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Abstract. Solvation can substantially modify the adsorption properties of heterogeneous 

catalysts. Although essential for achieving realistic theoretical models, assessing such solvent 

effects over nanoparticles is challenging from a computational standpoint due to the 

complexity of those liquid/metal interfaces. We investigate this effect by ab initio molecular-

dynamics simulations at 350 K of a large platinum nanoparticle immersed in liquid water. The 

first solvation layer contains twice as much physisorbed water molecules above the terraces, 

than chemisorbed ones located only at edges and corners. The solvent stabilizes the binding 

energy of chemisorbates: 66 % of the total gain comes from interactions with physisorbed 

molecules and 34 % from the influence of bulk liquid. 

 
1. Introduction 

Interfaces between liquid water and nanoparticles (NPs) play a key role in nanotechnology. A 

comprehensive understanding of these interfaces is still challenging, both from experimental 

and theoretical standpoints.[1–4] For instance, platinum NPs supported on carbon agglomerates 

are the most common catalyst for the oxygen reduction reaction (ORR) in polymer electrolyte 
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membrane fuel cells (PEMFCs).[5] Although the effect of the support on the activity of those 

NPs has been investigated in theory,[6–11] the role of the solvent is rarely examined.[12] In fact, 

the experimental detection of the small number of water molecules at liquid/particle interfaces 

is difficult,[13,14] which is why model interfaces at single-crystal metal surfaces are typically 

studied.[2,13–20] 

Simulating liquid water is challenging due to the combination of various effects, such 

as large permanent dipoles, strong polarizability effects and cooperativity of hydrogen bond 

networks.[2,16,21] Liquid water/metal interfaces increase the level of complexity since the 

interfacial water molecules exhibit different structural organization and energetics compared 

to bulk liquid. A reasonable description of liquid water is provided by ab initio molecular 

dynamics (AIMD), including the coexistence of two states of the liquid (low density liquid 

LDL vs high density liquid HDL). Non-local correlation functionals able to describe van der 

Waals (vdW) forces in AIMD simulations of water allow for a balanced description of the 

LDL-like structure, better described by PBE-GGA functional (tetrahedral structure), and the 

HDL-like structure, obtained by vdW-DF2 functional (more compact and less tetrahedral).[18] 

The interaction of multilayers of water in contact with a metallic surface (from single 

molecule adsorption to ice-monolayers, bilayers etc) has been studied several times during the 

last decades.[15,17,22–27] Multiple forms of adsorption have been examined (from monomers to 

heptamers and multiple bilayers) with density functional theory (DFT) calculations.[23] The 

influence of the metal[23–25,27] and the choice of the methodology[2,26,27] have also been 

investigated. On Pt(111), the variation of the adsorption energy from monomer (flat 

chemisorption through the oxygen atom on top sites) to multiple bilayers (including H-up and 

H-down adsorption configurations) is in the range 0.3-0.6 eV.[23,28–31] Crossing over different 

metallic surfaces, the adsorption strength of the monomer changes from 0.1 to 0.4 eV.[23–25,27] 

The adsorption strength of the monomer is also significantly modified when different 

exchange-correlation functionals are considered (from 0.01 to 0.47 eV).[26–29,32] A last point of 



  

3 
 

comparison is the influence of water coverage on the adsorption energy, which is rather 

limited: from 0.2 to 0.4 eV in a coverage between 1/3 and 1/27 ML on Pd(111) (ML = 

monolayer), using PBE-GGA functional.[26] Finally hydrogen bonds between adsorbed dimers 

have also been evaluated on Pt(111): the stabilization depends non-linearly on the number of 

water adsorbates (from 0.06 to 0.2 eV).[23,28] 

Implicit continuum models,[33,34] bilayer-based static or dynamic explicit solvation 

models[35–41] and confined thin-liquid systems[42–44] have been proposed to evaluate the 

chemical properties of water/Pt(111) interfaces. All these interesting studies have not focused 

on the effects of liquid water on the adsorption strength at the interface. Moreover, they have 

not assessed the influence of the catalyst morphology on the organization of the liquid in the 

interface region. The few theoretical works devoted to water adsorption on NPs dealt with 

water monomers adsorption on Pt NPs of various sizes in vacuum.[45,46] The results showed 

that single water molecules prefer to adsorb on the corner of NPs with a moderate adsorption 

strength around 0.5 eV. 

