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The key to the most efficient nanostructures is a deep understanding and control of all factors influencing
the reaction mechanism. To realize the full potential of a synthesis of Ag nanocubes in a non-polar
solvent mixture, the factors that determine the results are thoroughly investigated. In this hot-injection
approach, an Ag precursor reacts with a Cl precursor to form AgCl and multiply twinned (MT) Ag nano-
particles. The AgCl is then reduced to single crystalline Ag nanoparticles while the MT nanoparticles are
oxidized. As a result, the single crystals grow into nanocubes. Previously unidentified factors like the cata-
lytic influence of Fe(n) ions and the in situ formation of HCl, which leads to an undefined chloride
content, are revealed. A high reproducibility is achieved by controlling the amount of Fe(m) ions and
adding a stable Cl source. Thoroughly investigating and combining the effects of chloride concentration
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with temperature and oxidative etching allows for adjusting the edge length of the nanocubes in the
range of 40 to 100 nm and improving their uniformity. These findings lead to a robust protocol for produ-
cing non-polar silver nanocubes with sharp edges, low polydispersity, tunable size, and thus tunable
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Introduction

The range of applications for silver today is broad and includes
jewelry, currency, medicine, imaging, electronics, and pharma-
ceuticals." However, at the nanoscale, silver unfolds the full
potential of its antimicrobial and electrical properties and
even shows new properties, such as localized surface plasmon
resonance.” The nanoparticles can be used for electronic
devices,”” as sensors,°® as antimicrobials,”"" in (photo)
catalysis,">™* or surface-enhanced Raman spectroscopy
(SERS).">

Some of the applications require special particle shapes in
order to make optimum use of the properties of the silver
nanoparticles. For example, electromagnetic hotspots, which
increase SERS sensitivity, are strongly amplified at sharp edges
of metallic nanoparticles."® Hence, particle shapes such as
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optical properties in a short reaction time.

cubes, stars, pyramids, or prisms are advantageous. Other
examples are particle shapes that have specific crystal surfaces
and, therefore, enhance different catalytic activities. So, the
{111} facet of silver increases oxygen reduction reactions or the
reduction of methylene blue,’*° while the {100} facet
enhances styrene oxidation and ethylene epoxidation.>**

Since the {111} facets are thermodynamically more stable
than the {100} facets, the nanoparticles preferably form multi-
ply twinned (MT) structures that consist mainly or even
entirely of {111} facets.>®** The synthesis of nanoparticles that
have only {100} facets, ie., a nanocube, is therefore a major
challenge. Such a nanocube can only grow from a single crys-
talline (SC) seed particle. Due to the cubic crystal structure of
silver, this seed consists of 6 {100} and 8 {111} facets. If the
{100} facets are sufficiently stabilized, the nanoparticle will
grow only on the other facets and eventually take the shape of
a cube.

The most popular method for achieving cubic growth of
silver nanoparticles is the polyol synthesis. The first Ag nano-
cubes were obtained by this method in 2002 by the Xia group.
They used AgNO; as Ag precursor, polyvinylpyrrolidone (PVP)
as stabilizing and shape-directing agent, and ethylene glycol
as solvent and reducing agent.>® Over the next 20 years, the Xia
group studied and optimized the synthesis by examining the
influence of chloride and oxygen as MT oxidizing agents,*®
adding Fe''/Fe™ as oxygen scavenger system to improve the
sharpness of the nanocubes,** adding a hydrogen and sulfide
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source as oxidizing and reduction agents,”’*° and studying
the influence of other polyols,® different Ag precursors,** or
additional stabilizers.*® After the first successful synthesis,
some protocols for seed-mediated and aqueous syntheses were
also developed.**” However, all of these protocols yield nano-
cubes that are stable in polar solvents.

