermore, the first-principles density functional approach 
was used to analyze the properties of graphene multilayers and graphite under an applied electric field; the spe-
cific regions of the designed graphene multilayers were explored in terms of the induced charge under applied 
electric  fields18. In a study, an analytical model, in which parameters such as polarizability and bending stiffness 
were derived from numerical fits to simulation data was introduced to predict the alignment of infinitely wide 
Graphene Nanoribbons (GNRs) to an electrostatic field; the model revealed that there was a linear correlation 
between alignment angle, field strength square, and graphene length for small  deformations19. Recently, Escalona 
et al.20 examined the water-graphene interface in distinct systems, one with graphene in water and another with a 
water droplet on graphene, under an electric field; their MD results implied that water’s orientation near graphene 
was affected by graphene’s polarizability, particularly under an electric field.

In the case of the adsorption of the water molecule issue has a complexity because of the possible H-bonding 
between the surface and water molecule or between the water molecules. Hence, it is hard to evaluate this kind of 
interaction just only using a limited factor such as H-bonding tendency, surface properties, hydrophilicity, etc.21. 
In the past, Monte Carlo simulations were conducted to elucidate the water adsorption on the graphene surface at 
various temperatures at 313, 316, and 323 K, and the results showed that water molecules would prefer to merge 
at the edges of the graphene surface rather than adsorb onto the basal graphene  plane22. Moreover, an ab initio 
study is reported to investigate how many electrons each ion can attract from the polymer (PET)-enclosed gra-
phene surface and whether it is suitable for harvesting water  energy23. Accordingly, the authors suggested that 
the shortened surface thickness or more substrate dipole can boost the output  power23. In a remarkable, Yin 
et all demonstrated that the electrokinetic potential can be produced in a graphene sheet that moves between 
air and solution interfaces, and the results of that work have quite promised to design self-powered sensors and 
 monitors24. In designing smart materials, especially, graphene-based systems are getting great attention because 
of promising structural relevant properties such as mechanical and thermal features, and applicable surface  area25.

One of the main issues in the contemporary age, even the most important, is to generate energy from ergo-
nomic, economical, renewable, etc., then for a green future. Nowadays, waste energy is also processed to re-
generate energy, but research has shifted towards nanogenerators due to these (secondary) energies obtained 
being very low efficiency. Although the three main mechanisms of the hydovoltaic nanogenerators, as a class of 
nanogenerators, have been known, the water effect on the solid surface (electrode) has not been explained and 
keep stand as controversial. In this respect, the reported data in the literature are generally related to developing 
new electrodes that can harvest hydrovoltaic energy, but not to deeper reasons for them, especially electronic 
structures and relevant electronic properties.

The finite-dimensional constraints of graphene have noteworthy implications on the manifestation of the 
hydrovoltaic effect, an outcome that diverges markedly when considered in the context of a hypothetically 
infinitely extended graphene plane. The existence of boundary effects and the limited expanse in these finite 
graphene constructs may notably modulate the interactions and spatial distribution of ions and water molecules 
on the graphene interface, leading to consequential influences on hydrovoltaic energy generation. As reported, 
the simulation outcomes demonstrate that water exhibits a preference for adsorption around the functional 
groups of graphene, fostering the formation of  clusters17. These clusters subsequently expand and coalesce at the 
peripheries of the graphene layers, instead of adsorbing onto the graphene’s basal planes. This phenomenon can 
be attributed to the stronger electrostatic interactions, particularly hydrogen bonding, between water molecules, 
which supersede the relatively weaker dispersion interactions with the basal planes of  graphene17.
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While the theoretical exploration of infinite graphene planes presents an intellectually engaging discourse, it is 
essential to acknowledge that the preponderance of graphene’s practical implementations is based on finite-sized 
components. Consequently, despite the intrinsic limitations inherent to the finite nature of these graphene-based 
systems, the insights garnered from such studies continue to offer substantial value and applicability across 
multiple domains.

Until now, DFT computations in terms of molecular mechanics and dynamic perspective have been applied 
successfully to graphene/ graphite  systems26–30 such as doped by metal or transition metal, nanostructures, 
or graphene quantum dots, etc. For instance, the Density Functional Theory (DFT) based on first principles 
examined the impact of different impurities on the structure, electronics, and charge transfer in graphene to 
explore the possible usage for graphene in optoelectronics and other devices requiring switching  capabilities31. 
Other first-principles DFT computations were reported to explore the gas-sensing performance of transition 
metal-doped graphene  systems32. Furthermore, Kumar et al. employed DFT computations to examine the impact 
of doping graphene with platinum group elements (PGE); they calculated the energy gap, UV–vis absorption 
spectra, and Mulliken population to explore the potential uses in wearable electronics, optoelectronics, sensors, 
and solar  cells33. Furthermore, the graphene oxide nanosheet (GON) was modified based on the Lerf-Klinowski 
model and investigated the impact of integrating Be, B, N, O, and F atoms on GON’s properties by using the 
B3LYP-D3/6–31 + G(d,p)34. Also, the DFT calculations and MD simulations were utilized to investigate boron-
modified graphane nanoparticles to determine the reactivity and hydrogen binding potencies to examine their 
optoelectronic properties, indicating potential applications in clean energy and materials  science35. In another 
study on research of BX (X = N, P) doped twin-graphene, the authors utilized the DFT based on first-principle 
calculations to explore the possible potentials of the designed systems, which would produce clean  energy36.

