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CONS P EC TU S

U nder a given set of conditions, nanomaterials can crystallize into structures
that are entirely inconsistent with the bulk material and may adopt a range

of faceted morphologies that depend on the particle size. A size-dependent phase
diagram, a graphical representation of the chemical equilibrium, offers a con-
venient way to describe this relationship among the size, morphology, and
thermodynamic environment. Although creating such a diagram from conventional
experiments is extremely challenging (and costly), theory and simulation allow us
to use virtual experiments to control the temperature, pressure, size, structure and
composition independently.

Although the stability and morphology of gold nanoparticles has been add-
ressed numerous times in recent years, a critical examination of the literature
reveals a number of glaring contradictions. Typically gold nanoparticles present
as multiply-twinned structures, such as icosahedra and decahedra, or faceted
monocrystalline (fcc) shapes, such as truncated octahedra and cuboctahedra. All of these shapes are dominated by various
fractions of {111} and {100} facets, which have different surface atom densities, electronic structure, bonding, chemical
reactivities, and thermodynamic properties. Although many of the computational (and theoretical) studies agree on the
energetic order of the different motifs and shapes, they do not necessarily agree with experimental observations. When
discrepancies arise between experimental observations and thermodynamic modeling, they are often attributed to kinetics. But
only recently could researchers analytically compare the kinetics and thermodynamics of faceted nanoparticles.

In this Account, we follow a theoretical study of the size, shape, and structure of nanogold. We systematically explore why
certain shapes are expected at different sizes and (more importantly) why others are actually observed. Icosahedra are only
thermodynamically preferred at small sizes, but we find that they are the most frequently observed structures at larger sizes
because they are kinetically stable (and coarsenmore rapidly). In contrast, although the phase diagram correctly predicts that other
motifs will emerge at larger sizes, it overestimates the frequency of those observations. These results suggest either a competition
or collaboration between the kinetic and thermodynamic influences.

We can understand this interaction between influences if we consider the change in shape and the change in size over time. We
then use the outputs of the kinetic model as inputs for the thermodynamic model to plot the thermodynamic stability as a function
of time. This comparison confirms that decahedra emerge through a combination of kinetics and thermodynamics, and that the fcc
shapes are repressed due to an energetic penalty associated with the significant departure from the thermodynamically preferred
shape. The infrequent observation of the fcc structures is governed by thermodynamics alone.

Introduction
Although nanomaterials design is the focus of considerable

research, controlling nanoscale features is still challenging,

and dramatic changes in fundamental properties may result

frommodest variations in the sizeor shape. Structural changes

can also be driven or invoked spontaneously by changes

in the local environment. For this reason, a complete

understanding of the structural stability of any nanomaterial,

with respect to its physical and chemical environment, is

essential to ensure uniformity and reliability for our future

technologies.

While it is well-known that many materials can adopt

a variety of different polymorphs, depending upon the

thermodynamic conditions, under the same environment
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many nanomaterials may crystallize in structures that are

entirely inconsistent with the bulk. This can occur in multi-

component or homoelemental materials, each with a char-

acteristic size at which the new or alternative structures

emerge. This critical crossover size is unique for a particular

material, is intrinsic to the structures that are being compared,

and (asmentionedabove)may shift in response to changes in

the thermodynamic conditions. In some cases, the structural

change may not involve the transformation to another poly-

morph, but may be more subtle, involving only a morpholo-

gical transformation to a different motif or shape.

A convenient way of describing the relationship between

different structures as a function of size and environment is

to create a nanoscale phase diagram, which is a graphical

representation of chemical equilibrium. Typically one axis

represents the temperature (T), composition (C), or pressure

(P), and the other represents the number of atoms (N) or

average diameter (D). When the crystal structure remains

constant but the external shape (habit) of the crystal

changes, then phase diagrams give way to morphology

maps, but the principle remains the same. These size-

dependent shape and phase relationships may be explored

by analyzing the specific free energy and enthalpy of for-

mation, which is ideally done using theory and simulation.

Using virtual experiments, one can control the phase, shape,

size, composition, temperature, and pressure indepen-

dently, and systematically include regions on a phase dia-

gram for different crystalline polymorphs, motifs, andmelts.

