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Abstract 9 

Metal nanomaterials (NMs) have attracted much attention from both scientific and 10 

practical perspectives. Because the crystal structure of metal NMs is a crucial factor in 11 

determining corresponding physicochemical properties, investigations of unprecedented 12 

crystal structures facilitate development of new functions and enhancement of well-13 

known properties. Although an infinite number of crystal structures are geometrically 14 

possible, formation of experimentally known crystal structures depends on 15 

thermodynamics. Here, we introduce synthetic strategies for new frameworks of mono-16 

metal and alloy NMs as well as unprecedented ordered structures of alloy NMs, reveal 17 

the contribution to enhanced catalysis of the hydrogen evolution and oxygen reduction 18 

reactions, and provide perspectives on catalytic properties that depend on unique crystal 19 

structures. 20 

 21 

Crystal structures against thermodynamics in metal nanomaterials 22 

The crystal structure of metal nanomaterials (NMs) is a crucial factor in determining 23 

corresponding physical and chemical properties [1-4], indicating that phase control and 24 



 2 

investigating new-type crystal structures (not represented by well-known crystal 1 

structures) are quite important for developing new functions as well as enhancing well-2 

known properties. For that purpose, NMs are attractive because the phase stability 3 

substantially changes with decreasing size—caused by decreasing the cohesive energy 4 

(see Glossary), melting point, and Debye temperature; and increasing the surface energy 5 

(nano-size effect) [5-8]. In recent reports, many solid–solution alloy NMs composed of 6 

immiscible elements in bulk [1, 2, 9-15], and binary alloy [16-20] as well as mono-metal 7 

[4, 21-30] NMs with metastable crystal structures, have been obtained (Box 1). For 8 

example, two metallic elements—Ag and Rh—that are not miscible in bulk afford Ag−Rh 9 

solid–solution alloy NMs because of the nano-size effect [9]. Similarly, the nano-size 10 

effect enabled us to generate A3 [hexagonal close-packed (hcp)-type solid–solution] Pt–11 

Ni [17] and face-centered cubic (fcc)-Ru NMs [4], whereas A1 (fcc-type solid–solution) 12 

Pt–Ni and hcp Ru were thermodynamically stable in bulk. These NMs exhibited superior 13 

catalytic properties in the hydrogen evolution, ethanol oxidation, oxygen reduction, CO 14 

oxidation, NO reduction, and C3H6 oxidation reactions compared with representative 15 

catalysts such as fcc-Pt and fcc-Rh [1, 17-19, 29, 31, 32]. 16 

However, there are few reports on forming mono-metal and alloy NMs with 17 

unprecedented phases containing ordered stacking faults, ordered point defects, or 18 

unknown atomic-layer stacking fashions—even though various metastable phases could 19 

be stabilized by the nano-size effect [18, 27-29, 32]. Whereas thermodynamically stable 20 

phases are generally formed, an infinite number of crystal structures are geometrically 21 

possible [33]. In fact, considering all of the crystal structures of recently obtained mono-22 

metals and alloys with metastable phases [1, 2, 4, 9-17, 19-26, 30], atomic arrangements 23 

are represented only by changing the constituent elements of well-known crystal 24 
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structures such as fcc, hcp, L10 (CuAu-type), L11 (CuPt-type), and L12 (Cu3Au-type) 1 

phases. Therefore, forming unprecedented crystal structures is quite challenging and is 2 

necessary for advancing materials science because the lack of known crystal structures 3 

might hinder development of new functions and enhancement of well-known properties. 4 

The nano-size effect [18, 27-29, 32], lattice strain [18, 28, 32], particle morphology [29], 5 

or an additional third element [34] are prerequisites for stabilizing metastable phases with 6 

well-known or unprecedented crystal structures. In this review, we introduce examples of 7 

synthesizing mono-metal and alloy NMs with unprecedented crystal structures (ordered 8 

stacking faults, ordered point defects, and unique layered structures) (Table 1), and 9 

explain the enhanced catalytic activities as a promising application arising from the 10 

unprecedented phases. 11 

 12 

New frameworks of mono-metal nanomaterials 13 

Ordered stacking faults 14 

Representative close-packed structures such as fcc and hcp phases are denoted as 3C and 15 

