
 

 

 

This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/crat.202200259. 

 

This article is protected by copyright. All rights reserved. 

 

Decahedra and icosahedra everywhere: The anomalous crystallization of Au and other metals at the 

nanoscale 

Blake Rogers1, Alexander Lehr1, J. Jesús Velazquez-Salazar1, Robert Whetten1,4, Ruben Mendoza-

Cruz2, Lourdes Bazan-Diaz2, Daniel Bahena-Uribe3 and Miguel José Yacaman1,4* 

1Applied Physics and Materials science department. Northern Arizona University, Flagstaff, AZ 86011, USA  

2Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México. Circuito Exterior, Ciudad 

Universitaria, Ciudad de México, México, 04510.  

3Laboratorio de Microscopia Electrónica Cinvestav–IPN, México City México 

4¡MIRA! institute Northern Arizona University 

*Corresponding Author: miguel.yacaman@nau.edu 

 

Keywords: decahedral and icosahedral nanoparticles, nanotechnology, electron microscopy, 

nanoalloys 

 

Abstract 

 

Throughout history objects with five-fold symmetry have been a popular topic of interest for artists, 

philosophers, and scientists. This may be because five-fold symmetry is very conspicuous in nature. 

In the case of crystals, five-fold rotational symmetry is mathematically forbidden, and macroscopic 

crystals exhibiting five-fold symmetry have never been shown to exist. Nevertheless, in the 

nanoworld we often find nanoparticles with decahedral and icosahedral shapes that have an overall 

pseudo five-fold symmetry. These structures are observed at many length scales from 1nm up to 

1μm. In this review we discuss several reasons for the stability of five-fold nanoparticles. These 

include the formation of twin boundaries, surface reconstruction faceting and other factors. 
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1) Introduction  

 

Objects with five-fold symmetry are very common in nature. We can see it in flowers, seashells and 

other objects[1] (as illustrated in Figure 1). It is known that in plants five-fold arrangements increase 

light harvesting and therefore photosynthesis[1]. In the case of classical crystals, it is established that 

in a bulk crystal the rotational symmetry 360/n can only have n = 1, 2, 3, 4 and 6 which results in 

repeatable rotation angle values. Five-fold symmetry, where n=5 is not allowed in classical crystals. 

We can explain this if the rotational symmetry reflects the shape of a polygon. We can fill the space 

with squares, triangles, and hexagons, but we cannot do it with pentagons. Suppose that we want to 

fabricate a decahedron from a pack of regular tetrahedra, and the rotation angle of the decahedron 

is 720 or 3600/5. The result is show in Figure 2 and we end up with a gap. To close the gap strain on 

the tetrahedral units is necessary. It becomes clear that decahedral structures are not likely to be 

stable if crystal growth continues after their formation, and in bulk crystals, decahedral structures 

have been never observed. The discovery of quasicrystals indicates that true rotational five-fold 

symmetry can exists in a bulk solid however the price to pay is a lack of translational symmetry[2].  

Figure 1: Examples of five-fold symmetry in nature. 
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In the nanoworld however, decahedral structures are easily formed from sizes of a few nanometers 

up to several micrometers. Five-fold structures have been observed in different cases such as 

metals, alloys, semiconductors[3], carbon in fullerenes, diamond[4] and many other compounds. A 

large proportion of viruses have an icosahedral capsid[5-7]. In the case of carbon, the five-fold 

structure can be easily understood since all the atomic bonds are satisfied, but the case for metals is 

much more intriguing.  

In this paper we will review the main mechanisms that explain the unanticipated stability of 

decahedral and icosahedral single metal nanoparticles. Decahedral and icosahedral structures 

formed at different sizes are shown in Figure 3. To study metal nanoparticles, transmission electron 

microscopy (TEM) has been a fundamental technique for understanding nanoparticle structure. 

Initially dark field images were used but the resolution of the TEM was limited[8-10]. An important 

advancement was the use of high-resolution machines in the late 70’s[11]. The introduction of image 

and probe aberration correctors two decades ago produced a quantum change in our understanding 

of metallic nanoparticles. The generalized use of High Angle Annular Dark Field (HAADF) on the 

scanning transmission mode (STEM) increased our understanding of atomic positions and therefore 

strain. 

