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ARTICLE INFO ABSTRACT
Keywords: We present a seed-mediated synthesis method for producing silver nanoplates (AgNPTs) with customizable size
Silver nanoplates and thickness, ensuring high yield and precise optical properties. This approach leverages ethyl-

Seed-mediated

enediaminetetraacetic acid (EDTA) as a key component in the synthesis process, utilizing small single-crystal
Thickness control

. silver seeds. The interaction between Ag" ions and EDTA at varying pH levels dynamically regulates silver
Tunable optical response . . P . : :
Ethylenediaminetetraacetic (EDTA) complexation and reduction kinetics during seed overgrowth, leading to the formation of truncated nanoplates
Adenosine 5-monophosphate (AMP) with superior optical responses. By adjusting the pH within the range of 8-10.5, we can manipulate the growth of
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the nanoplates, enabling a flexible optical response ranging from 519 to 1006 nm due to changes in their size and
thickness. Additionally, nanoplate overgrowth extends plasmon resonance up to approximately 2000 nm. The
incorporation of Adenosine 5’ monophosphate (AMP) not only enhances nanoplate stability but also allows for
precise thickness adjustment independent of growth kinetics. This method provides a systematic approach to
tailor nanoplate morphology and optical properties with unprecedented precision. The role of EDTA is attributed
to its complexation ability with Ag™ and its assistance in facet evolution, supported by density functional theory
(DFT) simulations of surface energies modified by EDTA adsorption. Furthermore, DFT calculations confirm that
AMP can further modify the surface energies of different facets, enabling precise thickness control.

1. Introduction

Nanoplates (NPTs) showcase one of the most intriguing nanoscale
geometries among noble metal nanoparticles. Their two-dimensional
structure, varying from triangular to hexagonal shapes, induces a high
degree of anisotropy, resulting in a highly tunable optical response.
Among these, silver nanoplates (AgNPTs) are particularly noteworthy
due to their high extinction coefficient, tunable Localized Surface Plas-
mon Resonance (LSPR), and exposed crystal facets with high surface
energy, making them particularly promising for various optical and
catalytic applications [1-3].

Mirkin and colleagues pioneered the production of AGNPTs through
plasmon-mediated synthesis. AgNPTs are formed through photochem-
ical reduction, leveraging plasmon excitation to control the growth.
Light-induced oscillation of electrons enhances the reduction of silver
ions, promoting the controlled growth of well-defined NPTs [4,5].
Subsequently, over the last two decades, significant efforts have been
devoted to unravelling the growth mechanism and developing new
methodologies to produce this fascinating nanoscale geometry, aiming
to control and leverage its unique optoelectronic properties.

In addition to light-mediated synthesis, which has achieved high
morphological control [5,6], other strategies, both seed-mediated or
seedless, have been developed to obtain AgNPTs with controlled lateral
length and tunable optical response. Thus, different capping ligands
have been employed such as polyvinylpyrrolidone (PVP) [7-11],
cetyltrimethylammonium bromide (CTAB) [12,13], Pluronic F127 [14],
tannic acid [15], glycyl glycine [16], polystyrene sulphonate (PSS)
[17,18], ethylenediaminetetraacetic sodium salt (EDTA) [19], among
others [20-22]. Table S1 in the Supporting Information summarizes the
most significant synthesis protocols reported to date, with special
emphasis on the growth strategy, the shape-inducing agent or stabilizer,
the side length, and the thickness control, as well as LSPR tunability and
nanoplate yield.

The preferential adsorption of molecular entities on specific crys-
tallographic faces has been recognized as a key factor in the synthesis of
AgNPTs, promoting face-selective growth. However, the discovery of
forbidden 1/3(4 2 2) reflections in their 2D crystalline structure, caused
by stacking faults parallel to {1 1 1} faces, has highlighted the impor-
tance of these defects in the development of Ag nanoplate structures
[23]. Recently, the stacking fault structure of AgNPTs was resolved,
revealing various types of surfaces on their lateral sides, such as
concave, step, and {1 0 0} faces. These regions provide sites for adding
atoms with a higher coordination number compared to the flat {1 1 1}
faces on the top and bottom, leading to anisotropic growth along the 2D
direction and supporting the theory of stacking fault-induced 2D growth
[24]. However, the origin of stacking defects remains elusive. Some
studies suggest that these defects in the crystalline structures of the seed
may be fundamental in the subsequent development of 2D structures of
AgNPTs, though the evidence is limited due to the scarcity of research
analyzing the crystal structure of the seeds (see Table S1) [21,25,26].