2H, respectively; where C is cubic, H is hexagonal, and the numerical characters are 16 

repeating numbers of a close-packed plane such as ABC, ABC,… and AB, AB,…. By this 17 

representation, 3C is regarded as the ordered stacking fault of 2H and vice versa. Based 18 

on this rule, many new-type crystal structures with a different ordered stacking fault such 19 

as ABCB, ABCB,… (4H) and ABCBCB, ABCBCB,… (6H) are considered (Figure 1A) 20 

[35]. Although stacking faults are evident in many materials [36-39], the transformation 21 

from well-known to new structures with ordered stacking faults are quite rare because 22 

introducing ordered stacking faults is thermodynamically unstable. 23 

In 2011, Chakraborty et al. calculated the cohesive energies of 3C, 2H, 4H, and 6H 24 
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of Ag and Au in accordance with first-principles calculations, from which the order of 1 

the stability was 3C > 6H > 4H > 2H [35]. In 2011 and 2012, Huang et al. synthesized 2 

Au nanowires and nanosheets with a 2H crystal structure [26, 40]. These reports indicate 3 

that Au NMs with 4H and 6H structures can be synthesized; i.e., 2H is expected to 4 

transform into more-stable 4H or 6H structures if one provides appreciate external stimuli, 5 

such as a moderate heat and pressure. The first success in forming a 4H structure was 6 

achieved by growth from Au nanowires (1.4–2.0 nm) with an 2H structure formed at 7 

58 °C for 4 h to nanoribbons (2.8–5.2, 8.0–20.0, and 15.0–61.0 nm obtained for reaction 8 

times of 8, 12, and 16 h, respectively) (Figure 1B–E) [27], arising from the larger cohesive 9 

energy of the 4H structure than that of the 2H structure. As a similar phenomenon, an 10 

increase in the Ru shell thickness on fcc-Pd nanoplates induced a transformation of 11 

metastable (fcc) to stable phases (hcp) of Ru shells because of the larger bulk energy of 12 

fcc-Ru than that of hcp-Ru [23, 41]. As an another example, Au nanospheres including 13 

three components of 3C, 2H, and 4H structures were synthesized via dealloying of A3-14 

Au−Ga [42], indicating that 2H-type Au substructure in A3-Au−Ga facilitated the kinetic 15 

formation of more stable 4H phase. Because the 4H structure of Au is also an unfavorable 16 

phase, 6H or other ordered stacking fault structures of Au could be formed by choosing 17 

an appropriate driving force (Box 2). 18 

4H and different ordered stacking fault structures were also fabricated by epitaxial 19 

growth of mono-metals (Ag, Rh, Os, Ru, Cu, and Co) and solid–solution alloys (Pt−Cu, 20 

Pt−Co, Ag−Pd, Pt−Ag, and Pt−Pd−Ag) on 4H-Au nanoribbons [18, 28, 32, 43, 44]. When 21 

using this approach, the lattice mismatch at the interface between the close-packed planes 22 

of Au and other metals is an important factor in determining the crystal structures of 23 

metals on 4H-Au. Epitaxial growth proceeds at a lattice mismatch of <5% [45], resulting 24 
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in the formation of Ag and solid–solution Ag−Pd, Pt−Ag, and Pt−Pd−Ag alloys with a 1 

4H structure on 4H-Au [44]. Surprisingly, even when the lattice mismatch is >5%, 4H Rh, 2 

Os, Ru, Cu, Pt−Cu, and Pt−Co nanostructures on 4H Au nanoribbons were also fabricated 3 

[18, 43]; which indicates that many mono-metals and alloys have the potential to form 4 

the 4H structure. However, a much larger lattice mismatch between Co/Au (~14%) did 5 

not afford 4H-Co but instead unique ordered misfit dislocations of 14H-Co nanoribbons 6 

(BCBABADCBABCBCDA, BCBABADCBABCBCDA,…) (Figure 1F–H) [28].  7 

These reports on forming new-type ordered stacking faults indicate that previously 8 

synthesized 4H and 14H structures as well as 6H and other ordered stacking faults 9 

structures can be synthesized, for many mono-metal and alloy NMs, by choosing an 10 

appreciate driving force such as an increase in the particle size, dealloying process, and 11 

lattice mismatch. In addition, various metastable mono-metals and alloys with well-12 

known structures except for the Au system could also be synthesized [1, 2, 4, 9-17, 19-13 

25, 30]. This reveals the possibility of a phase transformation from well-known 14 

metastable structures to more-stable new-type structures; including 4H, 14H, 6H, and 15 

other ordered stacking fault structures. 16 

 17 

Ordered point defects 18 

Point defects are an essential feature of mono-metal and alloy NMs, and can facilitate 19 

atomic diffusion in NMs, known as the Kirkendall effect [46, 47]. Usually, point defects 20 

are randomly distributed in NMs in a manner that decreases the Gibbs free energy [48]. 21 