To understand the basic mechanism of the surface-based hydrovoltaic effect; it is necessary to understand 
the interactions and energy relations of water, ions, and electrons on the solid–liquid surface. In this direction, 
in our study, the physicochemical effects of a water molecule on the graphene surface as a typical model were 
investigated. In addition, it also analyzed how the physicochemical parameters change when the water molecule 
contains an equal number of charges, excess positive charge or excess negative charge. Our work serves as a sig-
nificant step toward understanding the intricate dynamics at the solid–liquid interface, crucial for optimizing the 
hydrovoltaic effect in various applications. By providing detailed insights into the physicochemical interactions 
between the ions and water and finite graphene, we hope that the results of this work pave the way for future 
research aimed at enhancing the efficiency and performance of graphene-based hydrovoltaic devices.

DFT calculations
All electronic structure computations were performed by  G0937 package and analyses and representations of 
the results were made by using GaussView 6.0.1638. At first, the electronic structures of isolated molecules, ions, 
and salt were confirmed by the absence of no imaginary frequency following the geometry optimization by the 
default convergence  criteria39,40, at B3LYP/6-311G**  level41,42 and basis  set43–45.

The thermochemical and physical characteristics of all studied species were determined by the quantum sta-
tistical  principles46–48. As known well, thermodynamic and thermochemical properties for the relevant systems 
are calculated by using the total partition function which depends on the freedom degrees of the translational 
 (Qtrans.), rotational  (Qrot.), vibrational  (Qvib.), and electronic  (Qelec.)  movements46,47. For a general system, the 
molecular partition function is defined as

The vibrational partition function for the asymmetric top molecules is given below, and the degrees of vibra-
tional freedom contribution to the thermochemical quantities can be calculated by Eqs. (3)–(5)46–49.

Here, Evib. “vibrational thermal energy”, Svib. “vibrational entropy”, and Cvvib. “vibrational heat capacity” 
is defined  as25–29. The terms are expressed as �vj =

hvj
k   “the vibrational temperature”, h → “Planck constant”, 

k → “Boltzmann constant”, and νj → ” jth fundamental frequency”.
Furthermore, the values I “ionization energy” and A “electron affinity”50 are used for determining the reactiv-

ity properties by using the following equations.
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Here, χ → “electronic chemical potential” η → “global hardness”, ω → “electrophilicity”, ΔNmax → “the maxi-
mum charge transfers capability index”51–56, ω- “the electrodonating power” and ω + “the electroaccepting 
power”57, and ΔEback-donat. “back-donation energy”58.

Result and discussion
Molecule geometry and physicochemical properties. The confirmed structures of the possible inter-
actions between Graphene and anionic, cationic, salt, and water were presented in Fig. 1. Also, the calculated 
geometric data for each system designed were summarized in Table 1.

From Table 1, all C–C lengths for systems G (isolated graphene) and S1 (with water on the Graphene surface) 
were calculated as 1.42 Å whereas this bond for S3 and S4 was determined as 1.43 Å. In the past, the C–C length 
for the graphene unit was determined in the range of 1.34–1.49 Å26,28,31,59–62 depending on the type of the doped 
atom. Namely, the C–C bond length for the Mg-doped graphene core was calculated as 1.34–1.44 Å 31, whereas 
for the O-doped Graphene, the nearest C–C length was predicted as 1.49 Å 33. On the other hand, this length for 
the isolated graphene core was mostly determined as 1.42–1.43 Å 59. Also, the neighbor C–C bond lengths for 
the B, N, O, and F-doped graphene structures were estimated at 1.403, 1.416, 1.485, and 1.353 A,  respectively63. 
Also, the O–H–C1 length for all systems was calculated as 2.50, 2.23, 2.29, and 5.57 Å: the oxygen distance to 
the graphene surface did grow longer with the presence of the salt (NaCl) while it did narrow with the existence 
of the ions  (Na+ or  Cl−). The geometric parameters show that the electronic attraction force between the  Na+ ion 
and the graphene surface is larger than the other systems, and therefore the  Na+ ion (S3) is placed parallel to the 
graphene surface. On the other hand, the distance between the  Cl- ion and the graphene surface increased due 
to the electronic repulsion forces between the charge density on the graphene surface and the charge cloud of 
the  Cl- ion, and Cl–– H-C1 length was calculated as 2.61 Å. Also,  Na+–C3 and Cl––C3 lengths were calculated at 
4.38 and 4.10 Å, respectively, whereas the  Na+–C2 and Cl––C2 distances were calculated at 2.71 and 4.78 Å. The 
C1-C2 –Na + and C8–C4–Na angles for S3, which the placement of the Na + ion on the graphene-like layer, were 
calculated as 120.9° and 75.7°, respectively. Moreover, the C4–C2–O angle for S1 was calculated as 179.0° which 
implied that the water molecule was positioned approximately at the same plane with the graphene structure, 
whereas this angle for S4 was calculated as 72.1° which was a sign that the water molecule (existence of the salt) 
was placed on the surface at an angle. In addition, the C2–C5–O angle for systems S1–S4 was calculated at 99.5°, 
108.2°, 98.3°, and 61.7°, respectively. From Table 1, all C–C–C angles for the single-layer graphene unit were 
calculated in the range of 118.8–122.5°, as can be expected from sp2 hybridization.

