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Injection time controls the final morphology of
nanocrystals during in situ-seeding synthesis of
silver nanodisks†

Cécilia Gestraud,ab Pierre Roblin,a Jeffrey F. Morris, c

Martine Meireles *a and Yannick Hallez *a

We investigate an in situ-seeding synthesis of silver nanodisks based on the sequential addition of weak

and strong reducing agents, ascorbic acid and sodium borohydride respectively, to silver nitrate at room

temperature and in the presence of polyvinylpyrrolidone. Well-defined silver nanodisks with a uniform

thickness of 8 nm and a distribution of diameters around a mean of 22 nm can thus be prepared, the

diameter being tunable. We report and explain the influence of important experimental control parameters

on the quality of the nanoparticle dispersion synthesized. In particular, we show that a dispersion

containing exclusively nanodisks can only be obtained if the second reducer is injected in a specific time

window at room temperature. The rapid injection of concentrated borohydride triggers a burst nucleation

creating seeds with structural defects. Seeds are then grown from silver atoms produced by the reduction

of remaining silver ions by ascorbic acid. When the rate of production of these atoms is slow enough,

seeds grow along the seed defects and only nanodisks are obtained. The ability to maintain a slow enough

production rate after burst nucleation is thus essential. This critical reduction rate depends on the injection

time as the latter determines the amount of reactants remaining after nucleation. The influence of

temperature is subtle as it affects both reaction kinetics and adatom diffusion on the nanoparticle surfaces.

Provided these subtle kinetic effects are understood and under control, the present in situ-seeding

synthesis yields good quality nanodisk dispersions in only a few minutes. These results suggest realistic and

robust pathways for a scalable production of silver nanodisks in continuous flow reactors most suited to

industrial needs.

Metallic nanoparticles are well known for producing the
plasmon resonance phenomenon. The associated strong
enhancement of electromagnetic fields near their surface
presents many applications in photovoltaics,1–3

photocatalysis,4–6 biosensing7 or medical applications8 among
others. Controlling the resonance wavelength can be quite
important in some applications such as surface-enhanced
Raman spectroscopy (SERS).9–11 As this wavelength depends
on several parameters among which the nanoparticle size and
shape play an important role,12,13 it is highly desirable to
engineer metallic nanoparticles with finely tunable size and
shape, and as monodisperse as possible.

The shape of gold nanocrystals can be controlled quite
accurately, but it is not the best material for plasmonics. On

the other hand, silver naturally exhibits very good plasmonic
performance but the shape and size of silver nanoparticles
(AgNP) are typically more difficult to control. Plate-like
nanoparticles such as silver nanodisks (AgND) are very
promising as they feature a sharp plasmon resonance peak
located at a wavelength depending on their aspect ratio14

together with a high surface-to-volume ratio interesting for
surface dependent applications such as, of course, adsorbed
molecule detection and identification but also heterogeneous
catalysis or anti-microbial activity.15,16 There is, therefore, a
strong interest for the reliable production of silver nanodisks
with well controlled, tunable size and shape.

Producing anisotropic nanoparticles is appealing, but
definitely not straightforward as thermodynamics will favor
isotropic shapes.17 A classical strategy to force anisotropy is
to use surfactants either acting as capping agents18 or self-
assembling in anisotropic micelles serving as templates.19

Another strategy to grow silver anisotropic particles is to work
far from equilibrium. This promotes the formation of
stacking faults in their crystalline structure. The growth of
nanocrystals into 2D particles such as triangular or hexagonal
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silver nanodisks. In practice, obtaining a robust protocol can
be quite challenging since the different, contradictory kinetic
regimes optimal for the synthesis of twinned seeds and for
controlled living growth, i.e. fast and slow Ag0 production
respectively, can only be obtained by optimizing the
stoichiometry of the strong and weak reducing agents, the
injection time of the former, and sometimes in a counter-
intuitive way, temperature.

In this work we discuss the in situ-seeding synthesis
proposed by Mahmoud to prepare silver nanodisks.14 We
show that the delay for the injection of the strong reducing
agent has to lie in a certain time window in order to obtain
nanodisks with a well controlled morphology and a
satisfactory yield of nanodisks compared to that of unwanted,
secondary objects. We explain this effect through the link
between injection time and reduction rate immediately after
injection. We also discuss the apparently counterintuitive
influence of temperature on the optimal injection time
window. Altogether our results permit establishment of
realistic and robust pathways for a scalable in situ-seeding-
method for the preparation of silver nanodisks.