This is extremely challenging (and costly) to do using con-

ventional experiments, particularlywhenone is dealingwith

expensive commodities such as noble metals.

Among the variety of noble metal nanoparticles pro-

duced today, gold is perhaps the most studied, due to a

number of desirable properties.1 Many of these properties

are strongly linked with the nanomorphology, and the rela-

tionship between properties (and ultimately, applications) and

the physical structure is central to the chemistry2�5 and

biochemistry6 of nanogold. These structure/property relation-

ships have been the focus of numerous studies,7 and con-

siderable effort is being directed to understanding how en-

gineering the size and shape of nanogold can improve

performance.8�10 In general, biomedical applications of na-

nogold are particularly important, including diagnostics appli-

cations such as visualization and bioimaging, analytical

methods, and plasmonic biosensors; therapeutic applications

such as photothermal therapy, photodynamic therapy, and

drug and gene delivery; and immunological applications and

the study of biodistribution and toxicity.11

Typically gold nanoparticles present as icosahedra and

truncated icosahedra,12,13 decahedra and truncated

decahedra,13,14 truncated octahedra and cuboctahedra

(orvariantsof these shapes),15�17or singlyormultiply twinned

face-centered cubic (fcc) structures.12,18 All of these shapes

are dominated by various fractions of {111} and {100}

facets, which have different surface atom densities, electro-

nic structure, bonding, chemical reactivities, and thermody-

namic properties. Both decahedra and icosahedra are based

on fcc units separated by Æ111æ twin planes. Although the

stability and nanomorphology has been addressed numer-

ous times over the years, a critical examination of the

literature reveals a number of contradictions. While many

of the computational (and theoretical) studies agree on the

energetic order of different motifs and shapes, they do not

necessarily agree with experimental observations. When

discrepancies arise between experimental observations and

thermodynamic modeling, they are often attributed to ki-

netics. Similarly, when discrepancies arise between experi-

mental observations and kinetic modeling and simulation,

they are often attributed to thermodynamics.

These “default” attributions are assigned by a process of

eliminationandoften remainuntested, because rigorousvalida-

tion requires a way of directly comparing kinetics and thermo-

dynamicsofanenormous rangeof facetednanoparticles (based

on a consistent set of input parameters), which has not been

possible in the past.19 However, due to the development of a

number of complementary techniques, this comparison is now

possible. In thisAccount,we followa theoretical studyof thesize,

shape, and structure of nanogold that systematically explores

why certain shapes are expected at different sizes and (most

importantly) why others are actually observed.

Thermodynamic Modeling and Stability
In the past, the modeling of nanogold has been based

almost exclusively on energetic considerations. In most

cases, the aim as been to determine the correct energetic

ordering of different motifs and to identify the sizes at which

morphological transformation may be expected.

Small Nanoparticles and Clusters. To build a general

description of nanogold, it is convenient to start at the

bottom, where theoretical and computational studies have

been reported that have provided valuable information on

size, structure, and energetics, over a wide range of sizes

from only a few atoms up to 3 nm. Pyykk€o20,21 has pub-

lished detailed reviews of many theoretical studies that

included a comprehensive survey of calculations on neutral

and chargedgold clusters, highlighting the rich rangeof possible
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structures. As determined by a variety of computational meth-

ods, the equilibrium structures over 1 nm in size include fcc

single crystals,15 singly- or multiply twinned fcc structures,18

twinned hexagonal close-packed (hcp) structures,22 icosahedra,

truncated icosahedra, and truncated decahedra. Themajority of

computational studies in this size range have focused on

characterizing the icosahedral and decahedral particles,24,25

and the crossover among these structural motifs has also been

explicitly examined.26

Because it has been firmly established that relativistic

effects are an essential part of the ab initio modeling of

nanogold,4,20 a systematic relativistic DFT study was under-

taken in 2006,31 including the variety of (fully relaxed) sizes

and shapes, as shown in Figure 1. In this study, the size- and

shape-dependent features were explored, including simple

trends in the length of the bonds between atoms (compared

with bulk gold) anddetailed informationon surface reconstruc-

tions and lattice distortions. Predictions of the variations in

average bond length with particle size were consistent with

other computational studies27�29 andwere in goodqualitative

agreement with experimental high-resolution electron diffrac-

tion (HREM) and X-ray diffraction (XRD) results.16 In addition to

thestructuralproperties, thepotential energiesof the22shapes

and motifs were plotted as a function N1/3, to establish the

energetic ordering of the shapes at small sizes (see Figure 2a).