Also, the calculated physical and thermochemical properties were summarized in Table 2. Accordingly, the 
dipole moment and polarizability values of systems S2 and S4 were calculated higher than those of the other 
systems because of the existence of the electronegative chlorine atom. Namely, the order of the dipole moments of 
G and S1-S4 (in D unit) was determined as 22.172 (S2) > 10.172 (S4) > 9.727 (S3) > 2.358 (S1) > 0.000 (G), whereas 
the polarizability values of them (in au) were determined as 308.940 (S4) > 308.878 (S2) > 291.786 (S3) > 288.305 
(S1) > 279.745 (G). In the context of molecular electronic properties, our findings underscore a notable variability 
among the studied systems. Specifically, state S2 demonstrates the most pronounced dipole moment, standing at 
22.172 D. This places S2 as the most polar entity within the studied set, implying a substantial charge separation 
within the  molecule64. Contrastingly, state S4 exhibits the highest polarizability, with a measure of 308.940 atomic 
units. This suggests a heightened response of the electron cloud to perturbations in the external electric field, 
indicative of a more deformable electronic distribution under the influence of an external  field65–67. Remarkably, 
ground state G is characterized by the least values for both dipole moment and polarizability, revealing its lower 
polarity and relative electron cloud rigidness. This set of observations facilitates a deeper understanding of the 
electronic characteristics of the various states, potentially driving further investigations into their interactive 
behaviors and reactivity profiles.

Thermal energy values (in kcal/mol) changed in the order of 204.610 (S4) > 202.809 (S3) > 202.594 
(S2) > 200.998 (S1) > 188.657 (G); highly portion of it came from the vibrational motions. Also, heat capacity and 
vibrational heat capacity (cal/mol K) orders were calculated as of 85.957 (S4) > 81.914 (S3) > 80.106 (S2) > 75.865 
(S1) > 64.619 (G) and 79.996 (S4) > 75.952 (S3) > 74.144 (S2) > 69.903 (S1) > 58.658 (G), respectively. Further-
more, the translational entropy values of the designed adsorbent-absorbance systems (S1-S4) were calculated 
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at 43.167 (S1), 43.478 (S2), 43.375 (S3), and 43.666 cal/mol K (S4), whereas the rotational contribution to the 
entropy was determined at 34.764 (S1), 35.645 (S2), 34.938 (S3), and 35.525 cal/mol K (S4). As can be expected, 
the greatest contribution to the entropy was sourced from the vibrational freedom degree of all systems and 
calculated as 38.537 (G), 61.221 (S1), 69.230 (S2), 68.966 (S3), and 87.074 cal/mol K (S4).

The adsorption energies of the designed systems were calculated by using the following equations.

where ΔESYS is the total energy of the defined systems; ΔEG is the energy of the isolated graphene; ΔEF is the sum 
of the energies of each isolated fragment. Similarly, ΔHads. and ΔGads. are defined similarly. Here, the negative 

�Eads = �ESYS − (�EG +�EF)

�Hads = �HSYS − (�HG +�HF)

�Gads = �GSYS − (�GG +�GF)

G

G+ H2O G+ H2O+ Cl-

G+ H2O+ Na+
G+ H2O+ NaCl

S1 S2

S3 S4

Figure 1.  The optimized systems of the possible interaction(s) of Graphene. The atom numbering scheme 
of the four systems is the same as those of the Graphene (G) core structure (The optimized structures were 
visualized by using the GaussView 6.0.1638 software, took a screenshot, and arranged by the word (MS) tools).
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energy value implied the stable adsorbate/graphene system. By using the thermochemical data given in Table 2, 
the calculated energies of assumed systems (S1–S4) were presented in Table 3. It should be expressed that each 
system and isolated adsorbates were optimized and confirmed to predict the thermochemical data. It is clear 
from Table 3 that the adsorption processes are exothermic for all systems designed here, but the energy released 
in the S3 process is greater than in the others. Namely, the enthalpy change (in kJ/mol) for the assumed systems 
was calculated as S1 (−12.08) < S2 (−113.94) < S4 (−119.03) < S3 (−176.71); the presence of the cation  Na+ made 
the enthalpy change of lowered. Furthermore, the adsorption-free energy changes indicated that the adsorption 
processes would occur spontaneously for the designed systems S2–S4. From Table 3, the adsorption-free energies 
of systems S2–S4 were determined as S2 (−52.86) < S4 (−57.45) < S3 (−115.86), while the free energy changing 
for S1 was determined as 14.84 kJ/mol, which indicated the adsorption system could not occur spontaneously.

