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PS1: DFT optimized geometries for hydrated cations adsorbed on a graphene sheet

Using Density Functional Theory (DFT) calculations, we carefully studied three typical 

alkali ions (Li+, Na+, K+) based hydrated cluster adsorbed on a graphene sheet with water 

number ranging from 0 to 9. The graphene sheet was modeled as C84H24 (12.28 × 15.67 Å2, 

84 carbon atoms, and 24 hydrogen atoms) since it has been reported that this size graphene 

sheet was large enough to mimic the graphene surface with a tolerable error1. The possible 

geometries of the Cation-(H2O)n@Graphene, and Cation-(H2O)n clusters at n = 0−9 for 

Cation = Li+, Na+, and K+ are investigated. In order to find the lowest-energy structure, a 

large number of initial candidate geometries were determined using known hydration 

structures2-7. As the Cation-(H2O)n@Graphene, and Cation-(H2O)n clusters become larger 

(n = 6-9), we performed additional structural searches using the artificial bee colony (ABC) 

algorithm, as implemented in the ABCluster program (version 2.0)8, 9. The ABC algorithm 

is designed to explore the potential energy surface with high efficiency by mimicking the 

foraging behavior of bee colonies. Its reliability and efficiency in predicting stable structures 

have been confirmed in previous studies10-12. For the Cation-(H2O)n@Graphene, and 

Cation-(H2O)n clusters with n = 6−9, Grimme’s tight-binding quantum chemical method 

GFN2-xTB (version 6.2.1)13, 14 was adopted for local optimizations, which is 

computationally feasible for large-scale simulations of the ABCluster structure searches to 

ensure the efficient exploration of the large configurational space. In these cases, structural 

searching simulations for each calculation were stopped after generating 5000 structures, 

and these explored structures were ranked according to the calculated energy. Then the 50 

lowest-energy structures were further re-optimized at the M06-2X/6-31g(d) level of theory 



for both the Cation-(H2O)n@Graphene, and Cation-(H2O)n clusters with n = 6−9. We note 

that the meta-GGA hybrid functional M06-2X15, 16 can accurately describes non-covalent 

interactions in dispersion-dominated complexes, which has been widely used to study the 

systems containing aromatic ring structures17-20.

During geometry optimizations, the graphene sheet was set free, and no symmetry 

restrictions were imposed at all computational methods. The total charge of each system 

containing alkali-cations was 1e. We performed the geometry optimizations by the Berny 

algorithm21, where the convergence criterion of the maximum step size is 0.0018 au and the 

root mean square (RMS) force is 0.0003 au. Interaction energies were corrected for the basis 

set superposition error (BSSE) by using the full counterpoise method22. All these DFT 

calculations were performed using the Gaussian-09 program (Revision A.01)23.

The relative energies (∆Em) between the metastable and the most stable optimized 

structures are defined as

  (1)
*
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where  and  respectively are the total energies of the metastable and the most *
mE mE

stable optimized structures. The most stable optimized geometries of Li+-

(H2O)n@Graphene at n = 1−9 and four metastable optimized geometries of Li+-

(H2O)n@Graphene at n = 6−9 are shown in Figure S1. With the successive additions of 

water molecules around Li+, there are no hydrogen bonds are formed until n = 5 for hydrated 

Li+, which indicates that the water molecules tend to disperse around Li+ without forming 

hydrogen bonds. Interestingly, an umbrella-like surface hydration shell is formed at n = 6 

(Figure S1f), consistent with the observation in Fig. 1b that the θ values (89.61˚) of Li+ is 



very close to 90˚. When n ≥ 4, Li+ ions tend to be fully wrapped by four water molecules, 

and the graphene sheet interacts with Li+ indirectly, that is, the cation-water-π interactions. 

This indicates that the water molecules within the first hydration shell are tightly bound to 

the Li+ cation. 

The most stable optimized geometries of Na+-(H2O)n@Graphene at n = 1−9 and four 

metastable optimized geometries of Na+-(H2O)n@Graphene at n = 6−9 are shown in Figure 

S2. Similar to hydrated Li+, as successively add water molecules around Na+, there are no 

hydrogen bonds are formed until n = 4 for hydrated Na+, which indicates that the water 

molecules tend to disperse around Na+ without forming hydrogen bonds. In addition, an 

umbrella-like surface hydration shell is formed at n = 6 (Figure S2f). With further increasing 

n from 7 to 9, the side views in Figure s2g-i show that sodium ions located at lower than the 

lowest water molecules, which is consistent with the observation in Fig. 1b that the θ values 

of Na+ are larger than 90˚.

