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Ab initio morphology prediction of Pd, Ag, Au, and Pt nanoparticles on (0001)

sapphire substrates

Akio Ishii1, a) and Nobutomo Nakamura2

1)Department of Mechanical Science and Bioengineering, Osaka University,

Osaka 560-8531, Japan

2)Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita,

Osaka 565-0871, Japan

(Dated: 30 January 2024)

We energetically predict the morphology of Pd, Ag, Au, and Pt nanoparticles on

(0001) sapphire substrates, using density functional theory (DFT) simulations and

the well-known Young– Dupre equation. In all cases, the contact angles exceed 90◦,

indicating that the nanoparticles are spherical. Notably, Au nanoparticles exhibit a

higher contact angle than those of their counterparts. The validity of the proposed

ab initio nanoparticle morphology prediction approach based on DFT simulations

was assessed in comparison with our previous experimental findings pertaining to

the time variation of the full width at half maximum (FWHM) of the resonant peak.

Furthermore, the diffusivities of single Pd, Ag, Au, and Pt atoms on the substrate

were evaluated by calculating the activation energy, offering insights into the under-

lying physics governing the timing of FWHM peaks. The analysis confirms a higher

diffusivity of Au and Ag compared with Pd and Pt. According to the comparison

between DFT and experiment results, although no clear relation is observed between

the contact angles and timing of FWHM peaks, the diffusivity of sputtered atoms

may influence the timing of FWHM peaks. Thus, the timing can help to clarify the

nanoparticle size, rather than the shape.

a)Electronic mail: ishii@me.es.osaka-u.ac.jp
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I. INTRODUCTION

Nanoparticles exhibit unique properties that differ from those of bulk metals, and ex-

tensive research on their properties has been conducted to synthesize them with specific

characteristics1–3. Previous studies have established that the properties of nanoparticles de-

pend on their size and shape4–8. However, accurate experimental investigation of the mor-

phology of these nanoparticles is challenging, especially when synthesized on substrates. In

our previous studies, we introduced a novel real-time method based on acoustic techniques

for evaluating the morphology9 and growth of nanoparticles on sapphire substrates10,11.

We analyzed the morphology of Pd-based core–shell nanoparticles by examining the time-

dependent variations in the full width at half maximum (FWHM) of the resonant peak in

relation with the surface energy of each species. The shape and internal structure of the

core–shell nanoparticles were clarified considering the surface energy of each metal. How-

ever, according to the well-known Young–Dupre equation12, the interfacial effect between

nanoparticles also influence the morphology of nanoparticles. Thus, these effects must be

considered to gain more comprehensive insights into the morphology.

In this study, to complement our previous research, we used energy principles to predict

the morphology of Pd, Ag, Au, and Pt nanoparticles on (0001) sapphire substrates. To this

end, density functional theory (DFT) atomistic simulations were performed, incorporating

the Young–Dupre equation. The computational results were compared with our previous

experimental observations to validate both the previously proposed experimental methods

and ab initio morphology prediction using DFT simulations, as introduced in this study.

II. METHODOLOGY

The Young–Dupre equation for nanoparticles (X(= Pd,Ag,Au,Pt)) on sapphire (Al2O3)

substrates can be expressed as follows:

WX−Al2O3 = γX(1 + cos θ). (1)

Here, WX−Al2O3 is the adhesion energy between the X nanoparticle and sapphire, and γX

is the surface energy of the nanoparticle. In this study, WX−Al2O3 and γX were calculated

through DFT atomistic simulations, and the contact angle θ was determined to predict the
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morphology of X nanoparticle. Each step of the DFT calculation is described in the following

subsections.

A. Adhesion energy calculation

The values of the adhesion energy, WX−Al2O3 , were calculated using potential energy

derived from DFT simulations, denoted as EX, EAl2O3 , and EX−Al2O3 .

WX−Al2O3 =
EX + EAl2O3 − EX−Al2O3

AAl2O3
. (2)

Here, EX−Al2O3 , EX, and EAl2O3 represent the interfacial energy between X and sapphire,

surface energy of X, and surface energy of sapphire, respectively. AAl2O3 denotes the area

of the intersurface. Specifically, we calculated EX, EAl2O3 , and EX−Al2O3 using the atomic

models shown in Figs. 1 (a), (b), and (c) respectively. In model (a), assuming X(= Pd,

Ag, Au and Pt) has a face-centered cubic (FCC) structure, we introduced six (111) X layers

(ABCABC. . . stacking) on the (0001) surface of a 12-layers α − Al2O3 sapphire substrate.