In order to construct a viable framework for extrapola-

tion, the results were replotted as a function of the average

coordinationof thenanoparticle (see Figure 2b), because this

is very sensitive to the shape of the particle (and to themotif)

and is proportional to the surface-to-volume ratio (which is

an indicator of both size and shape). These extrapolations

predicted that the truncated octahedron is energetically

preferred at large sizes, followed by the octahedron, trun-

cated cube, and finally the cuboctahedron; in agreement

with the electron microscopy studies of fcc gold nano-

particles.16,30 However, one must question the validity of

extrapolations when the sample set is restricted to a max-

imum size <200 atoms yet aims to predict the stability of

nanoparticles with >10000 atoms. To make such predic-

tions, there are alternative methods (also based on relativis-

tic simulations) that are more appropriate.
Nanocrystals and Quasicrystals. One appropriate meth-

od is called thermodynamic cartography, which is literally a

mapping of the thermodynamically preferred structure (size,

phase, polymorph, motif, or shape) in a space defined by a

range of different physical parameters. These parameters

may include (but are not restricted to) thermodynamic

factors such as temperature, pressure, and different mea-

sures of the chemical environment. In the absence of a

substrate or support, this may be done using a simple

shape-dependent thermodynamic model similar to a Wulff

construction.32 The model is based on a geometric summa-

tion of the specific Gibbs free energy G(T) of an entire

nanoparticle and includes the important phenomenological

features such as the bulk, surfaces, and twins:

G(T ) ¼ ΔG�
f (T )þ

M
F

1 � 2
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i fiσi(T )
B0ÆRæ

þ Pex
B0

 !
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X
i

fiγi(T )
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(aθνθ(T )þ
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where M is the molar mass, F is the mass density, γi(T) is

the temperature-dependent free energy of facet i, νθ(T) is

the energy of the twin plane of area a in orientation θ,

and ηφ(T) is the re-entrant line tension where the twin

plane intersects with the free surface in the orientation φ,

with length l. Dimensional consistency is preserved by

introducing the number density of planar defects n= nt/V

(where nt is the total number of defects and V is the total

volume). In this model fi is a weighting factor that defines

the fractional surfaces areas, such that
P

i fi = 1. This model

also accounts for the elastic effects of surface stress. The

volume dilation induced by the isotropic surface stresses

σi and external pressure Pex is included using the Laplace�
Young formalism using the bulk modulus B0, and the

FIGURE 1. The 22 gold nanoparticle structures examined using relativistic
DFT by Barnard and Curtiss.31 N(X) denotes the size and shape, where N is
the numbers of atoms, I = icosahedron, O = octahedron, TO = truncated
octahedron, CO = cuboctahedron, TC = truncated cube, C = cube, and
D = decahedron.
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average particle radius ÆRæ calculated using a spherical

approximation. In the following sections, atmospheric

external pressure has been assumed (Pex = 101.33 kPa).
This version of the model requires the input of B0, γi(T),

σi(T), νθ(T), and ηφ(T), which must be calculated explicitly for

all facets i, θ, and φ of interest, using (the same) appropriate

computationalmethod. In this case, relativistic DFT has been

used,34 with the same input settings and convergence

criteria that were used for the small isolated particles de-

scribed above.31 If one were so inclined, this is where

additional complexity can be introduced, such as variations

in surface chemistry or surface charge. In general, the geo-

metric parameters ÆRæ, q, fi, n, aθ, and lθ,φ provide the size and

shape dependence, and defining these parameters can be

complicated, depending upon the shapes in question. More

information on how to calculate q and fi for fcc structures is

provided in ref 33.