Figure 2: Image showing five-fold symmetry and the gap introduced due to the integer value of five not being 
allowed for rotational symmetry. Reprinted (adapted) with permission from Casillas et al., A New Mechanism 
of Stabilization of Large Decahedral Nanoparticles. Journal of Physical Chemistry C, 2012. 116(15): p. 8844-
8848. Copyright 2012 American Chemical Society. 
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Figure 3: Examples of decahedral and icosahedral structures shown at different sizes. The five-fold symmetry can be 
seen in all the structures from the a) cluster size all the way to h) the microparticle size. Reprinted (adapted) with 
permission from Casillas et al., A New Mechanism of Stabilization of Large Decahedral Nanoparticles. Journal of Physical 
Chemistry C, 2012. 116(15): p. 8844-8848. Copyright 2012 American Chemical Society.   

 

The topic of five-fold symmetry in nanoparticles has created a very large field of interest by the 

scientific community. Marks has reported more than 60,000 papers in which the word nanoparticle 

appears[12]. If we narrow the search to papers containing the words decahedral and icosahedral 

more than 2,658 references appear. This clearly indicates the broad interest in this topic. Despite 

that extensive work, many problems remain. In this review we will describe some of the interesting 

topics to be examined. We will discuss the nanoparticles as a function of size because as the number 

of atoms in the nanoparticle increases the properties change. 

 

2) The case of clusters with a small number of atoms (size <2.5nm) 

 

A first case of interest is the clusters in which there is a small number of atoms. As a general criterion 

a cluster will not show plasmonic behavior. In other words, they can be considered as a superatom 

with a discrete energy level[13, 14]. The pioneering work of Farges on argon clusters[15] and the 

Borel group in metals[16, 17] showed that five-fold clusters can be produced in a molecular beam. In 

the last decade advances in synthesis methods resulted in a new field known as “atomically precise 

clusters” indicating the control in the number of atoms. Those cluster are stabilized by an organic 

molecule capping. Clusters often contain one or more kernels with five-fold symmetry. Examples of 

decahedral clusters are the experimental results for Au20[18], Au103, Au130[19] and  Au246[20]. A 

selection of gold clusters is shown in Figure 4.  

 15214079, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/crat.202200259 by N

ational E
nergy T

echnology L
aboratory, W

iley O
nline L

ibrary on [15/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 
This article is protected by copyright. All rights reserved. 
 

 

 
Figure 4: Here, several clusters of different atomic numbers are shown. In these clusters, there are areas that show five-
fold symmetry. 

 

In addition, Rossi and Ferrando have predicted a large number of poly-decahedral clusters[21]. 

Examples of icosahedral clusters are Au25 [22], Au144 [23] and several others. A remarkable cluster is 

the predicted icosahedral cluster Au60 [24, 25] which connects metals with fullerenes. In addition, 

several icosahedral cluster cages have been predicted[26, 27]. Finding those clusters experimentally 

is one of the most attractive challenges for researchers in this field. 

It should be noted that in clusters the number of atoms on the surface is an important fraction of the 

total atoms. For Instance, in a one shell icosahedron 12 of the 13 atoms will be on the surface. In a 3-

shell icosahedron of 147 atoms, 92 will be on the surface.  

The latter cluster has a size of ~ 1.5 nm. In a 6-shell icosahedron of 923 atoms, 362 will be on the 

surface and will have a size of ~ 2.8 nm. The organic molecules on the surface bond strongly to the 

surface atoms and induce distortion which can propagate to the interior layers. Small strain can 

change the structure from FCC to decahedral. As noted by Bagley[28], if we assumed that each 

tetrahedron is distorted to a body centered orthorhombic lattice (BCO) all the tetrahedra will fit and 

no gap will be present. The lattice parameters of the BCO are a=1, b=1.37 and c=1.05 (in normalized 

units). This model was expanded by Yang[29] and Yacaman et al.[30,31] and appears to be plausible 

for very small clusters. Barnard and Chen[32] have shown that the decahedral and FCC shapes are 

equally likely for small nanoparticles, if a decahedral nucleus is very likely. During the growth of 

clusters an initial rapid coarsening stage is produced where there is no shape-selectivity, but during 

which shapes with a combination of (111)[33, 34] and (100) facets deviate from the geometric 

ideals. So, a shape distribution like the one shown in Figure 4 will the most common case. 
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Figure 5: (a) SEM image showing the overall shape of micro-size particles. (b & c) Bright-field and dark-field images of Au 
nanoparticles. Dark-field imaging reveals their structure. 

