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The selective shortening of gold nanorods (NRs) is a directional etching process that has been intensively
studied by UV-Vis spectroscopy because of its direct impact on the optical response of these plasmonic

nanostructures. Here, liquid-cell transmission electron microscopy is exploited to visualize this peculiar

corrosion process at the nanoscale and study the impacts of reaction kinetics on the etching mecha-

nisms. In situ imaging reveals that anisotropic etching requires a chemical environment with a low etching

power to make the tips of NRs the only reaction site for the oxidation process. Then, aberration-corrected
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1. Introduction

Oxidative etching plays a key role in the dynamics of metallic
nanostructures in their formation or application media. On
the one hand, the use of oxidizing agents and coordination
ligands for the metal ions is a well-known strategy to shape
metal nanoparticles during liquid-phase synthesis." On the
other hand, oxidative degradation is an integral part of the life
cycle of nanomaterials, especially when used in fuel cells*?
and biological media.*”® Therefore, understanding the atomic-
scale mechanisms of nanomaterial dissolution in liquid elec-
trolyte is of primary importance to design more efficient nano-
technologies. In that regards, liquid cell transmission electron
microscopy (LCTEM) has become a method of choice to
observe the oxidative etching of individual nanostructures
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TEM and atomistic simulations were combined to demonstrate that the disparity between the reactivity of
the body and the ends of NRs does not derive from their crystal structure but results from an inhomo-
geneous surface functionalization. In a general manner, this work highlights the necessity to consider the
organic/inorganic natures of nanostructures to understand their chemical reactivity.

1821 and it

such as metallic nanoparticles”"” and nanoalloys
has provided a unique observation window on the intermedi-
ate nanostructures formed during these dynamic processes.
Like the nucleation and growth of nanoparticles,”*?* the dis-
solution mechanisms are simultaneously driven by kinetic and
thermodynamic effects that depend on the reaction speed and
the structural stability of nanomaterials, respectively.
Therefore, LCTEM allowed highlighting the effects of oxidation
potential, nanoparticle faceting and crystal defects on selec-
tive-etching processes.'' %> However, the influence of surface
functionalization on the corrosion dynamics has always been
disregarded, although the nature and spatial distribution of
organic shells are known to affect the stability and reactivity of
nanostructures.*®>*2°

From theoretical point of view, different approaches have
been actively developed to understand the role of surfactants
on the structure of metal nanoparticles.>®*” Generally,
methods of quantum chemical calculations enable a detailed
study of a system at the atomic level, but the computational
cost for such methods is high. To overcome these difficulties,
classical molecular dynamic (MD) approaches involving force
fields with different level of accuracy were developed to investi-
gate the evolution of large molecular assemblies for long
periods. Moreover, many MD works focused on the interaction
between surfactants and metal surfaces have been performed
to explain the growth of anisotropic nanostructures coated
with ligands such as citrate, piptide, CTAB ....>**' However, to
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our knowledge such theoretical approaches have never been
used to reveal the effect of surface functionalization on the dis-
solution processes of nanoparticles.

In the present study, we combine experimental and theore-
tical investigations to demonstrate at the atomic scale the key
roles of degradation kinetics and capping agents in the selec-
tive shortening of gold nanorods (NRs) in oxidative media.

2. Experimental section and methods

2.1. Nanorods and chemicals

Citrate-coated gold NRs were purchased from Nanocomposix
Inc. According to the supplier, the gold NRs were first fabri-
cated by a conventional wet-chemical method assisted by cetyl
trimethylammonium bromide (CTAB). This very common sur-
factant is then replaced by sodium citrate molecules. The NRs
are highly purified to remove all residual reactants following
synthesis and dispersed in Milli-Q water. Other chemicals
used for liquid-cell TEM were purchased from Sigma Aldrich
Inc., with ACS Reagent grade.

2.2. TEM experiments and data processing

All TEM experiments were performed on a JEOL ARM 200F
microscope equipped with a CEOS aberration corrector for the
objective lens and a cold field emission electron source.>> We
used a 200 kV acceleration voltage.