Shown in Figure 3 is an example of the type of results that

can be generated using this technique, comparing the re-

lative stability of the shapes displayed in Figure 4 as a

function of average particle size. The crossovers in this graph

indicate the transformation sizes between pairs of structures

and can be used to generate a phase map once the tem-

perature dependence of these points is known. Since the

DFT input parameters were calculated at T ≈ 0 K, a number

of simple expressions must be introduced to describe the

temperature dependence,35 such as the semiempirical ex-

pression:

γi(T ) ¼ γi(0) 1 � T
Tci

� �x

(2)

where x is an empirical parameter (known to be unity

for metals36) and Tc is the critical temperature at which

the surface structure deteriorates or changes significantly

from the bulk structure. Tc is usually taken as the bulk

surface melting temperature, which is size-dependent

and may easily be calculated using the expression of Qi

and Wang:37

Tci ¼ Tmi 1 � 6rΩ
ÆDæ

� �
¼ Tmi(1 � qr ) (3)

where Tmi is the macroscopic surface melting tempera-

ture of facet i, ÆDæ is the average particle diameter, r is the

atomic radius, andΩ is a shape-dependent factor defined

as the surface area of the nanoparticle divided by the

surface area of a sphere of equivalent volume.37 This

reduces to a function of the surface-to-volume ratio q,

which is the same value as in eq 1, which creates a feed-

back loop during any shape optimization.38 The optimi-

zation of the nanoparticle shape at a given temperature

FIGURE 2. The energy of the gold nanoparticles shown in Figure 1, as a function of (a) the number volume, N1/3, and (b) the average Au�Au
coordination number. Reproduced with permission from ref 31. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA.

FIGURE 3. For each shape in Figure 4, the specific free energy is shown
at room temperature.
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will change Tci, which then affects the temperature

dependence in eq 2, which then in turn further alters the

shape. Since σ = γþ A∂γ/∂A the temperature dependence

of σi may be described in the same way.
Nanogold Phase Diagram. Using the models and meth-

ods described above the temperature-dependent specific

Gibbs free energy of formation of each motif may be

predicted. By repeating the comparison in Figure 3 at differ-

ent sizes and temperatures, one can map the crossovers in

ÆN,Tæ space, and by adding a description of the size-depen-

dent melting of the entire nanoparticle, one can extend this

morphology map to provide a complete nanoscale phase

diagram of gold. Like many materials, at elevated tempera-

ture, the melting point of gold decreases with size, and this

canbemodeledusing eq3withTcifTm,nano andTmifTm,bulk.

The thermodynamic analysis of size-dependent melting

was discussed as early as 190939 and established experi-

mentally for gold in the classic work of Buffat and Borel in

1976.40 Combining these results gives a quantitative phase

diagram of nanogold, based on relativistic first principles

calculations41 (see Figure 5), in agreement with previous

selective studies examining their stability at different sizes.26

Readers will note that this phase diagram predicts the

onset of different types of melting behavior, below the

solid�liquid transformation at high temperature (in agree-

ment with experiment43). This includes a “quasi-molten”

region observed by others,23,42 where decahedral and fcc

particles will be sufficiently fluid so as to adopt the icosahe-

dral motif (before melting). Beneath the quasi-molten re-

gion, “surface roughening”occurswhen the surface structure

FIGURE 4. Possible morphologies of nanogold, including the (a) icosahedron, (b) decahedron, (c) twinned truncated octahedron, (d) trigon,
(e) octahedron, (f) truncated octahedron, (g) cuboctahedron, (h) truncated cube, (i) cube, (j) cubo-truncated rhombic dodecahedron, (k) rhombic
dodecahedron, and (l) octo-truncated rhombic dodecahedron.

FIGURE 5. Phase diagram of nanogold, based on relativistic first
principles calculations. Reproduced with permission from ref 41.
Copyright 2009 American Chemical Society.
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deteriorates but the crystallinity of the core is preserved.

This feature was a direct consequence of the theoretical

description of the critical temperature,37 which includes size-

dependent surfacemelting. As the temperature is increased,

the surface melting temperature is surpassed before the

corresponding bulk melting temperature is attained.