The numbers of atoms for each species in the model were X=18, Al=24, and O=36. Although

several choices are available for the (0001) surface structure of α − Al2O3, we selected the

most stable structure with the lowest surface energy, with reference to the literature13. After

constructing the atomic model of the interfacial structure, DFT structural optimization

was performed for both the atoms and supercell. The model height was set as 56 nm to

introduce vacuum conditions around the surface. Models (b) and (c) were constructed by

simply removing the X (α− Al2O3) layers from Model (a). AAl2O3 was calculated using the

cell vectors of the supercell in Model (a).

DFT atomistic simulations were performed using the Vienna Ab initio Simulation

Package14. The electron–ion interaction was described using the projector-augmented wave

method15. The exchange-correlation between electrons was treated using the Perdew–

Burke–Ernzerhof generalized gradient approximation16, with an energy cutoff of 520 eV for

the plane-wave basis set. Energy convergence criteria for the electronic and ionic structure

relaxations were set as 1.0× 10−6 and 1.0× 10−3 eV, respectively. A 5× 5× 1 k-point mesh

was used for all atomic models shown in Fig. 1.
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FIG. 1. Atomic models for calculating the adhesion energy WX−Al2O3 , (a) EX−Al2O3 , (b) EAl2O3 ,

and (c) EX. Red arrows indicate the cell vector of the supercell (black frames) The atomic struc-

tures are visualized using the OVITO software17

.
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B. Surface energy calculation

To calculate the surface energy γX, we first constructed FCC nanoparticle models for

each X using Wulff construction18,19, implemented using the Atomic Simulation Environment

(ASE) Python module20. Wulff construction for a certain species can be implemented using

the distance dijk (defined later), yielding polyhedron nanoparticles:

dijk = cγX
ijk. (3)

Setting the origin of the coordinate system at the nanoparticle center, we defined planes

normal to the [hkl] vectors at a distance dhkl from the origin using known γX
ijk values,

representing the surface energy of the plane with the ijk Miller index, and a constant c.

In this case, the space within all drawn planes defined the polyhedron of the nanoparticles.

The parameter set of γX
ijk for each X is outlined in Table I. By changing the constant c,

the nanoparticle size could be modified. As shown in Fig. 2, we constructed four types of

nanoparticles with different sizes (number of atoms, n = 55, 79, 141, and 201) for each X

species to investigate the change in morphology (θ) with respect to the nanoparticle size.

The results indicate that the nanoparticle morphology is independent of the atomic species.

The nanoparticles mostly exhibit {111} and {100} surfaces owing to the low energy of {111}

surfaces, consistent with the prior research result21. However, in the case with 141 atoms,

additional {110}, {120}, and {321} surfaces are observed. Following the DFT structural

optimization of the constructed nanoparticles, the potential energy of the X nanoparticle

EXnp was calculated. The surface energy γX was then defined as

γX =
EXnp − EXbulk

4πr2
. (4)

Here, EXbulk is the potential energy of the bulk FCC structure for X, and r is radius of

the nanoparticle, calculated as the circumradius of the nanoparticle polyhedron. For DFT

atomistic simulations, a 5.0 × 5.0 × 5.0 nm cubic supercell was used for all nanoparticles to

account for the vacuum around the nanoparticles, and a 1 × 1 × 1 k-point mesh was used.
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TABLE I. Surface energy for specific orientations (ijk) of the FCC structure of Pd,Ag,Au,Pt, cal-

culated using DFT atomistic simulations, those were derived from the Materials Project database22.

The unit is J/m2.