In view of the need for realistic liquid/nanoparticle interface models under temperature 

and chemical potential conditions, we investigate here the adsorption and solvation properties 

at NP surfaces immersed in liquid water. We address this subject by means of AIMD 

simulations of a Pt NP with a diameter of ∼2 nm surrounded by ∼700 water molecules at 350 

K. The evolution of the surface coverage of chemisorbed water molecules at the interface is 

determined. Solvation effects on water chemisorption energies are evaluated by examining the 

variation of the average interaction energy between a single chemisorbed water molecule and 

the platinum NP. Finally, we present an energy decomposition model to capture the main 

features of this phenomenon. 
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2. Results and Discussion 

2.1. Interface Model 

The interface model (Figure 1) has been built up (complete system in Figure 1a) by using the 

optimized geometry of a Pt201 nanoparticle (Figure 1d) and the resulting structure of liquid 

water equilibrated at 350 K after 100 picoseconds (ps) with AIMD and PBE functional (3D 

box with 50 molecules). For pure water, the size of the 3D box and the number of molecules 

in it have been chosen to reproduce the experimental density of water at 350 K, namely 0.98 g 

cm−3.[58] The truncated octahedron shape of Pt201 has already been reported by experimental 

and theoretical works.[59] The initial configuration of the interface between the nanoparticle 

and the liquid has been built by duplicating the 3D box of equilibrated pure water and by 

extracting the water molecules included within the volume of a sphere corresponding to the 

diameter of Pt201. The volume of the 3D box of the complete system (28×26×27 Å3) has been 

calculated to obtain an equivalent density of water (0.98 g cm−3) in the excluded volume at the 

interface with the nanoparticle, which is achieved when 698 explicit water molecules are in 

the box. 

Before the MD simulation, the complete interface has been optimized at 0 K 

accurately by relaxing all the degrees of freedom of water and platinum with PBE. Tests with 

non-local dispersion corrected functionals (namely vdW-DF2 and BEEF-vdW) have been 

performed to evaluate the influence on the interaction energy of chemisorbed water at the 

liquid/nanoparticle interface. According to our tests, the non-local dispersion-corrected 

functionals increase the optimal volume of the nanoparticle (12 % for vdW-DF2 and 2 % for 

BEEF-vdW) (see section S2 in the Supporting Information (SI)). Hence the PBE offers the 

best compromise for describing at the same time the tetrahedral model for the liquid state of 

water (LDL) and reasonable Pt nanoparticle volume, with respect to bulk references. 
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2.2. Molecular Dynamics Simulations 

The total potential energy and the moving average (considering time windows of 50 

femtoseconds) for the surface coverage of chemisorbed water (θH2O) (Figure 2) are plotted 

along the 4 ps trajectory of the AIMD simulation. After the first picosecond (thermalization), 

statistics can be registered along the remaining 3 ps. During that interval of time, the 

variations of the potential energy (∼13 meV per water molecule) and of the moving average of 

the surface coverage (∼0.0075 ML corresponding to a global increase of 6 chemisorbed water 

molecules between 0 and 4 ps) are small, hence justifying the relevance of registering 

statistics. During the total simulation time, more than 100 events took place on the 

nanoparticle surface: 54 water adsorption and 48 desorption events. Between 1 and 2 ps, a 

first plateau is reached in coverage, which subsequently increases slightly between 2 and 3 ps 

to reach a second plateau after 3 ps. Hence, meaningful statistics can be extracted from the 

those two plateaus, where constant coverage is found (equilibrated configurations). Note in 

passing that the observed surface coverage (0.286 and 0.292 ML for the two plateaus, 

corresponding to 35 and 36 water molecules adsorbed on 122 surface platinum atoms) are 

close to experimental estimations of surface coverage of oxygenated species at relevant 

PEMFC potentials on Pt(111), and Monte-Carlo simulations based on DFT parameters.[60,61] 