Liquid STEM imaging was performed using a liquid-cell
TEM holder commercialized by Protochips Inc. A colloidal sus-
pension of citrate-coated gold NRs dispersed in an acidic
saline solution containing 1 M of NaCl and 10> M of HCI was
encapsulated in the liquid-cell by using the conventional
loading process.”>** The Au spacers of the liquid cell were
150 nm thick and the experiments were performed in the
corners of the observation window, where the liquid thickness
is minimum. The acidic saline solution was continuously
flowing into the liquid-cell during the experiment with a flow
rate of 5 L. min~'. STEM HAADF imaging was performed with
a pixel dwell time of 5 ps and a probe current of 1.1 10° elec-
tron per s. The electron dose rate was then tuned with the
STEM magnification. The dose rate given in electron per s per
A?, can be calculated by dividing the probe current by the irra-
diated area (i.e. the image area in STEM mode). Videos of NRs
etching were acquired with a frame rate of one image per
second using Digital Micrograph software. The length and
width evolution of NRs during the etching processes was
extracted with an automated video processing using Fiji and a
homemade Python code.

Aberration-corrected HRTEM imaging was exploited to
study the spatial distribution of citrate coating on NRs de-
posited on a thin carbon film. Using the CEOS aberration cor-
rector, the first order aberrations (A1 and C1 (i.e. the focus)),
the second-order aberrations (A2, B2) and the third order aber-
rations (C3, A3 and S3) were tuned below 2 nm, 20 nm and
1 pm, respectively. These optical conditions optimize the con-
trast of organic molecules adsorbed on gold nanocrystals
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because they minimize the noise arising from the carbon sub-
strate and they avoid the contrast delocalization of the gold
surfaces. We note that the citrate layer is more easily detected
on NRs flatly deposited on the carbon film than on NRs laying
at the edge of carbon film which highlights the influence of
the local environment of NRs on the conformation the citrate
layer.

The following digital processing was applied to HRTEM
images to better visualize the citrate layers. We used a low-pass
filter with cutoff frequency at 3 nm™" to suppress the atomic
contrast of the NR and to make the citrate layer the area of the
images with the highest local intensities. Then, the color
thresholding method implemented in Digital micrograph soft-
ware allows us coloring in hot colors the high signal of the
citrate layer.

To take into account the high variability in thickness of the
citrate coating, the average thickness of citrate layer on the
body, the tips and the corners of the NRs was calculated by
measuring the average thickness on 5 nm long surface sec-
tions. These measurements were performed over 15 NRs
(corresponding to 1000 nm of analyzed projected surface).

2.3. Grand canonical monte carlo (GCMC) simulations

At first, the atomic position of a 13 nm long and 5.8 nm wide
NR was calculated with the Nanofabric software.*® Then, the
Au-Au interaction is modeled by a tight-binding semi-empiri-
cal potential within the second moment approximation. Such
model is particularly well suited to model transition and noble
metals where the cohesion is governed by the d-electron
band.>**> The parameters for gold, fitted on the bulk cohesive
energy, lattice parameter and elastic constants, can be found
in Chmielewski et al.>® This model, both fast to compute and
accurate, is then implemented in a MC code using GC algor-
ithm with fixed temperature and Au chemical potential ().
The GC algorithm used consists in a series of MC steps. Each
step randomly alternates displacement moves but also
attempts to incorporate and remove Au atoms in a previously
defined active zone. In order to mimic the etching process
from the surface, the active zone for extracting/inserting Au
atoms is defined as a region + 5 A from the surface of the NR.
It is important to specify that in order to respect the detailed
balance and thus ensure that the Markov chain is satisfied,
both events (extraction and incorporation of Au atoms) are to
be tried.’” Although studying etching, one cannot simply
extract only the Au atoms which would bias the simulation. In
the present work, we typically performed up to 2000-8000 MC
steps to get a complete degradation of the NP depending on
Hau- Within each MC step, we systematically performed 2000
attempted displacement trials per atom. To extract or incorpor-
ate Au atoms, 500 attempts were made and ended as soon as
one successful event has occurred. We then performed GCMC
simulations at 7 = 500 K and different y,, ranging from —3.75
to —3.95 eV. The Au chemical potential is referred to a ficti-
tious ideal monoatomic gas, explaining its values that are of
the order of the cohesive energies of Au in FCC bulk (e.g
—3.81 eV per at. in our TB model). Depending on the value of
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Hau (at a given T), one would tend to favor the adsorption or
extraction of Au atoms. In our case, we worked in a chemical
potential range below —3.70 eV to observe the dissolution of
the NRs.