FMO (frontier molecular orbital) analysis. The possible reactivity identifiers of the isolated molecules 
and designed systems S1–S4 were given in Table 4. Here, the chlorinated graphene surface can be said that the 
less likely to interact with an external system due to the smallest energy gap value (1.592 eV), and vice versa for 
the isolated graphene (4.018 eV). Considering the effect of the anion, cation, or salt on the graphene reactivity, 
the  Na+ cation can be said that makes the graphene more reactive to the outer system(s) with the ΔEgap value 
of 3.794 eV that was greater than those of the  Cl- and NaCl salt. As can be expected, the  Na+ ion (1s22s22p6), 
with the electron deficiency, made the graphene more electrophile, while the water molecule made it less elec-
trophile. From Table 4, the electrophilicity indexes (in eV) of G and systems S1–S4 were calculated in the order 
of S2 (0.040) < S1 (0.117) < G (0.125) < S4 (0.175) < S3 (0.441). Also, the calculated Δεback-donat. values revealed 
that the water molecule made G more stable via back donation whereas the  Cl- made it less stable. The order of 
Δεback-donat. values (in eV) for systems S1–S4 was calculated as -0.501 (S1) < −0.474 (S3) < −0.452 (S4) < −0.199 
(S2). In Table 4, the calculated ionization energy and electron affinity values of  H2O, Cl-, Na, and NaCl species 
were given for the prediction/direction of the possible electronic movement between the surface and each of the 
chemical species. Here the frontier molecular orbital densities for the isolated molecules and designed systems 
were visualized in Figs. 2 and 3, respectively. As can be seen, the HOMO density for the systems S2–S4 expanded 

Table 1.  The selected optimized parameters for the systems S1–S4 and G at B3LYP/6-311G(d,p) basis set.

G S1 S2 S3 S4

Bond length (Å)

C1–C2 1.42 1.42 1.42 1.43 1.43

C2–C5 1.42 1.42 1.43 1.43 1.43

Non-bonding length (Å)

O–H–C1 – 2.50 2.23 2.29 5.57

Na+–C5 – – – 2.70 3.92

Cl––H–C1 – – 2.61 – 4.78

Na+–C3 – – – 4.38 2.89

Cl––C3 – – 4.10 – 4.58

Na+–O – – – 5.23 2.27

O–C4 – – – – 4.49

Bond angle (°)

C1–C2–C4 118.8 118.8 119.3 119.0 118.7

C1–C2–C5 122.5 122.1 121.7 122.3 122.5

C2–C4–C7 120.0 120.0 120.0 120.0 120.1

Non-bonding angle (°)

C3–C1–Cl− – – 100.8 – 77.2

C2–C5–O – 99.5 108.2 98.3 61.7

C1–C2–Na+ – – – 120.9 70.9

C4–C2–O – 179.0 169.8 176.3 72.1

C8–C4–Na – – – 75.7 122.3

C4–Na–Cl – – – – 166.5

Dihedral angle (°)

C1–C2–C4–C7 −0.0 −0.0 0.0 0.1 −0.1

C3–C1–C2–C5 180.0 180.0 −179.8 179.5 −179.6

C2–C5–H–O – 0.7 −28.5 −6.7 69.6

C2–C1−H–Cl− – – −171.1 – −105.5

H–C1–C2–Na+ – – – 90.9 112.3

C8–C4–Na–Cl – – – – 126.4

C5–C2–C4–O – – – – 95.1
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Table 2.  The thermodynamic and physical values of systems S1–S4, G, and fragments at B3LYP/6-311G(d,p) 
basis set.