To verify this phase diagram, colloidal gold nanoparticles

ranging from 5�12 nmwere prepared by reduction of dilute

solutions of tetrachloroauric acid, using maltodextrin to

prevent aggregation. The individual nanoparticles were

examined using high-resolution aberration corrected trans-

mission electron microscopy (HRTEM) to assign their struc-

ture. The samples were equilibrated via steady heating in

the TEM, from room temperature up to ∼700 K, during

which the morphology of individual particles was clearly

recognizable in projection. A statistical analysis of samples

surviving the heating experiment reveals that 88% of the

(equilibrated) nanoparticles exhibited the decahedral struc-

ture after heating to 650�700 K, while 12% retained the as-

grown (mainly icosahedral) structure. Following equilibra-

tion, the decahedral/surface roughening transformation line

was interrogated by heating equilibrated nanoparticles to

between ∼800 and ∼850 K. Upon reheating, the core

crystallinity was found to be resilient, although the sur-

faces become ill-defined. A temperature sequence illus-

trating typical results is given in Figure 6, showing a single

10.3 nm gold nanoparticle heated to above the roughening

temperature. This observation is typical of surface rough-

ening and through repeated experiments was sufficient to

validate the theory.

Kinetic Modeling and Growth
Although this phase diagram was rigorously validated, its

predictions are inconsistent with numerous experimental

observations. During the detailed population study carried

out by Koga and Sugawara44 using high-resolution electron

microscopy on over 4000 individual gold nanoparticles

(ranging 3�18 nm, grown by an inert gas aggregation

source in helium), it was found that icosahedra dominated

the entire size range, even though they are not thermody-

namically stable over ∼4 nm at room temperature (see

Figure 7). Decahedra were the next most prevalent, though

the morphology was found to be more “flattened” than the

traditional Marks decahedron that is normally assumed.

This, together with the lack of untwinned fcc shapes, sug-

gests that nonthermodynamic influences are at work.

Nuclei and Formation. To understand how nanogold

is formed, we return our attention to small clusters

and nuclei. Modeling of nucleation involves a number of

approximations,45�47 but it is possible to investigate the

structure of nuclei using computer simulations. For example,

Grochola et al.48 used a classical EAM potential to simulate

the nucleation of gold nanoparticles in the vapor. By repeat-

ing the simulationsunder a rangeof conditions, they showed

FIGURE 6. Representative images taken from a series of HRTEM images of a ∼10.3 nm Au nanoparticle as a function of temperature. Initial
decahedral structure (close to a Æ110æ projection) at (a) 300 (room temperature), (b) 600, (c) 750, and (d) 800 K. (e,f) At 900 K, the structure becomes
distorted, with significant surface roughening, but retains the underlying crystallinity; (g) 950 and (h) 1000 K, crystalline areas are still apparent,
though the surface appears almost fluid. Reproduced with permission from ref 41. Copyright 2009 American Chemical Society.
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that lower temperatures are mainly responsible for the occur-

rence of the decahedral and fcc nuclei, while “ideal” atom-

by-atom growth conditions almost exclusively produced

icosahedra.48 Using both hybrid Monte Carlo and MD simula-

tions, Desgranges and Delhommelle undertook a study of the

nucleation of nanogold froma supercooled liquid and showed

that although the structure of the nucleus is dominated by

stable fcc structures in the early stages of nucleation, meta-

stable hcp structures nucleate heterogeneously on the surface

when the size approaches the critical diameter. The growth of

the crystallite was also found to proceed through successive

cross-nucleations between the two polymorphs.49

Following nucleation nanoparticles grow via a number of

mechanisms, the most dominant of which (at least in the

early stage) is coarsening. Often referred to as kinetic growth

(or just plain “growth”) this process involves the deposition of

successive crystal layers due to the adsorption ofmonomers

from a surrounding reservoir. This process may be studied

computationally by constructing a model system and

allowing the system to evolve subject to some known

constraints.19 Using the MD method mentioned above,

Grochola et al. also studied the coarsening of nanogold in

the vapor phase.48 The final morphologies ∼5 nm in dia-

meter were identified via visual inspection and included

(in order of occurrence frequency) icosahedra, simple decahe-

dra, truncated triangular bipyramids, and fcc truncated octa-

hedra. Irrespective of the monomer introduction rate or

temperature, icosahedra were by far the most dominant

shape at these sizes (around 3000 atoms).

