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The presence of iodide ions during the growth of gold nanorods strongly affects the shape of
the final products, which has been proposed to be due to selective iodide adsorption on certain
crystallographic facets. Therefore, a detailed structural and morphological characterization of
the starting rods is crucial toward understanding this effect. Electron tomography was used to
determine the crystallographic indices of the lateral facets of gold nanorods, as well as those
present at the tips. Based on this information, we used density functional theory (DFT)
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calculations to determine the surface and interface energies of the observed facets and provide
insight into the relationship between the amount of iodide ions in the growth solution and the
final morphology of anisotropic gold nanoparticles.
1. Introduction
Gold nanoparticles (Au NPs) are of great current interest, due to their unique electronic,
optical, and catalytic properties, giving rise to applications in e.g. biomedicine,
optoelectronics and photovoltaics.[1–3] The morphology of nanoparticles has a major effect on
their physical properties. For example, the aspect ratio of gold nanorods (Au NRs) is a crucial
parameter behind their optical behavior,[4] but other morphological details have also been
shown to affect the frequency of localized surface plasmon resonances (LSPR) in Au NPs.
Therefore, the ability to accurately tailor the final shape and size of Au NPs is of great interest.
Much effort has been dedicated to develop synthesis methods under tightly controlled
conditions, toward achieving this goal.[5–7] For example, various morphologies of Au NPs can
be obtained, depending on the molar ratio of halide ions present during seeded growth. [8,9]
To understand the growth and stability of NPs down to the atomic scale, a combination of
modeling and characterization techniques is required. Since the turn of the century, electron
tomography has been used to investigate the 3D structure and shape of inorganic materials at
the nanometer scale.[10,11] The technique derives a three-dimensional (3D) structure from a tilt
series of two-dimensional (2D) projection images. Recently, it has even become possible to
investigate the morphology of NRs with atomic resolution and in this manner the types of
crystallographic facets at the surface of Au NRs have been indexed.[12] Computationally, DFT
studies have been performed to study the environment-dependent growth for Au based
nanosystems,[13] resulting for example in understanding the influence of the NP shape on CO
adsorption.[14] The surface stability of Au surfaces in the presence of different halides has also
been investigated by means of DFT simulations.[15] Preferential growth in a specific direction
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is hereby explained on the basis of the surface energies of different crystallographic facets and
the effect of the adsorption of usual atomic and molecular additives on the surface stability.
We have previously reported the effect of iodide ions on the autocatalytic overgrowth of
single-crystalline Au NRs.[16] For small amounts of potassium iodide (KI) in the solution,
gold salt reduction was favored on the tips, leading to the formation of dumbbell-like NPs.
Conversely, with an excess of iodide ions in the growth solution, the gold precursor reduction
was found to be homogeneous, thereby preserving the initial shape of the rods upon
overgrowth. It was suggested that the affinity of iodide toward gold causes the spontaneous
replacement of bromide ions (from the employed surfactant), affecting the surface redox
potential through the formation of AuI and AgI species. The formation of semiconducting
halide species was proposed to catalyze the reduction of the gold precursor, in the presence of
ascorbic acid (AA). The key argument was that the replacement of bromide by iodide was
more efficient on the {111} facets at the tips than on the lateral parts. Therefore, at small
amounts of iodide, the gold precursor would be reduced selectively on the tips, whereas at an
excess of iodide the reduction could take place over the entire surface. By using advanced
TEM with atomic scale resolution, we have now been able to determine the morphology of
the initial Au NRs, as well as identify the crystallographic facets present at their tips. This
information was used as an input for DFT calculations to provide insight into the relationship
between different amounts of iodide in the growth solution and the final shape of the Au NPs.
Since the shape of a nanostructure is determined by the surface energy as well as the
contribution of the adsorption energy to the surface energy (which we shall from here on refer
to as the interfacial energy), we calculated these energies for the relevant observed facets.
2. Synthesis
Prior to the overgrowth experiments, as-prepared Au NRs (Figure 1), (see synthesis details in
the experimental section) were washed to remove unreacted chemicals (AA, Ag+) and the
particles were re-dispersed in cetyltrimethylammonium bromide (CTAB) 0.1 M. To study the
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effect of iodide on the shape of the final particles, two experimental parameters were varied,
namely the [KI]/[Au0] and [Au3+]/[Au0] molar ratios. Regarding [KI]/[Au0], we evaluated two
molar ratios: 0.04 and 3.67, referred to as a low and high amount of iodide, respectively. For
both iodide amounts, we performed overgrowth experiments for [Au3+]/[Au0] = 0.2 and 0.7,
by keeping [Au0] constant (0.15 mM) and varying the amount of added HAuCl4. Therefore,
for a given amount of iodide, the number of NPs did not vary.
3. Structural and morphological characterization