During the MD simulation, a strong reorganization of the chemisorbed layer has been 

observed, with several adsorption desorption processes. Figure 2 shows a progressive 

desorption of the water molecules initially located at the center of the terraces in favor of 

exclusive chemisorption on the NP corners and edges. During the last picosecond, the first 

solvation layer is composed of almost twice as much physisorbed water molecules than 

chemisorbed ones. At 0 K, the Pt-O optimal distance for chemisorbed water at the corner of 

Pt201 in vacuum is 2.2 Å, whereas in liquid conditions at 350 K, the corresponding bond length 

is in the range 2.2-2.6 Å. 
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2.3. Averaged Electrostatic Potential 

From the standpoint of classical physics, the energetics of interface water molecules can 

essentially result from electrostatic and covalent interactions or from van der Waals forces. 

The electrostatic component is provided (Figure 3). The spherically averaged electrostatic 

potential ξ is plotted along the radius of the NP, starting from its center of mass up to the 

external border of the liquid box (Figure 3b), together with the radial distribution of water 

molecules within the 3D box (Figure 3a). Note that this particular choice of representation 

enables a straightforward decoupling of the contributions to the average potential coming 

from the NP, the chemisorbed and physisorbed water molecules, and the bulk water. The 

average electrostatic potential in the region of the metal shows 4 minima (at 0, 2.5, 5.8 and 

7.7 Å) corresponding to the various NP shells. Furthermore, in the interface region, there is a 

first local minimum at 10.7 Å due to the first solvation layer. In the radial distribution, the 

first two peaks at 10.3 and 10.7 Å correspond to the chemisorbed and physisorbed water 

molecules, respectively. In the chemisorbed layer containing 37 molecules, the water is bound 

to the NP surface through the oxygen lone pairs with the plane formed by the hydrogen and 

oxygen atoms almost parallel to the NP surface (flat configuration). Chemisorption happens 

exclusively at corner and edge sites, which can be understood in terms of the lower 

coordination number of these sites in comparison to the low-index terraces.[46] The 

physisorbed layer (79 molecules) is a mixture of H-up and H-down oriented water molecules: 

the former exhibit one O-H bond toward the NP surface, whereas the latter form a network of 

hydrogen bonds with no preferential orientation, in opposition to the well-known structure of 

ice-like bilayers (hexagonal (Ih) or cubic (Ic) conformations, as reported from LEED and low 

temperature STM studies[2,15,17,22]). Similar characteristics of the first contact layer have been 

reported recently for water/Pt(111) with classical MD simulations.[62] Above 12 Å, the weak 

oscillations of the average electrostatic potential are attributed to the bulk water shells, the 

expected long-range density oscillations of which cannot be captured in this first modeling. 
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2.4. Energy Decomposition Analysis and Interaction Energy 

Energy decomposition analyses (EDAs) are an interesting approach to understand the impact 

of solvation on adsorption energetics and average electrostatic potential (Figure 4). Usually 

EDAs split the adsorption energy in two different contributions: interaction and deformation 

terms.[63–65] The interaction term represents the energy associated with the formation of a 

chemical bond, at constant final geometry for both interacting species, while the deformation 

energy is the cost to adapt the optimal geometry of the isolated species to the situation in 

which the bond is formed (see section S1 in the SI). In vacuum, the latter contribution (water 

and NP deformations) is negligible for water monomer adsorption on the platinum NPs of 

various sizes and extended surfaces, due to the small geometry distortions associated with 

chemisorption. Although in liquid conditions those contributions are substantial, their 

evaluation is hardly accessible due to the large number of subsystems to consider and to the 

required simulation time. Thus, in the following, we focus exclusively our analysis on the 

interaction energy contributions, namely those related to the effective chemical bonding. For 

water monomer chemisorption at a corner (which is the most stable binding site on Pt201), the 

interaction energy is -0.54 eV, in the range 0-350 K. This value is similar to the adsorption 

energy on Pt201 in vacuum (-0.49 eV).[46,65] The effect of the complete co-chemisorbed layer of 

water molecules (36 molecules in average) destabilizes the interaction energy to -0.13 eV at 