In order to analyze the etching mechanisms in detail, we
calculated a desorption rate through the tip and body of the
NR defined as follows: desorption rate = 71,,"™°°4/A where 4 is
the surface of the tip or body of the NR and 7,,"™*"*¢ is the
number atoms removed during the MC simulation on each
surfaces. Consequently, the calculation of the desorption rate
implies determining the surface of the tip and the body of the
NR during the simulation. However, the surface of the NP is
always evolving. At the atomic scale, it is therefore difficult to
represent it as a multifaceted NR as can be seen in its initial
state. A simple way to approximate the surface of the object is
to assimilate it to a cylinder closed by two half-spheres. By
doing so, the cylinder corresponds to the body of the NR and
the two half-spheres to the tip (Fig. S17).

2.4. DFT calculations

Theoretical calculations were performed within plane-wave
pseudopotential method based on density functional theory as
implemented in the Vienna Ab initio Simulation Package
(VASP).>®*° Tons are described by employing PAW pseudopo-
tential for atomic core region.’”*' The exchange-correlation
energy was calculated within the Perdew, Burke, and Ernzerhof
formulation of the generalized-gradient approximation
(GGA-PBE).*>** After the extensive test calculations for the
total energy convergence, the kinetic energy cut-off for plane
wave expansion was set to 400 eV. Six Au surface orientations
(111), (100), (110) (for low index surfaces) and (221), (311),
(331) (for high index surfaces) were considered. The Au sur-
faces were simulated by the (4 x 4) slab models containing 6
atom layers, in which the 2 bottom layers are fixed to mimic
the bulk state. The calculated equilibrium lattice constant of
the bulk was found to be of 4.17 A, which is in good agreement
with the experimental value of 4.08 A.** The slab models are
separated with a 15 A vacuum space along the Z-axis and the K
points is set as (2 x 2 x 1). The geometry of the acetate and
citrate molecules in a gas phase is optimized in a 15 A x 15 A x
15 A cubic box; the k-point sampling is set as (1 x 1 x 1). The
convergence criterion for the electronic self-consistent cycle
was fixed to 107° eV per supercell. Atomic positions and lattice
parameters were both relaxed using the conjugate gradient
algorithm until all the forces are below 0.02 eV A™'. The
surface energies of Au(111), Au(100) and Au(110) are calculated
to be 0.64 J m™2, 0.80 J m~ and 0.91 ] m™2, respectively. Even
underestimated compared with the experimental value of 1.5 J
m~?, these DFT predicted surface energies are in good agree-
ment with the literature.*> More theoretical details and com-
parisons with other DFT functional could be found in our pre-
vious works."®"” The electronic structure of the adsorption
systems was analyzed through Bader charge density analysis*®
with the implementation of Henkelman and co-workers®’
which allows analyzing the density issued from VASP code.
From a theoretical point of view, classic DFT cannot accurately
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capture weak interactions such as van der Waals forces and it
is always difficult to ascertain the existence of a
physisorbed molecular state on the gold surfaces. In order to
evaluate the effect of the dispersion correction term in the
DFT calculated adsorption energies of citrate molecules, we
employed the dispersion term DFT-D3 proposed by Grimme®°
and implemented in the VASP code. However, although we
have adopted the dispersion correction in the above calcu-
lations, the DFT-GGA method tends to underestimate the ener-
gies (surface energies and adsorption energies), which is a
well-known artifact.>!