Therefore, forming NMs with ordered point defects is challenging, and introducing 22 

ordered point defects into well-known mono-metals affords a large number of crystal 23 

structure candidates, as evident in binary alloys. 24 
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Recently, Zhang et al. reported kinetic formation of Rh NMs with a metastable phase 1 

(hcp) and unfavorable short-range ordered point defects (Figure 2A and G–J) [29]. In 2 

accordance with high-resolution transmission electron microscopy (HRTEM), the 3 

morphology of hcp-type Rh NMs with short-rage ordered point defects consisted of many 4 

nanosheets stacked on an atomic level (Figure 2C–F). Such a unique morphology was 5 

fabricated via growth of Rh NMs with a small quantity of short and thin nanosheets (10–6 

20, 40–70, 120–180, and 218±31 nm overall size obtained for reaction times of 1, 3, 6, 7 

and 14 h, respectively) (Figure 2K); whereas hcp phase was formed within 1 h and hcp-8 

type structures with short-range ordered point defects were evident after 3, 6, and 14 h. 9 

In addition, the thickness of the nanosheets in Rh NMs obtained after a reaction time of 10 

14 h was 3.7±1.1 nm. These experimental results indicate that atomic-level intercalated 11 

nanosheets formed after 1 h cause extremely slow Rh atom diffusion in a manner that 12 

facilitates further growth in hcp-Rh nanosheets (Figure 2L), resulting in insufficient 13 

introduction of Rh atoms in Rh nanosheets in a manner that kinetically forms 14 

thermodynamically unfavorable crystal structures, or ordered point defects in hcp-type 15 

Rh. However, annular bright-field scanning TEM (ABF-STEM) indicates insertion of 16 

carbon in hcp-type Rh with ordered point defects, which is not negligible for elucidating 17 

the driving force for forming such unfavorable crystal structures [49]. As another factor 18 

for forming ordered point defects in hcp-type Rh, the instability of hcp-Rh compared with 19 

the most stable fcc-Rh might be also considered [41]. For clearly elucidating the driving 20 

force, more investigations are necessary. This research reveals that an appreciate design 21 

of the particle morphology enables kinetics-based fabrication of mono-metal or alloy 22 

NMs with ordered point defects. 23 

 24 
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Unprecedented ordered alloy nanomaterials 1 

An infinite number of crystal structures are geometrically conceivable in intermetallic 2 

binary alloys, but only thermodynamically stable phases and several metastable phases 3 

were formed in previous reports (Box 3) [50-54]. In the case of layer-structured ordered 4 

binary alloys based on the fcc framework, there are reports on formation of only L10, L11, 5 

B2 (CsCl-type), and β2 (MoSi2-type) structures to our best knowledge (Figure 3A)—6 

indicating that researchers have not utilized all conceivable crystal structures in binary 7 

alloys. In other words, the driving forces for creating unprecedented ordered alloys 8 

remain under-investigated. 9 

To generate such alloys, an affinity of a third element with the constituent two metal 10 

elements in binary alloys is one of driving forces for inducing an atomic rearrangement 11 

from well-known to unprecedented crystal structures. As an example [55], Goto et al. 12 

reported Fe−Ni−N compounds composed of an Fe−N monolayer sandwiched by two Ni 13 

monolayers when A1-FeNi alloys were treated with NH3 (5 L/min) at 300 °C for 50 h. 14 

Extraction of the interstitial N atoms from Fe−Ni−N compounds under an H2 flow (2 15 

L/min) at 250 °C for 2 h afforded L10-FeNi ordered alloys despite the fact that complete 16 

transformation from A1 to L10-FeNi at <300 °C is impractical without interstitial N atoms 17 

[56]. It is hypothesized that the high affinity of N with Fe facilitates formation of L10-18 

FeNi [57]. Considering this element affinity as inter-element miscibility—between a third 19 

metal element and the constituent two metal elements at an atomic level—in binary alloy 20 

phase diagrams [50], we formed NMs with an unprecedented crystal structure composed 21 

of an alternate L10-type PdFePd trilayer and a Pd–In ordered alloy monolayer [34]. This 22 

crystal structure is theoretically termed Z3-type Fe(Pd,Ind)3 (Figure 3B), where the 23 

superscript refers to the Wyckoff letter. First-principles calculations strongly indicate 24 
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that Z3-type Fe(Pd,Ind)3 NMs have almost no substantial difference in the original 1 

electron densities of states (DOS) of the Z3-FePd3 phase, indicative of a pseudo-binary 2 

alloy phase [58-60]. The Fe–Pd–In system is the only successful example of creating 3 

unprecedented ordered crystal structures from a large body of research on introducing a 4 

small quantity of third elements into binary alloys [61-63]. Two requirements are 5 

considered to be essential for forming the Z3-type crystal structure: inter-element 6 

miscibility of In, which is miscible with Pd but is immiscible with Fe; and reductive 7 

annealing of the nanoparticulate precursor powders with A1-PdInx@FeOy core@shell 8 

structures for quick and complete atom diffusion, as mentioned in a subsequent paragraph. 9 