3.1 As-prepared Au NRs
We first investigated the as-prepared Au NRs by means of 2D and 3D high angle annular dark
field scanning TEM (HAADF-STEM). Using electron tomography, the morphology could be
reconstructed (Figure 1a) and a high resolution HAADF-STEM image of the same rod is
shown in Figure S1. In order to determine the type of crystal facets at the surface, high
resolution electron tomography was applied. We hereby used a previously developed
methodology[12] in which four high-resolution HAADF-STEM images were acquired along
different zone axes ([100], [110], [010] and [-110]) and subsequently combined by an
algorithm that exploits the sparsity of the structure of the NRs at the atomic scale. In Figure
1b, one of the high resolution input images (acquired along a <110> axis) is shown. The
remaining projection images are presented in Figure S2. In Figure 1c-e, 3D visualizations
along different viewing directions and a slice through the reconstructed volume are presented.
Although the reconstruction did not enable a direct indexing of the lateral facets due to
surface roughness, the facets at the sides of the tip could be reliably investigated and were
determined to correspond to {111} and {110} planes, in agreement with the findings reported
in ref. [17].
3.2 Overgrown Au NRs
Next, pre-grown Au NRs, were used as seeds for overgrowth, in the presence of both low and
high amounts of KI. Electron tomography was again applied on particles with varying amount
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of KI, indicating that, for a high KI content (by increasing the [Au3+]/[Au0] molar ratio), both
the length and width of the initial nanorods (68.6±9.4 nm by 15.9±2.2 nm) progressively
increased, to reach values of 73.5±6.8 and 24.4±1.9 nm, respectively. Importantly, the rodlike shape of the nanoparticles was preserved (Figure 2 a-d). On the contrary, for a low KI
content, and increasing the [Au3+]/[Au0] molar ratio, the length increased up to 81.5±6.9 nm,
while the width at the tips increased up to 25.7±3.1 nm. The width in the middle of the NRs
however remained constant. These average dimensions were determined by analyzing more
than 100 different NPs from low magnification TEM images (Figure S3). Such a regionspecific gold reduction resulted in a dumbbell-like shape for the final NPs (Figure 2 e-h). This
result, together with the information provided in Figure 1, is in agreement with our previous
work.[16] This process yields final particles with a dumbbell shape.
4. Surface and interface energies
The as-prepared Au-NRs used in this study are identical to those investigated in previous
work, where it was shown that the lateral facets are alternating {110}, {100} and {520}
facets.[12] Here, we conclude that {110} facets are present at the sides of the tips as well,
together with {111} planes, illustrated in Figures 1c and 1e respectively. This provides the
input data required for DFT calculations. We therefore focus here on the surface energies and
interfacial energies of {111}, {520} and {100} planes. The surface energy for each Au facet
𝑡𝑜𝑡
is calculated from the total energy of a slab with one relaxed surface (𝐸𝑟𝑒𝑙𝑎𝑥𝑒𝑑
) and the
𝑡𝑜𝑡
𝑡𝑜𝑡
unrelaxed slab (𝐸𝑈𝑛𝑟𝑒𝑙𝑎𝑥𝑒𝑑
), together with the total energy per atom in bulk gold (𝐸𝑏𝑢𝑙𝑘
),

which is given by

𝛾ℎ𝑘𝑙 =

𝑡𝑜𝑡
𝑡𝑜𝑡
(𝐸𝑈𝑛𝑟𝑒𝑙𝑎𝑥𝑒𝑑
− 𝑁𝑎𝑡𝑜𝑚 𝐸𝑏𝑢𝑙𝑘
)