1 Experimental section
1.1 Chemicals

Silver nitrate (AgNO3, purity >99%), L-ascorbic acid (AA),
sodium borohydride (NaBH4) and polyvinylpyrrolidone (PVP,
40 000 g mol−1) were purchased from Sigma-Aldrich as
powders and used without further treatment. All the
solutions were freshly made by dissolution of the powder into
Milli-Q water. The NaBH4 aqueous solution was adjusted at
pH = 11 and placed in an ice-cooled bath to limit its
decomposition.28–30

1.2 Preparation of silver nanodisks

Silver nanodisks were obtained following the simultaneous
multiple asymmetric reduction technique (SMART) developed
by Mahmoud.14 The synthesis parameters were varied around
the following ones, hereafter referred to as the “standard”
protocol:

1. In a 100 mL glass beaker, 0.75 mL of a 11.8 mM AgNO3

solution is added to 50 mL of a 0.145 mM aqueous solution
of PVP. This mixture is stirred with a standard magnetic
stirrer rotating at 1000 rpm under a controlled temperature
of 25 °C.

2. 0.120 mL of a 78 mM AA solution is quickly injected all
at once into the reaction mixture at time t = 0 s.

3. After a delay time ti = 15 s, 0.06 mL of a 1.27 mM
NaBH4 solution is further injected all at once.

The last step initiates nucleation and the color of the
solution quickly changes from yellow to purple and then to
blue. The color of the solution varies more slowly during the
next 2 hours, changing from dark blue to purple.

In his original work, Mahmoud reported the influence of
the relative quantities of AgNO3, NaBH4, and AA on the
morphology of nanodisks.14 Increasing the quantity of AA led

prisms is then associated with the presence of one or several 
twin planes in an otherwise FCC structure. These defects 
generate reentrant grooves on the sides of nanoparticles, and 
these concave regions present sites with a higher number of 
potential neighbors per adatom compared to flat faces and 
become therefore the most energetically favorable locations 
for the attachment of new adatoms. The newly attached 
atoms thus propagate the crystal structure along the twin 
plane until anisotropic particles are obtained.20

The reasons why twin planes appear, and their number, is 
still unclear. A frequent explanation is the following one. An 
adatom arriving on a FCC crystal can end up on either a FCC 
site or a HCP site. If it has time to diffuse on the surface 
before any other adatom arrives near it, it has more 
probability to settle in a most energetically favored FCC site. 
This is the thermodynamic picture. A kinetic regime is 
obtained when the rate of addition of adatoms is so high that 
an adatom can arrive on an HCP site just before a second 
atom reaches it and stabilizes this structure by increasing the 
coordination of both atoms.17 In other words, the 
characteristic time for adatom addition τr is smaller than the 
characteristic time for surface diffusion τd. Such a 
competition between addition and surface migration rates 
has been exploited for example to direct the growth of 
bimetallic nanostructures into different shapes.21–23

Obtaining twinned seeds is the first condition for a high-
yield production of well controlled silver nanoplatelets, but it 
is not enough. The second important condition is to have a 
growth regime able to maintain the crystalline structure 
initiated in the seeds and responsible for the presence of the 
reentrant grooves. As the latter are now the most 
energetically favorable sites, it is desirable to bring adatoms 
to the surface as slowly as possible in the growth regime so 
each new adatom has time to diffuse towards the groove and 
settle there to start a new layer. Mayer et al. called that 
“controlled living growth” by analogy with the controlled 
living polymerization reactions.24

The two step picture described above (seed synthesis and 
seed growth) is generally implemented in two truly separate 
steps because it permits a fine control of the optimal 
conditions for each task: fast nucleation and slow growth. 
Moreover, there is usually a significant rest time after the 
first step and the seeds have to be washed before they can be 
used. The transfer of such kinds of protocols to industry is 
thus complicated. A variant of this method emerged recently 
as a potential strategy to prepare non-spherical 
nanostructures with a better yield: the ‘in situ-seeding’ (or 
‘one-pot’) synthesis during which seeds are synthesized and 
grown in the same reaction system.25–27 In such strategies, a 
strong reducing agent is usually injected into a medium 
already containing a weak reducing agent. The role of the 
strong reducing agent is to trigger homogeneous nucleation 
almost instantaneously while the role of the weak reducing 
agent is to grow the seeds slowly, in line with the controlled 
living growth idea. As presented, in situ-seeding seems to be 
a simple and attractive method for a scalable production of



TEM has two major drawbacks, namely the limited
number of objects that can be observed and the possible
modification of the structure of the suspension during
sample preparation. As silver nanodisks have plasmonic
properties depending on their shape and size,40–43 UV-visible

Fig. 1 TEM image of typical dispersion of silver nanodisks (top),
HRTEM image of one silver nanodisk standing on its flat face (middle),
FFT of the HRTEM image (bottom left) and SAED pattern (bottom
right).

to a decrease of the nanodisk aspect ratio, and increasing the 
NaBH4 concentration led to an increase of the number of 
seeds, and consequently to the production of smaller objects. 
Our experiments confirmed this behavior (see ESI†).