350 K. This is expected as the coverage increases (lateral destabilizing interactions between 

water chemisorbates without hydrogen bonds). The effect of the physisorbed molecules 

belonging to the first solvation layer is strongly stabilizing, with a gain of -0.92 eV leading to 

an interaction energy of -1.05 eV at 350 K. The full system is completed by the bulk water 

molecules, which increases the interaction energy of a single chemisorbed water molecule at 

the corner to -1.52 eV (hence corresponding to a gain of -0.47 eV). In summary, the complete 

gain of interaction energy combining both the first solvation layer (physisorbed molecules) 
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and the rest of the liquid (bulk molecules) is -1.39 eV per water molecule. This significant 

gain due to solvation comes from the first solvation layer (contribution of 66%) and the other 

liquid layers (contribution of 34 %). The formation of hydrogen bonds between the 

chemisorbed water and some of the physisorbed water molecules is largely responsible for the 

major gain in interaction energy. 

In order to validate this model, we have examined other liquid water/platinum 

nanoparticle interfaces (with Pt38, Pt55, Pt68, Pt79) through AIMD simulations. Those NPs 

present different morphology or size than Pt201. Among those cases, Pt68/(H2O)302 keeps 

sufficiently intact its geometry at 350 K during the 4 ps, similar to Pt201/(H2O)698. Pt68 is a 

regular truncated tetrahedron exhibiting large hexagonal and small triangular (111) facets, the 

structures of which are only weakly modified during the AIMD simulations at 350 K. The 

other NPs (Pt38, regular truncated octahedron and Pt79, irregular truncated octahedron) possess 

square (100) facets, the structures of which are significantly modified along the trajectory at 

350 K. In these cases, the small square facets composed of 4 atoms undergo deformations 

from square to rhombic symmetries. Therefore adsorption-desorption statistics at 350 K may 

be biased by such distortions, hence making difficult the comparison with the Pt201/(H2O)698 

interface. Pt55 (regular cuboctahedron) has larger square (100) facets (composed of 9 atoms) 

than Pt38 and Pt79, but small triangular (111) facets (composed of 6 atoms). Immersed Pt55 

square facets undergo also significant deformations at 350 K, unlike Pt201. Consequently, its 

corresponding adsorption-desorption statistics have not been considered either. For immersed 

Pt68 NP, the average coverage during the last picosecond is 0.345 ML, slightly larger than the 

one found for Pt201 (0.292 ML). The number of co-chemisorbed water molecules (20) has 

increased with respect to the total number of molecules in the 3D box (302), hence leading to 

a slightly larger fraction of 7% (5% for the interface with Pt201). In contrast, the number of co-

physisorbed molecules (54) has significantly increased referred to the total number of water 

molecules (a fraction of 18% for Pt68 vs 11% for Pt201). This modification of the first solvation 
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layer is essentially due to the change of the NP morphology. The interface with the truncated 

tetrahedron nanoparticle (Pt68) presents a curvature with a smaller diameter than the one with 

the truncated octahedron (Pt201). The same EDA approach has been applied to the 

Pt68/(H2O)302 system (Figure 4) and has shown an interaction energy of -0.61 eV for the water 

monomer at a corner of Pt68 (similar value to Pt201). The effect of coverage (co-chemisorbed 

water) destabilizes the interaction energy of that water monomer in the same extent as Pt201   

(-0.14 eV vs -0.13 eV, for Pt68 and Pt201, respectively). This corresponds to a loss of stability 

of +0.47 eV for Pt68, with respect to water monomer (+0.41 eV for Pt201). The difference of 

loss from Pt68 to Pt201 is consistent with the increase of coverage. The influence of co-

physisorbed water molecules belonging to the first solvation layer stabilizes the interaction 

energy of the chemisorbed water (-0.64 eV) likewise the interface with Pt201 (-1.05 eV), but to 

a lesser extent. This smaller energetic gain is justified by the change of morphology (truncated 

tetrahedron) which is less favorable for developing a network of hydrogen bonds. The rest of 

the bulk liquid stabilizes further the interaction energy to -1.04 eV, likewise Pt201. As a 

summary, the whole energetic gain due to the first solvation layer (physisorbed and bulk 

water) is moderately smaller for Pt68 (-0.90 eV) than the one for Pt201 (-1.39 eV). The 

interesting result is the similar trend and ordering found for both interfaces, although the size 

and morphology of the NP have changed concomitantly. In fact, 56% of the gain is due to 

physisorbed water of the first solvation layer (66% for Pt201), while 44% comes from the rest 

of the bulk liquid (34% for Pt201). 