First-principles calculations also reveal the change in formation energies of L12-type 10 

and Z3-type Fe–Pd–In with increasing quantity of In (Figure 4A, B). Without addition of 11 

In, L12-FePd3 is thermodynamically more favorable than Z3-FePd3, whereas Z3-type 12 

Fe(Pd,Ind)3 is more stable than L12-type (Fe,In)Pd3 in the range of In/(In+Pd) > 8 13 

atomic % (at.%), where Fe(Pd,Ind)3 is most stable in the Z3-type structure and (Fe,In)Pd3 14 

is most stable in the L12-type structure (Figure 4A). Moreover, what will happen when 15 

substituting other metal elements M (M = Zn, Ga, Ge, Cd, Sn, Hg, Tl, and Pb) instead of 16 

In for Pd? The formation energies of L12-type and Z3-type Fe–Pd–M indicate that the Z3-17 

type structure was more favorable only by choosing elements that are immiscible with Fe 18 

but miscible with Pd (Cd, Hg, Tl, and Pb) [50, 64], and was still unfavorable by choosing 19 

elements that are miscible with Fe and Pd (Zn, Ga, Ge, and Sn) [50] (Figure 4C). In fact, 20 

Z3-type Fe(Pd,Pbd)3 NMs were formed by a similar synthetic procedure as that of Z3-21 

Fe(Pd,Ind)3 NMs. These results strongly indicate that the inter-element miscibility of third 22 

elements works as a stabilizer of a thermodynamically unstable crystal structure such as 23 

the Z3-type structure. 24 
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Z3-type Fe(Pd,Ind)3 is a thermodynamically stable phase in bulk, because the 1 

aforementioned calculations were conducted for bulk and Z3-type Fe(Pd,Ind)3 2 

microparticles can be experimentally formed. Our report is the first example [34] of 3 

forming a Z3-type Fe(Pd,Ind)3 structure despite the fact that various alloys have been 4 

synthesized by a metallurgical approach [65-67]. The bottleneck for synthesizing 5 

unprecedented alloys that include immiscible elements might be the extremely slow 6 

diffusion rate of third elements that are immiscible with one of the constituent elements 7 

[68]. Indeed, the Z3-type phase was not obtained by reductive annealing of the mixture 8 

of Fe–Pd nanoparticulate precursor powders with Pd@FeOx core@shell structure and In 9 

micropowders, whereas the Z3-type structure was formed by the same heat treatment at 10 

800 °C for 3 h of the Fe–Pd–In nanoparticulate precursor powders with the A1-11 

PdInx@FeOy core@shell structure (Figure 4D). These experiments strongly indicate that 12 

the slow diffusion of third elements can be overcome by reductive annealing of 13 

nanoparticulate precursor powders. 14 

Literature investigations of the crystal structures of multi-component alloys by using 15 

the concept of inter-element miscibility are insufficient because of the extremely slow 16 

diffusion rate of additional elements. Reductive annealing of nanoparticulate precursor 17 

powders enables investigation of this field, resulting in formation of the unprecedented 18 

Z3-type Fe(Pd,Ind)3 structure induced by the inter-element miscibility of In with Fe and 19 

Pd. Thus, both inter-element miscibility and precise control over the elemental 20 

composition are important strategies for developing novel crystal structures, especially 21 

formation of various new frameworks. 22 

 23 

Catalytic properties enhanced by novel crystal structures 24 
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Metal NMs with novel atomic arrangements exhibit different DOS from those with well-1 

known structures and unique surfaces, which provides us with a chance for enhancing 2 

physical and chemical properties such as hydrogen-storage capacity, magnetic properties, 3 

and catalytic activity. Here, we introduce the enhanced catalytic activities of mono-metal 4 

NMs with novel crystal structures for the hydrogen evolution reaction (HER) and 5 

improving the catalytic activities of unique ordered alloy NMs for the oxygen reduction 6 

reaction (ORR). 7 

High catalytic activity, or low overpotential in HER in alkaline media, requires strong 8 

adsorption and low dissociation energies of H2O on catalysts in the Volmer step (H2O + 9 

e– + *→ OH– + *H, where *H stands for the H atom binding with catalyst), which is a 10 

rate-determining step of the HER in alkaline media [69-73]. Pt NMs are outstanding HER 11 

electrocatalysts and Pt-based alloy NMs with optimized Pt DOS have been developed to 12 

afford cheaper catalysts with higher activity and stability compared with commercial Pt 13 