3) Nanoparticles with size >2.5 nm 
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The case of nanoparticles with a larger size is very different than that of clusters. As the size 

increases the atoms in the interior become increasingly important. New mechanisms emerge to 

control the shape and equilibrium of nanoparticles. At first glance we expect the rules of 

crystallography will fully dominate the growth. Decahedral and icosahedral gold nanoparticles were 

first reported by Ino and Ogawa[10] and Alpress and Sanders[35]. Several calculations indicate that 

the decahedral and icosahedral nanoparticles are not stable beyond 2-3 nm in size[36-39]. 

Nevertheless, when nanoparticles > 3 nm are prepared the decahedral and icosahedral shapes 

dominate. A typical sample of Au nanoparticles is shown in Figure 5. As can be seen, most 

nanoparticles have a decahedral shape (marked by arrows) or a polyhedral decahedron (double 

lines) or icosahedral (thick) arrow. A significant number are hexagonal or triangular platelets which 

are known to have twins parallel to the surface[40]. An examination of larger area shows that only 

105 of the particles correspond to a non-twinned FCC structure. A similar result has been reported 

by Koga[41]. 

 

 
Figure 6: The Marks Decahedron showing the facets created in the particles. (a) Five-fold and (b) lateral views. Reprinted 
(adapted) with permission from Casillas et al., A New Mechanism of Stabilization of Large Decahedral Nanoparticles. 
Journal of Physical Chemistry C, 2012. 116(15): p. 8844-8848. Copyright 2012 American Chemical Society. 
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A question arises of how to explain the stability of five-fold symmetry in large particles. A first 

approach was reported by Ino[42] based on the minimization of the internal energy and application 

of the Wulff construction. This author predicted that (100) facets will develop into the decahedra. 

This structure is known as the Ino decahedra[40, 43].  

A very important breakthrough was the work of Marks who introduced the twin boundaries 

contributions to the Gibbs free energy[44]. The result is that the particle will become faceted as 

shown in Figure 6. This structure was called “Marks Decahedron” by Landman[45, 46]. The name 

was widely accepted and is now a classical term in nanoparticles. The theoretical aspect of the 

Marks decahedron was later expanded by Patala et al[47]. Several other similar nanoparticle 

truncations have been reported in the literature for decahedral particles[41, 48] and for icosahedral 

particles[49]. The stability of the Marks Decahedron is remarkable. We perform some nanoparticle 

heating using electron irradiation. In Figure 7, we show a decahedral nanoparticle grown by 

evaporation on a substrate. The particle has straight facets and most likely was kinetically stabilized. 

After heating with the e-beam the nanoparticle becomes a Marks Decahedron (that indicates that 

the MD corresponds to a lower energy configuration. This supports the idea that twins and faceting 

introduce stability on the five-fold nanoparticles.  

 

  

Figure 7: A particle grown on a substrate a) before electron heating. b) shows the particle after heating with the electron 
beam. The particle now shows facets and is a Marks Decahedron. 

 

It has been established that twins are favored in nanocrystal growth[50, 51]. The so called WHS 

theory (Wagner, Hamilton and Seidensticker) predicts that twins in nanocrystals play the same role 

that dislocations do in bulk crystal growth. During the crystal growth, atoms arriving from the gas (or 

liquid phase) will be deposited to the lowest energy (111) facets.   
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However, the chances to nucleate a new layer (111) in the correct or incorrect registry are the same. 

Thus, a completely random stacking sequence of close packed layers, for example ...BCABACABA ...., 

would seem to be more favorable than either ...ABCABC... (fcc) or ...ABABAB... (hcp). This is not what 

is observed. In the WHS model, a single twin is introduced which favors nucleation in 4-coordinated 

sites. A nucleated island will spread over the two faces forming the reentrant corner until it reaches 

the extensions of the adjoining faces. This type of growth results in thin hexagonal platelets with 

well developed (111) faces, as the ones observed in Figure 5. Clearly, the reason for this is the 

absence of grooves and ridges on the (111) faces. In order to explain 3-growth it is necessary to 

assume a second twin lamella that intersects the (111) faces. This is the cross twin mechanism 

discovered by van der Waal[52]. Cross twinning leads directly to the formation of five-fold twins. 

Twins stabilize the nanoparticles, and along with surface faceting this might explain the prevalence 

of the five-fold shapes.  

 
Figure 8: HAADF-STEM images of gold icosahedral nanoparticles in four different orientations. It can be observed that 
the near surface layers the atoms have a different stacking. 

 

In addition, there is another possibility for growth of decahedral and icosahedral nanoparticles as 

reported by El Koraychy et al.[43] and Ma et al.[52] Decahedral and icosahedral nanoparticles can 

grow by coalescence of individual tetrahedra. This mechanism was first described by Balleto et al. for 

silver nanoclusters[53]. It is clear that for both mechanisms the decahedral and icosahedral particles 

are kinetically formed. Nevertheless, they are remarkably stable as we will show latter. 