Furthermore, it is noteworthy that many synthetic processes tend to
converge towards slow growth regimes, which favor the addition of
atoms within entrance grooves formed in stacking fault regions.
Consequently, crystal growth predominantly occurs along the [1 1 1]
direction and parallel to the plane {11 1} [10,19,26-28]. In this context,
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molecules such as sodium citrate (SC) play a critical role in the seed-
mediated synthesis of NPTs. Beyond preferential adsorption, sodium
citrate acts as a silver complexing agent, modulating ionic diffusion and
growth kinetics, thus providing more controlled conditions for AgNPTs
growth [10,26]. Other molecules, including polyacrylamide [27],
acetonitrile [29,30], or EDTA [19] among others, have also been iden-
tified as chelating agents that manipulate the kinetic reduction.

The optical properties of AgNPTs are primarily determined by their
geometry, especially their lateral size, thickness and degree of trunca-
tion. Thus, an increase in the lateral size or a decrease in the degree of
truncation typically leads to a red-shift in the main LSPR, as this implies
an increase in the aspect ratio (ratio of lateral dimension to thickness)
[10,12,30,31]. Different reports have shown that AgNPTs can achieve
tunable LSPRs of up to 3000 nm by modulating their lateral dimensions
to the order of microns [10,30]. Interestingly, while lateral size
tunability of AgNPTs has been extensively studied, controlling thickness
has proven more challenging. Note that thickness variation significantly
alters the aspect ratio, providing greater control over the optical
response. Metraux and Mirkin achieved some control over AgNPTs
thickness using a seedless synthesis with PVP, SC and hydrogen peroxide
[7]. Since then, similar strategies have shown thickness tuning in the
5-10 nm range [32,33].

Using a seed-mediated strategy, Charles and coworkers were able to
modulate the thickness from approximately 5 nm to 14 nm by varying
the amount of seed, although the optical response of the AgNPTs did not
extend beyond 1200 nm [18,31]. Additionally, Zeng and collaborators
demonstrated that SC and PVP concentrations affect vertical versus
lateral growth during successive epitaxial deposition on AgNPTs [34],
although the optical response was not documented (see Table S1).
Finally, combining PVP with N-methylpyrrolidone has produced
AgNPTs with thicknesses ranging from 8 to 63 nm. Nevertheless, this
increase in thickness was accompanied by a large increase in size,
resulting in a low aspect ratio and LSPR responses below 1000 nm [35],
This seedless approach, while producing nanoplates, led to broad LSPR
bands, compromising monodispersity. Thus, despite significant progress
in manipulating the morphology of AgNPTs, achieving precise control
over their thickness remains challenging.

Building on these insights and taking into consideration that EDTA
exhibits strong chelating ability to silver cations, which may alter their
reduction potential, activation energy, and ionic diffusion coefficient
[36,37], we aim to develop a seed-mediated approach using EDTA to
produce uniform AgNPTs with high yield and precise control over their
lateral dimensions and thickness. This method aims to achieve tailored
optical responses in the visible to near-infrared (NIR) region. By con-
trolling the pH within a specific range or adding 5-adenosine mono-
phosphate (AMP), we can modulate the thickness of AGNPTs. The ability
of this strategy to vary both the thickness and lateral dimensions of
AgNPTs allows for precise tailoring of their optical response, opening
new opportunities in nanoplasmonics. Our results demonstrate the
preferential formation of Ag {1 1 1} facets stabilized by EDTA mole-
cules, as predicted by density functional theory (DFT) surface energy
calculations. Additionally, DFT simulations support that the preferential
adsorption of AMP on {1 0 0} or {1 1 O} crystal facets drives the
thickness control of AgNPTs.
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2. Results and discussion

Our central hypothesis originated from the commonly accepted
statement that the crystal structure of the seeds defines the crystallinity
of the final nanoparticles [38]. Thus, we propose that leveraging EDTA’s
potent chelating capabilities with Ag™ in the presence of well-defined
tiny silver seeds could present an intriguing method for producing
monodisperse AgNPTs in high-yield. To test this, we firstly optimized
the production of tiny single-crystal Ag seeds via chemical reduction
using NaBH,4, with EDTA acting as stabilizer. The protocol involved
adding Ag(I):EDTA (1:2 molar ratio) solution into a NaBH4 solution at a
constant rate of 1 mL/min (see materials and methods). The resulting Ag
seeds exhibited a LSPR centered at 395 nm and a mean size of approx-
imately 4.8 + 1.6 nm (Fig. 1). High-resolution transmission electron
microscopy (HRTEM) analysis confirmed a high population of single
crystal face-centered cubic (fcc) AgNPs with an interplanar distance of
0.235 nm that belongs to Ag (1 1 1), as confirmed by Fast Fourier
Transform (FFT) (Fig. 1B). A minor presence of twinned or multi-
twinned seeds was also observed (Fig. S1).