Another important validation is the choice of the computational method. For 

Pt201/(H2O)698, Figure 4 shows that all the interaction energies calculated with non-local or 

semi-empirical dispersion-corrected functionals at constant geometry are systematically 

stabilized by an equivalent amount from one subsystem to another (the stabilizing effect due 

to vdW interactions is in the range 0.21-0.44 eV). As those deviations are weaker than the 

variations of the interaction energy between one subsystem to the next, our global conclusions 
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are still valid regardless of the choice of exchange-correlation (XC) functionals (see Table S2 

in the SI). Our trends in interaction energy support previous studies of ORR adsorption 

properties using implicit solvation models.[33] Alternatively, one can evaluate the interaction 

energy with a frozen liquid/nanoparticle interface completely relaxed at 0 K (Figure 4e). In 

this case, the interaction energy (-1.09 eV) is not as large as the one calculated at 350 K (-1.52 

eV). Hence, neglecting temperature effects causes an error of 0.43 eV with respect to the 

complete system at 350 K. 

 

3. Conclusion 

Summarizing, in this work, we analyze solvation effects at a liquid water/platinum 

nanoparticle interface at 350 K using AIMD simulations and an energy decomposition model. 

During the MD, a progressive reorganization of the solvation layer at the interface is observed 

with an exclusive chemisorption of water at undercoordinated sites of the nanoparticle, such 

as corners and edges. This occurs through a series of simultaneous adsorption and desorption 

processes at different locations of the nanoparticle. The solvation layer exhibits a complex 

mixture of H-up and H-down physisorbed water molecules with no specific intermolecular 

orientation, in contrast with ice-like bilayers, typically used in the literature to model water 

networks on extended platinum surfaces. We have rationalized these solvation effects from a 

classical standpoint, using the average electrostatic potential along the nanoparticle radius up 

to the liquid bulk. A remarkable stabilization of the electrostatic potential has been found in 

the region of the solvation layer. The EDA model suggests that the interaction energy between 

a reference water monomer at a nanoparticle corner and Pt201 is significantly increased 

because of physisorbed and liquid bulk molecules. Thus, solvation tends to strengthen the 

chemical bonding of chemisorbed water with the nanoparticle surface. In contrast, co-

chemisorbed molecules tend to destabilize the interaction energy of reference water monomer. 

Notably, we show that these conclusions do not depend on the choice of XC functionals. This 
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work shows the relative importance of various solvation layers on adsorption energetics at 

liquid/nanoparticle interfaces. Based on this insight, new coupled methods with restricted 

quantum descriptions of the liquid could be developed. Longer MD simulations could then be 

explored to determine solvent/adsorbate effects at realistic liquid/nanoparticle interfaces. 

 

4. Experimental Section  

Density functional theory calculations have been performed with the Vienna Ab initio 

Simulation Package (VASP)[47,48] using periodic boundary conditions. The generalized 

gradient approximation (GGA) has been used with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional[49] and the projector augmented-wave method (PAW).[50] 

Interaction energies have also been calculated with various other functionals including van 

der Waals forces: Bayesian Error Estimation Functional (BEEF-vdW),[51] van der Waals 

density functional (vdW-DF2),[52] semi-empirical Grimme’s DFT-D2 (D2(0))[53] and zero 

damping DFT-D3 (D3(0)),[54] Becke-Jonson damping DFT-D3 (D3(BJ))[55] and Tkatchenko-

Scheffler (TS)[56] methods. The energy cut-off has been set to 400 eV throughout the study. 