2𝐴

+

𝑡𝑜𝑡
𝑡𝑜𝑡
(𝐸𝑟𝑒𝑙𝑎𝑥𝑒𝑑
)
− 𝐸𝑈𝑛𝑟𝑒𝑙𝑎𝑥𝑒𝑑

𝐴
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(1)

where ℎ𝑘𝑙 represents the surface orientation, 𝐴 the surface area and 𝑁𝑎𝑡𝑜𝑚 the total number of
atoms in the considered slab. The calculated surface energies (γhkl) for {111}, {100}, and
{520} Au facets were 1.169, 1.311, and 1.369 J/m2, respectively. Since the overgrowth of Au
NRs occurs in the presence of different amounts of I-, it is important to further understand
how the adsorption of iodide ions influences the stability of these different surfaces. We need
to consider the contribution of the adsorption energy, i.e., the interface energies rather than
the pure surface energies. When calculating the interface energy, the effect of the difference
in adsorption energy of iodide on different crystallographic surfaces is also taken into account.
For surfaces with many dangling bonds (such as the {520} facet), the surface energy is
expected to be relatively high, but at the same time the adsorption energy of an atom/ion will
be lower (i.e., more negative) which might result in a compensation effect. [13] The magnitude
of this compensation effect in turn depends on the iodide concentration. As a result, a change
in iodide concentration may induce a cross-over of the interfacial energies of the various
facets and therefore the stabilities of the facets considered.
Considering 𝑁𝑎𝑑𝑠 iodine atoms (as adsorbates) on a Au surface with area 𝐴, the adsorption
𝑖𝑛𝑡
(𝐸𝑎𝑑𝑠 ) and interface (𝛾ℎ𝑘𝑙
) energies are calculated as:

𝑡𝑜𝑡
𝑡𝑜𝑡
(𝐸𝑆𝑙𝑎𝑏+𝐼
− 𝐸𝑆𝑙𝑎𝑏
− 𝑁𝑎𝑑𝑠 𝐸𝐼𝑡𝑜𝑡 )

𝐸𝑎𝑑𝑠 (𝐼) =

𝑁𝑎𝑑𝑠

𝑖𝑛𝑡
𝛾ℎ𝑘𝑙
= 𝛾ℎ𝑘𝑙 +

𝑁𝑎𝑑𝑠 𝐸𝑎𝑑𝑠
𝐴

(2)

(3)

𝑡𝑜𝑡
𝑡𝑜𝑡
where 𝐸𝑆𝑙𝑎𝑏+𝐼
and 𝐸𝑆𝑙𝑎𝑏
are the total energies of the slabs with and without adsorbed iodine

atoms, and 𝐸𝐼𝑡𝑜𝑡 is the total energy of an isolated iodine atom. Experimentally, the adsorbate is
an iodide ion (I-) deposited on the Au surfaces. In our calculations, a neutral system (Au slab
plus iodine atoms) is considered. Bader charges calculations show indeed that there is a strong
charge transfer towards the adsorbed iodine atoms, effectively resulting in adsorbed iodide
6