In the case of icosahedral particles an additional feature is observed in the layer stacking. As 

predicted by Settem and Kanjarla and Nelli and Ferrando[54, 55] the surface is reconstructed 

showing anti-Mackay stacking. We have systematically observed that in icosahedral particles the last 

few layers show a different stacking as shown in Figure 8. In the figure, four different nanoparticle 

orientations can be observed. In each case the near surface layers have a different stacking. In the 

icosahedral nanoparticles it is more difficult to obtain a low index plane that is aligned with the 

electron beam. Therefore, atomic resolution becomes more complicated to interpret. So, at this 
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point we cannot fully corroborate that the stacking corresponds to anti-Mackay stacking. However, it 

seems difficult to explain the observed contrast with other mechanism. More research in this topic is 

needed. 

  
Figure 9: Various nanoparticles related to the decahedral and icosahedral shapes.  
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4) Nanoparticles with a size >100nm 

 

As nanoparticles grow close to the micrometer range, several other polyhedral geometries begin to 

develop. A first group are the particles related to the decahedral and icosahedral geometry, some of 

these are shown in Figure 9. These structures include truncations of different types such as the 

Marks decahedron. However, there are additional geometries which produced shapes with even 

larger truncations. An interesting fact is that the Ino decahedra are observed frequently. If during 

the growth of the nanoparticle a surfactant is used to promote growth in a given direction, we see a 

myriad of elongated shapes which eventually lead to nanowires or nanorods. In the case of 

icosahedron, we can see the truncations described by Chui et al[56]. It should be mention that as 

demonstrated by Ma et al., decahedral and icosahedral nanoparticles can grow by coalescence of 

individual tetrahedra[57]. This can result in very large nanoparticles.  

 

 
Figure 10: Micro-scale particles showing twin boundaries. 

 

A second group of shapes are the ones corresponding to regular shapes shown in Figure 10. Most 

significant fact is that all the nanoparticles contain twins. An important portion of the observed 

nanoparticles have a hexagonal, triangular, tetrahedral, cubic and truncated platelets.  

All these particles have a twin parallel to the surface[58]. When looking at the particles in Figure 9, 

a), b), and h) the twin are going through the particle. In c) through g), the twin in along the edge of 

the particle. The twin is diagonal through the particle in the case of the cubic particle shown in 

Figure 10 i), which is a twin across the (110) direction. In addition, we have different polyhedral such 
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as: Trapezoid rhombic dodecahedron, truncated triakis icosahedron, the elongated pentagonal 

pyramid, the rhombicosidodecahedron and others which are part of the Johnson Solids. Those are 

shown in Figure 11. The growth of these shapes were discussed by Mariscal et al.[59] and Niu and 

Xu[60] who showed that Johnson solids can be expected for larger particles.   

 

 
Figure 11: Various types of Johnson solids. 

 

If during the particle growth, we add a surfactant, such as PVP, that will promote unidirectional 

growth in some lattice directions we end with elongated structures such as the silver nanowires[40] 

or gold nano stars[61-63]. Some of these shapes are shown in Figure 12. 
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Figure 12: Different shapes can be obtained if during the growth process something is added to promote unidirectional 
growth. 

 

Gold particles were synthesized via the polyol method using ethylene glycol (EG) and PVP (0.208g) in 

EG (5 mL) at 280o C. The solution was withdrawn from the heat source and was cooled very rapidly in 

ice. Depending on the growth conditions, the particles can develop multiple faceting and the surface 

formation of a Zig-Zag faceting pattern as they get larger, this is shown in Figure 13.  
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Figure 13: Gold nanoparticles that were cooled rapidly after synthesis in ice. The particles develop multiple facets and 
the formation of a Zig-Zag faceting pattern. 