In Mahmoud's work,14 the time lapse between the two 
injections of the reducing agents was not specified. However, 
we will show in this work that the production of nanoobjects 
can become quite erratic if this time varies by even a few 
seconds, depending on the temperature of the synthesis.

1.3 Characterization techniques

After the synthesis, silver nanoparticles are collected by 
centrifugation at 25 000 rpm (or 54 500 normal gravity) during 
25 min at 25 °C, the supernatant is removed and 
nanoparticles are re-dispersed in an equal volume of Milli-Q 
water. Samples were characterized using a JEOL JEM-1400 
transmission electronic microscopy (TEM) and a JEM-2100 
high-resolution TEM (HRTEM) operated at 120 kV. TEM 
images were analyzed with the ImageJ software to obtain 
statistics on the diameter and thickness of more than 700 
AgND. All samples for TEM and HRTEM were prepared by 
drop casting using 1 μL of AgND dispersion. Absorption 
spectra were obtained on a Perkin-Elmer UV-visible 
spectrophotometer with 1 cm quartz cells. Small angle X-ray 
scattering (SAXS) measurements were obtained on a Xenocs 
Xeuss 2.0 laboratory beamline equipped with a Dectris 
Pilatus 2M detector.

2 Results
TEM images of a dispersion prepared according to the 
standard protocol reveal mostly circular nanodisks, with a 
few triangular or hexagonal exceptions (Fig. 1, top). Some of 
the particles stand on their edge, allowing a measure of their 
thickness. The image analysis yields a very uniform thickness 
of h = 8 nm and diameters distributed on a lognormal law 
with median dmed ⋍ 22 nm (Fig. 2). These data are in good 
agreement with the values h ⋍ 7.9 nm and dmed ⋍ 25.9 nm 
reported previously in the same conditions.14

The crystalline nature of nanodisks was confirmed using 
HRTEM (Fig. 1, middle). The regular atomic arrangement on 
their faces suggests a unique crystal orientation and therefore 
flat faces. The selected area electron diffraction (SAED) 
patterns obtained on these nanodisks (Fig. 1, bottom right) 
are the same as ones observed in similar systems of Au and 
Ag nanoplates by several authors.31–39 The bright spots are 
assigned to {220} Bragg reflections (spacing 1.4 Å) and the 
weaker spots closer to the center are attributed to 1/3 {422} 
forbidden reflections due to the twin plane defects parallel to 
the faces of the nanodisks (spacing 2.5 Å). The Fourier 
transform of the HRTEM image (Fig. 1, bottom left) confirms 
the SAED pattern. These patterns confirm that the nanodisks 
obtained with the present synthesis feature flat top surfaces 
and one or multiple twin planes parallel to the [111] plane of 
the FCC crystal structure.



spectroscopy can also be used to characterize the suspensions
in a more statistical way. For plate-like particles, two kinds of
plasmonmodes exist: the in-plane and out-of-plane modes due
to oscillations of electrons along the large and small
dimensions of the disks, respectively. Fig. 3 presents an
absorption spectrum for a dispersion of silver nanodisks with
two main, well resolved peaks plus a less distinct one in-
between. This spectrum is very similar to those observed and
calculated by Jin et al. for triangular silver nanoprisms.12 The
large, low energy peak corresponds to the dipolar in-plane
oscillationmode. It is centered around 500 nm for the standard
synthesis conditions but it can be red-shifted with an increase
of the AgND aspect ratio.14,36,40,44–47 The smaller well defined
peak at 340 nm corresponds to the quadrupolar out-of-plane
oscillation mode. To identify the nature of the less distinct
observable peak at 410 nm in the absorption spectrum, we
performed discrete dipole approximation (DDA) calculations at
fixed ND orientation and light polarization (ESI†). In the
present system this peak is related to the dipolar out-of plane

mode, the quadrupolar in-plane mode being very weak. This
third peak is however only of limited interest for the
characterisation of the prepared dispersions because it is
significantly smeared out for ND with arbitrary orientations
and polydisperse diameters, and because its position also
corresponds to the main dipolar peak of small, residual, 3D
objects that are sometimes present. The latter point will be
further discussed hereafter.