Evolution and Coarsening. An alternative way of model-

ing the growth of nanogold is to use an analyticalmodel that

traces the evolution of different shapes as a function of time.

One example is the surface area limited (SAL) model,50 de-

signedspecifically for thekineticmodelingofnanomorphology.

It is based on classical theories51�53 but, unlike the predeces-

sors, goes beyond the spherical approximation and enables

one to explore the evolution of faceted shapes. This is achieved

by devolving the coarsening of the entire nanoparticle into a

sumof the coarsening of individual facets (i) with a limited area,

described by the velocity of the growth front, dLi/dt:

dLi
dt

¼ �VmXd
Neff, i

ν exp
�Ediff, i
kBT

� �
kBT ln

Ceq(t)
C0(t)

" #

exp
Ead, i � Edes, i

2kBT

� �
0
BBBBB@

1
CCCCCA (4)

where kB is Boltzmann's constant, T is the absolute

temperature, t is time, Vm is the molar volume of the

monomer, X is the number of monolayers present, each

of thickness d (where d is defined by the lattice parame-

ters of the crystal), and ν is the sum of the vibrational

(and possibly rotational) frequencies of the monomer on

the surface. Ediff is the activation energy required for

diffusion, Ead and Edes are the activation energies of

adsorption and desorption, and C0(t) and Ceq(t) are the

concentrations of the reservoir and the concentration of

monomers participating in the coarsening monolayer, re-

spectively. Together C0(t) and Ceq(t) comprise the chemical

potential gradient that ultimately drives the growth.
In this model, much of the shape dependence is intro-

duced byNeff,i, which is the effective number of sites available

for monomers to adsorb and possibly diffuse. As described in

ref 50,Neff,i is partially determined by the crystal structure, the

shape and orientation of the individual (unique) facet i, and

the finite size of the facet at a given point in time, beginning

with the size (and shape) of the initial “seed”. Under diffusion-

limited conditions, monolayers are deposited on the facets of

the seed due to the driving force provided by the chemical

potential gradient (which is negative). Under reaction-limited

conditions (when the chemical potential gradient is positive),

deposited material desorbs, returning the monomers to the

reservoir and ultimately recovering the initial seed. Tomodel

unrestrictedgrowthonall facets simultaneously, eq4must be

solved self-consistently, since the addition of amonolayer on

facet i may also alter the size (and possibly the shape) of the

alternative facet j. After each time step, the value of Neff,i(t)

must be re-evaluated and Neff,i(t þ 1) and Neff,j(t þ 1) updated

accordingly.

FIGURE 7. The population distributions of icosahedral (Ih), decahedral
(Dh), and fcc morphologies (shape not specified) as a function of size.
Error bars indicate the statistical error on the data. Reproduced with
permission from ref 44. Copyright 2003 Elsevier.
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This model is conveniently based on a limited set of

physical and chemical parameters that may be computed

using DFT. It requires the input of the adsorption/desorption

and diffusion energies and the appropriate selection

(or variations) in Ceq(t), Neff, C0(t), and T, and will output the

size and relative fraction of different facet areas at a given

time, t. In this case, the values of thematerials parameters are

reported in ref 50 and are computationally consistent with

the material parameters used in the thermodynamic model.

Previous testing54 determined that small seeds give rise

to amore rapid coarsening rate at the early stages of growth,

but the later steady-state growth is unaffected by seed size.

Changing the initial seed size has little impact on the final

size, but can have considerable impact on the shape of the

fcc structures. In contrast, temperature has a significant

affect on particle size. Coarsening becomes more rapid

during the steady-state period as the temperature is raised,

so the particles are generally larger at a give time t. Increas-

ing the availability of growth material (C0) has a similar

effect, and lowering the concentration of the reservoir slows

growth. As the concentration of the reservoir diminishes and

the relative concentration at the surface increases (as the

monomers are deposited), the chemical potential gradient

approaches one, and the size begins to converge. Eventually

all of the growth material is adsorbed and coarsening will

cease all together. Even though this is likely to occur at

different times on different facets, the relative fraction of

surface areas is almost unaffected, indicating that the shape

evolution is practically independent of C0 and T. Shape

selectivity is primarily governed by the crystallography of

the system.