 

We were able to study some of these particles in an aberration corrected TEM. A decahedral particle 

was placed in such a way that the surface was perpendicular to the e-beam. The result is shown in 

Figure 14 a) and b) which shows the decahedron at low magnification. HAADF images using an 

aberration corrected instrument shows that the corners are faceted as expected in a Marks 

decahedron (Figure 14 c). However, the surface between corners is formed by rounded 

promontories as shown in Figure 14 d). High magnification is seen in Figure 14 e). By using Cs-

corrected STEM, it is possible to get atomic resolution imaging and determine the planes 

corresponding to these facets. The angle between the facets and the (001) planes is 14.8 degrees on 

average, while in a perfect crystal a (511) facet makes an angle of 15.79 degrees, with respect to a 

(001) plane. This is the best match; and the slight difference can be attributed to the rounded edges 

that connect the facets due to surface tension, as well as the internal strain existent in the lattice of 

the decahedron. The reason for this stability is that during synthesis fast cooling atoms of the 

nanoparticles do not have time to rearrange. This indicates that this is a kinetically driven shape. This 

is possible due to the stabilizing effect of the PVP; however, if removed, the facets will disappear. In 

this case, particles have rounded and smooth edges (Figure 15).  
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Figure 14: HAADF images of a gold nanoparticle that developed the zigzag pattern around the facet. The decahedral 
particle was oriented perpendicular to the e-beam. a) and b) show the decahedron at low mag. Marks decahedron 
(Figure 13 c). d) shows the corners are formed by rounded promontories. e) shows a high magnification of the edge of 
the particle. The angle between the facets and the (001) planes is 14.8-degree average while f) a perfect crystal (511) 
facet makes an angle of 15.79 degrees. Reprinted (adapted) with permission from Casillas et al., A New Mechanism of 
Stabilization of Large Decahedral Nanoparticles. Journal of Physical Chemistry C, 2012. 116(15): p. 8844-8848. Copyright 
2012 American Chemical Society. 

 

The result is a decahedron with no high index facets and very round contours at the twin 

boundaries. Hexagonal strings along the (110) orientation on the (001) terraces near the steps 

(Figure 15b) were observed, as well as strings along the (410) direction (Figure 15c). It has been 

proven that this reconstruction is more stable than the unreconstructed surfaces[64, 65]. This 

hexagonal reconstruction can take place by two different dislocations: dislocations formed by 5 and 

3 columns of atoms. These types of dislocations, as described by Pao et al.[66] refer to the “arc” 

formed by 5 columns of atoms as a dislocation of type I and the one formed by 3 columns of atoms 

as a dislocation of type II. Both dislocations occur due to the insertion of an extra row of atoms to 

the (001) surface; however, they have different consequences in the stability of the surface. While 

type I dislocations increase the tensile strain, type II decrease it. On the other hand, they have the 

opposite effect on the surface energy, while type I dislocations decrease the surface energy, type II 

increase it. Formation of ridges and surface reconstruction is an additional factor to stabilize the 

nanoparticles as reported by Casillas et al[67]. 
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Figure 15: Showing a) a particle with rounded and smooth edges. b) shows hexagonal strings along the (110) orientation 
on the (001) terraces near the steps were observed, as well as c) strings along the (410) direction. Reprinted (adapted) 
with permission from Casillas et al., A New Mechanism of Stabilization of Large Decahedral Nanoparticles. Journal of 
Physical Chemistry C, 2012. 116(15): p. 8844-8848. Copyright 2012 American Chemical Society. 

 

 

5) Strain in decahedral nanoparticles  

It is expected that decahedral particles will have strain to close the gap, produced by the packing of 

regular FCC tetrahedra’s we mention above. In the case of clusters, there is an easy pathway to a 

distortion from FCC-BCO. However, for larger particles, in which the role of the surface is reduced, it 

does not seem a likely mechanism. Homogeneous strain in decahedral structures was first 

introduced by Ino[42] and de Witt[68]. Later more sophisticated models were introduced by the 

group of Romanov[69-71]. Theoretical work by Patala et al[47, 72] demonstrated the role of strain in 

stabilizing the shape. Experimental reports on strain in decahedral nanoparticles are contradictory. 

On one hand, some works support homogeneous strain coupled with lattice bending[73]. On the 

other hand, some works support inhomogeneous strain[74]. 

To study this problem, we have used three different methods. The first one is the weak beam dark 

field method (WBDF). This method shows thickness fringes which can be used to study the shape of 

nanoparticles[9, 75]. The fringe contrast is also very sensitive to strain. In general fringes will be a 

superposition of thickness and bend contours. The use of Field Emission Gun Microscopes and CMOS 

cameras has allowed improved WBDF images. An example of WBDF images taking different 

diffraction spots to produce images of different sections of the decahedra, and these images are 

shown in Figure 16. The weak beam fringes are evenly spaced with a period equal to the extinction 

distance. However, if we measure the intensity variations along a thickness fringe, we can see 

intensity variations. Fringe space is modified by dynamical diffraction, however, variations of 

intensity along a fringe variation can only be due to strain. By tilting the sample in a slightly different 

direction we get the image of Figure 16e) in which stacking faults at the twin boundary are 

observed. 
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Figure 16: An example of Weak Beam Dark Field (WBDF) imaging. The weak beam fringes are evenly spaced with a 
period equal to the extinction distance. Fringe space is modified by dynamical diffraction, while variations in intensity 
along a fringe variation is due to strain. e) shows when the particle is tilted and the stacking faults at the twin boundary 
can be seen. 