In order to show the consistency between TEM and UV-
visible measurements, a series of discrete dipole
approximation calculations have been performed with the
DDSCAT software48–50 for monodisperse cylinders with
diameters between 5 nm and 47.5 nm corresponding to the
bins of the TEM image analysis of Fig. 2. The resulting
extinction spectra are represented in Fig. 3 as colored curves
for a cylinder height of 7 nm and a refractive index n of the
aqueous ambient medium of 1.33. A global extinction
spectrum including polydispersity effects was then computed
by performing a weighted sum of these DDA spectra, the
weights being given by the size distribution from the TEM
analysis in Fig. 2. The resulting spectra (continuous black
line in Fig. 3) is in good agreement with experimental data in
terms of peak location and even peak width due to the
consideration of polydispersity. Using a nanoplate thickness
of 7 nm in calculations is not precisely consistent with TEM
measurements that suggest a value closer to 8 nm. With this
latter value, the peaks of the out-of-plane modes are virtually
unchanged but the main low-energy peak is blue-shifted by
about 15 nm (not shown). On the other hand, it must be
remembered that the AgND are stabilized by a layer of PVP
so the refractive index of the ambient medium close to the
surface of the nanoparticles might differ from that of water.
Using n = 1.54 corresponding to pure PVP introduces a red-
shift of the main low-energy peak of about 50 nm while the
two high energy peaks are, again, virtually unchanged. In
practice, the effective refractive index close to the surface is
between these two values, depending in particular on the
grafting density. So it would definitely be possible to use a
thickness of 8 nm in DDA calculations with a tuned value of
n to produce a calculated spectra very close to the one
represented in Fig. 3. This optimization is however of limited
meaning since the PVP grafting density is first unknown and
second not the same on all the ND crystalline faces. The
main conclusion of this UV-visible response study is the very
close agreement with TEM size measurements, to the best of
our ability to determine.

Finally, SAXS measurements have been performed to
confirm the nanoparticle size and shape in bulk suspension,
without the eventual bias introduced by the drying of the
sample prior to TEM investigations. The experimental
spectrum is reported in Fig. 4 together with a model of
polydisperse cylinders with thickness 8 nm and diameters
following the lognormal distribution computed from the
TEM measurements. The small discrepancy at the lowest
scattering vector q is due to the presence of some small
aggregates in the bulk. The almost constant experimental

Fig. 2 Silver nanodisk diameter distribution from TEM image analysis.

Fig. 3 UV-visible spectrum of a typical dispersion of silver nanodisks 
as measured experimentally (crosses) and simulated with the DDA 
(black line, see text for details). The colored spectra were obtained by 
DDA for monodisperse suspensions of platelets with sizes 
corresponding to those sampled by the TEM image analysis (Fig. 2).

https://doi.org/10.1039/c9ce01854a


intensity at the highest q values is due to background noise. 
The presence of a q−4 slope at high q is captured. Obtaining 
this Porod law shows that the measurements are resolved 
enough to obtain a signature of the smooth nanoparticle 
surfaces.51 More interestingly, the slope at intermediate q 
predicted by the model is in nearly perfect agreement with 
measurements, meaning that the SAXS study confirms a 
cylindrical particle shape with a distribution of aspect ratios 
corresponding indeed to the one established by TEM image 
analysis.

Altogether, TEM images and absorption and SAXS spectra 
confirm the dispersions prepared in this control experiment 
contain silver nanodisks with a uniform thickness of 8 nm 
and a median diameter of 22 nm.

As mentioned above, the effect of the time lapse between 
the two injections ti has not been commented in previous 
works although in our experiments it turns out to influence 
the particle shape strongly. In order to show this influence, 
several dispersions of silver nanoparticles were prepared 
using the same protocol as the standard one detailed in 
section 1.2 but with different injection times ti ranging from 
5 to 120 s. The corresponding absorption spectra and TEM 
images are reported in Fig. 5. Three different behaviors can 
be identified, with in particular an optimal injection time 
window.

A “proper” dispersion of nanodisks (i.e. without other 3D 
objects) can be obtained at 25 °C for ti between 15 and 30 s. 
As evidenced by UV-visible absorption spectra and TEM 
images, nanoparticles have a satisfactory disk shape with size 
and polydispersity similar to those obtained in the standard 
protocol (Fig. 1 and 3). Moreover, a very good reproducibility 
can also be obtained in this injection time range.