If an application in a non-polar medium is desired, e.g., cat-
alysis in organic solvents or SERS of organic molecules, nano-
cubes synthesized in non-polar media are preferred. In
addition, due to their long-chained organic ligands, such par-
ticles can be used in flexible plasmonic substrates or for self-
assembly at interfaces.*®*° While there are some studies on
the synthesis of Ag nanoparticles in non-polar solvents,*’™*>
reports on the synthesis of Ag nanocubes in non-polar organic
solvents are rare. Two groups of authors use dichlorobenzene
as a solvent.**** Although the results look promising, the syn-
thesis is time-consuming (48 h), and dichlorobenzene must be
handled with care as it is a CMR substance. Another protocol
was developed by Ma et al., who used Fe(ur) species as an
etching component in the solvent isoamyl ether.*> They were
able to obtain small nanocubes (~13.5 nm) but with truncated
corners. In a third approach, AgNO; and dimethyl-
distearylammonium chloride (DDAC) in an octyl ether/oleyla-
mine mixture were used to initially obtain AgCl and Ag MT
nanoparticles via the hot-injection method.*>*” Subsequently,
the AgCl nanoparticles transform into Ag SC nanoparticles,
which grow into nanocubes at the expense of dissolving Ag MT
nanoparticles. By this method, the authors Peng and Sun
obtain uniform Ag nanocubes with a diameter of ~35 nm and
sharp corners after 1 h reaction time. Unfortunately, the role
and influence of the different chemicals involved and even the
role of the experimental setup are only roughly understood.
Thus, this synthesis is difficult to control and hardly reprodu-
cible.*> However, as the Ag nanocubes in this synthesis grow
quickly, are of high quality, and come from non-toxic chemi-
cals, it is an excellent starting point for optimization.

The objective of this work is to identify the main factors
affecting the reproducibility and the quality of Ag nanocubes
synthesized in non-polar solvents and to develop strategies to
control these factors. It will be demonstrated that iron ions are
crucial as catalysts for the formation of the Ag nanocubes,
which were probably previously introduced into the synthesis
unnoticed using a metal thermometer. Decisive for the
success of the synthesis and the quality of the resulting nano-
cubes is also the Cl: Ag ratio in the reaction mixture. The orig-
inally used DDAC decomposes upon heating and releases HCI,
resulting in an uncontrolled varying Cl:Ag ratio. This issue
can be circumvented by replacing the DDAC with oleylammo-
nium chloride (OlAmoCl), which can be pre-synthesized, is
temperature-stable, and is likely to be the final chloride com-
ponent in the original synthesis. In this context, the role of the
solvent, the influence of the Cl: Ag ratio, the oxidizing agent,
and the dependence of the results on the temperature were
examined in more detail. By conducting a comprehensive
evaluation of all these factors, we have developed a new syn-
thesis protocol that allows for the control of the edge length of
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the nanocubes in the range between 40 and 100 nm and
ensures high reproducibility.

Experimental section

All experiments were conducted using standard glassware.
Prior to the synthesis, each reaction vessel was cleaned with
nitric acid (65%, Fisher Scientific) and subsequently rinsed
with deionized (DI) water. An LTR3500 digital temperature
controller (Juchheim Solingen) connected to a PT100 glass
thermometer (Juchheim Solingen) was used for heating and
temperature control. The sonication bath used for the redis-
persion of the nanoparticles was a Sonorex RK512H (860 W, 35
kHz; Bandelin). Unless otherwise indicated, all synthesis steps
are performed under a constant argon flow (~1 L h™).

Materials

Silver nitrate (99.9999%), iron(ur) chloride hexahydrate (>99%),
dibenzyl ether (>98%, DBE), oleylamine (>98% primary
amine, OlAm), silver acetate (99.99%), and ammonium nitrate
(=99%) obtained from Sigma Aldrich.
Dimethyldistearylammonium chloride (DDAC) was ordered
from fluorochem, hydrochloric acid (32%) from VWR, and
1-octadecene (90% tech., ODE), acetone (99+ %) and hexane
(mixed isomers, 98+ %) from Thermo Scientific. All chemicals
were used as received and without further purification.