(ijk) Pd Ag Au Pt

(210) 1.626 0.898 0.906 1.887

(110) 1.574 0.866 0.909 1.681

(211) 1.614 0.868 0.822 1.763

(221) 1.496 0.824 0.780 1.599

(111) 1.339 0.764 0.710 1.488

(332) 1.462 0.793 0.748 1.561

(310) 1.634 0.891 0.906 1.878

(311) 1.570 0.863 0.870 1.791

(331) 1.530 0.852 0.831 1.706

(322) 1.454 0.775 0.748 1.593

(320) 1.637 0.886 0.913 1.894

(321) 1.586 0.861 0.848 1.768

(100) 1.522 0.818 0.861 1.856
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FIG. 2. Atomic models of nanoparticles with different sizes: n =55, 79, 141, and 201 atoms,

used for DFT atomistic simulations. All models are constructed using Wulff construction with

the surface energy values listed in Table I. The atomic structures of nanoparticles were visualized

using the ASE Python module20
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III. RESULTS AND DISCUSSION

Table II provides the calculated values for EX, EX−Al2O3 , AAl2O3 , and WX−Al2O3 . Notably,

WX−Al2O3 for Ag and Au are lower than those for Pd and Pt, suggesting a more spherical

shape for Ag and Au nanoparticles, as implied by Equation 1. Table III presents the cal-

culated γX and contact angle θ for each nanoparticle size. For Ag, the calculated surface

energy is similar to those reported previously23–25. The plots of γX for different nanoparticle

sizes are shown in Fig. 3. The contact angles for all nanoparticles are larger than 90◦,

indicating their spherical nature. In particular, Au nanoparticles exhibit a higher contact

angle compared with other nanoparticles. The spherical nucleation of Ag nanoparticles on

Si substrate has been experimentally observed26. This outcome is consistent with our result,

even though the substrate is different. The difference in contact angle between each species

is not substantial, although WX−Al2O3 for Ag and Au are lower than those of Pd and Pt.

This phenomenon is attributable to the lower surface energy of Ag and Au, resulting in the

nanoparticles being flattened on the substrate. Thus, although we discussed the morphol-

ogy of nanoparticles on the substrate only using the surface energy of nanoparticle in our

previous study11, not only the surface energy, but the interfacial effect between the nanopar-

ticle and substrate are also important; the competition between adhesion energy WX−Al2O3

and surface energy γX is crucial for understanding the morphology of nanoparticles on the

substrate, with these values being highly species-dependent.

According to Table III and Fig. 3, the surface energy decreases as the nanoparticle size

increases, consistent with findings of prior studies23–25. Eventually, as nanoparticles grow,

the contact angle decreases, and nanoparticles assume a penny-like flattened shape. This is

attributable to the decreasing fraction of edge in the total surface area. For sufficiently large

nanoparticles, the effect of edges becomes negligible, and surface energy can be accurately

described using only the surface energy of specific Miller index planes, outlined in Table I.

Considering the shape of adequately large nanoparticles (n = ∞) as truncated octahedrons

with (111) hexagons and (100) squares21, we estimated their surface energy, as indicated in

Table III and Fig. 3. Generally, γX of the smallest nanoparticles (n = 55) is 50% larger than

that for a nanoparticle with n = ∞. Owing to the inherently higher surface energy of Pd

and Pt compared with Ag and Au, the edge effect on nanoparticles is more significant for Pd

and Pt, resulting in a larger variation in contact angle θ with respect to n, compared with
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that for Ag and Au. Through linear interpolation of the plots, we determined that the edge

effect becomes negligible at n = 390, 470, 440, and 360 for Pd, Ag, Au, and Pt, respectively.

Considering that the radius of conventional nanoparticles is larger than 10 nm2, the edge

effect of the nanoparticles may be negligible in such condition.

It is worth mentioning that the shapes of the nanoparticles predicted using Wulff con-

strcution tends to deviate from the optimal ones if the nanoparticle size is enough small

because Wulff construction neglects contributions from edges and vertices and the discrete

nature of atomic plane becomes important for the small-size nanoparticles27. Actually, in

the size range discussed in our study, previous studies reported non-crystalline structures

such as icosahedral and decahedral nanoparticles, asymmetric structures and complex struc-

tures due to surface reconstruction, that we can not make using Wulff construction, become

optimal28–32. To discuss this shape effect of nanoparticle to the contact angle, we employed

potentitial energy (per atom) of n = 55 icosahedral and n = 144 decahedral Au nanoparti-

cles from previous DFT calculation, which reported as optimal shapes at the nanoparticle

size by Lambie eta al.30, and use them as EXnp in equation (4) and re-calculated the contact

angle of n = 55 and n = 141 Au nanoparticles roughly. Note we use the DFT data of

n = 144 decahedral Au nanoparticle alternatively for n = 141 nanoparticle because there

is no DFT data of n = 141 nanoparticle in Lambie et al.’s literature30. The result is 151◦

for both n = 55 and n = 141 nanoparticles, which is almost the same as the original values

in table I (152◦). We think this is because the energy difference between original FCC and

optimal complex shapes are not large; only 0.001 eV/atom order (or lower) for Au and Pt

though the complex shapes are optimal30. Eventually, we concluded the shape effect to the

contact angle is not large and negligible.