 

A second method is based on the analysis of a HAADF-STEM aberration corrected image. In this case 

the atomic columns on the image represent the true atomic positions. Figure 17a) shows a HAADF-

STEM image of a decahedral particle. The FFT shows, Figure 17b), the overall five-fold symmetry (the 

pattern is indexed using FCC miller indexes). Figure 17c) shows the image formed using only the 

(111) spots and eliminating the rest. As can be seen, no strain distortion is present along the (111) 

planes. On the other hand, the image formed using only the spots of the (200) plane, Figure 17d), 

shows a very pronounced distortion. The center atomic array which is expected to be a perfect 

decahedron is heavily distorted.   
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A smaller particle is shown in Figure 17e) and 17f) which is showing the same distortion. The 

incoherent twin boundaries are also apparent. The fact that the distortion appears only in the (200) 

planes was also reported by Peng et al[76]. A third method of measuring the strain is to apply the 

Geometrical Phase Analysis method[77, 78] to HAADF-STEM aberration corrected images. This 

method allows mapping of the strain on the image. 

 

  

Figure 17: images. In this case the atomic columns on the image represent the true atomic positions. Figure 16a) shows a 
HAADF-STEM image of a decahedral particle. The FFT b) shows the overall five-fold symmetry. By showing only the spots 
corresponding to the (111) plan, c) no strain distortion is present. While looking at the (200) plane, d) there is a very 
pronounced distortion. The center atomic array which is expected to be a perfect decahedron is heavily distorted. In e) 
and f) a smaller particle is shown with the same distortion. 
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We have applied this method to decahedral particles. The result for the Exy strain component is 

shown in Figure 18 a) and b) for two different nanoparticles. As can be seen, the strain is 

concentrated along the twin boundaries and on the surface regions. Our findings confirm the 

findings of Johnson et al[74] and the theoretical predictions of Patala et al.[47] which is the fact that 

the strain distribution follows the 2+2+1 pattern. That means that strain is distributed with two pairs 

of tetrahedra with the same strain and one with a different pattern. We conclude that the strain 

distribution in five-fold nanoparticles is more complicated than expected and might even be 

different for two particles of the same shape and size. 

 

  

Figure 18: The result for the Exy strain component is shown in a) and b) for two different nanoparticles. It can be seen 
that the strain is concentrated along the twin boundaries and along the surface regions. 

6) Other Metals and multimetallic nanoparticles  

So far, we have only discussed the case of Au, however, other metals show a similar behavior. 

Decahedral and icosahedral structures have been reported for Pd[79, 80], Cu[33], In[81], Ag[82], 

Ge[83] and others[84]. In many cases the nanoparticles are grown on substrates.  

The possibility of having decahedral nanoparticles increases significantly when two metals are 

present. Decahedral and icosahedral particles have been reported for Fe-Pt[85], Pt-Pd[86], Pt-

Co[87], Au-Co and many others[88]. The theory of bimetallic alloys has been extensively reported in 

literature[89-95]. It has been shown by Nelli et al.[94] that the evolution of bimetallic nanoparticles 

from initial core-shell configurations to their equilibrium intermixed chemical ordering arises from a 

complex interplay between interdiffusion of atoms and shape rearrangements. Normally in 

synthesizing bimetallic nanoparticles the method of producing a seed and then depositing the 

second metal is used[96]. This results in a core shell structure. Even when the precursor salts are 

simultaneously reduced, the rate of formation of metal atoms is different for each salt and this also 

results in a core-shell structure. We have studied the case of Au-Cu[97], Au-Pd[98], Au-Ag[99] and 

other alloys[88]. When the core seed is decahedral (or icosahedral) the shell follows that structure. 

Examples are shown in Figure 19. In a) and b) there is an Au-Cu core shell structure and its EDS 
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analysis. In c) we show an Ag-Au core shell. It is very important to note than in this case the shell (Ag) 

has an FCC packing. The same packing is shown in the case of Pt-Pd, as shown in d). 