were

Synthesis details

Synthesis of oleylammonium chloride (OlAmoCl). For the
synthesis of the chloride precursor OlAmoCl, a modified pro-
cedure from Dutta et al. was used.”® To receive a solution of 1
M OlAmoCl in oleylamine (OlAm), 61.08 mL OlAm was stirred
in a 100 mL Schlenk flask under an argon atmosphere. After
adding 6 mL of hydrochloric acid (32%), a white precipitate
formed immediately. Subsequently, the mixture was heated to
120 °C and kept at this temperature under an argon flow for
2 h to remove most of the water. The remaining water was
removed by applying a vacuum (0.05 mbar) at 60 °C for 1 h.
The mixture solidified at ambient temperature and was stored
as a stock solution at 8 °C in an argon atmosphere.

The chloride content was verified by Mikroanalytisches
Labor Kolbe, Oberhausen, Germany, with ion chromatography
with a Metrohm Model 930 Compact IC Flex Oven/SeS/PP/Deg
after a combustion digestion in an AQF-2100H from
Mitsubishi.

Standard synthesis. Two precursor solutions were prepared
for the synthesis of Ag nanocubes.

The chloride precursor was prepared in a 50 mL three-neck
round-bottom flask. 0.3 mL of a 3.7 mM (1 g L") solution of
FeCl;-6H,0 in DBE was introduced as a catalyst and dispersed
into a mixture of 20 mL of the solvent DBE and 2.07 mL of the
reducing agent OlAm. In addition, 0.525 mL of a 1 M solution
of OlAmoCl in solution was added. Under vigorous stirring
(using a glass-covered stirring bar, 12 x 5 mm, VWR, 1300
rpm), the mixture was heated to 60 °C to liquefy the OlJAmoCl.

This journal is © The Royal Society of Chemistry 2025
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Carefully, a vacuum was applied for 30 min (final pressure
~0.025 mbar). Subsequently, the system was purged with
argon. This procedure was repeated twice (15 min each, final
pressure ~0.02 mbar). The mixture was then heated up to
260 °C with a heating ramp of 10 K min™" and kept at this
temperature for 5 min until the temperature was stable.

Simultaneously, the silver precursor was prepared by dissol-
ving AgNO; in OlAm to receive a 34.23 g L™* (31.73 M) solu-
tion. The solution was heated to 50 °C, and a vacuum was care-
fully applied for 30 min (final pressure 0.025 mbar). It should
be noted that AgNO; dissolves quite slowly in OlAm. The dis-
solution happens faster at 50 °C and when a weak vacuum
(800-900 mbar) is applied. A vacuum was applied a second
and a third time for 15 min each (final pressure ~0.02 mbar).
However, the Ag precursor should not be prepared too far in
advance, as the precursor will continue to react. This is indi-
cated by a color change from pale yellow to a deeper yellow.

When both precursors had reached the desired tempera-
ture, the argon flow was stopped, and the Ag precursor was
swiftly injected into the hot chloride precursor. A 3 mL dispo-
sable syringe (Romed) connected to a stainless-steel cannula
(2.0 x 200 mm, neoLab) was filled to the 2.6 mL mark to inject
2.97 mL (2.6 mL syringe volume + 0.37 mL cannula volume) of
the Ag precursor. After a 1 h reaction, the mixture was cooled
to 200 °C with compressed air and then to 70 °C with an ice
bath.

Optimized synthesis. The optimized synthesis results in
fewer MT nanoparticles than the standard synthesis, but the
lower size limit is slightly larger.

In principle, the optimized synthesis is performed in the
same way as the standard synthesis. The difference is that a
larger amount of the 1 M OlAmoCl in OlAm solution is used
(0.545-0.57 mL) and that the reaction temperature is increased
to 290 °C.