To validate our ab initio morphology prediction, we compared our results with our pre-

vious experimental data, specifically, the FWHM timings for Pd, Ag, Au, and Pt. The film

thickness vs. FWHM curves for pure Pd, Ag, Au, and Pt atoms, obtained during sputtering

onto the sapphire substrate in our previous work10,11, were re-plotted in Fig. 4. In our

previous work, we suggested that the FWHM peak indicates the time at which the nanopar-

ticles of sputtered atoms come into contact. Thus, an earlier (later) appearance of the peak

indicates that the nanoparticles on the substrate are flatter (spherical). This interpretation

could successfully explain the formation dynamics of core–shell nanoparticles synthesized

by sputtering different metals onto nanoparticles10,11. Applying this interpretation to the
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present results for single -element nanoparticles, Fig. 4 indicates that Pd and Pt nanopar-

ticles may be flatter than Ag and Au nanoparticles, with Ag and Au having higher contact

angles. Although the quantitative θ cannot be directly determined from our experimental

result, the indication of a higher contact angle of Au nanoparticles compared with Pd and

Pt aligns with our prediction. However, the suggestion for Ag nanoparticles contradicts our

predictions.

To find the reason of the above contradictions between the calculation and experimental

observation, considering that the diffusivity of sputtered atoms onto the substrate also affects

the nanoparticle morphology and thus the timing of FWHM peaks10,11, we investigated the

activation energy of the diffusion of single X atoms on a sapphire (0001) surface using the

drag method, while detecting the minimum energy path (MEP)33. One X atom was placed

at the FCC A stacking position on the surface of the Model (b) unit cell shown in Fig. 1. The

energy change induced by the movement of the X atom from the initial to final A stacking

position along the MEP was calculated to estimate the activation energy of diffusion. The

initial estimates for the diffusion path of X atom were obtained through linear interpolation

between the initial and final A positions, and nine atomic models of intermediate states were

produced with equal intervals along the path for the drag method. Details of the energy and

atomic structure changes along the path can be found in the Appendix and supplementary

movie. The activation energies are calculated to be 0.20, 0.098, 0.055, and 0.37 eV for Pd,

Ag, Au, and Pt, respectively. Compared with those of Pd and Pt atom, the activation

energy values for the diffusion of Au and Ag atoms is low (less than 0.1 eV), indicating

that these atoms can move more freely on the sapphire surface without significant thermal

obstacles. This finding is qualitatively consistent with the timing of FWHM peaks shown

in Fig. 4. The atomic diffusion process of sputtered atoms on the surface are well captured

by the FWHM peaks: A faster surface diffusion results in a later timing of the peak. In this

context, we argue that the size of nanoparticles can be discussed using our FWHM peaks.

Small nanoparticles grow separately owing to the high activation energy of diffusion for Pd

and Pt sputtering, resulting in the earlier appearance of FWHM peak. In contrast, atoms

gather to form one large nanoparticle for Ag and Au sputtering, reducing the surface energy

and delaying the timing of FWHM peaks. To confirm this interpretation, we investigated

the size of nanoparticles resulting from experimental Pd and Au sputtering using scanning

electron microscopy (SEM). The SEM images shown in Fig. 5 reveal large Au nanoparticles,
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whereas the Pd nanoparticles are small.

TABLE II. Calculated EX, EX−Al2O3 , AAl2O3 , and WX−Al2O3 . The units are eV for EX, EAl2O3 ,

and EX−Al2O3 ; nm2 for AAl2O3 ; and J/m2 for WX−Al2O3 .