 
Figure 19: STEM-HAADF images of several bimetallic alloys. a) Au-Cu with the core and the shell have an overall 
decahedral shape. b) EDS map of the particle in a), red corresponds to Au and green to Cu. c) Au-Ag core shell. The Ag on 
the shell has a different packing than the Au core. d) Pt-Pd core shell, the overall particle is decahedral, but the Pt shell 
has a different packing.   

When elements with different atomic radii are present in a nanoparticle the internal strain increases 

dramatically. The subsequent structure is the result of the strain engineering in nano alloys as 

described by Nelli et al. and Front et al[94, 100]. 

The strain increases with the number of elements on the alloy. The net result is that decahedral and 

icosahedral shapes become even more prominent. Figure 20 shows examples of from a five-metal 

nanoparticle (Au/Cu/Pd/Ni/Cu) and a four-metal particle (Au/Cu/Co/Ni). Interestingly a core shell 

structure is formed with the decahedral core. The tendency to form core-shell is produced despite 

all the metal precursor salts are reduced simultaneously during the synthesis. In the case of 

multimetallic nanoparticles, the entropy makes a significant contribution to the Gibbs free energy. 

On the other hand, strain due to atomic radius differences becomes more significant. The particle 

shape will be determined by the minimization of the internal energy, including the contributions of 

strain and twins, and the maximization of entropy. At this point there are still many unknowns in this 

area, and it represents a big challenge for researchers on nanoparticle physics. 
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Figure 20: Here is an example of a five-metal a) nanoparticle Au/Cu/Pd/Ni/Cu and a four-metal b) particle Au/Cu/Co/Ni. 
It is interesting that a core shell structure is formed with the decahedral core.  

 

7) Diffraction patterns of decahedral nanoparticles 

 

Electron diffraction is a very powerful technique. It has become standard for researchers to 

use the FFT of a high-resolution micrograph as source of crystallographic data of 

nanoparticles. However, the FTT is not fully equal to the diffraction pattern and contains 

artifacts due the mathematical limitations. Electron diffraction contains more information 

specially about defects on structures. In recent years, the access of more coherent electron 

sources and aberration correction haves allowed the possibility of obtaining parallel beam 

diffraction with nanometric size[101-103]. These methods allow structural determination of 

nanoparticle facets[104]. We have applied nanobeam electron diffraction (or nano 

diffraction) to a decahedral particle. The whole particle shows overall five-fold symmetry. 

However, if we diffract individual tetrahedra, the patterns will resemble an FCC pattern in the 

(110) orientation. An example is shown in Figure 21 a). The patterns were obtained avoiding 

the twin boundaries to avoid extra reflections. A similar figure for a Marks decahedron is 
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shown in Figure 21 b). The results indicate that particles have a pseudo five-fold symmetry 

resulting from the superposition of individual diffraction patterns. However, if we examined a 

nanobeam patter obtained from the whole particle we can see that the angle between (111) 

spots changes between reflections as shown in Figure 21 c). As it can be seen in Figure 21 c) 

the angles follow a Zig-Zag pattern. The values of the larger and smaller angles are not 

exactly the same, but their summation equals 360o. Although the pattern in Figure 21 c) is 

slightly tilted away from the Laue condition, in which all the intensities are equal, the angular 

shift is far too long to be produced by tilting. The only possibility is strain produced to rotate 

the planes to close the gap. The (111) lattice orientation distances deviate from the bulk value 

by ± 0.16Å and again are different on every reflection because of the strain. A plot of the 

angles, due to the strain, of the diffraction pattern will be non-centrosymmetric as shown by 

Johnson et al[74]. This is consistent with the presence of phason distortion. Phasons are 

related to atomic displacements on the lattice and are commonly observed in non-periodic 

solids such as the quasicrystals[105]. One of the most characteristics of phason strain is the 

shift of diffraction spots in a zigzag along a line[106]. A possibility is that even though the 

individual tetrahedra are periodic crystals, the overall decagonal structure is not. Breaking the 

long-range periodicity on decahedral particles creates the conditions for phason distortion. 

The effect observed in diffraction patterns of decahedral particles as shown in Figure 21. It 

will be difficult to understand this effect without phason strain. However, this is again a topic 

that needs further research. 
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Figure 21: Nano diffraction of a) an individual tetrahedra nanoparticle. The pattern from the whole particle is shown 
along with the patterns for the individual areas that resemble (110) FCC patterns; b) a Marks decahedron with the 
corresponding diffraction patterns. c) shows the diffraction pattern of the tetrahedra nanoparticle showing the (111) 
and (200) diffraction spots. The plot shows that the angle between the spots has a zigzag pattern.  