Systems G S1 S2 S3 S4

ΔE (au) −921.814572 −998.245792 −1458.584231 −1160.389340 −1620.885740

ΔH (au) −921.799460 −998.226406 −1458.563551 −1160.367981 −1620.862908

ΔG (au) −921.854403 −998.292522 −1458.634038 −1160.437959 −1620.941907

Etherm (kcal/mol) 183.657 200.998 202.594 202.809 204.610

Evib. (kcal/mol) 181.880 199.220 200.817 201.031 202.833

Cv (cal/mol K) 64.619 75.865 80.106 81.914 85.957

Cvvib. (cal/mol K) 58.658 69.903 74.144 75.952 79.996

S (cal/mol K) 115.638 139.153 148.353 147.280 166.266

Str. (cal/mol K) 42.994 43.167 43.478 43.375 43.666

Srot. (cal/mol K) 34.108 34.764 35.645 34.938 35.525

Svib. (cal/mol K) 38.537 61.221 69.230 68.966 87.074

μ (D) 0.000 2.358 22.172 9.727 10.172

α (au) 279.745 288.305 308.878 291.786 308.940

Fragments H2O Cl− Na+ NaCl

ΔE (au) −76.426124 −460.300710 −162.081230 −622.599428

ΔH (au) −76.422344 −460.298350 −162.078870 −622.595766

ΔG (au) −76.443770 −460.315733 −162.095659 −622.621851

Etherm. (kcal/mol) 15.161 0.889 0.889 2.210

Evib. (kcal/mol) 13.383 0.000 0.000 0.729

Cv (cal/mol K) 6.008 2.981 2.981 6.537

Cvvib. (cal/mol K) 0.046 0.000 0.000 1.569

S (cal/mol K) 45.094 36.586 35.336 54.900

Str. (cal/mol K) 34.608 36.586 35.336 38.092

Srot. (cal/mol K) 10.480 0.000 0.000 15.655

Svib. (cal/mol K) 0.007 0.000 0.000 1.153

μ (D) 2.070 0.000 0.000 9.100

α (au) 5.915 5.121 0.445 25.638

Table 3.  The calculated adsorption energies (in kJ/ mol) of the designed systems at B3LYP/6-311G(d,p) basis 
set.

S1 S2 S3 S4

ΔE −13.38 −112.44 −177.00 −119.76

ΔH −12.08 −113.94 −176.71 −119.03

ΔG 14.84 −52.86 −115.86 −57.45

Table 4.  The chemical reactivity values of the systems S1–S4 and fragments at B3LYP/6-311G(d,p) basis set.

G S1 S2 S3 S4 H2O NaCl Cl− Na+

H (−I) (eV) −5.704 −5.578 −2.108 −8.648 −5.958 −8.148 −6.321 −0.418 −39.519

L (−A) (eV) −1.686 −1.572 −0.516 −4.854 −2.343 0.780 −2.143 14.606 −6.983

ΔEgap (L–H) (eV) 4.018 4.006 1.592 3.794 3.616 8.928 4.178 15.024 32.536

χ (eV) −3.695 −3.575 −1.312 −6.751 −4.150 −3.684 −4.232 7.094 −23.251

η (eV) 2.009 2.003 0.796 1.897 1.808 4.464 2.089 7.512 16.268

ω (eV) 0.125 0.117 0.040 0.441 0.175 0.056 0.158 0.123 0.611

ω+ (au) 0.066 0.061 0.019 0.326 0.107 0.009 0.089 0.288 0.258

ω− (au) 0.202 0.192 0.068 0.574 0.260 0.144 0.245 0.027 1.113

ΔNmax (eV) 1.839 1.785 1.648 3.558 2.296 0.825 2.026 −0.944 1.429

Δεback−donat. (eV) −0.502 −0.501 −0.199 −0.474 −0.452 −1.116 −0.522 −1.878 −4.067
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Figure 2.  HOMO & LUMO (isoval:0.02) plots of the main components of the designed systems S1–S4 at 
B3LYP/6-311G** level in gas (The HOMO & LUMO densities were analyzed and then visualized by using the 
GaussView 6.0.1638 software, took a screenshot, and arranged by the Word (MS) tools).
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Figure 3.  HOMO & LUMO (isoval:0.02) plots of the designed systems S1–S4 at B3LYP/6-311G** level in gas 
(The HOMO & LUMO densities were analyzed and then visualized by using the GaussView 6.0.1638 software, 
took a screenshot, and arranged by the Word (MS) tool).
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on the  Cl- ion and which was a pictorial proof of the electronic movement from the HOMO of  Cl- ions to the 
LUMO of graphene.

To predict the direction of possible electron, transfer between the graphene surface and the considered ions 
and salts, the energy ranges for each designed system were calculated using the equations below, and the results 
are given in Table 5. From the results obtained, it can be said that the presence of water adsorbed on the Gra-
phene surface facilitates electron transfer from HOMO to LUMO between the surface and the related chemical 
species since shortened energy gap. As can be expected from past reports, it is clear from the calculated results 
that electronic movement from the graphene molecule (HOMO) to the water molecule (LUMO) is more likely. 
Namely, it was calculated as 6.462 eV and was smaller than that of the inverse scenario (6.484 eV). Without water, 
the energy gap for the electron movement from the chlorine ion (HOMO) to the graphene surface (LUMO) was 
determined as 1.154 eV, while it was calculated at 1.268 eV for the same electronic motion in the presence of 
water. Similarly, the energy gap values for the possible electronic movement from HOMO (Graphene) to LUMO 
 (Na+) were calculated as 1.405 eV (without water) > 1.279 eV (with water). On the other hand, for the electrically 
neutral environment (NaCl salt), it can be said that the electronic movement from the HOMO of Graphene to 
the LUMO of NaCl is more likely than the opposite version. The energy ranges for these two possible electronic 
transition scenarios were calculated as follows: ΔE2 (3.561 eV) < ΔE1 (4.635 eV).