3. Results and discussion

3.1. In situ imaging of selective-etching processes

The dissolution of 50 nm long and 13 nm wide gold NRs
coated with citrate molecules was followed at the nanoscale by
LCTEM in an acidic saline solution containing 1 M of NaCl
and 10~> M of HCI (Fig. 1). As the corrosion of NRs only occurs
under electron beam irradiation (see ex situ control experiment
in ESI, Fig. S27), the reactive oxygen species (ROS) produced by
water radiolysis, particularly hydroxyl radicals (OH") and hydro-
gen peroxide (H,0,), are obviously implied in the oxidizing
reactions. By studying the colloidal stability of gold nano-
particles under electron-beam irradiation in various saline
solutions, Hermannsdorfer and coworkers demonstrated that
the etching of gold nanoparticles requires, as in our experi-
ment, high NaCl concentration and low pH."® They concluded
that the strong oxidizing power of OH" and H,O, drives this
corrosion processes but the presence of chlorine ions (Cl-) is
necessary to lower the redox potential of the reaction and
stabilize tetrachloro gold complexes ([AuCl,]”) The reactivity
of ROS increases at low pH, because a high concentration of
oxonium ions favors the formation of H,O. The ROS-induced
degradation of gold nanostructures that also occurs in a slower
way in cellular media,® can be summarized as followed:

Au® +4Cl™ — [AuCl,]” +3e”
3e” +30H — 30H"
30H +3H" — 3H,0

H,0, +2H" +2e~ — 2H,0

In these conditions, with an electron dose rate of 3.3 elec-
trons per s per A%, the dissolution time of NRs varies from 100
seconds (Fig. S3t) to 180 seconds (Fig. 1a) but the etching
process is always selective. Indeed, the length of the NRs
decreases linearly with time while their width remains con-
stant until spherical nanostructures remain (Fig. 1b). Then,
the etching rate accelerates leading to a quick disappearance
of the nanocrystals. Consequently, the aspect ratio of the nano-
structures (i.e. length/width) decreases linearly with time from
3.8 to 1 (Fig. 1c and S3f). As the concentration of ROS
increases with the electron dose rate,”> LCTEM also offers the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Reaction-kinetics effects on the etching processes of gold NRs in an acidic saline solution. (a) STEM HAADF image series acquired with an
electron dose rate of 3.3 electron per s per A%. The acquisition time is indicated in the top right corner of each image. See Video 1 in ESL.} Time evol-
ution of the NR (b) length, width, and (c) aspect ratio. (d) STEM HAADF image series acquired with an electron dose rate of 20.5 electron per s per
A2 The acquisition time is indicated in the top right corner of each image. See Video 2 in ESL.{ Time evolution of the NR (e) length, width, and
(f) aspect ratio. The analyzed NR is indicated by arrows in (d). The shape evolution of the other NR is quantified in Fig. S4.1

possibility to modulate the etching kinetics and visualize its
impacts on the degradation mechanisms. As illustrated in
Fig. 1d and e, with a dose rate of 20.5 electrons per s per A
the dissolution of NRs takes only about 30 seconds and both
the length and width decrease over time. Throughout this fast
dissolution process, the width and length loss percentages
have the same time dependence (Fig. S4bf) resulting in a con-
stant aspect ratio of the nanostructures, except for the very last
seconds in which their shape anisotropy decreases (Fig. 1f and

This journal is © The Royal Society of Chemistry 2020

S47). These speed-controlled experiments reveal a transition
between a low driving force regime leading to the slow selec-
tive shortening of NRs and a high-driving force regime in
which fast and more isotropic dissolution are observed. These
real-time in situ observations confirm in a straightforward
manner many studies carried out by UV-Vis spectroscopy on
the colloidal stability of NRs in oxidative media with various
concentration of etching agent.">>*™® To summarize, in the
high driving force regime, the dissolution kinetics is domi-

Nanoscale, 2020, 12, 22658-22667 | 22661
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nated by the high etching power of the solution which
depends on the concentrations of ROS and CI~, whereas the
low driving force regime allows visualizing the difference in
reactivity between the body and the two tips of NRs and the
observed selective etching is then driven by the intrinsic
thermodynamic properties of nanostructures.