8) Influence of the preparation method  

 

The way nanoparticles are synthesized has a great influence on the resulting shape. In this 

review we did not discuss this at length. There are plenty of examples on the literature that 

report changes on shape with the synthesis method[96, 107, 108]. We refer the reader to those 

papers. At the ends it is play between kinetics and thermodynamics that control the shapes 

discussed in references[12, 43, 59]. A very significant example is the growth of Ag 

nanowires. These are by adding a surfactant that produces preferential growth in one 
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direction. Other methods include the polyol method and the use of a soft template[109, 110]. 

Nanowires have a decahedral structure that can be produced by a chain aggregation of single 

decahedra as reported by Reyes Gasga et al.[40] 

 

9)  Discussion and Conclusions 

 

The decahedral and icosahedral are a fascinating subject. These structures are formed in 

several metals and in multimetallic nanoparticles. Decahedral nanoparticles can be produced 

by either growth of an initial decahedral nuclei or by coalescence of tetrahedral nanoparticles. 

In both cases these structures are kinetically stabilized, and it will be expected that if 

thermodynamic equilibrium is achieved, they will transform to FCC structures similar to the 

bulk. Nevertheless, decahedral and icosahedral nanoparticles are remarkably stable. 

In SI section we show three videos of heating decahedral nanoparticles. In the video SI-1 we 

show a decahedral nanoparticle of 1.5 nm which is heated by a high dose electron beam. This 

corresponds to the phenomenon named quasimelting[111, 112]. The electron beam increases 

the nanoparticle temperature[34, 113] in a way proportional to its size. The particle is 

distorted but its shape remains overall decahedral. In the video SI-2 a particle of ~2.5 nm is 

shown, again the same trend is observed. A third example (also electron beam heating) of a 

larger decahedral particle ~3.5 nm is shown, which, despite the fluctuations remains 

decahedral. In SI-3 we show a sequence of heating of a large particle ~400 nm. In this case 

the heating was done in the TEM using a heating stage. The particle remains stable until 

600oC in which it is partially evaporated. The conclusion is that the decahedral nanoparticles 

are exceptionally stable. The cross-twinning mechanism appears to be the most significant in 

the growth of decahedral (and icosahedral) nanoparticles. Once formed, twins are very stable 

and they contribute to the internal energy. As the particle grows, the twin boundaries 

contribute more to the internal energy.  

The twin’s movement is not very likely unless a stress is applied to the nanoparticle. Full 

dislocations are not likely to formed and partial dislocations will tend to move to the twin 

boundaries. This situation is increased when there is more than one metal because there is 

strain due to differences on the lattice parameter. So even that these nanoparticles are 

kinetically formed, and they remain stable. The more metals the more likely that five-fold 

structures will be formed. 
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In addition, in monometallic systems the strain plays a role in the stability. There is not a 

single route to produce strain but rather a diversity of possibilities. As we have shown, two 

decahedral particles of the same size might have different stress profile and different defects. 

In this paper we have presented most of the results for the case of Au. However, several other 

metals (and semiconductors and oxides) show decahedral and icosahedral structures. More 

research is needed to explore all the metals in the periodic table. As the size grows, new 

shapes are formed which are, in most cases, related to five-fold symmetry such as the 

truncated triakis Icosahedron and the rhombicosidodecahedron. In addition, as the 

nanoparticle grows faceting and surface reconstruction appears which further helps to 

stabilize the decahedral shape. The preparation method is also important in producing five-

fold structures. That includes the synthesis temperature and the cooling method.  

However, macroscopic single metal crystal with decahedral shape have not been observed. 

We have reported decahedral structures in Au with a size up to 1μm. Only in the case of 

quasicrystals have people been able to grow single crystals with five-fold symmetry; they 

always are formed by several metals. We have to assume that at one point of the growth there 

should be a transition from decahedral to the bulk structure of FCC. The mechanism of this 

transition is not known. No doubt that this is a topic which deserves attention from 

researchers and is part of the fascination of five-fold structures. 
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Five-fold symmetry is common in macroscopic nature; however, it is not seen in metallic crystals at 

the macroscopic scale. But, when looking at the nanoscale, metallic nanoparticles and nanoalloys 

exhibit decahedral and icosahedral pseudo five-fold symmetry. This is a review of gold and other 

metals alloyed in nanoparticles and the prevalence of five-fold symmetry.  
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