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ABSTRACT: Understanding the structural reconstruction of metal nanoparticles (NPs) under working 

conditions is of particular importance to catalytic processes. Here, using Wulff construction combined 

with density functional theory (DFT) and molecular dynamics (MD) simulation, we investigated 

truncated octahedron-based Rh and Ir NPs (3.5-, 5.5- and 9.5-nm in size) with different morphology 

for their structural reconstruction under annealing and water vapor conditions. Our MD results show 

that the NPs with lower average atomic coordination number (CN���� ) of surface atoms have lowered 

structural transformation inertness and thermal stability, resulting in more severe structural transition 

especially for smaller-sized NPs and Ir NPs. Under water vapor conditions, the competition between 

the interfacial tension ( int
hklγ ) of (111) and (110) facets plays a major role in driving the shape evolution 

of Rh and Ir NPs by minimizing the total surface tension. It is revealed that annealing in vacuum/water 

vapor condition is an irreversible/reversible process on Rh and Ir NPs. We identified that the total 

adsorbate-metal int
hklγ  can serve as a key stability parameter for describing the potential energy surface 

of adsorbate-metal NP system in a variable gaseous environment (P, T).  
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1. INTRODUCTION 

Metal nanoparticles (NPs) have received rapidly growing research attention owing to their novel 

properties suitable for a variety of applications such as catalysis and energy conversion.1-3 The size, 

shape, structure and composition are the key parameters that define one NP from another and render 

them exceptional functionality. Specifically, the morphology of a NP associated with the topography 

of surface sites (e.g., terraces, steps, edges, kinks and defects) play a critical role in determining activity 

and selectivity of metal NPs-based catalysts.4-8 As noble metals, Rh and Ir NPs are known to catalyze 

a number of important catalytic reactions such as ethanol electro-oxidation in direct ethanol fuel cell 

(DEFC),9-10 oxygen evolution reaction (OER),11-12 steam reforming of methane (SRM),13 steam 

reforming of ethanol (SRE),14-15 reduction of nitrogen oxides (NOX) in three-way catalysts (TWC),16 

hydrodeoxygenation (HDO) of bio-oils,17-18 CO hydrogenation19 and/or oxidation.20-21 So far, wet-

chemical, kinetically-controlled methods1, 22-23 have realized the controlling of the surface/interfacial 

structures of metal NPs (including Rh and Ir)24-25 that exhibit distinct morphology including cubic,26 

cuboctahedron,27 icosahedron,22 and tetrahexahedron28 for catalytic and electrocatalytic applications.  

However, the morphology of as-synthesized metal NPs are affected by the external gaseous 

environment29-32 that may control and/or induce their atomic-scale growth with specific shape and 

local structure (e.g., steps/edges) under thermodynamically and kinetically controlled conditions.28 

More importantly, metal nanoparticle catalysts under working conditions are exposed to gaseous 

(reactive) atmosphere such as H2O,33-34 H2 and O2,35-37
 CO and NO38-39 and even N2

40 under given 

temperature and pressure that can significantly alter the surface structure of metal NPs (including Rh20 

and Ir39). This has led to tremendous complexity that poses a major challenge for illustrating 

mechanistic aspect of NP’s anisotropic growth and shape evolution solely by means of experimental 

technique. Consequently, theoretical modeling has been commonly evoked to assist the experimental 

investigation and/or to conduct independent research.41-49 

 Recently, the multi-scale atomistic simulation approach50 has gone beyond the pristine NP and 

the extended surface models in vacuum enabling modeling of metal NPs under working conditions 

with reliable accuracy. For example, Zhu et al.51 found that the water vapor has different effects on the 

different metal (Cu, Au, Pt and Pd) NPs and particularly, the water vapor induce the shape evolution 

of Cu NP dramatically while the structures of Pd and Pt NPs could also be reshaped under certain water 



vapor environment. Their findings on shape evolution process of Cu NPs agree well with the 

experimental observations.33 On the other hand, the thermal stability of metal NPs is generally of 

relevance to their technical applications.52-53 In this regard, simulations of annealing under vacuum 

conditions can provide valuable information on intrinsic stability of metal NPs by exploring their 

potential energy surface and structure change as a function of temperature, especially for those 

synthesized using kinetically-controlled methods.54-55 In this work, we applied Wulff construction 

combined with density functional theory (DFT) and molecular dynamics (MD) simulation to 

investigate Rh and Ir NPs (3.5 nm, 5.5nm, and 9.5 nm in size) under annealing and water vapor 

conditions, particularly focusing on their thermal stability and size/shape-dependent evolution of 

atomic structure, which are critical to their catalytic applications. 