3.2. Why the ends of nanorods are more reactive?

The preferential etching of NR’s ends can either be explained
by the surface structure of nanocrystals (i.e. defects and facet-
ing) that modifies the local reactivity or by an inhomogeneous
passivation layer that dictates surface accessibility for etching
agents.'>'7?>°*%% In the following, we combined aberration-
corrected HRTEM imaging and atomistic simulations to evalu-
ate the respective impacts of the crystal surface and the citrate
coating on the anisotropic etching of NRs. At first, we per-
formed atomic-scale TEM investigations under vacuum to
determine the faceting of nanocrystals. The HRTEM images of
nanostructures along the [100], [110] and [001] zone axes
(Fig. 2a-c) clearly reveal that the body of the rods exhibits four
{100} and four {110} faces, whereas the tips consist of four
{110} and four {111} faces (herein referred to as the corners of
the NRs) together with a {100} face at the apex. If small ter-
races and steps are occasionally observed at the interface
between faces, NRs are monocrystalline and do not
present classical defects of FCC metals, such as stacking
faults or twin planes. These results is consistent with the 3D
shape of NRs obtained by seed-mediated growth in
aqueous solution, assisted by the surfactant cetyltrimethyl-
ammonium bromide (CTAB),”” and it confirms that the
surface exchange protocol used to replace the CTAB with
citrate capping agents does not affect the faceting of nano-
structures (see section 2.1).

To determine if the selective shortening of NRs origins
from their atomic-scale faceting, Grand Canonical Monte
Carlo (GCMC) simulations were performed using a specific
N-body potential derived from the second moment approxi-
mation of the tight-binding scheme.?****> The chemical reac-
tions involve in the gold etching, is translated in the GCMC
algorithm into a change of chemical potential of Au atoms
(4au)->® As required in GCMC simulations that take the system
to thermodynamic equilibrium, long atomic relaxations are
performed after each accepted Au removal, as well as attempts
to incorporate Au atoms in the structure.’” Simulation details
are provided in section 2.3. Starting from a 13 nm by 5.8 nm
NR containing about 19 000 atoms with the same crystal facet-
ing than the NRs studied experimentally (Fig. 2d), we simu-
lated atomic-desorption processes with various chemical
potentials at 500 K until the NR completely dissolved (Fig. 3a).
As expected, the stronger (i.e. the more negative) the chemical
potential, the faster the dissolution of the NR (Fig. S5at), but
regardless of the chemical potential, the number of extracted
atoms per MC step is constant until 6000 atoms remain within
the nanostructures, then the dissolution process speeds up.
This size effect on the desorption processes is explained by the
decrease in the cohesive energy of nanocrystals when their
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dimensions are reduced to a few nanometers (Fig. S5b+).>*>7 It
is worth noting that this effect occurs in a size range (width <
3.5 nm) which prevents its experimental observation because
of the resolution limit of our LCTEM experiments and the very
short life time of degraded NRs with a size below 5 nm. The
coordination-number distribution of extracted atoms shows
that strong chemical potential favors the extraction of atoms
with higher coordination numbers (Fig. S5ct), which reflects
the possibility to extract atoms with higher desorption ener-
gies (Fig. S5df). More importantly, GCMC simulations never
show a selective shortening of NRs but rather isotropic dis-
solution processes. As illustrated in Fig. 3 and S61 for the
weaker and stronger chemical potentials, respectively, the
reduction in length and width of the NRs follow very similar
trends (Fig. 3b and S6b}) and we measure similar desorption
rates on the body and at the tips of NRs (Fig. 3c and Séct)
throughout the simulations. Consequently, the aspect ratio of
NRs increases when the dissolution process speeds up because
the loss percentage is more important along the width than
along the length (Fig. 3d and S6df). Fig. 3a and Sé6af also
show that the initial crystal facets of NRs rapidly transform
into rough surfaces which likely favors the isotropic degra-
dation of the NRs. It also indicates that atomic desorption
goes faster than surface diffusion that should maintain the
facetted morphology of nanocrystals. Ultimately, the disagree-
ments between the LCTEM observations and the GCMC simu-
lations reveal that crystal-faceting alone does not explain the
directional etching of gold NRs observed experimentally in the
low driving force regime. The isotropic etching observed in the
GCMC simulations that does not take into account the effects
of the ligands on the thermodynamic properties of nano-
structures, simply results from the very similar surface struc-
ture of the body and ends of NRs. Indeed, they both exhibit
{100} and {110} faces and the {111} faces that are only observed
on the tips are known to be the most stable gold surface.®°