Without water,

With water

Conclusions
In this study, we attempted to evaluate the presence of water on a solid surface about how higher hydrovol-
taic energy can be obtained with which charged ion. Here, the computational results indicate that hydrovol-
taic nanogenerators with higher voltage output can be produced on cation-rich water-included surfaces. The 
adsorption-free energies of systems S2–S4 were determined as S2 (−52.86) < S4 (−57.45) < S3 (−115.86), which 
indicated the adsorption process could occur spontaneously. Also, the energy range values strongly implied that 
the charge transfer could be towards from the HOMO of the S1 to LUMO of the  Na+ due to the order of it as 
ΔE2 (1.279 eV) < ΔE1 (37.833 eV). The results showed that the positively charged  Na+ ion makes the Graphene-
water system have higher energy and thus it is time to be focused on the positively charged G-water systems to 
produce the next-generation energy.

Data availability
All data generated or analyzed during this study are included in this published article.
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Table 5.  The energy range values (eV) for the possible electronic movements from HOMO to LUMO for 
designed systems.

Without water With water

ΔE1 ΔE2 ΔE1 ΔE2

Graphene-H2O 6.484 6.462

Graphene-Cl− 1.154 20.184

Graphene-Na+ 37.947 1.405

Graphene-NaCl 4.749 3.435

(Graphene +  H2O)-Cl− 1.268 20.310

(Graphene +  H2O)-Na+ 37.833 1.279

(Graphene +  H2O)-NaCl 4.635 3.561



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:12803  | https://doi.org/10.1038/s41598-023-39888-8

www.nature.com/scientificreports/

References
 1. Zheng, C. et al. Materials for evaporation-driven hydrovoltaic technology. Interdiscip Mater. 1, 1–22 (2022).
 2. Li, L. et al. Sustainable and flexible hydrovoltaic power generator for wearable sensing electronics. Nano Energy 72, 10463 (2020).
 3. Stephens, G. L. et al. An update on Earth’s energy balance in light of the latest global observations. Nat. Geosci. 5, 691–696 (2012).
 4. Zhang, G. et al. Harvesting environment energy from water-evaporation over free-standing graphene oxide sponges. Carbon 148, 

1–8 (2019).
 5. Gordillo, M. C. & Marti, J. Water on graphene surfaces. J. Phys: Condens. Matter. 22, 284111 (2010).
 6. Taherian, F., Marcon, V. & van der Vegt, N. F. A. What is the contact angle of water on graphene?. Langmuir 29, 1457–1465 (2013).
 7. Cortes, E. R., Solis, L. F. M. & Arellano, J. S. Interaction of a water molecule with a graphene layer. Rev. Mex. Fis. 59, 118–125 (1) 

(2013)
 8. Pop, E., Varshney, V. & Roy, A. K. Thermal properties of graphene: Fundamentals and applications. MRS Bull. 37, 1273 (2012).
 9. Yin, J., Zhou, J., Fang, S. & Guo, W. Hydrovoltaic energy on the way. Joule. 4, 1852–1855 (2020).
 10. Li, J. et al. Surface functional modification boosts the output of an evaporation-driven water flow nanogenerator. Nano Energy 58, 

797–802 (2019).
 11. Shen, D. et al. Moisture-enabled electricity generation: From physics and materials to self-powered applications. Adv. Mater. 32(52), 

2003722 (2020).
 12. Akaishi, A., Yonemaru, T. & Nakamura, J. Formation of water layers on graphene surfaces. ACS Omega 2, 2184–2190 (2017).
 13. Deng, J., You, Y., Bustamante, H., Sahajwallaa, V. & Joshi, R. K. Mechanism of water transport in graphene oxide laminates. Chem. 

Sci. 8, 1701–1704 (2017).
 14. Alarcón, L. M. et al. Structure and orientation of water molecules at model hydrophobic surfaces with curvature: From graphene 

sheets to carbon nanotubes and fullerenes. Chem. Phys. 388, 47–56 (2011).
 15. Hong, G. et al. On the mechanism of hydrophilicity of graphene. Nano Lett. 16, 4447–4453 (2016).
 16. Jiang, Q. G., Ao, Z. M., Chu, D. W. & Jiang, Q. Reversible transition of graphene from hydrophobic to hydrophilic in the presence 

of an electric field. J. Phys. Chem. C. 116, 19321–19326 (2012).
 17. Zhu, T., Antezza, M. & Wang, J.-S. Dynamical polarizability of graphene with spatial dispersion. Phys. Rev. B 103, 125421 (2021).
 18. Yu, E. K., Stewart, D. A., Tiwari, S. Ab initio study of polarizability and induced charge densities in multilayer graphene films. Phys. 

Rev. B 77(19) (2008).
 19. Wang, Z. Alignment of graphene nanoribbons by an electric field. Carbon 47, 3050–3053 (2009).
 20. Escalona, Y. et al. On the effects of induced polarizability at the water–graphene interface via classical charge-on-spring models. 