The evolution of the different shapes is shown in

Figure 8, beginningwith a∼1.7 nm seed, C0 = 1 kJ/mol, and

T = 298.15 K. The individual steps along the curves represent

the formation of individual monolayers on either the {111}

or {100} facets. As timeprogresses, the facets area increases,

and the monolayers take longer to fill. The steady-state

coarsening of the truncated octahedron, cuboctahedron,

and decahedron all exhibit fluctuations since the deposition

of monolayers on the {111} or {100} facets changes the

shape of the alternative facets (as well as the size). Over long

time periods, the cuboctahedron and the truncated octahe-

dron converge to the same shape, with 66% {111} and 34%

{100} surface area. Thedecahedron increases the fraction of

{111} surface area, making it more “pancake-like”, in agree-

ment with experiment.44

Combining and Correlating Kinetic and
Thermodynamic Results
It is clear from the kinetic modeling that the icosahedron is

most frequently observed because it is kinetically stable, but

other motifs are still observed in experiments. The phase

diagram (obtained using the thermodynamic model) pre-

dicts that other motifs will emerge at larger sizes, even

though they coarsen more slowly, but with far greater

frequency than they are actually seen. This suggests either

a competition or collaboration between the kinetic and

thermodynamic influences.

To understand this relationship, we recognize that the

outputs of the kineticmodel (the size and fraction of different

surface facets) provide the ideal inputs for the thermody-

namic model (q, ÆRæ, and fi) and that all the input parameters

were calculated using the same computational approach.

We may therefore calculate the free energy of the kinetic

shapes and effectively plot the thermodynamic stability as a

function of time, G(t). In Figure 9a, we see G(t) for each of the

candidate structures. At first the icosahedron is both kineti-

cally and thermodynamically stable, but when the particles

FIGURE 8. (a) Size-dependent and (b) shape-dependent evolution of gold nanoparticles from a 1.7 nm seed at T = 298.15 K and C0 = 1 mol.
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have reached∼8.5 nm, decahedra become thermodynami-

cally preferred, even though they are not as kinetically

stable. However, even after long time periods, the fcc struc-

tures never gain stability.

This can be understood when we consider the change in

shape, as well as the change in size, over time. In Figure 9b,

we see a comparison between the observed (kinetic) shapes

and the ideal (thermodynamic) shapes, ΔG = G(thermo) �
G(kinetic). In each case, there is a rapid departure from

equilibrium at the early stages of growth, followed by

convergence during the steady-state period. The stability

of the decahedra improves over time, since the kinetic and

thermodynamic shapes are reasonably close. In contrast to

the equilibrium fcc shapes predicted by the phase diagram,

the kinetic fcc shapes are too far from equilibrium, and they

converge to a higher energy shape (by∼2 kJ/mol). We may

conclude that the fcc shapes are infrequently observed, even

at the thermodynamically preferred sizes, due to an ener-

getic penalty associated with the significant departure from

the thermodynamically preferred shape.

Conclusions
Thermodynamic cartography is, at this stage, an emerging

technique that offers a simple framework for simultaneously

incorporating many important physical variables. It is easy

to implement and parametrizable using ab initio electronic

structure methods, as we have seen here for nanogold. In

this Account, a complementary surface area limited kinetic

theory of nanomorphology has also been used to explore

the temporal size and shape evolution of the same gold

nanoparticles. The combined results confirm that gold ico-

sahedra coarsen more quickly and are therefore kinetically

more stable, decahedra emerge due to a collaboration

between kinetics and thermodynamics, and the infrequent

observation of the fcc shapes is governed by thermody-

namics alone.

In general, there is a delicate balance between kinetics

and thermodynamics during the formation of nanomater-

ials, and although there is still much to learn, the ability to

plot the free energy of facetedmorphologies as a function of

time will undoubtedly offer new insights in the future.
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