Since surface functionalization reduces access to gold nano-
crystals for the chelating agent and stabilizes crystal surface,
we evaluate the role of citrate coating in the chemical etching
of NRs by studying both experimentally and theoretically the
citrate/Au interfaces. The absence of delocalization contrast at
the edges of nanocrystals and the low noise level arising from
the amorphous substrate are two characteristic features of
aberration-corrected HRTEM images acquired close to zero
focus® that allow revealing the inhomogeneous distribution of
the citrate layer over the NRs (Fig. 4a and S71)." Obviously,
these HRTEM images provide only a partial view of these soft/
hard material interfaces since the citrate layer can be detected
only if it is not superimposed with the gold crystal. Moreover,
the conformation of the organic layer around the NRs is very
likely influenced by the local environment of the NRs during
the deposition and drying processes. Nevertheless, in general,
we observe much more citrate on the body of the NRs than at
the extremities. Local-thickness measurements of the citrate
layer illustrated in Fig. 4a have resulted in an average thickness
(Teir) of 4.5 £ 3.0 nm and 1.9 + 0.7 nm on the body and the tips
of the NRs, respectively (see details in section 2.2). More pre-
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Fig. 2 Atomic-scale faceting of nanorods. Aberration-corrected TEM images of NRs along the (a) [100], (b) [110] and (c) [001] zone-axis orien-
tations. The white, blue and pink dashed lines indicate the {100}, {110} and {111} edge-on facets, respectively. In image (c) the NR is seen along its an-
isotropy axis. (d) Scheme of the atomic scale faceting of NRs deduced from HRTEM images. This 3D nanostructure is used as a starting point of

Monte Carlo simulations.

cisely, the corners of the NRs are the less covered surfaces with
a Tee of only 1.1 + 0.5 nm with a minimum for the {111}
corners (75! = 0.8 + 0.2). These atomic scale observations of
dried nanostructures highlight the lower density of citrate
layers on the (111) facets, and more generally on the tips of
NRs. Note that, it would be very interesting, but still challen-
ging, to confirm these results by LCTEM to minimize experi-
mental artefacts.

At first attempt to explain theoretically this inhomogeneous
citrate coating, DFT calculations were performed to determine
the binding modes and adsorption energies of citrate mole-

This journal is © The Royal Society of Chemistry 2020

cules, which contain three carboxylate groups (Fig. S8t), on
{100}, {110} and {111} gold surfaces. We considered the disso-
ciative adsorption via carboxylate O-H terminal where H atom
was assumed to be dissociated in the solution and to diffuse
onto the Au surface (Fig. S91). In agreement with the recent
results of AlJohani et al,®” we found that carboxylate groups
tend to bridge two Au surface atoms, with each carboxylate
oxygen interacting with one Au atom. On {100}, {110} and
{111} gold surfaces, carboxylate-group adsorption is always
stronger when bridging two first neighbor Au atoms (see
details in ESI, Fig. S10 and Table S1}). We found that citrate

Nanoscale, 2020, 12, 22658-22667 | 22663
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the simulated NR seen along its transversal (left) and longitudinal (right) axes at different MC steps. (b) Length and width of the NR as function of MC
step. (c) Rate of desorption of gold atoms on the tips and the body of the NR as function of MC step. (d) Aspect ratio of the NR as function of MC

step. see Video 4 in ESIT and calculation details section 2.3.1

anions have two stable geometries on gold surfaces: the C,
conformation, where one terminal carboxylate group links to
the gold surface (Fig. 4b) and the C, configuration, where one
terminal and the central carboxylate groups interact with the
substrate (Fig. 4c). Interestingly, the calculated adsorption
energies (E.q) show endothermic adsorption over {111} sur-
faces for both C, (E,q = 0.05 eV) and C, (E.q = 0.79 €V) con-
figurations, whereas exothermic adsorptions are found for the

22664 | Nanoscale, 2020, 12, 22658-22667

C, configuration over the {100} surface (E,q = —0.21 eV) and for
both the C, (E,q = —0.49 eV) and C, (E.q = —0.45 eV) over the
{110} surface. The strong adsorption of citrates on {110} sur-
faces is due to stronger charge transfers from the under-co-
ordinated gold surface to the molecules (Fig. S117).