2. MODELS AND COMPUTATIONAL METHODS 

2.1. Nanoparticle Models. 

The equilibrium geometry of prototypical Rh and Ir nanoparticles were built using Wulff 

construction by which the length (hj) of the vector drawn from the center of a crystal normal to the jth 

(hkl) facet will be proportional to its surface energy (γhkl), i.e., γhkl : hj = λ, where λ is constant dependent 

on the environmental media and on the crystal size. A facet with higher surface energy tends to grow 

farther while a facet with smaller surface energy tends to become dominant for a nanoparticle. With 

the growth of all the facets of Miller indexes completed, the equilibrium shape of nanoparticle can be 

constructed with the minimal total surface Gibbs energy. In vacuum, the surface energy of low-index 

{111}, {100}, and {110} facets of Rh and Ir can be calculated as:56  
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Where γhkl, A, Eslab and Ebulk represent DFT-calculated surface tension and surface area of the 

exposed (hkl) facet, total energy of the slab (containing Ns atoms) and the bulk (containing Nb atoms), 

respectively. More positive γhkl value indicates a less stable surface with higher surface energy.  

Under H2O environment, the surface tension can be modified as:57  
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Where int
hklγ , θ, Aat, Eads is DFT-calculated interfacial tension, the equilibrium coverage of H2O, 



the surface area per surface atom and the adsorption energy of H2O.  

( ) ( ) ( )2 2 g( )H O/slab slab H OadsE E E E= − −                                             (3) 

Where E(H2O/slab), E(slab), and E(H2O(g)) denote DFT-calculated total energy of slab with 

adsorbed H2O, clean slab and gas-phase H2O, respectively. Here, slab denotes a specific Miller low-

index facet.  

The Langmuir adsorption isotherm is applied to obtain the equilibrium coverage (θ) in the 

adsorption/desorption process of the water vapor on three Miller low-index facets:  
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Where θML is the monolayer coverage of H2O58-60 on (110), (100) and (111) facets corresponding 

to θML = 0.67, 1.0 and 0.67, respectively, derived from DFT-calculated results (Figure S1). P and K 

represent the pressure and equilibrium constant (Langmuir isotherm constant), respectively.  
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Where kB is the Boltzmann constant, Sads and Sgas are the entropy of adsorbed and gas-phase H2O 

molecule retrieved from the NIST Chemistry WebBook.61 Here, Sads is adopted as the entropy of ice 

considering the interfacial water monolayer on metal surface normally forms an ice-like structure.59-60 

The water vapor at given temperature of 300 K - 900 K and pressure of 1 Pa - 250 Pa was considered 

in this study. 

The Rh and Ir nanoparticles were modeled using the multiscale operando simulation package 

(MOSP).50 The well-defined particle structures of three sizes were constructed with diameter (d) ≈ 3.5 

nm, 5.5 nm and 9.5 nm (measured as the longest distance between two vertices of truncated 

octahedron) containing around 1571, 7530 and 31121 atoms, respectively, for complete closure of a 

NP without creating defects on each facet. The distinctive structures of NPs can be quantified by 

average atomic coordination number (CN���� ) of surface atoms, which serve as an important morphology 

parameter: 

surf

i surf
i=1

= ( ) /CN CN N∑                                                                (6)    

Where CNi is the coordination number of the ith surface atom and Nsurf is the total number of 



surface atoms of the NP. Note here that the same-sized NPs with different CN����  may contain slightly 

different total number of atoms (±5% in variation), which are expected not to severely influence 

calculated results and thereafter the final conclusion. 

As is known, the high Miller-index facets have higher surface energy than the low Miller-index 

facets resulting in their negligible contributions to metal NP’s morphology. We thus choose the three 

low-index facets, i.e., (111), (100) and (110) terraces (with CNi = 9, 8 and 7, respectively), which have 

been observed to be most important for defining the shape of fcc-metal NPs and have been commonly 

employed for exploring their morphology evolution,33, 50-51 along with edge and corner sites with CNi 

= 6 and 5, and atoms in bulk with CNi > 9. The surface atomic concentration (η) of specific 

coordination number, equivalent to surface sites concentrations, can be used to characterize various 

adsorption sites and to account for the intrinsic morphological heterogeneity of NPs, defined as: 

i
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The weighted work function (Φ�) of NP is introduced to provide an additional measure of structural 

evolution of NPs, defined as: 
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Where Ahkl is the area of all facets of the {hkl} family in the Wulff construction. Φhkl is the work 

function for a specific facet.  

The total surface tension ( hklγ ) of NP is introduced as a measure of surface relative stability of 

NPs, defined as: 
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Where γhkl is the surface tension for a specific facet existing in the Wulff construction.  