Synthesis variations, particle purification, and characterization

The different variations of the synthesis that were used in the
presented studies, the particle purification procedure, and the
section about the characterization methods can be found in
the ESLt

Results and discussion

The aim of the present research was to develop a controlled
and practicable synthesis of silver nanocubes in a non-polar
solvent mixture. Ideally, the reaction time should be as short
as possible, the use of toxic chemicals should be avoided, the
nanocubes should be of high quality, and the results should
be highly reproducible. The studies conducted and discussed
in this publication are based on the modified synthesis of
silver nanocubes originally developed by Peng and Sun.*” In
brief, two precursor solutions were prepared. The first precur-
sor contained 0.75 mmol dimethyldistearylammonium chlor-
ide (DDAC), 20 mL dioctyl ether (DOE), and 2.6 mL oleylamine
(OlAm). After the dissolution of the DDAC at 60 °C, the solu-
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tion was heated to 260 °C. At this temperature, the second pre-
cursor, containing 0.6 mmol AgNO; in 2.97 mL OlAm, was
swiftly injected. The reaction was continued for 1 h. All reac-
tion steps were performed under a constant argon flow.

During the studies of the current work, DOE was replaced
by dibenzyl ether (DBE) as the results seemed to be more
reproducible. However, it likely makes no difference whether
DOE or DBE is used.

Catalytic influence of iron

The first attempts to establish the synthesis by Peng and Sun
yielded spherical nanoparticles within a size (diameter) range
of 10-30 nm instead of nanocubes with an edge length of
35-40 nm and a narrow size distribution, as reported by the
authors. Particles of one of the first syntheses are displayed in
a scanning electron microscopy (SEM) micrograph in Fig. 1(a).

After several parameters have been varied (temperature,
amount of DDAC, duration, solvent), the nanocubes shown in
Fig. 1(b) were finally obtained. However, the only change that
was made compared to the synthesis from Fig. 1(a), was to
replace the previously used glass thermometer with one made
from steel. To verify that the nanocubes were not simply the
result of an unidentified influence, a second experiment was
conducted. The thermometer material was changed back to
glass, and a piece of a steel capillary of comparable length and
diameter to the immersed part of the thermometer was placed
in the reaction flask. As can be seen from Fig. 1(c), the nano-
cubes were of the same quality as the ones received from the
synthesis with the steel thermometer. Apparently, the steel
had a significant influence on the formation mechanism of
the silver nanocubes.

As metals are known for their potential catalytic properties
and iron is the main component of the V4A stainless steel
used in the thermometer, a small amount of FeCl;-6H,O
(43 pM) was introduced into a third experiment with a glass
thermometer and no steel components. The high quality of
the nanocubes obtained, as shown in Fig. 1(d), strongly indi-
cates that Fe ions catalyze the formation of silver nanocubes in
this synthesis approach.

Formation of the chloride precursor

Not long after, another problem with the synthesis occurred. A
silver mirror appeared irregularly on the walls of the reaction
flask directly after the injection. Whenever the silver mirror
appeared, the resulting nanoparticles were spherical, smaller,
and more polydisperse than the expected nanocubes. A photo-
graph of a typical silver mirror, as well as the resulting nano-
particles, can be found in Fig. S1 in the ESL.f

Simultaneously with the synthesis (with or without a silver
mirror) and even before the injection of the AgNOj; solution, it
was observed that a reflux product was forming in the conden-
ser, which led to a bumping effect when it dripped into the
reaction solution. This product must, therefore, have a boiling
point below the reaction temperature and thus be a com-
ponent that is formed in situ. All initial reaction components
have a boiling temperature above the reaction temperature.

Nanoscale, 2025,17,14727-14740 | 14729
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Fig. 1 SEM images of Ag nanoparticles synthesized with and without exposure to different metal surfaces: (a) no metals used (glass thermometer),
(b) steel thermometer used, (c) V4A steel capillary used with a glass thermometer, and (d) FeCls-6H,O powder used with a glass thermometer.