These seeds were grown via autocatalytic reduction in the presence
of silver ions, EDTA and ascorbic acid (AA). The optimized experimental
conditions reveal that a Ag(I):EDTA ratio of 1:4, which produces a pH of
ca. 9.3, gives rise to truncated AgNPTs with yield >90 % and with an
LSPR band centered at ca. 830 nm (see Fig. S2). It is important to note
that seeds prepared under different experimental conditions led to Ag
NPs constituted by mixtures of nanospheres and plates (data not shown).
We further explored the tunability of the main LSPR by varying the
amount of seed added to the growth solution while keeping an Ag(I):
EDTA ratio of 1:4. As shown in Fig. 2A, increasing the seed volume from
0.15 mL to 5 mL results in a blue-shift in the main LSPR band from 830
nm to 519 nm. This observed shift in the LSPR can be ascribed to a
decrease in the overall aspect ratio (AR) of the silver plates.

Given that EDTA’s ability to chelate silver cations is pH-dependent,
we investigated its effect on the growth of nanoplates across a pH
range from 7 to 12, while keeping the concentrations of silver nitrate,
ascorbic acid and EDTA, and the volume of seed constant. As shown in
Fig. 2B, increasing the pH from 8.1 to 10.5 resulted in a blue-shift of the
main LSPR band from approximately 1006 nm to 519 nm, with a linear
relationship between pH and LSPR band position (see Fig. 2C). Addi-
tionally, the plasmon band became narrower as the pH increased. TEM
analysis confirmed the formation of truncated AgNPTs in all samples,
with higher pH values leading to greater truncation, shorter side lengths
of the AgNPTs, and increased thickness. These morphological changes
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reduced the AR, corresponding with the observed blue-shift in the LSPR
band. For example, AgNPTs formed at pH 8.1 had a size and thickness of
110.1 + 13.8 nm and 7.0 + 1.1 nm, respectively (AR of 15.7). At pH
10.5, the NPTs measured 59.5 + 4.3 nm and 17.1 4+ 1.0 nm (AR of 3.5)
(see Fig. 2D-G and S3). Below pH 8, the reaction slowly produced
polydisperse AgNPTs, indicated by a very broad optical response
(Fig. S4A). Conversely, above pH 11.5, the reaction proceeded more
rapidly, resulting in the formation of pseudo-spherical nanoparticles
(Figures S4B-D). Importantly, our protocol allows for modulation of the
thickness of AgNPTs by simply adjusting the pH while using the same
volume of seeds. Unlike previous methods, this approach does not
require additional stabilizers [34,35], changes in seed quantity [18,31],
or multiple growth steps [34].

To investigate the effect of the pH on the formation mechanism, we
conducted a time-resolved spectrophotometric study of the NPT growth
at different pHs. Fig. 3 presents the time-evolution UV-Vis-NIR spectra
of AgNPTs growth at pH 9.9, 9.5 and 8.1. Initially, the in-plane LSPR
band appears at lower wavelengths, and gradually increases in intensity
and red-shifting over time. Notably, the traces of the time-dependent
red-shift of the main LSPR band, as shown in Fig. 3D, indicate faster
growth at a higher pH (9.9), with the LSPR band stabilizing after 15 min.
As the pH decreases to 9.5 and 8.1, the growth kinetics slow signifi-
cantly, with the LSPR band stabilizing after ca. 40 min and 70 min,
respectively. This deceleration is accompanied by a gradual red-shift of
the LSPR band from 650 nm to 1006 nm.

Given that an increase in the volume of seeds added at constant pH
leads to a progressive blue-shift of the LSPR band, we explored the
possibility of carrying out the growth in multiple steps by adding a fixed
volume of the initial growth solution into a freshly prepared growth
solution for each subsequent step (see experimental section for details).
The extinction spectra of the resulting plates after each growth step, as
shown in Fig. S5 of the Supplementary Information, demonstrate the
potential to achieve plasmonic bands extending up to ca. 2000 nm.

Next, to fine-tune the thickness of the nanoplates and consequently
their optical properties, we investigated promoting vertical over lateral
growth by introducing additional stabilizers and capping ligands.
Among the different ligands available, we selected AMP due to its ability
to stabilize silver nanoparticles [39]. Moreover, AMP exhibits prefer-
ential adsorption on specific facets of noble metals at the nanometric
scale [40], a characteristic that holds potential advantages in our current
context. We investigated the effect of increasing AMP concentrations
([AMP]), ranging from 0.075 mM to 0.7 mM, on a standard AgNPTs
synthesis at pH 8.1. In the absence of AMP, the AgNPTs exhibited a main

Fig. 1. (A) Extinction spectrum of silver seeds in water. (B) HRTEM image of one Ag seed showing its single crystal structure with an interplanar distance of 0.235
nm assigned to Ag(111). The inset shows the Fast Fourier Transform (FFT) obtained from B.
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Fig. 2. (A) Extinction spectra of AGNPTs obtained using [AgNO3], [EDTA], [AA] of 0.15 mM, 0.60 mM, 0.15 mM respectively and varying seed volume between 0.15
and 5 mL. (B) Extinction spectra of AgNPTs obtained at different pH values ranging from 8.1 (blue spectra) to 10.5 (red spectra). In all the synthesis, the volume of
seeds was 0.15 mL. (C) Evolution of the A,ay of the main LSPR as a function of pH. (D-G) Representative TEM images of AgNPTs obtained at pH 8.1 (D,E) and pH 10.5
(F,G). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

