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Digestive Ripening in the Formation of Monodisperse Silver
Nanospheres

Shumeng Zhang,*t Lei Zhang,®t Kai Liu, Moxuan Liu,? Yadong Yin ®and Chuanbo Gao*?

Digestive ripening is a unique process in colloidal synthesis that can enable direct conversion of polydisperse nanoparticles
into monodisperse ones. However, such a strategy usually relies on strongly coordinating ligands such as alkylthiols to initiate
etching and stabilize the surfaces and thus affords nanoparticles with hydrophobic and passivated surfaces, which greatly
limits their applications. In this work, we report that digestive ripening can be achieved by decoupling the etching and surface
stabilization functions using two independent chemical agents, allowing the use of considerably weak capping ligands which
are hydrophilic and can be replaced later according to the need of the specific applications. As a proof-of-concept, we, for
the first time, demonstrate a novel digestive ripening system to synthesize hydrophilic monodisperse Ag nanospheres
capped by conveniently removable ligands. With chloride for oxidative etching and diethylamine for effective surface
capping, monodisperse Ag nanospheres have been conveniently obtained by starting with a precursor of either a Ag* solution
or a AgCl suspension. These monodisperse Ag nanospheres with a clean surface exhibit excellent activity in surface-enhanced
Raman scattering (SERS). We believe the new strategy may significantly broaden the general applicability of the digestive

ripening for the controlled synthesis of colloidal nanoparticles for a broad range of applications.

Introduction

Digestive ripening is a unique post-synthetic process that allows
polydisperse  nanoparticles into
monodisperse ones.! Different from an Ostwald ripening

the conversion of

process that induces the growth of large nanoparticles at the
expense of smaller ones, the digestive ripening process involves
the etching or dissolution of large nanoparticles and the growth
of smaller ones in the presence of a strongly coordinating ligand
in excess, leading to significant narrowing of the particle size
distribution.z4 One unique feature of this process is that albeit
different initial sizes of the nanoparticles, a thermodynamically
equilibrium size3-> of the nanoparticles is usually obtained that
depends on the specific ligand and the reaction temperature,
10 demonstrating high yield and reproducibility. Therefore,
digestive ripening represents an effective and reliable pathway
to synthesize nanoparticles with high monodispersity, which
paves a way to the research on the size-dependent properties
of nanoparticles and to the pursuit of their consistent
performance in practical applications.1 4-19

However, state-of-the-art digestive ripening syntheses are
of hydrophobic Au

most successful in the synthesis
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nanoparticles® 414 by relying on the strong interaction between
Au nanoparticles and strongly coordinating ligands such as long-
chain alkylthiols, amines and phosphines.” Therefore, this
process is usually carried out in a nonpolar solvent such as
benzene, toluene, chloroform and dichlorobenzene.? The roles
of the strongly coordinating ligand in the digestive ripening
process are two-fold: it serves as an etchant for the Au
nanoparticles to enable their effective dissolution, and it is also
a capping agent to reduce the surface energy of the Au
nanoparticles.> 20 However, it leads to significant passivation of
the nanoparticle surface and insolubility of the nanoparticles in
many polar solvents, which greatly limits the use of these
nanoparticles in many applications such as bio-sensing, labelling,
imaging, and catalysis. In addition, the digestive ripening
processes are usually conducted at the boiling temperature of
the solvent, which is energy-consuming.3 2 10 For the synthesis
of metal nanoparticles targeting primarily at biomedical and
catalytic applications, an ideal digestive ripening process should
be conducted preferably in a polar solvent under a mild
condition, using a hydrophilic ligand that can be conveniently
replaced.