For an earlier injection of NaBH4 (before 10 s at 25 °C) the 
presence of different morphologies and sizes of nanoparticles 
can be observed in TEM images (Fig. 5): nanodisks of 
equivalent size to those obtained in the standard protocol are

present but in addition, a second population of nanoparticles
with a size smaller than 10 nm and therefore probably more
isotropic than plate-like. The corresponding UV-visible
absorption spectra contain the characteristic peaks of the
silver nanodisks described previously, however their relative
intensities are different. The peak at 410 nm presents a
higher absorbance than the usual contribution (dipolar out-
of-plane oscillation). This wavelength actually also
corresponds to the plasmonic signature of small spherical, or
at least 3D, silver nanoparticles (ESI†). These results suggest
that this range of short injection times is inadequate for all
the crystalline defects generated in the seeds to grow in a
slow living-growth regime. This hypothesis will be discussed
further in the Discussion section.

For injection times ti larger than about 35 s, TEM images
reveal the presence of nanodisks but also smaller and larger
3D particles (Fig. 5). Besides, the absorption spectra are not
as peaked as those of successful syntheses, a signature of
larger polydispersity, and they are not very reproducible,
indicating a poor control of the synthesis.

To understand these results, we propose in the next
section a model scenario relying on the concept of living
growth for the present in situ-seeding synthesis.

3 Discussion

Our results clearly stress the impact of the time interval
between the injection of L-ascorbic acid and of NaBH4 on the
particle shape and polydispersity. In order to rationalize this
effect we propose the following mechanism.

For times 0 < t < ti, the only reaction is the reduction of
silver by ascorbic acid (AA). The reaction rate is52

r tð Þ ¼ k
Agþ½ � AA½ �

Hþ½ � (1)

where k is a temperature-dependent rate constant. During
this first period of time, the concentration of silver atoms
increases as depicted on Fig. 6a but not enough to reach the
homogeneous nucleation threshold. Metal atoms only
accumulate in solution.

At time ti, the strong reducer NaBH4 is injected and is
supposed to react quasi-instantaneously compared to the
time scale of the synthesis and of the reduction by AA. Note
that the minute amount of NaBH4 injected would not be
enough to trigger nucleation if it were perfectly and
instantaneously mixed. In fact, the reduction of silver by
NaBH4 is much faster than the mixing time and nucleation
occurs near the surface of the small volume of NaBH4

injected, where the Ag0 concentration can be locally very high
before mixing becomes efficient. This nucleation burst is
expected to produce seeds with structural defects like twin
planes because the kinetics of silver atom production is very
fast.17

Just after nucleation (time denoted ti
+), a large fraction of

the silver atoms present before nucleation are consumed and
[Ag0]Ĳti

+) is lower than the critical concentration for

Fig. 4 SAXS spectrum of an AgND suspension prepared with the
standard protocol. Crosses: experimental data; continuous line:
theoretical model resulting from the lognormal distribution measured
from TEM images.

https://doi.org/10.1039/c9ce01854a


nucleation. This step is very reminiscent of the hot injection 
method,53 where a fast reaction is rapidly quenched by the 
temperature shift due to the mixing of reactants. A similar 
quenching effect exists in the present synthesis as NaBH4, 
originally prepared at pH = 11 and ice-cooled, is quickly

decomposed when injected in the pH ⋍ 3 solution at room
temperature. The analogy with hot injection method stops
here, however, because in this method the subsequent
growth of seeds is conditioned by a controlled increase of
temperature yielding a controlled increase in adatom

Fig. 5 Influence of the strong reducer injection time ti on the synthesis illustrated by UV-visible absorption spectra and TEM images.

https://doi.org/10.1039/c9ce01854a


production rate whereas in the present case the production 
rate of silver atoms decreases continuously.