LSPR band centered at ca. 1006 nm (Fig. 2B, blue spectrum). The
addition of AMP led to a gradual blue-shift of the main LSPR band, with
negligible contributions from other morphologies. Specifically,
increasing the [AMP] from 0.075 mM to 0.7 mM (corresponding to Ag
(D):AMP molar ratios ranging from 1:0.5 to 1:4.6, see experimental
section for details) resulted in AgNPTs with the main LSPR band shifting
from 921 nm to 554 nm (see Fig. 4A). Characterization of the obtained
particles by TEM confirms that the presence of AMP does not affect the
AgNPTs yield but does reduce their lateral dimensions. For instance,
increasing the [AMP] from 0.15 mM to 0.6 mM decreased the average
edge length from 93.2 + 10.5 nm to 69.9 + 5.5 nm (see Fig. 4C,E).
Concurrently, the nanoplate thickness increased from 9.1 + 0.8 nm to
15.1 £+ 0.7 nm (see Fig. 4D,F), leading to an overall decrease in the
aspect ratio from 10.2 to 4.6, which accounts for the observed plasmon
tunability (see Fig. 4B and Fig. 56). It should be noted that the increase
in [AMP] is accompanied by an increased degree of truncation of the
plates (see Fig. S7A-F). Notably, nanoplates synthesized with AMP
exhibited enhanced stability and resistance to oxidation, enabling their
purification and long-term storage with minimal changes in their optical
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response (Fig. S7G, H).

Interestingly, AMP did not affect the growth kinetics, with the
growth process taking approximately 90 min regardless of [AMP]
(Figs. 3 and S8). Furthermore, the presence of AMP did not significantly
change the pH of the medium, which varied from 8.1 in the absence of
AMP to 8.6 at 0.7 mM AMP. Therefore, it can be concluded that while
the solution pH governs the growth kinetics, AMP modulates the
thickness and, thus, the AR of the AgNPTs, suggesting a strong inter-
action between AMP and silver surfaces during nanoplate growth. Next,
we explored the effect of the seeds volume in the presence of 0.15 mM
AMP. As expected, varying the seed volume from 0.15 mL to 5 mL led to
AgNPTs with tunable LSPR bands ranging from 867 nm to 503 nm,
respectively. However, when the [AMP] was increased to 0.6 mM, the
position of the LSPR band could only be tuned from 619 nm to 474 nm
within the same volume range. This indicates that higher seed volumes
can be used to produce smaller AgNPTs with adjustable thickness (see
Figs. S9 and S10).

To assess whether the thickness of the AgNPTs can be manipulated
through successive growth steps by varying the [AMP], we investigated
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their overgrowth to further tune their optical properties. This was done
by conducting a multi-step growth process at two [AMP]. Fig. 5 shows
the extinction spectra of AgNPTs obtained after various growth steps
with [AMP] of 0.15 mM and 0.6 mM. In both cases, a gradual red-shift in
the main LSPR band was observed during the multistep growth. After 10
growth steps AgNPTs with LSPR band at ca. 1717 nm and 1068 nm were
obtained for [AMP] of 0.15 mM and 0.6 mM, respectively (Fig. 5A,D).
The influence of [AMP] on the final optical properties is primarily
attributed to changes in nanoplate thickness and the degree of trunca-
tion. At higher [AMP], the nanoplates become smaller, thicker and more
truncated, resulting in a reduced aspect ratio (see Fig. 5B,C and E, F and
Figs. S11 to S13). It should be noted that overgrowing nanoplates with
optical response beyond 2000 nm resulted in a degree of coalescence
and precipitation, with some nanoplates depositing on the magnetic
stirrer and the walls of the reaction vessel. This indicates that the
colloidal stability, governed by the electrostatic repulsion provided by
EDTA and AMP, becomes insufficient to stabilize larger structures.
Before proposing a putative mechanism, the crystalline structure of
AgNPTs was studied by HRTEM. A representative HRTEM image of a
nanoplate corner is shown in Fig. 6A. The corresponding FFT reveals six
bright spots with hexagonal symmetry, which can be indexed to the {2 2
0} reflections of the fcc crystal oriented along the [1 1 1] direction
(Fig. 6B). This indicates that the flat surface of the particle is parallel to
the {1 1 1} plane. Additionally, forbidden reflections at 1/3{4 2 2} were
observed in the FFT images, suggesting the presence of internal stacking
faults in the nanoplate [23]. Atomic resolution TEM images further
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corroborate these findings, displaying interplanar distances of 2.5 A and
1.4 ;\, corresponding to the 1/3{4 2 2} forbidden reflections and the {2
2 0} Bragg reflections, respectively (Fig. 6C,D). When the nanoplates
were vertically aligned with the electron beam, the presence of stacking
faults running parallel along the {1 1 1} plane was confirmed, consistent
with previous scientific reports [1,2] (Fig. 6E,F). Similar observations
were obtained for thicker nanoplates (Fig. S14). However, in our study,
the Ag seeds used to grow high-purity nanoplates mostly exhibit a
single-crystal fcc structure (Fig. 1 and Fig. S2). This leads us to hy-
pothesize that symmetry breaking in the single-crystalline seeds must
occur during the early growth stages of the nanoparticles. Indeed,
controlled growth of Ag seeds from approximately 4-19 nm revealed the
formation of nanoparticles with nanoplate morphology (Fig. S9B),
indicating that symmetry breaking of single-crystalline seeds within this
size range.