In order to go further in the comprehension of the reactivity
of the different facets of gold NRs toward citrate molecules, we
performed additional calculations on high index surfaces such

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Spatial distribution of citrate functionalization over gold NRs. (a) Low-pass filtered HRTEM image of a NR acquired close to zero focus. A color
thresholding process was applied to display the citrate layer around the NR in hot colors (see details in section 2.2). On the right, signal to noise ratio
profile measured along the arrow seen on the image, on which we can measure the local thickness of citrate (T.;) on each side of the NR's body.
Optimized C2 (b) and C4 (c) configurations of citrate on {100}, {110} and {111} gold surfaces and their corresponding adsorption energies obtained by
DFT calculations (see details in section 2.3 and in ESI}). Au, C, O and H atoms are represented in yellow, black, red and white, respectively.

as {221}, {311} and {331}. These latter could be representative
of step atoms at the edge of small terraces that are sometimes
observed at the interfaces between faces on the tips of NRs
(Fig. S127). DFT results show that these sites are also exother-
mic adsorption points for citrate molecules with competitive
adsorption energies (E,q < —0.30 eV) (see details in ESI,
Fig. S13 and Table S2f). All these theoretical calculations
emphasis that the {111} surfaces are the least prone to citrate
adsorption. In line with HRTEM observations, this indicates
that the {111} corners of NRs are less protected by the citrate
layer which favors their degradation. Therefore, in the low

This journal is © The Royal Society of Chemistry 2020

driving force regime, these easily accessible surfaces are very
likely the most, if not the only, reactive site for oxidative
etching which drives the selective shortening of NRs. The
more isotropic etching observed in the high driving force
regime is due to the higher etching power of the solution that
either becomes too strong for the citrate-covered surfaces or
results in the degradation of the citrate shield itself.
Interestingly, the identified distribution of citrates over
gold NR facets and their role in the anisotropic dissolution is
very similar to the identified distribution of surfactants and
their role in the anisotropic growth phenomena. Indeed, using

Nanoscale, 2020, 12, 22658-22667 | 22665
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molecular dynamic simulations, Sulpizi et al.>® have identified
the role of surfactant layer that preferentially covers the (100)
and (110) facets, leaving the (111) facets unprotected. This
inhomogenous surfactant layer promotes anisotropic growth
with the less protected tips growing faster, which explains the
shape of NRs. Facet-specific coverage has been also reported
by Heinz and coworkers for peptides on Pt nanoparticles.*!
Moreover, these authors have introduced the concept of soft
epitaxial binding mechanism, which control the facet reco-
gnition and binding strength in solution.®?

It is worth noting that our DFT calculations of single
adsorbed citrate molecule interacting with gold surfaces are an
initial proof of the effect of ligands on the protection of NRs
from degradation and that further analyses should be under-
taken. Indeed, it is actually well known that for charged mole-
cules, such as citrate, the contribution of the polarization
effect to the adsorption energy should be taken into
account.®”®® The development of an accurate force field
including polarization effects and the possible influence of the
solvent and the charged species generated by its radiolysis to
implement in molecular dynamic simulations is an essential
future step to reproduce the observed dissolution process.

4. Conclusion

Real-time monitoring of reaction processes is crucial for
understanding the reaction mechanisms. So far, UV-Vis spec-
troscopy has been the standard method to characterize in real
time the corrosion of gold NRs and reveal selective-shortening
processes because the resulting blue shift of the longitudinal
surface plasmon resonance of NRs allows tracking the decrease
of their aspect-ratio.’*>* In that regards, this impact visible
to the naked eye on the optical response of the solution opens
up new perspectives for sensing applications.>® In this letter,
we exploited LCTEM to directly image and control the oxi-
dative etching gold NRs. For the first time, we found experi-
mental conditions that allows visualizing the selective shorten-
ing of gold NRs at the nanoscale. These in situ investigations
confirmed that this directional etching process requires redu-
cing the etching power of the solution to make the tips of the
NRs the only reaction site. Then, we combined HRTEM and
atomistic simulations to establish the link between the aniso-
tropic dissolution of NRs and their structural properties. We
demonstrated that the higher reactivity of NR tips is not due to
their intrinsic crystal structure but results from a less abun-
dant citrate coating. These results highlight the key role of
surface accessibility in corrosion processes and the necessity
to consider the structure of organic/inorganic interfaces to
understand the degradation of nanostructures.
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