Figure S3 shows that the K+ ion tends to partial dehydrate and adsorb directly on the 

graphene surface as n increases from 1 to 9. With the successive additions of water 

molecules around the cations, there are no hydrogen bonds are formed until n = 2, 4, and 5 

for hydrated K+, hydrated Na+, and hydrated Li+, respectively. This indicates that the water 

molecules around K+ tend to converge to form hydrogen bonds, rather than disperse around 

cations as the water molecules around Na+ and Li+ without forming hydrogen bonds. For 

instance, there are three hydrogen bonds are formed in the K+-(H2O)3@Graphene, yet no 

hydrogen bonds are formed in Li+ and Na+ systems (at n = 3). Because the first shell water 

molecules surrounding the K+ are comparatively more flexible and hence the hydrogen 



bonds are more amenable to form.

Figure S1. Most stable optimized geometries of Li+-(H2O)n@Graphene at n = 1−9 and four 
metastable optimized geometries of Li+-(H2O)n@Graphene at n = 6−9 from density 
functional theory calculations. Values of ∆Em indicate the relative energies (kcal/mol). 
Spheres in purple, cyan, white and red represent Li+, carbon, hydrogen, and oxygen, 
respectively. The transparent yellow area is the van der Waals volume of water molecules 
in the first hydration shell.



Figure S2. Most stable optimized geometries of Na+-(H2O)n@Graphene at n = 1−9 and four 
metastable optimized geometries of Na+-(H2O)n@Graphene at n = 6−9 from density 
functional theory calculations. Values of ∆Em indicate the relative energies (kcal/mol).  
Spheres in blue, cyan, white and red represent Na+, carbon, hydrogen, and oxygen, 
respectively. The transparent yellow area is the van der Waals volume of water molecules 
in the first hydration shell.



Figure S3. Most stable optimized geometries of K+-(H2O)n@Graphene at n = 1−9 and four 
metastable optimized geometries of K+-(H2O)n@Graphene at n = 6−9 from density 
functional theory calculations. Values of ∆Em indicate the relative energies (kcal/mol).  
Spheres in brown, cyan, white and red represent K+, carbon, hydrogen, and oxygen, 
respectively. The transparent yellow area is the van der Waals volume of water molecules 
in the first hydration shell.



PS2: DFT optimized geometries for hydrated cations

Similar to PS1, the most stable and some metastable optimized structures of Cation-(H2O)n 

clusters with the labels of ∆E for Li+, Na+, and K+ are respectively shown in Figure S4, S5, 

and S6.

Figure S4 shows the most stable optimized geometries of Li+-(H2O)n at n = 1−9 and four 

metastable optimized geometries of Li+-(H2O)n at n = 6−9. When n ≥ 4, the hydrated Li+ 

ions usually are fully wrapped by four water molecules, because the water molecules within 

the first hydration shell are tightly bound to the Li+ cation. In contrast, the structures of K+-

(H2O)n are quite different from that of Li+-(H2O)n, and the K+ ions maintain partial 

dehydrate as n increases from 1 to 9 (Figure S6). Note that this partial dehydration is similar 

to the structures of the K+-(H2O)n@Graphene clusters, suggesting that the hydration cell of 

the K+ ion is quite labile and can be clearly distorted when K+ hydrates adsorb on the 

graphene surface. When compared to the Li+ hydrates, the first hydration shell of Na+ ion is 

more flexible and the water molecules surrounding Na+ are relatively more labile. 

Consequently, as shown in Figure S5, the Na+ ions maintain partial dehydrate as n increases 

from 1 to 7, but are fully wrapped by surrounding water molecules at n = 8, 9. These results 

are indicate that the hydration effects of the water molecules on the hydrated cations follow 

the order hydrated Li+ > hydrated Na+ > hydrated K+, consistent the calculations in figure 

1e that the strength of the hydration energies follows a decreasing order, hydrated Li+ > 

hydrated Na+ > hydrated K+.



Figure S4. Most stable optimized geometries of Li+-(H2O)n at n = 1−9 and four metastable 
optimized geometries of Li+-(H2O)n at n = 6−9 from density functional theory calculations. 
Values of ∆Em indicate the relative energies (kcal/mol). Spheres in purple, white and red 
represent Li+, hydrogen, and oxygen, respectively. The transparent yellow area is the van 
der Waals volume of water molecules in the first hydration shell.