The criterion related to total electronic energy convergence was set to ±10−6 eV. A tight 

convergence for the geometry optimizations has been ensured by a threshold of ±10−2 eV Å−1 

for the residual forces acting on the nuclei. The gamma point only approach has been used to 

describe the Brillouin zone. Ab initio molecular dynamics (AIMD) within the Born-

Oppenheimer (BO) approximation has been also performed using VASP code in the canonical 

ensemble (NVT) to simulate the equilibration of the liquid/nanoparticle interface. The Nosé-

Hoover thermostat has been used to maintain the temperature constant at 350 K.[57] The time 

step for the integration of classical equations of motion of the nuclei has been set to 1 fs 

(femtosecond) with a complete trajectory integrated up to 4 picoseconds (ps) (corresponding 

to 4000 different structures of the interface). The interaction energy between one water 

molecule and the platinum nanoparticle is presented in section S1 of SI. The chemisorption of 
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water is defined by the interaction of one molecule with surface platinum atoms through 

oxygen (Pt-O distances shorter than 2.6 Å), whereas the physisorption by the interaction 

through hydrogen atoms (Pt-O distances in the range 2.6-3.6 Å). The water coverage θ is 

defined as the ratio between the total numbers of chemisorbed water molecules and 

nanoparticle surface atoms and is expressed in monolayer (ML). 

 
Supporting Information 

Details about the energy decomposition analysis, effect of dispersion forces and Bader 

analysis are addressed in the Supporting Information. 
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Figure 1. Interface between liquid water and a platinum nanoparticle extracted from the 
AIMD trajectory at 350 K after 4 ps. a) Complete system composed of a Pt201 nanoparticle 
(truncated octahedron shape) immersed in a 3D box containing 698 explicit water molecules. 
b) Water physisorbed layer composed of 72 molecules in contact with the NP (Pt-O bonds in 
the range 2.6-3.6 Å). c) Water chemisorbed layer composed of 38 molecules at the 
nanoparticle surface (Pt-O bonds shorter than 2.6 Å). d) NP in vacuum, composed of 14 facets 
(8 hexagonal (111)-type and 6 square (100)-type) with a diameter of 1.7 nm, and the thickness 
of the liquid being considered in two directions. Platinum atoms are represented in dark 
(terraces) and light (edges and corners) blue, while oxygen appears in red and hydrogen in 
white. 
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Figure 2. Total potential energy V (eV, blue curve) and surface coverage θ (ML = monolayer, 
red curve) plotted along the AIMD trajectory of 4 ps at 350 K. V is normalized per water 
molecule and referenced to the energy of the initial 0 K relaxed interface. θ is an incremental 
moving average defined as the ratio between the total numbers of chemisorbates and 
nanoparticle surface atoms. During the MD, an increase of chemisorbed water from 31 to 37 
molecules is observed mainly on undercoordinated NP sites (corners and edges). The atom 
labels are those of Figure 1.  
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Figure 3. a) Radial distribution of water molecules NH2O defined from the center of mass of 
the nanoparticle. b) Spherically averaged electrostatic potential ξ (eV) defined from the center 
of mass of the nanoparticle. The two properties have been averaged over the last picosecond 
of the MD trajectory at 350 K. Platinum atoms of the nanoparticle (N.P.) are represented in 
blue, oxygen and hydrogen of water molecules (chemisorbed χ and physisorbed ϕ) in red and 
white, respectively.  
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Figure 4. Energy decomposition model for the interaction energy EINT (eV) between the 
platinum nanoparticle and one water molecule (indicated by a red circle) chemisorbed on a 
NP corner (GGA-PBE). This molecule is chemisorbed: a) in vacuum on the bare NP at 0 or 
350 K; d) in liquid condition at 350 K; e) in "frozen" condition at 0 K (completely relaxed 
interface). The solvation effect is decomposed by considering several subsystems of the 
complete interface: b) complete co-chemisorbed layer in vacuum at 350 K; c) complete co-
physisorbed layer belonging to the first solvation layer, in vacuum at 350 K. All interaction 
energies have been averaged over the last picosecond of the MD trajectory, except a) and e) at 
0 K. The atom labels are those defined in Figure 1. The colored areas define the stabilizations 
δvdW (eV) of those energies when considering dispersion-corrected functionals (either non-
local or semi-empirical). 
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Ab initio molecular dynamics simulations are proposed to investigate the solvation 
effects at the interface between a platinum nanoparticle (Pt201) and liquid water at 350 K. 
The first solvation layer contains twice as much physisorbed water molecules above the 
terraces, than chemisorbed ones located only at edges and corners. The solvent stabilizes the 
binding energy of chemisorbates. 
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