To address this issue, in this work, we report that the
digestive ripening can be achieved by decoupling the etching
and surface stabilization by two independent hydrophilic
chemical agents, which avoids the use of hydrophobic strongly-
coordinating ligands and enables us to synthesize monodisperse
metal nanoparticles with a hydrophilic, exchangeable surface.
As a proof-of-concept, for the first time, we demonstrate that
hydrophilic monodisperse Ag nanospheres (diameter: 9-15 nm)
could be synthesized in a polar solvent of N, N-
dimethylformamide (DMF)2! by employing chloride (CI-) for the
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oxidative etching of the Ag nanoparticles?? 23 and diethylamine
(DEA) for the surface stabilization,24 25 starting from either a Ag*
solution or a AgCl suspension. Thus, this novel system allows the
use of considerably weak capping ligands that could be replaced
later according to the need of specific applications. This study
provides a robust method to synthesize monodisperse water-
soluble Ag nanospheres in high yield and quality, which may find
broad applications in surface-enhanced Raman scattering
(SERS),26-28 bio-sensing,2* imaging,2® and photocatalysis.30.31 We
believe the findings gained in this work may also help to
advance the understanding of the digestive ripening process
and significantly broaden its general applicability for the
controlled synthesis of colloidal nanoparticles.

Results and Discussion
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Figure 1. A digestive ripening route to monodisperse Ag nanospheres. (a—c) TEM images
of the Ag nanoparticles obtained before the addition of CI-, at 30 s and 8 min after the
addition of Cl-, respectively. Inset: Size distributions of the Ag nanoparticles. (d) HRTEM
image of an individual Ag nanosphere. Inset: Fourier diffractogram, corresponding to the
dashed square area. (e) UV-vis extinction spectra of the Ag nanoparticles recorded during
the synthesis. Inset: photographs of the Ag sols obtained before the digestive ripening,
at 5 s and 30 s after the addition of CI-, respectively, from left to right. (f) Change of the
size (diameter) and size distribution of the Ag nanoparticles during the digestive ripening,
corresponding to (a—c). The error bars indicate the standard deviation for each diameter.
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In a typical synthesis, polydisperse Ag nanospheres were first
prepared by a chemical reduction method. Upon mixing
polyvinylpyrrolidone (PVP), DEA, and AgNOs in DMF in sequence
under vigorous stirring, a yellow sol of the Ag nanospheres was
obtained. Here, DEA could be partially oxidized to produce
diethylhydroxylamine (DEHA) under the aerobic condition,
which served as the reducing agent to afford polydisperse Ag
nanoparticles (Figure S1, ESIt).32 The presence of PVP, a
commonly used surfactant, ensured the colloidal property of
the Ag nanoparticles (Figure S2, ESIT). Then, sodium chloride
(NaCl) was introduced into the Ag sol, which, together with DEA,
initiated the digestive ripening process. The reaction system
was then transferred to a water bath at 50 °C and stirred for 8
min, producing monodisperse Ag nanospheres as a final product.

Figure 1(a—c) shows the transmission electron microscopy
(TEM) images of the intermediates formed at different stages of
the synthesis. After the chemical reduction, Ag nanoparticles
were obtained with a broad size distribution, showing the
presence of both small (< 20 nm) and large Ag nanoparticles
(2060 nm) (Figure 1a). After the addition of NaCl, the
population of the large Ag nanoparticles was significantly
reduced, leading to a decrease in the mean size of the
nanoparticles and a significant narrowing of the size distribution
even after a very short reaction time (Figure 1b, for the
intermediate after 30 s of the reaction). A prolonged reaction
time allowed further narrowing of the size distribution, and
monodisperse Ag nanospheres were eventually obtained in 8
min (Figure 1c, a low-magnification TEM image see Figure S3,
ESIT). It is inferred that during the whole process, large
nanoparticles were selectively etched, which led to a size
focusing to a small value, typical of a digestive ripening
phenomenon. Figure 1f summarizes the size distributions of the
Ag nanoparticles during the digestive ripening process. The size
distribution started from a high standard deviation of 8.6 nm
(42.5% of the mean size, 20.3 nm), which underwent a
continuous decrease during the digestive ripening. The
standard deviation was reduced to 1.5 nm (10% of the mean
size, 15.0 nm) after 8 min, confirming the excellent
monodispersity of the resulting Ag nanospheres. The high-
resolution TEM (HRTEM) image and the corresponding Fourier
diffractogram suggest that the resulting Ag nanospheres are
polycrystalline nanocrystals (Figure 1d).