As already commented, obtaining twinned seeds is only 
the first condition to obtain anisotropic and monodisperse 
nanoparticles. Maintaining a slow atom production rate, say 
slower than a “critical” value rc, is the second condition to 
perform growth along the crystal defects in the living growth 
regime. In the present synthesis, after nucleation, the silver 
atoms are produced due to the presence of remaining Ag+ 

and AA. Their production rate at this point is rĲti
+). It 

depends in particular on the concentrations of the remaining 
species right after nucleation [Ag+]Ĳti+) and [AA]Ĳti+) through 
eqn (1) and is bound to decrease until the end of the 
synthesis due to the diminishing concentration of silver ions 
and/or AA as depicted on Fig. 6b. We can thus see that the 
ability to maintain a slow enough silver atom production rate 
depends in particular on the injection time ti, through 
[Ag+]Ĳti

+) and [AA]Ĳti+).
Based on this scenario, the influence of the strong reducer 

injection time can be understood. The concentrations of

reduced silver atoms as well as their rate of formation rĲt) are
represented in Fig. 6b for three different injection times 5, 15
and 45 s.

For ti = 15 s (blue curve), just after the injection of NaBH4

and the nucleation of seeds, the remaining concentration of
AA is low and the production rate of silver atoms r rapidly
decreases below the critical value rc (Fig. 6b). It ensures a
controlled living growth regime and a high yield of
nanodisks.

For ti = 5 s (red curves in Fig. 6), high concentrations of
silver ions and AA remain after the nucleation event and the
rate of production of silver atoms just after nucleation is still
high compared to the critical rate for a controlled living
growth. In this regime, seeds are grown too fast with silver
atoms deposited both on defects and on crystal faces, leading
possibly to non-plate-like objects and to objects with a high
polydispersity in size and shape. This corresponds to the
syntheses reported in our experiments for ti < 10 s in Fig. 5.

Finally, for ti = 45 s (green curves in Fig. 6) the
concentration of silver atoms produced by AA before the
injection of the second reducer is high enough to induce a
first nucleation event before the injection of NaBH4 triggers a
second nucleation. The first nucleation event takes place with
a moderate Ag0 production rate so the seeds are thought to
be produced close to the thermodynamic regime, essentially
without defects. The subsequent growth stage then produces
large, isotropic 3D objects. The secondary nucleation
triggered by the NaBH4 injection is still very fast and
generates seeds with defects. These seeds are grown very
slowly as the production rate of silver atoms has significantly
dropped by this time. Therefore, they turn into proper
nanodisks. A characteristic of this last regime is thus to
produce both isotropic and plate-like objects in a quite
uncontrolled way, in line with the observations reported in
Fig. 5 for injection times larger than about 35 s.

To summarize briefly, in a fully thermodynamic synthesis
regime where all atoms reach the lowest energy sites both
during seed formation and particle growth, only 3D objects can
be obtained. A kinetic regime where some atoms end up on
“wrong” sites and generate some crystal defects in the seeds can
be obtained using a strong reducer such as NaBH4 for
nucleation. Once these defects are formed, their edges become
the new thermodynamically favored sites. So in order to
propagate them to produce anisotropic nanoparticles, the
synthesis needs to fall back into a thermodynamic regime
immediately after nucleation, during the growth stage. These
somewhat contradictory requirements of fast nucleation and
slow growth can be met easily in two-step syntheses by adjusting
reactant concentrations or temperature separately. In the case of
in situ-seeding syntheses, these requirements are met by
choosing two reducers with very different kinetics and by
adjusting carefully the injection time as described in this work.

As an in situ-seeding synthesis relies on a subtle balance
of kinetic effects, its success is likely to be quite dependent
on temperature. Unfortunately here the same, unique
temperature affects both seed formation and particle growth

Fig. 6 Schematic representations of the present in situ-seeding
synthesis evolution for three different injection times. (a) Ag0

concentration evolution. Arrows indicate the strong reducer injection
in each case. The horizontal dotted line represents a threshold for
spontaneous nucleation. The vertical dotted line indicates the
minimum time lag for the injection of the strong reducer required to
obtain a living growth regime. (b) Silver reduction rate corresponding
to the same scenarios as in Fig. 6a. The dotted line materializes the
critical reaction rate rc below which living growth is obtained.
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the present temperature range. The value of Ea used here
corresponds to a 15% reduction of this original value. Note
that the measurement of the value of Ea reported in ref. 52
was undertaken in very acidic conditions close to pH 1, and
that it was done with only ascorbic acid and silver ions. In
the present experiments, the pH varies between 7 and 3
during the synthesis and PVP is present and known to be
able to form complexes with silver, so a 15% uncertainty on
Ea does not seem unreasonable. The numerical results
reported here highlight the fact that obtaining the required
living growth regime by varying temperature can be quite
subtle in the present in situ-seeding synthesis.