Based on these observations we propose a growth mechanism based
on the following key points:

— EDTA complexation with silver ions. EDTA plays a crucial role in the
synthesis of AgNPTs by complexing with silver ions. The dissociation
constants (pKa) of EDTA are as follows: for the carboxylic acid groups,
pKal to pKa4 are 0.1, 1.5, 2.2, and 3.2, respectively. For the amino
groups, pKa5 and pKa6 are 6.8 and 10.3, respectively, with slight vari-
ations depending on the ionic strength of the medium [41]. Within our
specified pH range, all carboxyl groups are expected to be deprotonated
[42]. However, the protonation states of the tertiary amino groups vary
across a pH range from 8.1 to 10.5. This variability appears to be crucial
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Fig. 4. (A) Extinction spectra of Ag nanoplates obtained in the presence of different [AMP] ranging from 0.075 mM (blue spectrum) to 0.7 mM (red spectrum). The
concentration of AgNO3, EDTA, AA, H3PO4 was 0.15 mM, 0.60 mM, 0.15 mM and 0.085, respectively, and the Ag seed volume was 0.15 mL in all cases. (B) Graphical
representation of the thickness of the resulting AgNPTs as a function of [AMP]. (C-E) Representative TEM images of AgNPts obtained in the presence of 0.15 (C) and
0.6 (E) mM of AMP. (D,F) TEM images of stacking nanoplates obtained with 0.15 (D) and 0.6 (F) mM of AMP, revealing different thickness. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

in the complexation and reduction of Ag(I) ions, influencing the kinetics
of nanoplate growth.

By means of DFT methods, we investigated the complexes formed
between the fully deprotonated and the N-monoprotonated forms of
EDTA (see section S1.1 and Fig. S15 for details). According to the
experimental pKa values of EDTA, the fully deprotonated form pre-
dominates at pH > 10, while the N-monoprotonated form is dominant at
pH = 8. Theoretical calculations confirm the EDTA capability for com-
plexing the Ag™ cations in solution. The binding interaction is stronger
(more stabilizing) for the fully deprotonated form at pH > 10 compared
to the N-protonated form at pH = 8 (AEpinding = —16.6 kcal/mol vs
—12.5 kcal/mol, see Section S1.2 and Fig. S16). This enhanced stability
is attributed to the higher anionic character of the deprotonated form,
which increases the stabilization of the cation charge. Both complexes
show similar geometrical arrangements (Fig. 7), where EDTA hex-
acoordinate the central Ag" cation through interactions with four oxy-
gen atoms of the carboxylic groups and the two nitrogen atoms.
However, one of these nitrogen interactions is lost in the N-protonate
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complex.

— Influence of the solution pH on the growth kinetics. As shown in Fig. 2,
precise control of the solution pH within the range of 8.1 and 10.5, while
keeping other parameters constant, enables precise tailoring of the op-
tical properties over a wide wavelength range. Slower growth kinetics
favor the preferential addition of atoms within entrance grooves formed
at stacking fault regions. Consequently, crystal growth predominantly
occurs along the [111] direction and parallel to the {1 1 1} plane, as
extensively reported in the literature [10,19,26-28].

— Crystalline structure of the seed and its evolution into AgNPTs with
stacking faults. Our research suggests that inherent stacking defects in the
seeds may not be essential. It has been proposed that a delicate interplay
between kinetics and selective surface passivation may promote the
emergence of twin planes, similar to those observed in Au decahedra and
triangles, during the growth over single-crystalline gold nanoparticles of
quasi-spherical shape [43]. In the present case, considering the essential
role of EDTA in promoting the nanoplate morphology, we propose that
the complexation of silver ions with EDTA, along with the different
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Atomic resolution TEM images showing interplanar distances of 2.5 Aand 1.4 A corresponding to 1/3{4 2 2} forbidden reflections and {2 2 0} Bragg reflections,
respectively. (E, F) HRTEM image of a stack of vertically oriented AgNPTs, showing defect structure.