ions. We also considered a negatively charged system, which resulted in almost identical
charges on the iodide ions while the remaining charges spread out over the metallic Au layers.
Therefore, for our purpose, it is justified to perform the calculations for neutral systems.
Additionally, this also avoids the convergence problem for the total energies of charged slab
calculations. Many different configurations and concentrations of iodine atoms on Au slabs
with {111}, {100}, and {520} surfaces were considered. We find the lowest adsorption
energy for each surface by considering a single adsorbate on Au surface at different possible
configurations such as on-top, bridge, and hollow sites before geometry optimization of the
system. For the most stable configurations the interface energies as a function of iodine
concentration are shown in Figure 3.
As mentioned above, the iodide concentration is experimentally found to critically determine
the final nanoparticle shape, and thus the growth rate of the facets initially present. We
correlate these findings to the calculated thermodynamic stability of these facets, as a function
of iodide concentration. For low amounts of I atoms, the {111} surface is calculated to have
the lowest interface energy. Experimentally, this is found to lead to dumbbell growth, which
is in agreement with the computational result. By increasing the iodine concentration, the
interface energies for all surfaces decrease due to the binding of iodine atoms to the surface.
𝑖𝑛𝑡
𝑖𝑛𝑡
However, we observe that the interface energies 𝛾520
and 𝛾100
decrease faster with increasing
𝑖𝑛𝑡
I concentration than 𝛾111
. This means that, as the iodide concentration increases, a departure

from dumbbell growth towards rod-like growth should occur. This is indeed experimentally
observed. A linear fit to our calculation data predicts that the {520} surface will have the
lowest interface energy at a concentration of 0.04 iodine atom/Å2. This corresponds to 1
iodine atom per 25 Å2, which is before full coverage occurs.
In order to quantify the observed correlation between the theoretical findings and the
experimental data, we estimated the number of I- ions per given area of the Au NR seeds.
Taking the concentration of Au NRs in terms of [Au0], which is equal to 0.15 mM, and the
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dimensions of the particles determined from TEM measurements (see above), we can estimate
the number of seed NRs in the growth solution to be 1.12 x 1012. By multiplying the number
of NPs by the surface of one NR (1.46 x 107 Å2) we obtain the total available surface in the
Au NR seeds (4.3 x 1017 Å2). On the other hand, for low and high amount of KI in the growth
solution, the number of I- ions in the added solution is equal to 3.43 x 1016 and 3.31 x 1018,
respectively. Therefore, by correlating the I- concentration with the available surface of
metallic gold we could estimate that for low KI concentration, ca. 2 I- ions are present per 25
Å2 of metallic surface, whereas for high amount of KI, 190 I- ions are adsorbed present per 25
Å2, i.e., 2 orders of magnitude higher. For a given temperature, the amount of I- ions adsorbed
on the surface can thus be expected to be significantly higher at high KI concentration than at
low KI concentration. We theoretically estimated that the threshold for the transition from
dumbbell-to-nanorod overgrowth corresponds to one I- ion adsorbed per 25 Å2. The
experimental data indicate that dumbbell-like overgrowth takes place at a slightly higher
concentration of two I- ions adsorbed per 25 Å2. There is therefore a clear correlation between
the calculated results and the experimental observations. The difference of a factor of two
may result from the presence of other species. For example, the dumbbell like overgrowth is
mediated by the presence of AgBr on the NRs surface. In the presence of KI, the displacement
of Br- by I- leads to formation of AgI on the NRs surface, which in turns changes the surface
redox potential of the seeds.

5. Conclusion
Depending on the amount of KI present during the overgrowth of single-crystalline Au NRs,
either rod- or dumbbell-shaped particles can be obtained. The main reason for this is the
higher efficiency of the replacement of bromide by iodide on the {111} facets, which were
proposed in the past to be present at the tips. By using atomic resolution electron tomography
we could confirm the presence of {111} facets at the sides of the tips. These results, together
8

with information about the lateral facets, were used as input for the calculation of surface and
interface energies, in order to explain the observed shapes and determine the correlation
between changes in surface stability and iodide adsorption. These findings provide a
significant insight into the overgrowth of Au NRs and we expect it to open new opportunities
for the future characterization of similar systems, which are widely used in the field of
plasmonics.