Note that a faster reduction by ascorbic acid at high
temperature should lead to an earlier nucleation without
NaBH4 according to the mechanisms described previously in
Fig. 6a (imagine the green curve with a higher slope). In fact,
the opposite is observed in the experiment realized at 40 °C.
This can be explained by an increase of the nucleation
threshold with temperature (see ESI† for a qualitative proof).

Finally, note that the results obtained here at 40 °C are of
particular interest for a transfer to industry considering the high
yield of nanodisks, the rather large window of possible injection
times and the robustness of the synthesis. These properties
make the scale up of the protocol easier and more robust.

4 Conclusions

The in situ-seeding synthesis described in this study allows
silver nanodisks to be obtained successfully and more quickly
than with conventional seed and growth methods (only a few
minutes instead of several hours). The time interval between
the injection of the weak and strong reducing agents was
found to be an essential parameter for the control of the final
shape and polydispersity of the nanoparticles.

In this study we show that there is an optimal window for
this time interval. Injecting the strong reducer too early

Fig. 7 Temperature dependence of the ratio of the diffusion time
scale to the reaction time scale. Simulation conducted with an
injection time of 10 s and with an energy of activation Ea = 37.66 kJ
mol−1. The dots correspond to the three temperatures investigated
experimentally.
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so surprising effects can be observed. When performing the 
present synthesis at 10 °C, all other things being kept 
identical to the standard protocol, we obtained results 
similar to those of the standard synthesis at 25 °C but the 
optimal injection time window was much narrower and 
centered around 10 s (absorption spectra and a TEM image 
are reported in ESI†). At 40 °C, we could obtain very nice 
nanodisk dispersions for all the injection times tested and 
ranging from 5 to 120 s (see ESI†), indicating a very broad 
optimal injection time window. One would naively expect that 
an increase of temperature would be associated to a faster 
reduction reaction, and consequently to smaller amounts of 
reactants remaining after injection, to smaller reaction rates 
during the growth stage, and so to the appearance of a living 
growth regime. This is actually true at the highest 
temperatures but not in general. Indeed, the rate constant k 
is increasing with temperature, but as a consequence the 
amount of reactants remaining at some prescribed injection 
time is a decreasing function of temperature. The product 
can thus be non-monotonic.

Consider for example the results of syntheses conducted 
at different temperatures but with a fixed injection time ti = 
10 s. At 25 °C the synthesis is of bad quality (see Fig. 5) 
whereas it is of excellent quality both at 10 °C and at 40 °C 
(see ESI†). So the criterion for obtaining living growth would 
not be a monotonic function of temperature. To verify this 
hypothesis, we solved eqn (1) numerically until NaBH4 

injection and for different temperatures T using an Arrhenius 
law for k. At the end of each simulation and after NaBH4 

injection, the reaction rate was computed. We observed that 
this rate could indeed be a non-monotonic function of 
temperature, depending on the energy of activation Ea. From 
the reaction rate thus computed after nucleation, one can 
define an atom production time scale τr = 1/rĲti

+) depending 
non-monotonically on temperature.

It is then important to remember that temperature has 
also an influence on the diffusion rate of atoms on surfaces. 
The diffusion time scale on the surface of a colloid scales as 
the inverse of a diffusion coefficient, the latter being 
proportional to the thermal energy kBT. So the diffusion time 
scale τd is assumed to be ∝1/T.

Obtaining living growth is possible if the arrival rate of 
adatoms on a nanoparticle surface is small enough to leave 
them time to explore the surface. More quantitatively, this 
corresponds to the condition τd/τr ≪ 1. The ratio 1/(TrĲti+)) ∝ 
τd/τr is reported in Fig. 7 for an injection time of 10 s and Ea 

= 37.66 kJ mol−1. The non-monotonicity of this ratio and the 
fact that it reaches a maximum at intermediate temperatures 
are completely consistent with the experimental observations: 
at fixed injection time, and for intermediate temperatures, 
the diffusion time scale is too large compared to the atom 
production time scale and living growth cannot be obtained. 
Note that the influence of τd on the ratio τd/τr is quite weak 
compared to the effect of τr.

Using the energy of activation Ea = 44.35 kJ mol−1 reported 
in ref. 52, the ratio τd/τr is monotonically increasing with T on
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triggers nucleation in a medium still containing a significant 
amount of silver ions and weak reducer. The production rate 
of silver atoms after nucleation is too high to propagate these 
defects properly, in the living growth regime. Injecting the 
strong reducer too late can leave a chance for a first 
homogeneous nucleation triggered by the weak reducer 
action alone, with unwanted isotropic seeds, before the 
strong reducer injection produces other anisotropic seeds. 
The dispersions obtained in these conditions are thus quite 
polydisperse in size and in shape.