The total water-metal interfacial tension ( int
hklγ ) of NP is introduced as a measure of the relative 

stability of NPs in water vapor envirvorment, defined as: 
int
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where int
hklγ  is the interfacial tension for a specific facet existing in the Wulff construction. Note 



here that int
hklγ  at steps/edges due to water adsorption is not considered based on DFT-calculated results 

showing that the binding strength of H2O at edges sites (using (221) surface as the model)62 are smaller 

than those on (110) facets of Rh and Ir NPs (Table S1). 

 2.2. DFT Calculations. 

The spin-polarized periodic DFT calculations were performed using Vienna ab-initio simulation 

package (VASP)63 with the projector augmented-wave method (PAW).64 A plane-wave cutoff energy 

of 450 eV and the convergence criteria of 10-5 eV in electronic relaxation and 0.01 eV/Å in force with 

conjugate-gradient algorithm were adopted. For surface tension, Perdew-Burke-Ernzerhof (PBE) 

functional51 within generalized gradient approximation (GGA)65 was employed. The Brillouin zone of 

the periodic two-dimensional (2-D) (1×1) slab was sampled by a (16×16×1) Monkhorst-Pack grid of 

K-points.66 Slabs containing 13 atomic layers were used to calculate surface energy with middle 7 

layers fixed at bulk position (Rh: 3.804 Å, Ir: 3.839 Å) and up-and-bottom 3 layers relaxed following 

the methodology suggested by Fiorentini and Methfessel.67 For adsorption energy of H2O, an accurate 

exchange functional optPBE68 for the vdW correlation functional was employed for accounting for 

van der Waals (vdW) interaction of H2O with metal surfaces. The Γ-centered 3×3×1 K-points grids 

was set for Brillouin zone of periodic 2-D (4×4) slabs, which were separated with a 15 Å vacuum 

space along the Z axis. Each slab contains 6 layers with the bottom 2 layers fixed in geometry 

optimization. Our DFT-calculated results of surface energy (γhkl) and adsorption energy (Eads) (listed 

in Table S1) agree well with those reported in previous studies.  

2.3. Molecular Dynamics. (MD) 

Thermal annealing of metal NPs in vacuum was simulated using a large-scale atomic/molecular 

massively parallel simulator (LAMMPS),69 which has been widely employed for studying structural 

phase transitions of metals.54 The embedded atom method (EAM) many-body potentials of Rh and Ir 

proposed by Sheng et al70 (Supporting Information) were used to determine the interaction energy of 

Rh - Rh and Ir - Ir atoms for all MD annealing simulations. A Nosé-Hoover thermostat and barostat 

were employed to control temperature and pressure, respectively. The velocity Verlet scheme was used 

for solving the equations of motion with the constant time step of 1 fs with a damping parameter of 

0.1 ps controlling the temperature throughout.71 The simulations of NPs were performed using NVT 

ensemble with incremental heating (300 - 900 K) at a ramping rate of 200 K/ns and running for 5 ns 



at each temperature (T = 300 K, 500 K, 700 K and 900 K). Similarly, the simulations of bulk Rh and 

Ir were performed using a 10×10×10 supercell (containing 4000 atoms) and NPT ensemble for their 

potential binding energies at each temperature and 1 bar. The energetic values are averaged over the 

last 1 ns of simulation. Prior to MD run, the NP structures were first optimized with the convergence 

threshold of 10-7 eV for energy and 10-9 eV/Å for force. In total, 30 well-defined particle structures of 

varied CN����  were studied for each size (d ≈ 3.5 nm, 5.5 nm and 9.5 nm). The snapshots of NPs were 

visualized using OVITO package.72  

The structural transformation inertness (Δ) of NPs is defined as:73    

2/3
NP bulk = ( )/E NE N∆ −                                                                               (11) 

Where Δ is the excess energy roughly per surface atom of NP as a result of transformation of bulk 

metal at T K into the corresponding NPs at T K. ENP and Ebulk are MD-calculated potential binding 

energy of NP consisting of N number of atoms and its bulk counterpart (per atom) at T K, respectively. 

Less positive values represent NP structure resembling more closely its bulk counterpart and thus being 

higher of the structural transformation inertness.  

The percentage of surface over total atoms of NP can be calculated as: 

surf  / *100%S N N=                                                             (12) 

Where Nsurf and N are the number of surface atoms and total number of atoms in NP, respectively. 