The digestive ripening process of the Ag nanospheres can be
monitored by UV-vis spectroscopy (Figure 1le). Before the
ripening, the polydisperse Ag nanoparticles exhibited an
extinction band at ~ 412 nm due to the strong localized surface
plasmon resonance (LSPR). After the addition of NaCl,
significantly decreased intensity of the extinction band can be
observed accompanying the oxidative etching process of the Ag
nanoparticles. After ~ 1 min, the intensity of the extinction band
began to increase slowly, which suggests a regrowth of the Ag
nanoparticles resulting from a further reduction of the Ag salt
released by the etching process. It is worth noting that the
regrowth continued for more than 60 min, indicating that a high
concentration of Ag salt was present in the reaction as a result
of the etching of the large Ag nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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Further study was conducted to understand the mechanism
of this unique digestive ripening process. In this system, the
chloride is believed to account for the oxidative etching of the
Ag nanoparticles under the aerobic condition.?? 23 It can be
confirmed by degassing O, from a typical digestive ripening
system, which leads to suppressed etching of the Ag
nanoparticles (Figure S4, ESIT). Our experiments also show that
DEA plays a central role in enabling the etching selectivity of the
Cl-/0, toward the large Ag nanoparticles. If DEA is neutralized
by acetic acid before a typical digestive ripening process,
subsequent addition of the chloride leads to etching of Ag
nanoparticles of small sizes and retention of large ones,
producing Ag nanoparticles with an increased mean size (38.4
nm) and a broad size distribution (standard deviation, 9.9 nm, ~
25% of the mean size), in clear contrast to the typical process
with DEA (Figure 2a, b). As found in our previous reports,24 25,32
DEA can strongly adsorb on the Ag nanoparticles to reduce the
surface energy (Figure S5, ESIT). We believe that the reduction
of the surface energy due to the DEA adsorption depends on the
size of the Ag nanoparticles, which increases with a decreasing
size of the nanoparticles. However, the decrease in the particle
size also leads to significantly increased surface area and
consequently surface energy. Therefore, an equilibrium size of
the Ag nanoparticles could be achieved at a minimum surface
energy, which accounts for the selective etching of Ag
nanoparticles of large sizes and the formation of monodisperse
Ag nanospheres.3

ARTICLE

etching so that the digestive ripening can proceed much more
easily in DMF than in many other solvents. For comparison, no
significant digestive ripening phenomenon could be observed
when the synthesis is conducted in water (Figure S6, ESIT).
Therefore, a reasonable mechanism can be proposed to
rationalize this unique digestive ripening system (Figure 2c).
First, polydisperse Ag nanospheres were obtained and
stabilized by DEA, with Ag nanoparticles of large sizes binding
DEA more weakly than those of small ones. Upon the
introduction of Cl-/O,, oxidative etching occurs selectively to Ag
nanoparticles of large sizes. The resulting AgCl was well
accommodated by DMF, which allows the continuous oxidative
etching, leading to monodisperse Ag nanospheres of an
equilibrium size depending on the binding energy of the Ag
nanoparticles with DEA. In addition, the AgCl accommodated by
DMF is capable of further reduction and regrowth on the
existing Ag nanospheres, making it possible to synthesize
monodisperse Ag nanospheres with controllable sizes.
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Figure 2. The role of DEA in the digestive ripening process. (a) TEM image of the Ag
nanoparticles obtained from a control synthesis with DEA neutralized before the ripening
process. Inset: size distribution of the Ag nanoparticles. (b) Change of the size of the Ag
nanoparticles with or without DEA. The error bars indicate the standard deviation of the

particle size. (c) A cartoon illustrating the formation mechanism of monodisperse Ag
nanospheres by the digestive ripening and subsequent regrowth.