X EX EAl2O3 EX−Al2O3 AAl2O3 WX−Al2O3

Pd -90.46 -445.08 -536.55 0.2014 0.806

Ag -46.56 -444.99 -491.93 0.2057 0.300

Au -55.96 -445.06 -501.20 0.2041 0.138

Pt -106.13 -445.06 -551.98 0.2009 0.632
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FIG. 3. Change in the surface energy of nanoparticles, γX, with the number of atoms in the

nanoparticle, n.
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TABLE III. Calculated γX and contact angle θ for each nanoparticle size. The units of γX and

θ are J/m2 and ◦, respectively. Here, n = ∞ nanoparticles represent truncated octahedrons with

(111) hexagons and (100) squares without edge effects.

X n γX θ

Pd 55 2.00 127

79 1.95 126

141 1.88 125

201 1.72 122

∞ 1.40 115

Ag 55 1.15 138

79 1.14 138

141 1.07 136

201 1.01 135

∞ 0.77 128

Au 55 1.26 152

79 1.20 152

141 1.18 152

201 1.05 150

∞ 0.74 144

Pt 55 2.55 139

79 2.34 136

141 2.36 137

201 2.02 133

∞ 1.57 126
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FIG. 4. Change in FWHM during sputtering of pure Pd, Ag, Au, and Pd atoms onto a sapphire

substrate. The data are extracted from our previous work11.

FIG. 5. SEM images showing the morphology of (a) Pd and (b) Au nanoparticles on a sapphire

substrate.
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IV. SUMMARY

This paper proposes a novel strategy for the morphology prediction of Pd, Ag, Au, and

Pt nanoparticles on (0001) sapphire substrates, based on DFT simulations and the well-

known Young–Dupre equation. For all nanoparticles, the contact angles are larger than 90◦,

indicating their spherical nature. Notably, Au nanoparticles demonstrate a higher contact

angle compared with the other metal nanoparticles. As the nanoparticle size increases,

the contact angles decrease, leading to a more penny-like shape on the substrates. The

validity of the proposed ab initio morphology prediction of method is demonstrated through

a comparison with previous experimental results. The diffusivities of single Pd, Ag, Au, and

Pt atoms on the substrate are evaluated by calculating the activation energy to discuss the

inherent physics governing the timing of FWHM peaks. The results demonstrate the higher

diffusivity of Au and Ag compared with that of Pd and Pt. From the comparison of DFT

and experiment result, although there appears to be no significant correlation between the

contact angles and timing of FWHM peaks, the diffusivity of sputtered atoms may indeed

be linked to the timing of FWHM peaks. The timing can likely provide insights into the

size of the nanoparticles rather than the shape. The proposed method is applicable for

the morphology prediction of nanoparticles on other types of substrates, such as silicon, as

well as for predicting the morphologies of core–shell nanoparticles. These aspects will be

considered in future work .
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APPENDIX

The calculated changes in the potential energy and atomic structure along the minimum

energy path (MEP) for the surface diffusion of an X atom (X= Pd, Ag, Au, Pt) on a

sapphire (0001) substrate are shown in Fig. 6. The asymmetrical shape of the potential

energy changes with respect to the middle reaction coordinate (denoted as 5) is because the

Al atoms around X atoms are not all on the same (0001) plane in the α–Al2O3 structure:

There are certain deviations in position along the [0001] direction between them. Notably,

the atomic structure changes along the MEP do not exhibit significant dependence on the

X species, consistent with the observations in our supplementary movie. Conversely, the

shape of the potential energy surface for diffusion appears to vary with the species. Notably,

Pt exhibits a local minimum at the middle reaction coordinate 5, and the stable state for

Ag atoms differs from that of other species, occurring at reaction coordinate 8. Because

the investigation into the underlying reasons for these species-specific variations is not the

primary focus of this study, we refrain from delving into further discussion.

SUPPLEMENTARY MATERIAL

Supplementary movie of the atomic structure changes along the MEP for the surface

diffusion of an X atom on a sapphire (0001) substrate, which we explained in the appendix

section above, is available.
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FIG. 6. Potential energy changes for the diffusion of an X atom (X= Pd, Ag, Au, Pt) on sapphire

(0001) surface. Reaction coordinates 0 and 10 indicate the initial and final states of the drag

method (both correspond to positions of the FCC A stacking atoms in Fig. 2). The curves in the

figure serve as visual guides. The changes in the atomic structure along the MEP of diffusion are

shown in a supplementary movie.
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