3. RESULTS AND DISCUSSION  

3.1. Shape/Size-Dependent Structural Reconstruction of NPs under Annealing Conditions. 

The shape/size of metal NPs has important influence on their exceptional functionality and 

reactivity. Metal nanoparticles of up to 5-nm size commonly exhibit remarkable particle-size effect on 

enhancing catalytic performance.5, 19, 21, 74 It was reported that the tendency of Rh NPs to become 

oxidized is also size-dependent, i.e., remaining metallic if larger than 4-nm size while being oxidized 

if smaller than 2.5-nm size.21, 62, 74 Hence, we chose 5.5 nm-size Rh and Ir nanoparticles (around 7500 

atoms) with sufficient number of isomers for their shape-dependent structural reconstruction with 

increasing temperature of 300 K - 900 K, whose range covers ambient to moderate-to-high 

temperatures (550 K - 900 K) relevant to various catalytic applications (e.g., DEFC, OER, SRM, SRE, 

TWC and HDO).9-18 The initial particle structures were built based on Wulff-Gibbs theorem that 

dictates a single crystal of an fcc metal (e.g., Rh and Ir) should assume a truncated octahedron as its 



equilibrium shape in vacuum.  

 

Figure 1. Thermal stability and structural reconstruction of metal nanoparticles (d = 5.5 nm) with 

increased temperature. Rh: (a) structural transformation inertness (Δ), (b) snapshots; Ir: (c) structural 

transformation inertness (Δ), (d) snapshots. For clarity, atoms with corresponding CN are depicted in 

the same colors. Italic numbers: CN����. 

Table S2 lists the potential binding energy (BE) of bulk metals under annealing temperature of 

300 K-900 K, showing that bulk Ir is thermodynamically more stable than bulk Rh at given annealing 

temperature, consistent with the higher melting point (MP) of bulk Ir than Rh, i.e., MP(Ir) = 2739 K 

vs. MP(Rh) = 2237K. However, metal NPs experience initial structural reconstruction inevitably from 

the surface rather than in the bulk underneath due to their intrinsic surface energy. As shown in Figure 

1, the distinctive morphology of particle structure (I - V) at T = 300K was generated being as 



edge/corner-truncated octahedral structure corresponding to CN���� = 7.2, 7.5, 7.8, 8.2, or as truncated 

octahedral structure corresponding to CN���� = 8.5. Six types of surface atoms are observed from the 

equilibrium shape of NPs: (i) bulk atoms with CN > 9; (ii) (111)-terrace atoms with CN = 9; (iii) (100)-

terrace atoms with CN = 8; (iv) (110)-terrace atoms with CN = 7; (v) edge-site atoms between (100) 

and (110) terrace with CN = 6; (vi) corner-site atoms with CN < 6. Besides V structure which is a 

truncated octahedron that is thermodynamically most favorable, I - IV structures can be regarded as 

the representative NPs synthesized under certain kinetically-controlled conditions.  

With elevated annealing temperature, both Rh and Ir NPs like their bulk counterparts become 

thermally less stable with dynamic characteristics (Figure S2-S3 and Table S2). As can be seen from 

the ordering of Δ values, the structural transformation inertness and thermal stability of 5-nm NPs 

follows the order of I < II < III < IV < V (IV ≈ V for Rh) (with increasing CN���� ) at any specific 

annealing temperature, causing a more facile structural transformation of a NP with a lower CN����. The 

same trend can also be found from both 3.5-nm and 9.5-nm NPs (Figure S4-S5), suggesting NP 

structure as a whole become thermally more stable with the increased CN���� till up to the scalable regime 

reaching the ultimate upper limit of bulk metals. Using NPs of 300 K as references, the initial NP 

structures with lower CN����  (e.g., 7.17 of I) are more sensitive to annealing temperature than those with 

higher CN����  (e.g., 8.46 of V) resulting in severe structural transition especially for smaller-size NPs 

(Figure S4). This can be explained mainly by that (110) facets together with edge/corner sites 

dominating a NP surface of lower CN����  could have much higher surface tension than (111) facets 

dominating a NP of higher CN���� (Table S1). Both Rh and Ir NPs have undergone gradually noticeable 

structural transformation on the surface with the sizeable decreases of CN����   especially for Ir NPs. 

Remarkably, such a structural transformation occurs more often at the boundary than at terrace sites 

on the surface, visualized by the snapshots of NPs. Additionally, the effect of annealing on weakening 

the thermal stability of NPs are nearly the same in magnitude for I - V structures regardless of their 

differed CN���� , suggesting the potential binding energy of bulk atoms of NPs contributes most to 

maintaining the thermal stability. In comparison, the structural transformations are more pronounced 

for Ir NPs than Rh NPs due to their higher surface tension (Table S1). Our MD results agree well with 

the experimental observations that migration and coalescence of Ir particles take place above 700 K 

lower than those of Rh particles up to 900 K.75-76 Furthermore, it is worthy to note that our simulated 

XRD spectra suggest there exist no phase transformation up to 900 K even for 3.5 nm Rh and Ir NPs, 



which resemble their bulk phase (Figure S6).  