The reflux product was captured and analyzed with IR spec-
troscopy. The comparison of the IR spectrum with the stan-
dard reference from the NIST webbook*® (see Fig. S2(a), ESIt)
shows that the unknown substance is water without any
organic compounds. In an additional test for halogenides
(Fig. S2(b)-(d), ESIf), the reflux water was added to a 1 M
AgNO; solution.’® The immediately precipitating white sub-
stance was then dissolved in a 25% ammonia solution. This
suggests that chloride is dissolved in the reflux water. The
same results were obtained without iron ions present in the
synthesis. Since no organic compounds could be detected in
the reflux water and no inorganic ions were present in the
experiment, HCI is the most likely substance in the reflux
water.

The above-described studies suggest that water and HCI are
formed during the heat-up of the chloride precursor. This
theory is supported by the work of Frederick and Bell, who
investigated the cleavage of DBE in the presence of zinc
halides.”" In the presence of ZnCl,, two of the cleavage bypro-
ducts are water and HCI. Given the presence of both DBE and
DDAC (which contains chlorine) in the current synthesis and
the fact that DDAC begins to decompose at ~220 °C,>* a poss-
ible mechanism could involve the reaction of DBE and DDAC
at elevated temperatures, which produces water and HCI,

14730 | Nanoscale, 2025,17,14727-14740

along with other products. However, HCI is a gaseous product
and is likely to outgas during synthesis, especially at higher
temperatures. As chloride is necessary for the formation of the
silver nanocubes, it is reasonable to assume that the HCI con-
tinues to react and, thus, remains in the reaction mixture. The
most likely reaction partner is OlJAm, which would result in the
formation of the temperature-stable compound OlAmoCL.>*"*

Assuming that HCI is formed during the heating of the syn-
thesis, the rate of constant inert gas (argon) flow would affect
the final chloride content at injection. To verify this hypoth-
esis, the experiments were repeated in a static argon atmo-
sphere instead of a constant argon flow. More reproducible
results regarding the cubic shape of the received nanoparticles
were obtained, and there was no longer any random occur-
rence of silver mirrors. Although this strengthens the assump-
tion that HCI is formed, further evidence was needed that DBE
and DDAC are necessary for the formation of HCI and that HCI
and OlAm react to form OlAmoCl.

Thus, four experiments were designed. At first, the standard
experiment with DBE and DDAC (0.64 mmol) was compared
with an experiment in which DBE was replaced by 1-octade-
cene (ODE). Subsequently, both experiments were repeated,
but DDAC was replaced by pre-synthesized OlAmoCl
(0.52 mmol). In the OlAmoCl experiments, a lower concen-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM images of the silver nanocubes prepared in the experiments to investigate the influence of the solvent on the formation of nanocubes:
synthesis with DDAC as chloride source and (a) DBE or (b) ODE as solvent and synthesis with OlAmoCl as chloride source and (c) DBE or (d) ODE as

solvent.

tration of the chloride source was used as it was assumed that
some of the formed HCI in the DDAC experiments would still
outgas. SEM images of the resulting particles are shown in
Fig. 2.

The following conclusions can be drawn from these results:

1. A comparison of the results for DBE + DDAC with those
for ODE + DDAC reveals that the experiment with ODE did not
yield any nanocubes but smaller, irregular nanoparticles with
some bigger lumps in between. This is a strong indication that
DBE is a crucial component in the reaction.

2. The results of both the DBE + DDAC and DBE + OlAmoCl
experiments yielded high-quality nanocubes. However, the
edge length of the nanocubes is different (~100 nm and
~65 nm, respectively). Hence, it can be concluded that
OlAmoCl is either another usable chloride source or the final
effective chloride component in the DDAC experiments and
that the chloride content may influence the size of the nano-
cubes. The latter will be discussed in the next section.

3. Comparing DBE + OlAmoCl and ODE + OlAmoCl, the
quality of the nanocubes is higher when DBE was used, ie.,
the cubes have sharper corners, are more uniform, and no
larger undefined lumps are present in the sample. Although
nanocubes could be obtained with ODE as solvent, it seems

This journal is © The Royal Society of Chemistry 2025

that DBE has some impact on the final nanocubes. This is
because the ether group makes the reaction medium at least
slightly polar, enhancing ion mobility and transfer.**

4. A comparative analysis of the ODE + DDAC and ODE +
OlAmoCl syntheses indicates that OlAmoCl functions as the
final chloride component while DDAC does not. Since DDAC
is not temperature-stable and does not form HCl and,
subsequently, OlAmoCl in ODE, a large proportion of chloride
is likely lost in the form of volatile chloro-organic
compounds.®?