NMs supported on carbon (Pt/C) [17, 74, 75]. However, other mono-metal NMs with 14 

novel crystal structures can also exhibit excellent HER activity in alkaline media. Indeed, 15 

4H-type Ru hollow nanotubes and hcp-type Rh NMs with short-range ordered point 16 

defects exhibited 0.5 and 0.57 fold overpotentials, respectively, compared with Pt/C at a 17 

current density of 10 mA/cm2 [29, 32]. These Ru and Rh NMs also showed almost 18 

constant overpotentials after 10,000 potential cycles at 0.03 to –0.04 V and 0.1 to –0.1 V, 19 

respectively. In the case of 4H-type Ru hollow nanotubes, the combination of a large 20 

surface area and a large number of step/kink sites—derived from the unique shape and 21 

crystal structure—facilitates the HER activity in addition to the modulation of the DOS 22 

in Ru [32, 76, 77]. Furthermore, the high HER activity of hcp-type Rh NMs with short-23 

range ordered point defects is understood by first-principles calculations; i.e., H2O 24 
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molecules around the ordered point defects in hcp-type Rh NMs are strongly bound with 1 

the Rh atoms around the defects at a more-negative adsorption energy in a manner that 2 

facilitates dissociation, compared with Pt/C and Rh/C. These results indicate that the 3 

unique surface of catalysts derived from particle morphologies and novel crystal 4 

structures (ordered stacking faults and ordered points defects) can serve as excellent 5 

active sites for the HER. 6 

Investigating highly active and durable catalysts for the ORR is also important for 7 

obtaining high-performance polymer electrolyte fuel cells [78]. Traditional approaches 8 

for enhancing ORR activity include electronic and geometrical optimization of the {111} 9 

planes of surface Pt atomic layers of Pt-based catalysts [79, 80], denoted as Pt{111}, by 10 

synthesizing metal@Pt core@shell structures; i.e., tuning the DOS by hybridizing the 11 

orbitals between the Pt shell and the metal core (ligand effect) and changing the Pt−Pt 12 

distance by the lattice mismatch at the core/shell interface (strain effect) [81-85]. Recently, 13 

Li et al. demonstrated that the ORR activity of Pt was substantially enhanced by an 14 

anisotropic strain effect evoked by growth of Pt on the {111} planes of the L10-type Co–15 

Pt–M (M = none, Mn, Fe, Ni, Cu, and Zn) structure in accordance with an eigenforce 16 

model [85] (Figure 5). Density functional theory calculations of these structures were 17 

carried out to evaluate the binding energies between the strained Pt and intermediate 18 

molecules formed during reduction of O2 into H2O, based on displacement of the 19 

neighboring surface atoms caused by adsorption of a molecule on the unstrained Pt{111} 20 

surface [86]. This approach reveals that the strained Pt on L10-type Co–Ni–Pt NMs 21 

exhibited the best ORR activity [i.e., a mass activity (MA) of 3.1 A/mgPt and a specific 22 

activity (SA) of 9.3 mA/cm2, corresponding to 28 and 58 fold larger, respectively, than 23 

Pt/C in 0.1 M HClO4 at 0.9 V]. Moreover, although such acidic conditions are harsh to 24 
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metals (i.e., a 25% decrease in the MA of Pt/C after 5000 potential cycles between 1.0 1 

and 1.5 V at room temperature [87]), only 16% of the MA was lost after 30,000 potential 2 

cycles between 0.6 and 1.0 V at 60 °C. This report suggests the substantial potential of 3 

ordered alloy NM catalysts for superior ORR activity and stability in acidic media. 4 

However, the L10-type structure is the only structure that affords an anisotropic strain to 5 

Pt{111} among all well-known crystal structures, which is the bottleneck for developing 6 

high-performance catalysts for the ORR. Alternatively, Z3-type Fe(Pd,Ind)3 revealed in 7 

our previous report [34] exhibits a unique structures such as the L10-type structure. 8 

Therefore, unprecedented ordered alloy structures could be promising for imparting 9 

anisotropic strain to Pt{111} in terms of anisotropic strain and ligand effects. 10 

 11 

Concluding Remarks 12 

In this review, we introduced recent progress in forming mono-metal and alloy NMs with 13 

unprecedented crystal structures, and potential applications to catalysis. The prospects 14 

expected from these unique crystal structures are enhanced catalytic activities and 15 

investigating other functions—for instance, Fe-rich high-performance permanent 16 

magnets with high magnetic anisotropy energy that are superior to RFe12-type phase (R = 17 