6. Experimental Section
Synthesis of materials: Cetyltrimethylammonium bromide (CTAB, ≥ 99.0 %), hydrogen
tetrachloroaurate trihydrate (HAuCl4, ≥ 99.9%), silver nitrate (AgNO3, ≥ 99.0%), L-ascorbic
acid (AA, ≥ 99.0 %), sodium borohydride (NaBH4, ≥ 96.0%), hydrochloric acid (HCl, 37%)
and potassium iodide (KI, ≥ 99.5 %) were purchased from Aldrich and used without further
purification. Milli-Q water (resistivity 18.2 MΩ∙cm at 25 °C) was used in all experiments. All
glassware was washed with aqua regia, rinsed with Milli-Q water and dried before use.
Synthesis of Au NRs: Au NRs were prepared through the well-known seeded growth
method,[18] based on the reduction of HAuCl4 with ascorbic acid on CTAB-stabilized Au NP
seeds (<3 nm), in the presence of CTAB, HCl, and AgNO3. Au seeds were prepared by fast
reduction of HAuCl4 with NaBH4 in CTAB solution. A certain volume of HAuCl4 solution
(25 μL, 0.05M) was added to a solution of CTAB (4.7 mL, 0.1 M) and then a freshly prepared
NaBH4 (300 μL, 10 mM) solution was rapidly injected under vigorous stirring. The solution
color changed from yellow to brownish yellow and the stirring was stopped after 2 min. The
Au seed solution was aged at room temperature for 30 min before use. Au NRs were grown
by adding HAuCl4 (1 mL, 0.05M) and HCl (1.9 mL, 1M) to a solution of CTAB (100 mL,
0.1M). The mixture was gently shaken and kept for 10 min at 30 ºC in a thermostatic bath.
Afterwards, AgNO3 solution (1.2 mL, 0.01M) was added to the mixture, which was gently
shaken for few seconds, AA solution (0.8 mL, 0.1 M) was added to the growth solution and
9