In addition, DMF as a solvent is also an important driving
factor for the digestive ripening of the Ag nanoparticles. As
indicated by a previous study,33 DMF is capable of coordinating
to metal ions such as Ag(l), which makes it possible to
accommodate a high concentration of AgCl during the oxidative

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Control over the size of the monodisperse Ag nanospheres through the
digestive ripening. (a—d) TEM images of the Ag nanospheres obtained after stirring at
50 °C for 3 min, 7 min, 30 min, and 60 min, respectively. Inset: size distributions of the
Ag nanospheres. The means sizes are expressed in terms of “mean + standard deviation”.
(e) Change of the mean size of the monodisperse Ag nanospheres with the reaction time.
The error bars indicate the standard deviations for each point. (f) UV-vis extinction
spectra of the Ag nanospheres as a function of the reaction time.
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As discussed above, the monodisperse Ag nanospheres
were obtained with an equilibrium size, which suggests that the
formation of the Ag nanospheres is independent of the reaction
pathway. It is predicted that the same monodisperse Ag
nanospheres could be obtained in a much more convenient way
by convoluting the formation of Ag nanoparticles and the
digestive ripening process in one step. In a typical modified
synthesis, all chemicals including PVP, DEA, AgNOs and NaCl
were added to the solvent DMF, and the solution was first
stirred at room temperature for 5 min and then at 50 °C for
different lengths of time. As expected, monodisperse Ag
nanospheres with an equilibrium size of ~ 9 nm were obtained
after a very short reaction time (Figure 3a). A high concentration
of AgClin DMF enabled continuous growth of the monodisperse
Ag nanospheres in the following step, giving
monodisperse Ag nanospheres with continuously increasing
sizes (Figure 3b—d). By this means, the mean size of the
monodisperse Ag nanospheres could be conveniently tuned in
a range of 9-15 nm, all showing narrow size distributions
(standard deviation, < 10%) (Figure 3e). The intensity of the
LSPR band increased continuously with time, suggesting an
increasing concentration and/or size of the Ag nanospheres
(Figure 3f). No drops in the intensity of the LSPR band can be
observed during the whole synthesis (as observed in Figure 1e),
which confirms that the chemical reduction and the digestive
ripening occurred without in a temporal sequence.
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Figure 4. Synthesis of monodisperse Ag nanospheres starting from a AgCl precursor. (a—
b) TEM images of the AgCl precipitate and the resulting monodisperse Ag nanospheres.
(c) HRTEM image of the monodisperse Ag nanospheres. (d) XRD patterns of the AgCl
precipitate and the monodisperse Ag nanospheres. Standard peak positions of Ag (red
sticks, JCPDF #04-0783) and AgCl (blue sticks, JCPDF #31-1238) are listed for reference.

Interestingly, this unique digestive ripening mechanism
allows direct conversion of a AgCl suspension into
monodisperse Ag nanospheres (Figure 4). It is not of surprise
that one can produce Ag nanoparticles by reducing AgCl solids,

4| J. Name., 2012, 00, 1-3

albeit with broad size distributions. However, as Cl- ions are
released after the chemical reduction, they together with DEA
can initiate the effective digestive ripening process to afford
monodisperse Ag nanospheres. In this case, the AgCl solid
serves as both the Ag source and the Cl source. Because the
digestive ripening is a thermodynamic process, the use of a AgCl
solid in place of AgNOs; as the precursor does not exert a
significant influence on the equilibrium size of the
monodisperse Ag nanospheres. Figure 4a—c shows the TEM
images of the AgCl precipitate and the monodisperse Ag
nanospheres obtained from this synthesis. Although the AgCl
precipitate is micron-sized as a precursor (Figure 4a), the
resulting Ag nanospheres are highly uniform with a mean size of
~15 nm (Figure 4b—c). The complete transformation of the AgCl
solid into monodisperse Ag nanospheres can be further
confirmed by X-ray diffraction (XRD) (Figure 4d). The direct
conversion of AgCl solids into monodisperse Ag nanospheres
not only provides a direct evidence to support the digestive
ripening mechanism, but also offers a robust method for the
convenient preparation of Ag nanospheres in a high quality and
yield in a very economical way.