To summarize this section, DBE (or rather an ether-based
solvent, as DOE also works"’) is a necessary component to
produce Ag nanocubes when DDAC is used as the chloride
source. DDAC cannot act as the final chloride component for
the formation of AgCl due to its thermal instability and must
react with DBE to form, among other products, HCl, which
subsequently reacts with OlAm to OlAmoCl. In an inert
solvent, DDAC likely decomposes into volatile chloro-organic
compounds that outgas from the reaction mixture. When
OlAmoCl is directly used as the chloride source, the synthesis
results in nanocubes even in an inert solvent such as ODE,
although the presence of DBE improves the quality of the
nanocubes. Another advantage of directly using OlAmoCl is

Nanoscale, 2025,17,14727-14740 | 14731
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that the reproducibility of the reaction is significantly
improved.

Influence of the Cl: Ag ratio

Based on the reaction mechanism published by Peng et al., it
was assumed that particle nucleation and growth during this
synthesis starts with the immediate formation of AgCl. Only a
few moments later, Ag" is reduced by OlAm to form MT Ag
nanoparticles. After ~1 min, Ag nuclei are formed on the AgCl
particles, which subsequently convert into SC Ag nano-
particles. When all AgCl particles are converted, the SC Ag
nanoparticles the expense of the MT Ag
nanoparticles.*®

The results from the previous section indicate that the
chloride content has a strong influence on the resulting final
particles. Therefore, systematic studies with varying chloride
contents were performed. To ensure that the chloride content
at the moment of the injection of the AgNO; solution is the
same as the chloride content that was initially added,
OlAmoCl was used instead of DDAC in all following syntheses.

Three properties of the final samples were characterized
and plotted against the Cl:Ag ratio: the size (edge length) of
the nanocubes, the percentage of twins (MT nanoparticles) in
relation to the total amount of Ag nanoparticles present in the
sample, and the amount of AgCl relative to the total amount of
Ag. The plots are shown in Fig. 3, along with four SEM images
of four exemplary samples to give a visual impression of the
chloride influence. Below is an explanation of how to dis-
tinguish MT and SC nanoparticles in the electron microscope.

Starting with low amounts of OlAmoCl, no AgCl could be
found, and the nanoparticles had a size of about 20 nm. It
also seems that this size marks the lower limit of the nano-
particle size range of this synthesis approach. Nevertheless,
likely, the size will slowly decrease with a further decreasing
Cl: Ag ratio. However, the nanoparticles appear to be little to
no cubic at all (Fig. 3(b)). This is because the sample consists
mainly of MT nanoparticles, which cannot grow into nano-
cubes. Based on the theory by Peng et al., the amount of chlor-
ide is not sufficient to form initial AgCl, which subsequently is
converted into SC Ag and etches the majority of the MT nano-
particles. Hence, the oxidation of the MT nanoparticles occurs
much slower than the reduction of the Ag" ions, which leads
to the growth of the MT nanoparticles. It is suggested that the
SC Ag nanoparticles start growing on top of the AgCl at first, as
AgCl can act as heterogeneous nucleation site for Ag
nanoparticles.’>°