thoroughly shaken, turning colorless in few seconds. Finally, a certain volume of seeds
solution (0.24 mL) was added and the solution vigorously shaken and then left undisturbed at
30 °C for 2 hours. Upon synthesis, the Au NRs solution (100 mL) was centrifuged (8000 rpm,
30 min) twice to remove excess AgNO3, AA and HCl, and redispersed in CTAB solution (0.1
M). The final concentration of Au NRs in terms of Au was 5 mM.
Synthesis of overgrown NRs: For the overgrowth of Au NRs[16] in the presence of low or high
amount of KI, a solution of CTAB (10 mL, 0.1 M) was mixed with an appropriate volume of
HAuCl4 (0.05M) and stored for 5 min at 30 ºC to allow for complexation of gold salt,
followed by addition of KI (5.7 µL for low amount or 550 µL for high amount, 0.01 M) and
an appropriate volume of AA (0.1 M) to maintain [AA]/[Au+3] = 1.6. Finally, a Au NR seed
solution (0.3 mL, 5 mM) was added under stirring. The mixture was left undisturbed at 30 °C
for 30 minutes. To examine the influence of HAuCl4 concentration (at constant [KI]/[Au0]
molar ratio), different growth solutions were prepared with identical concentrations of CTAB
(0.1 M), KI (5.7 µM – low, 550 µM - high), Au NRs (0.15 mM), and different HAuCl4
concentrations chosen to fit the selected [Au+3]/[Au0] molar ratios (0.2, 0.7). The [AA]/[Au+3]
molar ratio was 1.6 in all experiments.
Experimental characterization: Low magnification tilt series for electron tomography were
acquired by using an aberration-corrected cubed FEI Titan electron microscope operated at
300 kV. The series were acquired manually within a tilt range from -70o to +70o and a tilt
increment of 5o by using a Fischione model 2020 single-tilt tomography holder. For the
atomic resolution electron tomography analysis, four high-resolution HAADF-STEM images
were acquired from one of the tips of a Au NR, along different zone axes ([100], [110], [010]
and [-110]) by using a Fischione model 2040 tilt-rotation tomography holder. Prior to the
tomographic reconstruction, these experimental images were drift compensated by using the
known lattice proportions and angles between two planes at each specimen orientation.[19]
Furthermore, the background of the images was subtracted and fitted as a 3D plane, and each
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image was also normalized in such a way that the sum of all pixel intensities was equal to one.
For the tomographic reconstruction we used the simultaneous iterative reconstruction
technique (SIRT) algorithm, with an additional constraint that at each iteration any negative
reconstructed voxels are set to zero. This positivity constraint arises from the knowledge that
our reconstructed object must be positive. However, it should be mentioned that no further
assumptions are made concerning the positions of the atoms.
Modelling details: Calculations were performed using DFT as implemented in the VASP
code.[20][21] VASP uses periodic boundary conditions to compute a solution to the Kohn–Sham
equations within a plane-wave basis. The projector augmented wave (PAW) method[22] was
used to represent the core electrons. The exchange-correlation interactions were approximated
with the Perdew, Burke, and Ernzerhof (PBE) functional[23] and the van der Waals (vdW)
density functional method of Tkatchenko and Scheffler (DFT-TS)[24] was employed. The Au
(5d10 6s1), and I (5s2 5p5), electrons were treated as valence electrons. The electron wave
functions were expanded with a plane wave basis set up to a cutoff energy of 400 eV, and the
Brillouin zone of the 1×1 surface was sampled with a Monkhorst Pack grid of 9 × 9 × 1 kpoint. The slabs were constructed with 4, 6, and 8 gold layers for (111), (100), and (520)
surfaces and the vacuum separating subsequent slabs had about 14 Å width. Several 3×3×1
supercells were used to simulate the (111), (100), and (520) surfaces with 108, 144, and 192
atoms, respectively. The theoretical lattice constant of bulk gold is found to be 4.11 Å which
is very close to the experimental value of 4.08 Å.
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Figure 1. a) Morphology of an as-prepared Au NR, obtained by electron tomography, b) high
resolution HAADF-STEM projection image from a part of a rod, oriented along [110]. c) and
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d) 3D representation of the reconstructed volume along different viewing directions and e) an
orthoslice through the volume shown in c. From this viewing direction it is clear that {111}
facets are present at the sides of the tip.

Figure 2. a-d) HAADF-STEM images together with 3D visualizations of the reconstructed
volume, for rods of the samples overgrown in the presence of high amounts of KI and having
a [Au+3]/[Au] molar ratio of a, b) 0.2 and c, d) 0.7 respectively. e-h) HAADF-STEM images
together with 3D visualizations of the reconstructed volume, for rods of the samples
overgrown in the presence of low amounts of KI having a [Au+3]/[Au] molar ratio of e, f) 0.2
and g, h) 0.7 respectively.
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Figure 3. Interface energies as a function of the adsorbate density per surface for three Au
facets.

Depending on the amount of KI present during the overgrowth of gold nanorods, either
rod- or dumbbell-shaped particles can be obtained. Electron tomography and DFT
calculations were employed to determine the crystallographic facets of gold nanorods and
their surface and interface energies respectively, in order to unravel the relationship between
the amount of I ions in the growth solution and the final morphology of anisotropic gold
nanoparticles.
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Figure S1. High resolution HAADF-STEM projection image of the as-prepared Au-NR, used
for the acquisition of low magnification electron tomography series.
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Figure S2. a-d) High resolution HAADF-STEM projection images from a tip of a rod, used
for the acquisition of atomic resolution electron tomography series, along four different zone
axis.
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Figure S3. Size distributions of initial NRs (upper), grown at low amount of KI (middle) and
at high amount of KI (bottom). Color code: width at the middle (red), width at the tips
(magenta) and length (blue).
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