Figure S5. Most stable optimized geometries of Na+-(H2O)n at n = 1−9 and four metastable 
optimized geometries of Na+-(H2O)n at n = 6−9 from density functional theory calculations. 
Values of ∆Em indicate the relative energies (kcal/mol). Spheres in blue, white and red 
represent Na+, hydrogen, and oxygen, respectively. The transparent yellow area is the van 
der Waals volume of water molecules in the first hydration shell.



Figure S6. Most stable optimized geometries of K+-(H2O)n at n = 1−9 and four metastable 
optimized geometries of K+-(H2O)n at n = 6−9 from density functional theory calculations. 
Values of ∆Em indicate the relative energies (kcal/mol). Spheres in brown, white and red 
represent K+, hydrogen, and oxygen, respectively. The transparent yellow area is the van 
der Waals volume of water molecules in the first hydration shell.



PS3: Orbital analysis, electron structure analysis and Mulliken population analysis

In order to understand the underline physics of the hydrated cations on graphene, we 

analyzed their molecular orbitals, electron structure, and Mulliken charge 

distributions. We note that electron structure analysis can be obtained by calculating 

the total density of states (TDOS) and partial density of states (PDOS). The plots of 

TDOS and PDOS provide a pictorial representation of MO compositions and the 

contributions of fragments in the Cation-(H2O)n@Graphene, since the curves for the 

density of states are simulated based on the distribution of MO energy levels24. Figure 

S7a-c show three occupied molecular orbitals of three hydrated cations on graphene, 

demonstrating the occurrence of partial electron transfer from the delocalized π states 

of graphene to the unoccupied orbitals of the hydrated cations, and the plots of TDOS 

and PDOS reveal that the graphene sheet contributes the most to these occupied 

molecular orbitals. In addition, the distribution of these delocalized states is disturbed 

by water molecules, comparing with the molecular orbitals without water molecules 

(n = 0, see Figure S9). This implies that the screening effect of water molecules 

significantly reduces the hydrated cation-π interactions (see Figure 1d).

Furthermore, water molecules have different effects on the adsorption of different 

hydrated cations. Figure S7a shows that the HOMO-31 of Li+-(H2O)7@Graphene is 

homogeneously distributed over the entire system, and its energy level, represented by the 

vertical dashed line in the below panel of PDOS plots, contains contributions from graphene 

and water. Consequently, there are a large number of electrons transferred from water 

molecules to the unoccupied orbitals of the graphene sheet, which is consistent with that the 



Mulliken charge of the graphene sheet is significantly reduced from 0.43e (n = 1) to 0.08e 

(n = 7, see Figure S7d). This indicates that the hydrated Li+-π interaction is strongly screened 

by surrounding water molecules, and the hydrated Li+-π interactions should transit totally 

through the water media.

Figure S7. Orbital analysis, electron structure analysis, and Mulliken population 
analysis. (a), (b), and (c) are the molecular orbitals of Li+-(H2O)7@Graphene, Na+-
(H2O)7@Graphene, and K+-(H2O)7@Graphene at HOMO-31, HOMO-30, and 
HOMO-11, respectively. HOMO represents the highest occupied state of the 
molecular orbitals. The corresponding total density of states (TDOS) and partial 
density of states (PDOS) are plotted in the below panel for better comparison (the 
vertical dashed line indicates the position of the HOMO level). The electron density 
is plotted for iso-values of ±0.002 atomic units with yellow and blue denoting 
opposite signs. Spheres in purple, blue, brown, cyan, white, and red represent Li+, 
Na+, K+, carbon, hydrogen, and oxygen, respectively. (d) Mulliken charges of the 
Cation-(H2O)1@Graphene and Cation-(H2O)7@Graphene clusters. QI, QW, and QG 
separately are the total charges of the ions, water molecules, and graphene sheets. (e) 



Mulliken charge difference between n = 7 and n = 1, in which ΔQI = QI (n = 7) − QI 
(n = 1), ΔQw = Qw (n = 7) − Qw (n = 1), and ΔQG = QG (n = 7) − QG (n = 1).