The optimal time interval for injection of the two reducers 
depends significantly and non-monotonically on temperature 
due to its influence on reaction rate and, to a smaller extent, 
on the diffusion rate of adatoms on the surface of 
nanoparticles.

The present observations and conclusions are all 
consistent with the two following conditions for anisotropic 
nanoparticle synthesis: a fast nucleation to produce seeds 
with defects like twin planes, and a slow ensuing metal atom 
production to leave the latter time to settle into the grooves 
associated to the defects and propagate them. These 
conditions are obtained easily in two step syntheses, but a 
careful interplay between weak and strong reduction kinetics, 
injection time, and temperature has to be reached in in situ-
seeding syntheses.

However, thanks to the very short synthesis times that in 
situ-seeding can achieve, this method opens the way for the 
set-up of high quality, anisotropic, noble metal nanoparticle 
production in continuous flow reactors most suited to 
industrial needs.
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Supplementary information

1 Influence of the relative quantities of AgNO3, NaBH4, and AA on
the morphology of nanodisks

The concentration of AA has been varied, with all the other parameters set to the values of the standard protocol.
The UV-visible spectra of the corresponding dispersions are reported in Fig. 1. Increasing the AA concentration
decreases the aspect ratio of the nanodisks.

Figure 1: Effect of the variation of the AA concentration on the nanodisk morphology.

The concentration of NaBH4 has also been varied, with all the other parameters set to the values of the standard
protocol. The UV-visible spectra of the corresponding dispersions are reported in Fig. 2. Increasing the NaBH4
concentration decreases the size of the nanodisks due to an increase of the number of available seeds.

Figure 2: Effect of the variation of the NaBH4 concentration on the nanodisk morphology.
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2 Syntheses with only one reducing agent

Syntheses were conducted with only ascorbic acid (weak reducer) or sodium borohydride (strong reducer) to show
that using the two reducers simultaneously is necessary for obtaining anisotropic particles. The results of syntheses
led with ascorbic acid only or NaBH4 only are presented in Figs. 3 and 4, respectively.

Figure 3: TEM image of silver nanoobjects synthesized using solely L-ascorbic acid and stabilized by PVP, Scale
bar: 100 nm. There are no more plasmonic effects with these large particles : the suspension is only turbid.

Figure 4: a) TEM image of an example of silver nanoobjects synthesized using solely NaBH4 as reducing agent and
stabilized by PVP, Scale bar: 100 nm; b) Corresponding UV-Visible spectra showing the typical band of these 3D
silver nanoobjects.

3 DDA simulation of a single platelet decomposing in-plane and out-
of-plane modes

DDA simulations have been conducted with prescribed light polarization and orientation of a nanodisk in order
to isolate the in-plane and out-of-planes plasmon modes. The results reported in Fig. 5 show that the in-plane
oscillation is responsible for the main low energy peak only and that the other two smaller peaks correspond dipolar
and quadrupolar the out-of-plane modes.
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Figure 5: In-plane (green) and out-of-plane (magenta) spectra corresponding to pure in-plane and out-of-plane
excitation with prescribed light polarization in DDA simulations. The black curve is the sum. The AgND considered
is a cylinder of height 8 nm and diameter 22 nm.

4 In-situ-seeding syntheses conducted above or below room tempera-
ture.

The standard synthesis protocol described thoroughly in the article has been reproduced at 40◦C and 10◦C. The
corresponding characterizations of the resulting dispersions for NaBH4 injection times ranging between 5 s and 120
s are reported in Figs. 6 and 7.

Figure 6: Influence of ti on the synthesis at 40◦C.

5 Temperature dependence of the nucleation threshold.

A qualitative evaluation of the temperature dependence of the silver nanocrystals nucleation threshold has been
carried out using only silver ions and NaBH4. The silver ion concentration was set to 0.1733 mM and the con-
centration of reducer was varied. The pictures reported in Fig. 8 show that the nucleation threshold increases
significantly in the temperature range investigated in the article.
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Figure 7: Influence of ti on the synthesis at 10◦C.
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(a) 10◦C

(b) 40◦C

Figure 8: Results of the reduction of silver ions by NaBH4 only for NaBH4 concentrations equal to (from left to
right): 1.49 × 10−3,7.45 × 10−4, 3.64 × 10−4, 1.91 × 10−4, 9.36 × 10−5,4.68 × 10−5, and 2.25 × 10−5 mM.
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