Sm and Nd) [88] and larger-capacity hydrogen storage materials than fcc-Pd with the 18 

DOS tuned by covering a metal–organic framework [89]. In fact, Z3-type Fe(Pd,Ind)3 19 

NMs exhibited higher magnetic anisotropy energy (−0.213 meV/atom) than L12-type 20 

(Fe,In)Pd3 (−1.38 μeV/atom), resulting in larger coercivity; whereas the saturation 21 

magnetizations were almost the same [34]. Stabilization of uninvestigated crystal 22 

structures in mono-metals and alloys remains quite challenging, but researchers can 23 

enrich the library of unprecedented crystal structures by considering the following three 24 
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pioneering approaches to NM synthesis: (1) ordered stacking faults formed by the 1 

transformation from unfavorable to more-favorable structures during growth of NMs and 2 

epitaxial growth of other mono-metals or solid–solution alloys on ordered stacking faults 3 

structures, (2) ordered point defects introduced by suppressing the atomic diffusion rate, 4 

and (3) unprecedented ordered alloy structures stabilized by substituting third elements 5 

based on the inter-element miscibility. We hypothesize that these methods in the present 6 

review will facilitate investigations of unprecedented crystal structures and contribute to 7 

breakthroughs in materials science (see Outstanding Questions). 8 
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Table 1. Summary of experimentally formed unprecedented crystal structures 1 

 2 

   3 

Crystal structure Materials Approaches References 

4H Au Growth from 2H-Au 
nanowire 

[27] 

 Dealloying of A3-Au–Ga [42] 

 Ag, Rh, Os, Ru, 
Cu, Pt−Cu, 
Pt−Co, Ag−Pd, 
Pt−Ag, and 
Pt−Pd−Ag 

Epitaxial growth of metals 
on 4H-Au nanoribbons 

[18, 32, 43, 
44] 

14H Co Epitaxial growth of metals 
on 4H-Au nanoribbons 

[28] 

hcp-type phase 
with short-range 
ordered point 
defects  

Rh Atomic diffusion rate 
suppressed by unique 
morphology 

[29] 

Z3-type phase Fe(Pd,Ind)3 and 
Fe(Pd,Pbd)3 

Additional third element 
based on inter-element 
miscibility 

[34] 
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 1 

Figure 1. Mono-metal nanomaterials with ordered stacking faults. (A) Variation of 2 

ordered stacking faults; where C is cubic, H is hexagonal, and the numerical characters 3 

are repeating numbers of a close-packed plane. (B–E) Transmission electron microscopy 4 

(TEM) and high resolution TEM (HRTEM) images of Au nanowires (B and D) and 5 

nanoribbons (C and E). (F–H) HRTEM images of 4H-type Au and 14H-type Co phases 6 

(F and G) as well as the integrated pixel intensities in G (H). Reproduced from (B–E) ref. 7 
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27 and with permission from (F–H) ref. 28. Copyright 2021, John Wiley and Sons. 1 

  2 
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 1 

Figure 2. Formation of hcp-type Rh with short-range ordered point defects. (A) Model of 2 

the unit cells for two-type vacated Barlow packing (VBP-1 and VBP-2) of hcp-type Rh; 3 

where Barlow packing is a general term for e.g. 2H, 3C, 4H, and 6H. (B) Model of hcp-4 

Rh structure without ordered point defects from [010]h or [110]h and its fast Fourier-5 

transform (FFT) image. (C–F) High-angle annular dark-field scanning transmission 6 

electron microscopy (HAADF–STEM) images (C and D) observed from two angles (E 7 

and F, respectively). (G–J) FFT images (left images) obtained from C1–C4 in the 8 

HAADF–STEM images (C and D), respectively, and the VBP (middle) and FFT (right) 9 

images corresponding to the experimental FFT images (left images). (K) Transmission 10 

electron microscopy images of Rh NMs synthesized by time-dependent experiments. 11 

(Scale bar: 50 nm) (L) Schematic of atomic diffusion rate limited by atomic-level 12 
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intercalated Rh nanosheets. Reproduced from (A–K) ref. 29.  1 
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 1 

Figure 3. First synthesis of pseudo-Z3 structure in uninvestigated binary alloys. (A) 2 

Various ordered binary alloys based on the fcc framework. (B) High-angle annular dark-3 

field scanning transmission electron microscopy and atomic-resolution energy-dispersive 4 

X-ray spectroscopy images, and the model of the unit cell in Z3-type Fe(Pd,Ind)3, where 5 

the superscript refers to the Wyckoff letter. Reproduced from ref. 34. 6 
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 1 