When the Cl: Ag ratio exceeds ~0.75, the size of the silver
nanocubes starts to increase rapidly while the percentage of
MT nanoparticles starts to decrease rapidly. Samples of high
quality, i.e., nanocubes with not more than slightly truncated
corners, a polydispersity <10%, no AgCl present, and a
majority of nanocubes instead of MT nanoparticles in the
sample, are obtained within a range of Cl:Ag = ~0.84-0.88.
Within this range, the edge length of the nanocubes is tunable
from ~40-100 nm. Fig. 3(c) shows an SEM image of the
sample prepared with a Cl:Ag ratio of 0.87. The sudden

grow at

14732 | Nanoscale, 2025,17,14727-14740

View Article Online

Nanoscale

change in size and crystalline structure of the nanoparticles by
only a slight variation of the Cl: Ag ratio can be explained by a
competitive reaction between the reduction of Ag" by OlAm
and the chloride-supported oxidation of Ag’. As long as the
Cl: Ag ratio is lower than a certain threshold, the reduction is
too fast to lead to the formation of stable AgCl particles, which
can then transform into SC Ag nanoparticles. The injected Ag"
species are directly reduced, leading to the growth of the (MT)
nanoparticles. However, as soon as enough chloride is present,
stable AgCl particles can form and transform into SC Ag
nanoparticles.

When the Cl: Ag ratio is increased further up to a ratio of
0.95 (see Fig. 3(d)), the edge length of the nanocubes
approaches an upper limit of around 120-130 nm, and almost
no more MT nanoparticles are found. However, the polydisper-
sity of the samples increases drastically, and AgCl is found
after 1 h reaction time. At this point, the oxidation of the silver
nanoparticles occurs faster than the reduction. As a result, the
less stable MT Ag nanoparticles are almost entirely etched, and
the nucleation of the more stable SC Ag nanoparticles from
the AgCl is slowed down so that the nanocubes grow larger
and polydisperse, and the AgCl cannot be completely reduced
anymore. However, the nanocubes have sharp edges and
corners, which indicates that either the SC Ag nanoparticles
are stable enough not to be etched or that more unstable silver
species (e.g., new Ag nuclei formed from the AgCl) are oxidized
instead.

Increasing the Cl:Ag ratio even further leads to an
increased formation of AgCl. The particle size and polydisper-
sity will not change further until the CI: Ag ratio is sufficiently
high that there is not enough AgCl reduced for the SC Ag nano-
particles to grow into a cube, and, eventually, only AgCl is
present after 1 h reaction time. A SEM image with mainly AgCl
is shown in Fig. 3(e). The image shows Ag nanocubes with an
edge length of ~120 nm between spherical particles with a dia-
meter of up to 2 um, which decompose in contrast to Ag nano-
particles in the electron beam. It is well-known that AgCl
nano- and microparticles rapidly decompose under the elec-
tron beam.®” Hence, this is a strong indication that these par-
ticles are AgClL.

An analysis with X-ray diffraction (XRD) (Fig. S3, ESI{) sup-
ports the SEM and EDX results. At a low Cl: Ag ratio, the diffr-
actogram matches the reference pattern of bulk silver (COD
9008459) well. As the Cl: Ag ratio increases, the intensity of the
(111) diffraction peak decreases while the intensity of the (200)
diffraction peak increases. This is due to the fact that more Ag
nanocubes are formed, which ideally would only consist of
{100} planes. With an increasing Cl:Ag ratio, the first AgCl
diffraction peaks (reference pattern: COD 9011666) start to
appear until, eventually, the sample consists entirely of AgCl.
This finding also strongly suggests that the large, rapidly
decomposing particles in the SEM images (see Fig. 3(e)) are
AgCl.

As already indicated in Fig. 2(c) and (d), at medium Cl: Ag
ratios, short nanorods start to appear, which increase in
length as the ratio increases. Nanorods are obtained when MT

This journal is © The Royal Society of Chemistry 2025
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(a) Influence of the Cl: Ag ratio on the edge length of the nanoparticles (top), on the occurrence of twinned nanoparticles (p = percentage

of MT crystals in relation to the total amount of Ag nanoparticles) (middle), and the mass proportion of AgCl relative to Ag (bottom) in the final
product. The green vertical lines mark the Cl: Ag ratios used in the synthesis of the particles shown in the exemplarily SEM images are (b) 0.75, (c)

0.85, (d) 0.93, and (e) 1.25.