Phys. Chem. Chem. Phys. 24, 7748–7758 (2022).
 21. Maccarinia, M. Water at solid surfaces: A review of selected theoretical aspects and experiments on the subject. Biointerphases 2, 

MR1–15 (2007).
 22. Nguyen, V. T., Do, D. D. & Nicholson, D. A new molecular model for water adsorption on graphitized carbon black. Carbon 66, 

629–636 (2014).
 23. Zhang, H., Zhang, Z. & Guo, W. Mechanistic insight into electricity generation from moving ionic droplets on graphene. Sci. China. 

Mater. 64, 2242–2250 (2021).
 24. Yin, J. et al. Waving potential in graphene. Nat Commun 5, 3582 (2014).
 25. Xu, T., Han, Q., Cheng, Z., Zhang, J. & Qu, L. Interactions between graphene-based materials and water molecules toward actuator 

and electricity-generator applications. Small Methods 2, 1800108 (2018).
 26. Zheng, Z. & Wang, H. Different elements doped graphene sensor for  CO2 greenhouse gases detection: The DFT study. Chem. Phys. 

Lett. 721, 33–37 (2019).
 27. Piazza, F., Monthioux, M., Puech, P. & Gerber, I. C. Towards a better understanding of the structure of diamanoïds and diamanoïd/

graphene hybrids. Carbon 156, 234–241 (2020).
 28. Yuksel, N., Kose, A. & Fellah, M. F. Sensing properties of propylene oxide on Pt and Pd doped graphene sheets: A DFT investiga-

tion. Sens. Actuators. A 344, 113726 (2022).
 29. Akça, A. et al. A comparative study of CO catalytic oxidation on the single vacancy and di-vacancy graphene supported single-

atom iridium catalysts: A DFT analysis. Surfaces Interfaces. 25, 101293 (2021).
 30. Chan, S.-C., Cheng, Y.-L., Chang, B. K. & Hong, C.-W. DFT calculation in design of near-infrared absorbing nitrogen-doped 

graphene quantum dots. Phys. Chem. Chem. Phys. 24, 1580–1589 (2022).
 31. Tayyab, M., Hussain, A., Asif, Q. U. A. & Adil, W. Band-gap tuning of graphene by Mg doping and adsorption of Br and Be on 

impurity: A DFT study. Comput. Condens. Matter. 23, e00469 (2020).
 32. Ni, J., Quintana, M. & Song, S. Adsorption of small gas molecules on transition metal (Fe, Ni and Co, Cu) doped graphene: A 

systematic DFT study. Physica E. 116, 113768 (2020).
 33. Kumar, S., Sharma, S., Karmaker, R. & Sinha, D. DFT study on the structural, optical and electronic properties of platinum group 

doped graphene. Mater. Today. Commun. 26, 101755 (2021).
 34. Foadin, C. S. T. et al. DFT study of the influence of impurities on the structural, electronic, optoelectronic, and nonlinear optical 

properties of graphene nanosheet functionalized by the carboxyl group –COOH. J. Mol. Model. 26, 327 (2020).
 35. Rikalo, A. et al. A DFT and MD study of reactive, H2 adsorption and optoelectronic properties of graphane nanoparticles: An 

influence of boron doping. Mater. Chem. Phys. 241, 122329 (2020).
 36. Deb, J. & Sarkar, U. Boron-nitride and boron-phosphide doped twin-graphene: Applications in electronics and optoelectronics. 

Appl. Surf. Sci. 541, 148657 (2021).
 37. Frisch, M. J. et al. Gaussian 09W, Revision D.01, Gaussian, Inc, Wallingford CT, (2013).
 38. GaussView 6.0.16, Gaussian, Inc, Wallingford CT, (2016).
 39. Li, X. & Frisch, M. J. Energy-represented DIIS within a hybrid geometry optimization method. J. Chem. Theory Comput. 2, 835–839 

(2006).
 40. Kudin, K. N., Scuseria, G. E. & Cancès, E. A black-box self-consistent field convergence algorithm: One step closer. J. Chem. Phys. 

116, 8255–8261 (2002).
 41. Becke, A. D. A new mixing of Hartree–Fock and local density-functional theories. J. Chem. Phys. 98, 1372–1377 (1993).
 42. Lee, C., Yang, W. & Parr, R. G. Development of the Colle–Salvetti correlation-energy formula into a functional of the electron 

density. Phys. Rev. B 37, 785–789 (1988).
 43. Raghavachari, K., Binkley, J. S., Seeger, R. & Pople, J. A. Self-consistent molecular orbital methods. 20. Basis set for correlated 

wave-functions. J. Chem. Phys. 72, 650–654 (1980).
 44. McLean, A. D. & Chandler, G. S. Contracted Gaussian-basis sets for molecular calculations. 1. 2nd row atoms, Z=11–18. J. Chem. 