     

 (a)                                        (b) 

     

(c)                                         (d) 

    

     (e)                                       (f)  

Figure 2.  (a)-(d)Surface atomic concentration (η) of terrace and edge/corner sites as a dependence 

of annealing temperature; (e)-(f) Percentage of surface atoms (S) as a dependence of annealing 

temperature.  

Using I and V as the representatives for NPs synthesized by kinetically- and thermodynamically-

controlled means, respectively, we further examine structural changes on the surfaces. Figure 2a-2b 

10

20

30

40

50

60

70

80

η 
(%

)

I  (110)
 3.5 nm
 5.5 nm
 9.5 nm

 

 

Temperature (K)

Rh

900700500  300

(terrace)

V (111)
10

20

30

40

50

60

70

80

η 
(%

)

I 3.5 nm
 5.5 nm
 9.5 nm

 

 

Temperature (K)

Ir

900700500  300

(terrace)

V
I  (110)
V (111)

0

10

20

30

40

50
 3.5 nm
 5.5 nm
 9.5 nm

 
 

η 
(%

)

Temperature (K)

Rh

900700500  300

(edge+corner)
V

I

0

10

20

30

40

50
η 

(%
)

I
 3.5 nm
 5.5 nm
 9.5 nm

 

 

Temperature (K)

Ir

900700500  300

(edge+corner)

V

5

10

15

20

25

30

35

40

45

50

S 
 (%

)

I 3.5 nm
 5.5 nm
 9.5 nm

 

 

Temperature (K)

Rh

900700500  300

V

5

10

15

20

25

30

35

40

45

50

S 
 (%

)

 3.5 nm
 5.5 nm
 9.5 nm

 

 

Temperature (K)

Ir

900700500  300

I
V



show that surface atomic concentration (η) of the most dominant terrace sites, i.e., (110) for I and (111) 

for V, are greatly lowered as annealing temperature increases from 300 K to 900 K particularly for 

(110) terrace. The loss of terraces sites is more severe on Ir NP than Rh NP, and on smaller-size NP 

than larger-size NP, accompanied by the gain of edge/corner sites (Figure 2c-2d), which was also 

observed by previous study on annealing process of fcc-metal Pt NPs with similar sizes.54 For example, 

terrace sites of 3.5 nm-, 5.5 nm-, and 9.5 nm-NPs have η(%)/facet = 65.2/(110), 74.0/(110), 72.9/(110) 

for I, and 61.2/(111), 63.8/(111), 71.0/(111) for V at 300 K, which are reduced to 36.1/(110), 48.0/(110), 

53.7/(110), and 50.7/(111), 53.2/(111), 60.1/(111) for Rh NP, but are reduced to  15.6/(110), 

25.7/(110), 37.1/(110), and 40.9/(111), 49.1/(111), 56.5/(111) for Ir NP at T = 900 K; meanwhile, 

edge/corner sites of η(%)/structure = 16.3, 9.0, 5.2 for I, and 4.3, 1.5, 0.5 for V at T = 300 K are 

increased to η(%)/structure = 30.1, 22.8 and 17.3 for I, 7.9, 4.8 and 2.4 for V (Rh NP) but to 

η(%)/structure = 43.2, 35.7 and 26.7 for I, 22.5, 15.6 and 8.6 for V (Ir NP) at T = 900 K. Moreover, 

the ratio of surface to total atoms of NP is decreased with the increased particle size and in comparison, 

I structure with a lower CN����  has the smaller percentage of surface atoms than V structure with a 

higher CN���� . With enhanced temperature, there exists certain degree of bulk-to-surface atom transfer 

particularly for I structure of small-size (3.5-nm) NPs at high annealing temperature of 900 K (Figure 

2e-2f), e.g., S (%) = 25.8 at 300 K, increased to 27.9 for Rh NP and 31.4 for Ir NP at 900 K. Our 

findings provide valuable information on how the surface sites of a multifaceted metal NP are varied 

with elevated temperature, which is of particular importance to many catalytic reactions, e.g., 

edge/corner sites for steam methane reforming13 and CO oxidation,21 terrace sites for CO 

hydrogenation.19  

3.2. Shape Evolution of NPs under Water Vapor Conditions.  



 

Figure 3. Structural isosurface (CN����) of 5.5-nm NPs of (a) Rh and (b) Ir as functions of temperature 

and pressure of water vapor (varying by 5 K and 5 Pa for each data point). Representative NP structures 

(I - V) of (c) Rh and (d) Ir corresponding to five typical regions (with the matched color). Black dashed 

line: at 125 Pa. E: edge sites; C: corner sites. 