This digestive ripening process is also applicable to the
synthesis of monodisperse Ag-Au alloy nanospheres (Figure S7,
ESIT). At a high ratio of Ag/Au (larger than 5), the Ag-Au alloy
nanoparticles become less stable and susceptible to chemical
etching by ClI-/0,, which is pre-requisite for a digestive ripening
mechanism. As a result, the LSPR band of the monodisperse
nanospheres can be conveniently tuned by the Ag/Au ratio in
the alloy nanospheres.
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Figure 5. (a—b) Large-scale synthesis of monodisperse Ag nanospheres (target size: 13

nm) by digestive ripening, which yields ~ 54 mg of the final product from one pot. (a)
TEM image of the Ag nanospheres. (b) A photograph of the Ag colloid. (c) SERS spectra
of crystal violet with a concentration of 10" M and 108 M recorded from the substrate
of the Ag nanospheres. Raman spectrum of the Ag substrate without crystal violet was
also listed, confirming the clean surface of the Ag nanospheres.
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As one advantage of this digestive ripening synthesis, we
further show that it can be readily scaled up to produce a large
quantity of monodisperse Ag nanospheres under mild reaction
conditions. In a typical demonstration, 54 mg of monodisperse
Ag nanospheres with a target size of ~13 nm (corresponding to
Figure 3c) have been synthesized by scaling up a typical
synthesis in the Materials and Methods section for 20 times
(Figure 5a—b). TEM imaging suggests that the Ag nanospheres
obtained from the large-scale synthesis were of high
monodispersity, with the mean size being almost identical to
the target size, confirming excellent reproducibility of the
method in a large scale synthesis without losing the overall
quality.

More importantly, as no strongly coordinating ligands are
involved in this digestive ripening process, it is capable of
producing monodisperse Ag nanospheres with a hydrophilic
surface and conveniently removable capping ligands
(specifically, DEA and PVP). To confirm this significant
advantage, the monodisperse Ag nanospheres (9 nm) were
dried on a silicon substrate, washed with water, and subjected
to surface-enhanced Raman scattering (SERS) analysis. No
obvious SERS signals could be detected from the surface ligands,
suggesting that the ligands (DEA and PVP) have been effectively
removed from the Ag surface by washing with water (Figure 5c
and Figure S8, ESIT). The surfactant-free surface of the resulting
Ag nanospheres enables excellent SERS activity in detecting
molecules of interest, crystal violet for example, in ultralow
concentrations (Figure 5c¢). It is worth noting that the excellent
SERS activity of the Ag nanospheres may be partially attributed
to the presence of chloride on the Ag surface (Figure S9, ESIt),
which is commonly observed in literature.34 3> We believe these
monodisperse Ag nanospheres could find use in a much broader
range of applications, such as biosensing, and
fabrication of optical and electrical nanodevices.

imaging,

Materials and methods

Material.

N, N-Dimethyl formamide (DMF), silver nitrate (AgNOs, 99%),
polyvinylpyrrolidone (PVP, Mw 29000), diethylamine (DEA),
acetic acid, and sodium chloride (NaCl) were purchased from
Sigma-Aldrich and used as received.

Synthesis of monodisperse Ag nanospheres by digestive ripening.

In a typical synthesis, 400 uL of PVP (Mw 29000, 5 wt% in DMF),
80 pL of DEA and 250 pL of AgNOs (0.1 M) were added to 8.4 mL
of DMF in sequence under vigorous stirring at room
temperature (24 °C). The reaction solution was stirred at room
temperature for 5 min and 50 °C for 30 min, giving rise to
polydisperse Ag nanospheres. Then, 10 pL of NaCl (1 M) was
added to the reaction system to initiate the digestive ripening
process. After 30 min, monodisperse Ag nanospheres were
formed, which were then collected by centrifugation and
washed with water.