In the case of hydrated K+, the HOMO-11 of K+-(H2O)7@Graphene is mainly 

located at the graphene sheet and the K+ ion, and the electronic delocalization of 

water molecules is smaller than the case of hydrated Li+. Moreover, the energy level 

of HOMO-11 in K+-(H2O)7@Graphene only contains contributions from graphene 

(see the plots of PDOS in Figure S7c). In addition, Figure S7e shows that the 

Mulliken charge difference between n = 7 and n = 1 for the graphene sheet is quite 

small (ΔQG = -0.01e), and the absolute value of ΔQI (0.37e) is almost equal to that of 

ΔQW (0.38e). These imply that the water molecules can just very slightly depress 

partial electron transfer from the graphene sheet to the K+ ion, even though a 

considerable number of electrons are transferred from water molecules to the 

unoccupied orbitals of the K+ ion. For hydrated Na+, Figure S7e shows that the 

amount of its Mulliken charge difference of the graphene sheet and water is 

intermediate between the case of hydrated Li+ and hydrated K+. Therefore, the 

screening effects of the water molecules on the hydrated cations follow the order 

hydrated Li+ > hydrated Na+ > hydrated K+, consistent with the observations in Figure 

1d that the strength of adsorption energies increase in an order of hydrated Li+ < 

hydrated Na+ < hydrated K+ at n = 7−9.

We also analyzed the Mulliken charge distribution for optimized geometries of the 

Cation-(H2O)7@Graphene cluster (see Figure S9). From the Mulliken charge 

distributions and the molecular orbitals (Figure S7a-c), it is clearly shown a charge 

transfer between the hydrated cation and the aromatic ring structure in the graphene 



sheet. This indicates that the observed strong hydrated cation-π interactions between 

the hydrated cations and the aromatic rings are mainly attributed to partial electron 

transfer from the graphene to the hydrated cations.

Figure S8. Orbital analysis, and electron structure analysis for optimized geometries of 
Cation@Graphene with Cation = Li+, Na+, K+. (a), (b), and (c) are highest occupied state of 
the molecular orbitals (HOMO) of Li+@Graphene, Na+@Graphene, and K+@Graphene, 
respectively. The corresponding total density of states (TDOS) and partial density of states 
(PDOS) are plotted in the below panel for better comparison (the vertical dashed line 
indicates the position of the HOMO level). The electron density is plotted for iso-values of 
±0.002 atomic units with yellow and blue denoting opposite signs. Spheres in purple, blue, 
brown, cyan, and white represent Li+, Na+, K+, carbon, and hydrogen, respectively.

Figure S8a-c show the molecular orbitals and density of states of the graphene with Li+, 

Na+, and K+, respectively. We note that electron structure analysis can be obtained by 

calculating the total density of states (TDOS) and partial density of states (PDOS). The plots 

of TDOS and PDOS provide a pictorial representation of MO compositions and the 

contributions of fragments in the Cation-(H2O)n@Graphene, since the curves for the density 

of states are simulated based on the distribution of MO energy levels24. There is a clear 

coupling and hybridization between the delocalized π states of the aromatic ring structure 

in the graphene surface and the acceptor orbitals of Li+, Na+, and K+, as shown in their 

highest occupied state of the molecular orbitals (HOMO). Moreover, the energy level of 



HOMO in Cation@Graphene only contains contributions from graphene (Figure S8). We 

also analyzed the Mulliken charge distributions of the Cation-(H2O)7@Graphene clusters, 

as shown in Figure S8. The residuary Mulliken charges of Li+, Na+, and K+ are 0.24e, 0.30e, 

and 0.48e at n = 7, respectively, as shown in Table S1. As shown in Figure S8, it is clearly 

shown a charge transfer between the hydrated cations and the aromatic ring structure in the 

graphene sheet.

Figure S9. Mulliken population analysis for optimized geometries of Cation-
(H2O)7@Graphene with Cation = Li+, Na+, K+. (a), (b), and (c) are Mulliken charge 
distributions of Li+-(H2O)7@Graphene, Na+-(H2O)7@Graphene, and K+-
(H2O)7@Graphene, respectively. 

Table S1. Residuary Mulliken charges of Cation-(H2O)n@Graphene (n = 0−9) clusters.