 Water atmosphere is ubiquitous in many technically-relevant applications such as heterogeneous 

and electrochemical catalysis being as reactant, reaction intermediate and product. We examined the 

effect of water vapor on shape evolution of Rh and Ir NPs at given temperature of 300 K - 900 K 

(Section 3.1) and pressure of 1 Pa - 250 Pa,33-34 which has been observed to exert significant impact 

on shape evolution of fcc-metal NPs sensitive to even a small variation. Indeed, as shown in Figure 3, 

the interplay of temperature and pressure of water vapor (P, T) greatly induce surface structural 

reconstruction of 5.5-nm Rh and Ir NPs leading to the variation of CN���� (= 7.2, 7.5, 7.8, 8.2, 8.5) and 

accordingly, the remarkable shape evolution. For example, Figure 3a and 3c and Table S3 show that 

with increased temperature at P = 125 Pa, the equilibrium shape of Rh truncated octahedron (V, CN���� 

= 8.5) built up with (111) and (100) facets at 300 K evolves to edge/corner-truncated octahedra (I - IV, 



CN���� = 7.2 - 8.2) with (110) facets being emerged from 425 K to 675 K. Interestingly, beyond 675 K, 

NPs are capable of further evolving back to truncated octahedron (V, CN���� = 8.5). Here, the blue region 

(I structure) is the lowest (CN���� = 7.2) in structural isosurface and in between (II - IV) can be regarded 

as the transition zone between I and V structures. However, beyond 140 Pa, Rh NPs can directly evolve 

back to truncated octahedron without passing through I structure. Similar shape evolution can also be 

found from Ir NPs except that the blue region (I structure) is not prerequisite for transition between 

the two pink regions (V). Furthermore, 3.5-nm and 9.5-nm NPs of Rh and Ir exhibit similar shape 

evolution except the slight variation of CN����  due to size effect (Figure S7-S8). Overall, an 

increase/decrease in the ratio of (110)/(111) facets contribute most to the decreasing/increasing of CN���� 

under the influence of water vapor at pressures of a few mbars leading to a reversible shape 

transformation of Rh and Ir NPs, which phenomenon is not uncommon for experimentally observed 

fcc-metal NPs in various gaseous environments (P, T) including water.3, 33, 77 The structural isosurface 

pattern seems to indicate that the shape evolution of Rh and Ir NPs is more sensitive to temperature 

than pressure of water vapor leaving the surface of NPs in a metastable state, consistent with the 

previous findings from other fcc metals, e.g., Cu.51 Moreover, it should be noted that the NPs of the 

same CN���� can have isomeric structures (e.g., CN���� = 8.2 for IV of Rh and Ir NPs) and more isomers are 

likely to emerge as particle size increases.   
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Figure 4. H2O coverage (θ) and interfacial tension ( int
hklγ ) of different facets as a function of temperature 

at 125 Pa (a) Rh and (b) Ir. Atomic concentration (η) of different facets, edge (E)/corner (C) and 

weighted work function (Φ�) of NPs as a function of temperature at 125 Pa (c) Rh and (d) Ir. Dashed- 

dotted rectangle: transition zone. See also Figure S9 for three-dimensional contour. 
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Figure 5. Variation of total surface tension ( hklγ ) and total interfacial surface tension ( int
hklγ ) of NPs as 

a function of temperature. 

We further explored the underlying of such a shape evolution and the arisen effect. As shown in 

Figure 4a-4b, the variations of H2O coverage (θ) and interfacial tension ( int
hklγ ) of different facets form 

the opposite (or mirrored) trend (solid vs dashed lines) as a dependence of elevated temperature of 300 

K - 900 K, in which int
hklγ  is the lowest with nearly the full coverage of H2O at low-temperature end 

with int
hklγ  (110) > int

hklγ  (100) > int
hklγ  (111), and increases as H2O coverage decreases till its complete 

desorption at high-temperature end with γhkl (110) > γhkl (100) > γhkl (111), i.e., equivalent to pristine 

NPs. This explains the existence of the two same pink regions at the two ends of temperature forming 
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the equilibrium shape of truncated octahedron (V) dictated by Wulff construction. Specifically, there 

exists two crossovers between interfacial tension of (111) and (110) facets (highlighted in rectangle) 

corresponding to the temperature range of 475 K - 575 K, which falls in the transition zone (Figure 3a 

-3b), suggesting the competition between the interfacial tension of (111) and (110) facets plays a major 

driving force for shape evolution to minimize the total surface tension of Rh and Ir NPs (Figure 5a). 