Phys. 72, 5639–5648 (1980).
 45. Frisch, M. J., Pople, J. A. & Binkley, J. S. Self-consistent molecular orbital methods. 25. Supplementary Functions for Gaussian 

Basis Sets. J. Chem. Phys. 80, 3265–3269 (1984).
 46. McQuarrie, D. A. Statistical Thermodynamics (Harper & Row Publishers, 1973).
 47. Hill, T. L. An Introduction to Statistical Thermodynamics (Addison- Wesley Publishing Inc, 1962).
 48. Herzberg, G. Molecular spectra and molecular structure III,1. Edition, D. Van Nostrand Company, Inc., New York (1964).



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12803  | https://doi.org/10.1038/s41598-023-39888-8

www.nature.com/scientificreports/

 49. Serdaroglu, G. & Durmaz, S. DFT and statistical mechanics entropy calculations of diatomic and polyatomic molecules. Indian J. 
Chem. 49, 861–866 (2010).

 50. Koopmans, T. Über die Zuordnung von Wellenfunktionen und Eigenwertenzu den Einzelnen Elektronen Eines Atoms. Physica. 
1, 104–113 (1934).

 51. Perdew, J. P., Parr, R. G., Levy, M. & Balduz, J. L. Density-functional theory for fractional particle number: derivative discontinui-
ties of the energy. Phys. Rev. Lett. 49, 1691–1694 (1982).

 52. Janak, J. F. Proof that ∂E/∂ni=εin density-functional theory. Phys. Rev. B. 18, 7165–7168 (1978).
 53. Perdew, J. P. & Levy, M. Physical content of the exact Kohn–Sham orbital energies: Band gaps and derivative discontinuities. Phys. 

Rev. Lett. 51, 1884–1887 (1983).
 54. Parr, R. G. & Pearson, R. G. Absolute hardness: Companion parameter to absolute electronegativity. J. Am. Chem. Soc. 105, 

7512–7516 (1983).
 55. Pearson, R. G. Absolute electronegativity and hardness correlated with molecular orbital theory. Proc. Natl. Acad. Sci. USA 83, 

8440–8441 (1986).
 56. Parr, R. G., Szentpaly, L. V. & Liu, S. Electrophilicity index. J. Am. Chem. Soc. 121, 1922–1924 (1999).
 57. Gazquez, J. L., Cedillo, A. & Vela, A. Electrodonatingand electroaccepting powers. J. Phys. Chem. A 111, 1966–1970 (2007).
 58. Gomez, B. et al. Quantum chemical study of the inhibitive properties of 2-pyridyl-azoles. J. Phys. Chem. B 110, 8928–8934 (2006).
 59. Asadov, M. M., Mustafaeva, S. N., Guseinova, S. S. & Lukichev, V. F. DFT Electronic structure simulation and adsorption of Ger-

manium in ordered graphene with a vacancy. Russ. Microelectron. 51, 83–96 (2022).
 60. Moghaddam, M. D., Jamehbozorgi, S., Rezvani, M., Izadkhah, V. & Moghim, M. T. Theoretical treatment of interaction of pyrazi-

namide with graphene and h-SiC monolayer: A DFT-D3 study. Physica E. 138, 115077 (2022).
 61. Gao, X., Zhou, Q., Wang, J., Xu, L. & Zeng, W. DFT study on the selective adsorption properties of modified graphene for SF6 

decompositions. IEEE Sens. J. 21, 3193–3200 (2021).
 62. Chen, C. et al. Semiconductive vertical graphene nanoribbons self-assembled on diamond (1 0 0) surface by oxidation: A DFT 

study. Appl. Surf. Sci. 604, 154646 (2022).
 63. Goudarzi, M., Parhizgar, S. & Beheshtian, J. Electronic and optical properties of vacancy and B, N, O and F doped graphene: DFT 

study. Opto-Electron. Rev. 27, 130–136 (2019).
 64. Atkins, P. & Paula, J. Physical Chemistry. 9th edn, (W. H. Freeman Co., 2010).
 65. Gecim, G., Ozekmekci, M. & Fellah, M. F. Ga and Ge-doped graphene structures: A DFT study of sensor applications for methanol. 

Comput. Theor. Chem. 1180, 112828 (2020).
 66. Slizovskiy, S. et al. Out-of-plane dielectric susceptibility of graphene in twistronic and bernal bilayers. Nano Lett. 21, 6678–6683 

(2021).
 67. Mewada, H. H. R. & Mallajosyula, S. S. Capturing charge and size effects of ions at the graphene–electrolyte interface using polariz-

able force field simulations. Nanoscale Adv. 5, 796–804 (2023).

Acknowledgements
All calculations have been carried out at TUBITAK ULAKBIM, High Performance and Grid Computing Center 
(TR-Grid e-Infrastructure).

Author contributions
E.B. and G.S. wrote the main manuscript text and İ.A.K. prepared figures and supervisor. All authors reviewed 
the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.E.B.K.

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) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Molecular modeling study on the water-electrode surface interaction in hydrovoltaic energy
	DFT calculations
	Result and discussion
	Molecule geometry and physicochemical properties. 
	FMO (frontier molecular orbital) analysis. 

	Conclusions
	References
	Acknowledgements