This journal is © The Royal Society of Chemistry 20xx
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A modified digestive ripening route to monodisperse Ag
nanospheres with tunable sizes.

In a typical synthesis, 400 uL of PVP (Mw 29000, 5 wt% in DMF),
80 pL of DEA, 250 pL of AgNOs (0.1 M) and 10 pL of NaCl (1 M)
were added to 8.4 mL of DMF in sequence under vigorous
stirring at room temperature. The reaction solution was stirred
at room temperature for 5 min and 50 °C for a different length
of time, giving rise to monodisperse Ag nanospheres. The Ag
nanospheres were finally collected by centrifugation and
washed with water. The size of the Ag nanospheres can be
tuned by adjusting the reaction time at 50 °C, and Ag
nanospheres of 9, 11, 13 and 15 nm were obtained after
reaction for 3, 7, 30, and 60 min, respectively.

Synthesis of monodisperse Ag nanospheres starting from AgCl.

First, a AgCl suspension was prepared by mixing 250 pL of
AgNOs (0.1 M) with 20 pL of NaCl (2.5 M). In a typical synthesis,
a solution was prepared by incorporating 400 uL of PVP (Mw
29000, 5 wt% in DMF), 80 pL of DEA and 8.4 mL of DMFin a glass
vial, which was then merged with the AgCl precipitate and
stirred at 50 °C for 1 h. The resulting monodispersed Ag
nanospheres were centrifuged and washed with H,O.

Surface-enhanced Raman spectroscopy (SERS).

The substrates for SERS were prepared by dropping and drying
a known quantity of Ag nanospheres on a clean silicon wafer (8
mm x 8 mm). In a typical SERS experiment, 25 uL of crystal
violate (CV) (106 M or 10-8 M) was dropped and dried on the
substrate. Raman spectra were recorded by using a LabRAM
HR800 confocal Raman spectrophotometer equipped with a
532 nm He-Ne laser line at room temperature. For all
measurements, laser spots were 0.72 pum under a 100x
objective, power of the laser spot was 1 mW, and the signal
acquisition time was 1.

Characterizations.

Transmission electron microscopy (TEM) was performed on a
Hitachi HT-7700 microscope operated at an accelerating voltage
of 100 kV. High-resolution TEM (HRTEM) analysis was
performed on a Philips Tecnai F20 FEG-TEM microscope
operated at an accelerating voltage of 200 kV. X-ray diffraction
(XRD) patterns were recorded on a Rigaku SmartLab X-ray
diffractometer equipped with Cu Ka radiation and D/teX Ultra
detector, scanning from 10° to 90° (209) at the rate of 10° min-1.
UV-vis spectroscopy was performed on an Ocean Optics
HR2000+ES UV-vis-NIR spectrophotometer with a DH-2000-Bal
light source.

Conclusions

In summary, we take the synthesis of Ag nanoparticles as a
proof-of-concept, and demonstrate that digestive ripening can
be successfully realized by decoupling the etching and surface
stabilization functions using two independent chemical agents,
which avoids the surface passivation of nanoparticles by a
hydrophobic strongly coordinating ligand as used in a

J. Name., 2013, 00,1-3 | 5
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conventional synthesis, and affords hydrophilic monodisperse
nanoparticles with considerably weak capping ligands that are
conveniently exchangeable for different applications. The clean
surface of the resulting Ag nanospheres enables excellent SERS
activity in detecting molecules of interest in ultralow
concentrations. We believe the new strategy not only provides
a unique and robust method for the synthesis of monodisperse
Ag nanospheres, 3640 but also helps to advance the
understanding of the digestive ripening process that remains
elusive to date, which may significantly broaden the general
applicability of this important strategy for the controlled
synthesis of colloidal nanoparticles.
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