Figure 4. Key factors for forming the Z3-type Fe(Pd,Ind)3 structure. (A) Formation 2 

energies (Eform) of Z3-type and L12-type FeaPdbInc [(a, b, c) = (2, 6, 0), (1, 6, 1), and (2, 3 

5, 1)] obtained from first-principles calculations, corresponding to E[L12- or Z3-type 4 

FeaPdbInc] – (aE[Fe] + bE[Pd] + cE[In]), where E[X] is equivalent to the total energies of 5 

X at the ground states. (B) Change of EL12 and EZ3 dependent on the quantity of In, where 6 

EL12 and EZ3 are equal to x×E[L12-(Fe1, In1)Pd6] + (1–x) ×E[L12-Fe2Pd6] + x×E[Fe] and 7 

x×E[Z3-Fe2(Pd5, In1
d)] + (1–x) ×E[Z3-Fe2Pd6] + x×E[Pd] (0 ≤ x ≤ 1), respectively. (C) 8 

Difference of EL12 and EZ3 (x = 1) in the case of substituting M instead of In (M = Zn, Ga, 9 

Ge, Cd, Sn, Hg, Tl, and Pb). (D) Schematic indicating that nanoscale-homogeneous 10 
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nanoparticulate precursor powder is a key factor for forming Z3-type Fe(Pd,Ind)3. 1 

Reproduced from ref. 34.  2 
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 1 

Figure 5. Oxygen reduction reaction (ORR) activity of Pt enhanced by anisotropic strain. 2 

(A) Model of L10-alloy@Pt4-layer core@shell structure and anisotropic lattice mismatch 3 

introduced on the {111} planes of the Pt shell (Pt{111}) induced by the {111} planes of 4 

the L10-type structure. (B and D) Strain–ORR activity relationship for associative (B) and 5 

dissociative (D) mechanisms, where GPt – ΔGStrained Pt corresponds to the difference in 6 

these activation barriers at the reactions [*O2 + H+ + e– → *OOH (B) and *OH + H+ + e– 7 

→ H2O + * (C), where * refers to the state of adsorption on the catalysts]. (C and E) Gibbs 8 
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free energies for the ORR on unstrained and strained Pt via associative (C) and 1 

dissociative (E) mechanisms. Reproduced with permission from (B–E) ref. 85. Copyright 2 

2020, American Chemical Society. 3 
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Glossary 

Bulk energy: internal energy when the total energy of a substance is divided into internal 

and surface energies 

Cohesive energy: energy required to separate each atom from a solid 

Density of states (DOS): electron energy distribution formed by orbital hybridizations 

between all of the atoms in a solid. The shape of the DOS is determined by the symmetry 

of the structure, the inter-atom distance, and the species of the constituent elements. In 

particular, the DOS for electrons with a maximum energy near the Fermi level is used to 

describe various physical and chemical properties, such as electrical conductivity and 

catalytic properties. 

First-principles calculations: method of solving the kinetic energy of electrons in a 

substance by numerical calculations in accordance with quantum theory. In many cases, 

an approximate solution is obtained by expressing the electrons in terms of their density; 

i.e., by using density functional theory. 

Formation energy: difference in energy between the bulk energy of the alloy and the 

bulk energy of each constituent element; i.e., the energy obtained by alloying 

Intermetallic binary alloy: alloy structure in which the constituent elements in a binary 

alloy are arranged at specific atomic positions 



Kirkendall effect: phenomenon in which hollows are formed in a substance because of 

differences in the rate of atomic diffusion for each element in the substance. This cavity 

formation indicates that atoms diffuse by using defects in the material. 

Solid–solution alloy: alloy structure in which multiple elements are randomly arranged 

based on the crystal structure of a mono-metal 

Wyckoff letter: nonequivalent atomic positions in the unit cell based on the space group. 

In addition, atomic positions are often expressed by adding the multiplicity of equivalent 

atomic positions. In the case of Z3-type Fe(Pd,Ind)3, the space group is P4/mmm and the 

atomic positions are Fe1a (0, 0, 0), Fe1c (0.5, 0.5, 0), Pd4i (0.5, 0, 0.23), Pd1b (0, 0, 0.5), 

and In1d (0.5, 0.5, 0.5). 



Highlights 

An investigation of unprecedented crystal structures enables development of new 

functions and enhancement of well-known properties.  

Although an infinite number of crystal structures are geometrically possible, the crystal 

structures of metal nanoparticles depend on thermodynamics.  