However, the total interfacial tension of NPs is raised with elevated temperature up to the upper limit 

of total surface energy, resulting in NPs having the same CN����  (e.g., 8.5) is more stable with H2O 

adsorbed at low temperature than those with H2O desorbed at high temperature (Figure 5b). Note that 

total interfacial tension originates from the interplay of surface tension, adsorption energy and 

coverage of adsorbate. Hence, the potential energy surface of adsorbate-NP system in a variable 

gaseous environment (P, T) can be accurately described by the variation of total interfacial tension of 

NPs.  

Moreover, the variations of atomic concentrations (η) of (111) and (110) facets follow the opposite  

(or mirrored) trend where the values of η are changed substantially with atoms of (111) facet being 

reconstructed into atoms of (110) facet in the same temperature range (rectangle in Figure 4c-4d) 

specifically for Rh at 525 K and Ir at 600 K, where H2O coverage of θ110 >> θ111 leads to surface atomic 

concentrations of η110 >> η111. Interestingly, the weighted work function (Φ�) of Rh and Ir NPs can be 

tuned such that Φ�  varies nearly the same/opposite trend of η111/η110, which has implication of potential 

applications in environmental, chemical and biological sensing of water.78-79 Additionally, both Rh and 

Ir NPs could be more resistant to water corrosion than Pd and Pt NPs51 as a higher temperature is 

needed to reach the same minimum CN���� (= 7.2). In comparison, Ir NPs are better than Rh NPs in 

resisting water corrosion. 
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Figure 6. Variation of CN���� of different size: (a) 3.5-nm; (b) 5.5-nm; (c) 9.5-nm of truncated octahedral 

(V) NPs as a function of temperature in vacuum and in water vapor conditions. Dash lines: in vacuum. 

Solid lines: in water vapor.  

Overall, it is apparent that the structural reconstruction of Rh and Ir NPs is dynamic under either 

annealing or water vapor condition. However, there is great discrepancy in their structural evolution 

process (Figure 6), that is, it is an irreversible/reversible process under the former/latter condition. 

With increased temperature of 300 K - 900 K, CN���� of either Rh or Ir NP becomes gradually lowered 

by annealing, presumably reaching minimal CN����  at surface melting point (lower than that of bulk 

counterpart). As can be seen, the CN���� is lowered more rapidly with the increasing of temperature for 

smaller-sized NPs than that for larger-sized NPs, i.e., CN���� /T: 3.5-nm > 5.5-nm > 9.5-nm, and 

comparatively, Ir > Rh, implicating that smaller-sized NPs could have lower surface melting point than 

the larger-sized ones. By contract, the variation of CN���� of either Rh or Ir NP with temperature in water 

vapor envirvorment (with constant pressure) forms a reversed-volcano shape plot, indicating that water 

vapor can drive the shape evolution process in a reversible fashion. 

4. Conclusion 

By means of Wulff construction combined with DFT and MD calculations, we have 

systematically investigated the shape/size-dependent structural reconstruction of truncated 

octahedron-based Rh and Ir NPs under annealing and water vapor conditions. The major conclusions 

are as follows: (1) The average atomic coordination number (CN���� ) of surface atoms is reconfirmed as 

a key morphology parameter for metal NPs and the total adsorbate-metal interfacial tension can serve 

as a key stability parameter for metal NPs in a variable gaseous environment (P, T). (2) The NPs having 

lower CN���� are more sensitive to annealing temperature than those with higher CN����, resulting in more 
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severe structural transition especially for smaller-sized NPs and Ir NPs due to their lowered structural 

transformation inertness and thermal stability. (3) Under water vapor conditions, the competition 

between the interfacial tension of (111) and (110) facets is a major driving force for shape evolution 

by minimizing the total surface tension of Rh and Ir NPs. The potential energy surface of adsorbate-

NP system can be accurately described by the variation of total interfacial tension of metal NPs. (4) It 

is revealed that annealing in vacuum/water vapor condition proceeds in an irreversible/reversible 

fashion on Rh and Ir NPs, indicating the significance of in situ probing the morphology of metal NPs 

to relevant applications.  
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Table S1. Surface tension (γhkl), atomic area (Aat), and work function (Φ) of low-index facets of Rh 

and Ir along with adsorption energy (Eads) of H2O.

Metal Facets γhkl (eV/Å2) Aat (Å2) 𝛷𝛷(eV) Eads (eV) 

This work Ref.a This work Ref.b This work Ref. 
(111) 0.121 0.124 6.27 5.17 -0.49 -0.44c

Rh (100) 0.142 0.145 7.24 5.00 -0.49 -

(110) 0.145 0.145 10.23 4.65 -0.65(-0.57)e - 

(111) 0.149 0.143 6.49 5.59 -0.52 -0.49d

Ir (100) 0.181 0.176 7.50 5.47 -0.57 -

(110) 0.183 0.177 10.60 5.04 -0.74(-0.66)e - 
a See Ref. 1. 
b See Ref. 2. 
c See Ref. 3. 
d See Ref. 4. 
e Adsorption energy of H2O at edges site of (221) surface listed in parentheses. 