adsorption affinities of EDTA towards various crystalline facets of silver, adsorption of the deprotonated and N-monoprotonated EDTA forms on
facilitates the formation of twin planes and the plate-like structures. slabs mimicking the {1 1 1}, {1 1 0} and {1 0 O} silver surfaces (see

Theoretical density functional tight binding computations were Section S1.3 and Fig. S17 in SI). Our results indicated that at pH > 10,
employed to analyze the energetic stabilization resulting from the EDTA the adsorption of fully deprotonated EDTA is energetically favored over
adsorption on various silver surfaces. To this purpose, we studied the the adsorption of the N-monoprotonated species at lower pH on all
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Fig. 7. M062X/6-311+G** optimized geometries for Ag---EDTA complexes at pH > 10 (left) and pH ~ 8 (right).

facets. To further analyze the effect of these interactions on the relative
stability of each facet we have also computed adsorbed modified-surface
energies, yads, (see SI for details). Table 1 shows that the surface energy
ordering for clean surfaces is maintained for systems with adsorbed
EDTA, that is, y{1 1 1} < y{1 0 0} < y{1 1 0}. However, EDTA
adsorption significantly enhances the relative stabilization of the {111}
surface compared to the {1 0 0} and {1 1 0} facets between 7 % (pH = 8)
and 20 % (pH > 10). This increased stability of the {1 1 1} facets due to
EDTA adsorption promotes their greater exposure in the final shape of
the nanoparticle, as observed for triangular and hexagonal nanoplates.
Interestingly, a similar theoretical study for AMP adsorbed on silver
surfaces (see Section S1.3 and Fig. S18 in SI) indicates lower adsorption
energies compared to EDTA adsorption, suggesting that EDTA may exert
a more pronounced influence on the final nanoparticle shape. Further-
more, the modified adsorbed surface energies (Table 1) suggest that the
AMP adsorption reduce the preference for the {1 1 1} facet compared to
EDTA, implying that nanoparticles with lesser {1 1 1} surface exposure
would be expected.

— Vertical versus lateral growth: preferential adsorption of AMP. Precise
control of nanoplate thickness can be achieved through the combined
use of EDTA and AMP. Experimental findings indicate that AMP pro-
motes vertical growth while maintaining the growth kinetics primarily
influenced by pH. This effect is attributed to the preferential adsorption
of AMP on {1 0 0} or {1 1 0} crystal facets, contrasting with {1 1 1}
facets where EDTA adsorption significantly stabilizes these surfaces.
Consequently, nanoparticles with adsorbed AMP exhibit a greater pro-
portion of {1 0 0} and {1 1 0} facets than those with EDTA alone,
resulting in thicker nanoplates at higher [AMP].

To analyze the different evolution of the nanoparticle shape influ-
enced by adsorbed EDTA and AMP, we employed equilibrium Wulff
constructions based on theoretical adsorbed modified surface energies.
This approach defined theoretical triangular and hexagonal Wulff
shapes constrained by top/bottom {1 1 1} facets and lateral {1 1 0} and
{1 0 0} facets (see Section S1.4 and Fig. S19 in SI for further details). The
effect of adsorption on {1 1 1} facets on the nanoparticle growth was
modeled by over-stabilizing the {1 1 1} facets through the increase of

Table 1
Theoretical relative surface energies for low-index facets of clean silver surfaces
(y) and with adsorbed EDTA and AMP (yaqs)-

14 Yads Yads
Clean Ag EDTA---Ag AMP---Ag
pH=8 pH> 10
{100}/{111} 1.07 1.11 1.24 1.03
{110}/{111} 1.13 1.19 1.32 1.00
{111} 1.00 1.00 1.00 1.00
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the 11 1/1 1 O surface energy ratio. Fig. 8 illustrates how theoretical
Wulff constructions, derived from EDTA and AMP adsorbed-modified
surface energies, evolve from initial truncated shapes limited by small
top/bottom triangles to shapes resembling the experimental ones,
dominated by large triangular top/bottom {1 1 1} facets and with
smaller lateral {1 0 0} facets. Interestingly, Fig. 8 reveals that while the
evolution of Wulff constructions based on EDTA and AMP-adsorbed
surface energies follows similar structural patterns, the amount of {1
1 1} surfaces limiting the nanoparticle shape is clearly larger for EDTA
than for AMP. Consequently, the lateral surface of the nanoparticle
determined by the {1 1 0} and {1 0 0} facets is larger in AMP-adsorbed
systems, consistent not only with the thicker nanoplates but also with a
higher degree of truncation obtained in the presence of increasing
[AMP].