Mono-metal nanoparticles with ordered stacking faults and ordered point defects, as well 

as unprecedented ordered alloy nanoparticles, are generated by stabilization. 

Stabilization is by (1) transformation from unfavorable to more-favorable structures 

during growth of the nanoparticles and epitaxial growth of other metals on ordered 

stacking faults structures, (2) suppression of the atomic diffusion rate, and (3) substitution 

of third elements based on the inter-element miscibility. 



Box 1. Formation of metastable alloy NMs with well-known crystal structures 

Metastable alloy NMs with well-known crystal structures stabilized by nano-size effect 

have been synthesized by kinetic chemical synthesis methods. For example, solid-

solution alloys between immiscible elements have been obtained by a simultaneous 

reduction of multiple metal precursors with different redox potentials [1, 2, 9-15]. 

Moreover, control over the crystal structure can be also done by fine-tuning of the 

reduction rate in the simultaneous reduction procedure [1]. Interestingly, the kinetically 

formed metastable alloy NMs can potentially transform into different metastable phases 

by an appropriate external stimulus. For example, Pd–Ru alloy composed of immiscible 

elements transformed from A1 to A3 structures by introducing hydrogen atoms [2]. 

Therefore, the modification of nucleation process is important for the alloying of 

immiscible elements and the formation of metastable crystal structures. 

 

Box 2. Phase stability of Au nanoribbons with 4H structure 

4H-Au nanoribbons, which are used as templates for forming 4H structures of various 

mono-metals and solid solution alloys, are stable under high temperature and high 

pressure. According to in situ TEM observation under high temperature, 4H structure was 

kept until < 800 °C [90]. As a result of the pressurization experiment at room temperature, 

it was confirmed that the 4H structure was maintained up to 1.2 GPa and the 4H structure 

was maintained as an fcc/4H heterostructure up to about 26 GPa [91]. Surprisingly, in situ 

TEM under 1 mbar of CO gas observed the transformation of fcc (stable phase) to 4H 

(metastable phase) structures of Au nanospheres on 4H-Au nanoribbons [92]. First-

principles calculations and experiments strongly support that this phase transition is 

driven by surface energy gain that exceeds bulk energy loss. These results indicate that 

4H-Au nanoribbon is an effective material as a template for the 4H phase formation of 

other metals. 

 

Box 3. Formation of intermetallic compound NMs 

A large difference in redox potentials is a serious problem in synthesizing intermetallic 

compound NMs, because the simultaneous reduction method tends to form a phase-

segregated structure. Then, a step-by-step chemical synthesis method is effective for 

alloying such an element pair. For example, after the growth of metal oxides (low redox 

potential) on noble metal NMs (high redox potential) with monodisperse size and shape, 

the reductive annealing for the nanoparticulate precursor powders is conducted at high 

temperature (>500 °C), by which highly ordered intermetallic compound NMs are formed 

[34, 93]. Recently, in order to avoid the inter-particle fusion happening at such a high 



temperature, the synthesis of intermetallic compounds NMs by the introduction of a third 

element [94] and alloying noble metal NMs with base metals in a solution that excludes 

oxygen [51, 52] have been reported. In both methods, relatively high temperature around 

300 °C in a solution system allows the atomic diffusion within particles and the formation 

of intermetallic compounds. These approaches facilitate the control of particle size and 

shape, and the investigation on the phase stability of intermetallic compounds including 

or excluding nano-size effects, respectively. 

 

 

 

 



Outstanding Questions 

Various metastable phases have been discovered in the nanoscale regime. These phases 

are metastable or kinetically stable in bulk. Can we regard them to be thermodynamically 

stable, considering nano-size effects?  

 

4H-Au nanoribbons are formed from 2H-Au nanowires. Is it possible to form 4H-Au 

nanoplates from 2H-Au nanosheets? Because 4H-Au nanoplates exhibit different surfaces 

compared with 4H-Au nanoribbons, can the different metastable phases be stabilized by 

epitaxial growth of other mono-metals or solid–solution alloys on 4H-Au nanoplates? 

 

To reveal the contribution of C atoms in hcp-type Rh nanoparticles with short-range 

ordered point defects to the phase stability, is it possible to remove only the C atoms yet 

maintain the crystal structure?  

 

Inter-element miscibility of In, which is miscible with Pd but immiscible with Fe, restricts 

substitution sites of In in L12 and Z3-FePd3 structures to sites where Fe and In are not 

adjacent. Does such an inter-element miscibility restrict diffusion paths until forming Fe–

Pd–In alloy phases? Can the Z3-type Fe(Pd,Ind)3 structure be formed for nanoparticles 

smaller than 10 nm by the nano-size effect? 
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