Table S2. Potential binding energy (BE)* of bulk metals under annealing temperature of 300 K-900 

K. 

BE (eV/atom) 

Metal 300 K 500 K 700 K 900 K 

Rh -5.711 -5.683 -5.653 -5.622

Ir -6.901 -6.875 -6.848 -6.820
*DFT-calculated BE: Rh = -7.33 eV/atom; Ir = -8.86 eV/atom.



Table S3. The surface atomic concentrations of 5.5-nm Rh and Ir NPs (CN���� = 7.2, 7.5, 7.8, 8.2, 8.5) 

under water vapor conditions. 

Metal Sites 
CN���� of NPs 

7.2 7.5 7.8 8.2 8.5 

Rh 

(111) 0.15 0.27 0.38 0.55 0.66 

(100) 0.03 0.07 0.12 0.15 0.19 

(110) 0.73 0.58 0.43 0.25 0.14 

Edge 0.04 0.06 0.06 0.05 0.01 

Corner 0.05 0.02 0.01 0.00 0.01 

Ir 

(111) 0.15 0.27 0.28 0.48 0.66 

(100) 0.03 0.07 0.24 0.28 0.19 

(110) 0.73 0.58 0.33 0.19 0.14 

Edge 0.04 0.06 0.09 0.05 0.01 

Corner 0.05 0.02 0.00 0.00 0.01 



(111)          (100)               (110) 

Figure S1. DFT-optimized structures for the full-coverage of H2O adsorbed on (110), (100) and (111) 

facets of Rh, which correspond to θML = 0.67, 1.0 and 0.67, respectively. Same as Ir. 



     (a) (b) 

     (c) (d) 

     (e)                                      (f) 
Figure S2. Potential energy fluctuations with time progress and elevated temperature in MD 

simulations of annealing of Rh NPs (3.5 nm, 5.5nm, and 9.5 nm). Left panel: I. Right panel: V. 300 

K: 0 ns - 5 ns; 500 K: 5 ns - 10 ns; 700 K: 10 ns - 15 ns; 900 K: 15 ns - 20 ns. 
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   (a) (b) 

   (c) (d) 

   (e)                                       (f) 
Figure S3. Potential energy fluctuations with time progress and elevated temperature in MD 

simulations of annealing of Ir NPs (3.5 nm, 5.5nm, and 9.5 nm). Left panel: I. Right panel: V. 300 

K: 0 ns - 5 ns; 500 K: 5 ns - 10 ns; 700 K: 10 ns - 15 ns; 900 K: 15 ns - 20 ns. 
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Figure S4. Thermal stability and structural reconstruction of metal nanoparticles (d = 3.5 nm) with 

increased temperature. Rh: (a) structural transformation inertness (Δ), (b) snapshot; Ir: (c) structural 

transformation inertness (Δ), (d) snapshot.      



Figure S5. Thermal stability and structural reconstruction of metal nanoparticles (d = 9.5 nm) with 

increased temperature. Rh: (a) structural transformation inertness (Δ), (b) snapshot; Ir: (c) structural 

transformation inertness (Δ), (d) snapshot.  



(a)   (b) 

Figure S6. Simulated XRD spectra of bulk structure and I structure of 3.5nm NP. (a) Rh and (b) Ir. 

Simulated XRD spectra were obtained using Reflex module embedded in Materials Studio 7.0 with 

the parameters: Cuα(λ) = 1.5406 Å, step size= 0.05o and Pseudo-Voigt broadening of 0.1o. 

Figure S7. Structural isosurface (��CN��) of 3.5-nm NPs of (a) Rh and (b) Ir as functions of temperature 

and pressure of water vapor. Representative NP structures (I - V) of (c) Rh and (d) Ir corresponding to 

five typical regions (with the matched color). Black dashed line: at 125 Pa.  
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Figure S8. Structural isosurface (CN����) of 9.5-nm NPs of (a) Rh and (b) Ir as functions of temperature 

and pressure of water vapor. Representative NP structures (I - V) of (c) Rh and (d) Ir corresponding to 

five typical regions (with the matched color). Black dashed line: at 125 Pa.  



(a)          (b) 

(c)                                    (d) 

Figure S9. Three-dimensional contour of H2O coverage (a) (b) and interfacial tension (c) (d) on 

different facets of 5.5 nm Rh and Ir NPs as a function of temperature and pressure of water vapor. 

Black: (111) facets; Red: (100) facets; Blue: (110) facets. 
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