3. Conclusions

We have developed an innovative seed-mediated synthesis method
that produces high-performance truncated AgNPTs. Starting with single-
crystal silver seeds approximately 4-5 nm in size, we induce overgrowth
using AA and EDTA, achieving nanoplates with distinct optical re-
sponses and well-defined morphologies. By adjusting the growth con-
ditions, we can precisely control the size and thickness of the nanoplates,
manipulating their aspect ratios and localized surface plasmon reso-
nance (LSPR) properties. The use of AMP further allows for fine-tuning
of the thickness and optical response of the nanoplates. Our findings
reveal that the controlled growth of Ag seeds leads to the formation of
nanoparticles with nanoplate morphology, challenging previous as-
sumptions about the role of stacking defects. This work not only eluci-
dates the formation mechanism of AgNPTs but also enables the
production of customized plasmonic nanomaterials with adjustable
morphologies and optical properties, establishing a foundation for ad-
vancements in the field of nanoplasmonics.

4. Materials and methods
4.1. Materials

Silver nitrate (AgNO3, 99 %, CAS: 7761-88-8) and deuterium oxide
(D20, 99 %) were obtained from Alfa Aesar. Ethylenediaminetetraacetic
acid tetrasodium salt hydrate (EDTA, 99 %, CAS: 194491-31-1), Aden-
osine 5'-monophosphate disodium salt (AMP, >99 %, CAS: 4578-31-8),
phosphoric acid (HsPO4, >99 %, CAS: 7664-38-2), sodium hydroxide
(NaOH, >98 %, CAS: 1310-73-2) and sodium borohydride (NaBH4, >99
%, reagent plus, CAS: 16940-66-2) were supplied by Merck. L-Ascorbic
acid (>99 %, CAS: 50-81-7) was obtained from Thermo Fisher Scientific.
Ultra-pure water (Type I, produced using a Millipore Simplicity UV
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Fig. 8. Theoretical Wulff constructions showing the evolution of a triangular nanoplate when the {1 1 1} surface is over-stabilized. The over-stabilization of the {1 1
1} surface is determined by a factor that multiplies the ratio between the adsorbed-modified surface energies {1 1 1}/{1 0 0}. The table includes the amount of
triangular {1 1 1} top/bottom surfaces limiting the Wulff shape computed from (a) EDTA and (b) AMP adsorbed modified surface energies.

system) was used in all preparations.

4.2. Characterization

UV-visible-NIR extinction spectra were recorded using an Agilent
8453 or JASCO 770 spectrophotometer with quartz cells of 0.2, 0.25, or
0.5 cm optical path length. To obtain spectra of nanoplates over 1350
nm, the samples were centrifuged twice using DO as solvent (Nano-
plates produced solely with EDTA were functionalized with PEG-SH
before the purification in D,O. Nanoplates obtained in the presence of
AMP were purified using a deuterium oxide solution of NaOH 2 mM).
The extinction spectra were measured using a quartz cell with a 0.1 cm
optical path length. Low-resolution TEM images were obtained with a
JEOL JEM 1010 transmission electron microscope operating at an ac-
celeration voltage of 100 kV, utilizing copper or gold grids with thin
carbon film to deposit the samples (CACTI-UVigo User Facilities). The
average size of lateral dimension of the nanoplates was analyzed using
low-resolution TEM images counting between 100-200 nanoplates per
sample (Fig. S20 shows the method for measuring the size of nano-
plates). HRTEM of silver seeds was carried out using a FEI Titan
ChemiSTEM transmission electron microscope operated at 200 kV (INL
User Facilities), using gold grids coated with a thin carbon film to de-
posit the silver seeds. For HRTEM images of nanoplates characterization,
a TEM-TITAN 60-300 kV from Thermo Fisher Scientific equipped with
an aberration corrector was used (NanoGune User Facilities). A New Era
Pump System, Model 100, was used to carry out the synthesis of the
seeds. The pH of the reactions was measured using a pH meter (HACH-
SensION pH31), obtaining the pH values at the end of the nanoplate
growth in all cases.

4.3. Synthesis of silver seeds

The synthesis was conducted at a controlled room temperature of
21 °C. A 25 mL opaque vial containing a small oval stirrer bar (15x7
mm) was filled with 14.7 mL of water. Subsequently, 300 pL of a freshly
prepared 20 mM NaBHj, solution was added. Without delay and under
vigorous magnetic stirring (~1200 rpm), 5 mL of a freshly prepared
aqueous solution, composed of 4.7 mL of water, 0.2 mL of 20 mM EDTA,
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and 0.1 mL of 20 mM AgNOs3, was introduced dropwise using an infusion
pump at a rate of 1 mL/min. The vial was then covered with a cap (not
fully screwed on), and the stirring was maintained for 2 h (Fig. S21
shows the set-up employed). Finally, the stirrer bar was removed, and
the vial was stored at ~5 °C covered to protect it from light for 8 h to
facilitate the decomposition of excess NaBH4. The seeds solution was
used without any purification steps and showed comparable results for
at least one week when stored at ~5 °C.