Li+ Na+ K+
n

Ion Water G Ion Water G Ion Water G
0 0.53 - 0.47 0.71 - 0.29 0.89 - 0.11
1 0.45 0.12 0.43 0.67 0.08 0.25 0.85 0.04 0.11
2 0.50 0.22 0.28 0.65 0.15 0.20 0.80 0.09 0.10
3 0.40 0.41 0.20 0.58 0.24 0.17 0.76 0.15 0.09
4 0.38 0.51 0.11 0.58 0.28 0.14 0.69 0.21 0.09
5 0.36 0.53 0.11 0.35 0.49 0.16 0.64 0.26 0.10
6 0.25 0.64 0.11 0.29 0.55 0.16 0.61 0.29 0.10
7 0.24 0.67 0.08 0.30 0.55 0.15 0.48 0.42 0.10
8 0.22 0.69 0.09 0.25 0.61 0.15 0.46 0.46 0.09
9 0.20 0.71 0.09 0.27 0.60 0.14 0.36 0.55 0.09



PS4: DFT optimized geometries for hydrated cations adsorbed on a graphene sheet 
with Stone-Wales (SW) defect

To explore the effect of the defect in graphene on the hydrated cation-π interactions, we 

performed DFT calculations for the adsorption of the hydrated cations on a graphene-SW 

sheet (denoted as Cation-(H2O)7@Graphene-SW). In order to find the lowest-energy 

structure of Cation-(H2O)7@Graphene-SW, we performed additional structural searches 

using the artificial bee colony (ABC) algorithm, as implemented in the ABCluster program 

(version 2.0)8, 9. Grimme’s tight-binding quantum chemical method GFN2-xTB (version 

6.2.1)13, 14 was adopted for local optimizations, which is computationally feasible for large-

scale simulations of the ABCluster structure searches to ensure the efficient exploration of 

the large configurational space. In these computations, structural searching simulations for 

each calculation were stopped after generating 5000 structures, and these explored 

structures were ranked according to the calculated energy. Then the 50 lowest-energy 

structures were further re-optimized at the M06-2X/6-31g(d) level of theory for Cation-

(H2O)7@Graphene-SW. The most stable optimized structures and four metastable 

optimized structures of the Cation-(H2O)7@Graphene-SW clusters with Cation = Li+, Na+, 

and K+ are displayed in Figure S10.



Figure S10. Most stable optimized geometries and four metastable optimized geometries 
of Cation-(H2O)7@Graphene-SW with Cation = Li+, Na+, and K+, from density functional 
theory calculations. Values of ∆Em indicate the relative energies (kcal/mol), as defined in 
equation 1 in PS1. Spheres in purple, blue, brown, cyan, white and red represent Li+, Na+, 
K+, carbon, hydrogen, and oxygen, respectively. The transparent yellow area is the van der 
Waals volume of water molecules in the first hydration shell.



PS5: Ab initio molecular dynamics (AIMD) simulations

We firstly simulate the liquid water/graphene interface by inserting 101 water molecules 

between the two graphene planes in a periodic box with the dimensions 12.84 × 12.40 × 

23.90 Å3, which based on the previous work by Cicero et al25, 26 and on our own tests, as 

shown in Figure S11a. To obtain a converged value of the energy of the system with a 

reasonable computational cost, we ran some tests to determine the optimal value of the 

energy cutoff. Figure S11b displays the energy of the system for different energy cutoffs. 

The chosen value, 475 Ry, produces a converged value of the energy with a reasonable 

computational cost. Ab initio molecular dynamics (AIMD) simulations for the liquid 

water/graphene interface have been performed at room temperature (298 K) with a time step 

of 0.5 fs. After equilibrating the system by 3.0 ps, the trajectories lasting 5.0 ps long were 

collected for calculating the density profile of water. This system presents a wide enough 

water bulk region with a water density of ~1.0 g/cm3 at the central part of the graphene 

sheets (see Figure S11c), which ensures a proper investigation of the cations−graphene 

interaction in aqueous solution.

  We then performed AIMD simulations for the hydrated cations/graphene interface to 

evaluate the temperature effect on the hydrated cation-π interaction. In order to obtain 

appropriate water-cation and water-surface contacts, we firstly prepared the simulation 

system containing fixed cations at a distance of 3.0 Å from the graphene, as displayed in 

Figure S11d. After equilibrating the system for 6.0 ps, the cations were set free and the final 

structure was then used as input for further AIMD simulations.



Fig. S11 Ab initio molecular dynamics (AIMD) simulations of the liquid water/graphene 
interface. (a) Snapshot of the simulation box for the liquid water/graphene interface. (b) 
Convergence of the energy of the system for different energy cutoffs. (c) Density profile of 
water obtained from the AIMD simulations. A large bulk region is present in the central part 
between the two graphene planes. (d) Snapshot of the simulation box for the hydrated 
cations/graphene interface. Spheres in brown, cyan, white and red represent cations, carbon, 
hydrogen, and oxygen, respectively.
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