4.4. Synthesis of truncated silver nanoplates

The nanoplates were synthesized in a 25 mL round-bottom reaction
flask under magnetic stirring and normal light laboratory conditions at
room temperature (21 °C). The stock solutions were used at a concen-
tration of 20 mM, and the total reaction volume was maintained at 20
mL in all cases. Briefly, 0.15 mL of AgNO3 and 0.6 mL EDTA were added
to 18.95 mL of water. After 1 min stirring, 0.15 mL of AA and imme-
diately 0.15 mL of silver seed were injected. The reaction was moder-
ately stirred for 1 h a RT (see Scheme S1). To obtain changes in the pH,
different volumes of H3PO4 (between 5 and 150 pL to produce a final pH
between 7 and 9.2) or NaOH (between 50 and 600 pL to produce more
basic pHs) were injected before the addition of AA. A growth medium
with pH over 12 was produced using a stock solution of NaOH of 0.2 M.
The pH of the reactions was measured at the end of the nanoplate growth
in all cases. For the nanoplates produced in the presence of AMP,
different volumes of a freshly prepared AMP aqueous solution (between
0.075 and 0.7 mL) were used, which were subsequently added to the
EDTA. In these cases, the reactions were moderately stirred for 2 h a RT
(see Scheme S1). At the end of growth, an additional amount of 0.3 mL
of AMP 20 mM was added keeping the solution under stirring for 1 h
before purification. The nanoplates were then purified by repeated
centrifugations (between 3500 rpm and 8500 rpm, depending on their
size) using NaOH aqueous solution (2 mM) as solvent. Samples were
finally stored in 1 mM NaOH at ~5°C and covered from light.

4.5. Overgrowth of silver nanoplates

The overgrowth of the nanoplates was carried out in a round-bottom
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reaction flask under magnetic stirring and was performed in a total
volume of 20 mL in all cases. [AgNO3] (0.15 mM), [EDTA] (0.6 mM) and
AA (0.15 mM) were maintained constant in all growth mediums without
considering the amount transferred in the volume of nanoplate used as
seed. Different volumes of seeds or nanoplate were used as referred to in
the main text.

4.6. Overgrowth in presence of AMP

We conducted two series of multi-growth experiments using two
different concentrations of AMP to generate nanoplates of varying size
and thickness. Throughout all growth mediums, the concentrations of
[AgNOs] (0.15 mM), [EDTA] (0.6 mM), AA (0.15 mM) and AMP (0.15 or
0.6 mM) were kept constant, regardless of the quantity of these reagents
transferred into the volume of nanoplate used as a seed in subsequent
growth stages. However, the concentration of HsPO4 was maintained at
0.085 mM in all cases, considering the amount of H3PO,4 transferred into
the volume of nanoplate used as a seed in subsequent growth stages (see
Scheme S2). At the end of each growth, an additional amount of 0.3 mL
of AMP 20 mM was added keeping the solution under stirring for 1 h
before purification. The nanoplates were then purified by repeated
centrifugations cycles (between 1500 and 8500 rpm, depending on their
size) using NaOH aqueous solution (2 mM) as solvent.

4.7. Computational methods

The stable conformers of the different protonated forms of EDTA and
its complexes with the silver cation have been obtained employing the
MO062X functional with the 6-311+G** basis set and the SMD implicit
solvation method (see Section S1.1 and Fig. S16 in SI for details). Since
implicit models do not consider the specific interactions between solutes
and water, a cavity scaling parameter of 0.90 was used for anionic
species to obtain more accurate results. All the optimized geometries
obtained were characterized as energy minima by computation of their
harmonic vibrational frequencies using Gaussian16 [44].

The interaction between EDTA and AMP and the metallic nano-
particle has been studied using the GFN1 xTB density functional tight
binding method [45] with periodic boundary conditions as implemented
in the DFTB+ program [46]. The three lower-index facets {11 1}, {11
0}, {1 0 0} has been modelled by using the slabs described in Table 54
together with a vacuum layer over the top surface of 35 A to avoid
molecular lateral interactions. The adsorption of EDTA and AMP has
been studied by performing geometrical optimizations of the adsorbates
while maintaining fixed the metal structure. Geometrical optimizations
of many different initial configurations have been performed at the
I'-point and final energies were obtained using a Brillouin 15 x 15 x 1
grid. Adsorption energies for the most stable configurations found were
obtained by computing the energy difference

Eads = E(adsorbate»» slab) — E(adsorbate) - E{slab)

Surface energies, y, were obtained using the GFN1-xTB method with
a Brillouin 15 x 15 x 1 grid employing the experimental silver geometry
and increasing the number of silver layers until energy convergence.
Adsorbed-modified surface energies, yqq4s, for those systems containing
EDTA and AMP have been obtained according to

Eads
2A

Vads =7 +
where y are the surface energies for clean surfaces, E,qs is the adsorption
energy of EDTA on a given silver facet and A is the surface of the slab
chosen to mimic the silver surface. Relative surface energies were ob-
tained with respect to the most stable {111} facet through {110}/{111}
and {100}/{111} relations.
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