Ag nanoparticles grow along one axis.’® They are the most
easily recognizable MT nanoparticles. However, even smaller,
spherical MT nanoparticles can also be identified by TEM and
even SEM images. Fig. S4 (ESIt) shows a TEM and two SEM
images, giving a more detailed overview of a sample with
smaller nanoparticles, a sample with medium-sized nano-
particles, and a sample with larger nanoparticles, respectively.
In TEM (Fig. S4(a), ESIf), SC Ag nanoparticles exhibit a
uniform contrast, while the MT nanoparticles show a blotchy

This journal is © The Royal Society of Chemistry 2025

contrast due to the different crystal facets. They also differ in
shape from the SC nanoparticles so that both particle species
can be distinguished in the SEM. This approach was verified
by evaluating SEM and TEM images of the same samples,
which led to the same result. This finding is important since
the nanoparticles >50 nm are getting too thick to recognize
the differences in contrast in TEM. Fig. S4(b) (ESIf) shows
SEM images in which the MT nanoparticles are highlighted. In
Fig. S4(c) (ESIt) one can see the rounded tip structure of the

Nanoscale, 2025,17,14727-14740 | 14733
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Fig. 4 Structural details of nanoparticles from different silver nanocube syntheses: HRTEM images of (a) an SC nanocube with an edge length of
45 nm in which a different lattice orientation can be recognized at the corners due to a slight truncation and (b) an MT nanoparticle (icosahedron)
from the same sample. The red lines mark the twin boundaries, and a schematic of the nanoparticle is shown as an inset in the lower right corner.
Figures (c)—(e) show SEM images of nanocubes with different edge lengths synthesized with 0.60 mmol Ag and (c) 0.51 mmol, (d) 0.52 mmol, and

(e) 0.525 mmol OlAmocCl.

nanorods. This is typically observed because of the fivefold
geometry of the tips. A detailed HRTEM analysis of an SC
nanocube and an MT nanoparticle can be seen in Fig. 4(a)
and (b), respectively. Since the nanocube has slightly trun-
cated corners, a closer look at the corners reveals a different
lattice structure than the otherwise uniform rest of the cube.
When determining the twin boundaries of the MT nano-
particle in Fig. 4(b) (red marks), one can see its fivefold
twinned structure and icosahedral shape. A schematic illus-
trating the position of the icosahedron is shown as an inset
in the lower right corner of the image. Additionally,
examples of size variations of the nanocubes are shown in
Fig. 4(c)—-(e) to emphasize the size adjustability of the nano-
cubes as a result of the findings presented in this section.
While the nanocube in Fig. 4(a) is from a sample with an
average nanocube edge length of 43 + 5 nm (0.50 mmol
chloride used with 0.60 mmol Ag), the nanocubes with a
higher Cl:Ag ratio have an edge length of 55 + 5 nm
(0.51 mmol chloride, Fig. 4(c)), 74 + 7 nm (0.52 mmol chlor-
ide), and 99 + 9 nm (0.525 mmol chloride).

14734 | Nanoscale, 2025,17,14727-14740

Oxidative etching and the role of oxygen

As has been shown so far, the OlAmoCl content has a signifi-
cant influence on the oxidation of the MT nanoparticles.
Although an increased oxidation rate was observed when the
Cl: Ag ratio was increased, chloride itself is not oxidizing. This
leads to the assumption that chloride likely supports the oxi-
dation, but an oxidizing agent is needed in the reaction. Other
authors mention oxygen,**® Fe(m) species,*” or nitrate’” as
oxidizing agents in silver nanocube syntheses. The most dis-
cussed one is oxygen. Some authors even actively enrich their
syntheses with oxygen.*® Thus far, the synthesis has been con-
ducted in an oxygen-free environment, as the reaction mixture
was degassed three times in a vacuum, and the reaction was
carried out under an argon atmosphere. To study the influence
of oxygen, defined quantities of oxygen were introduced into
the synthesis by flushing the reaction vessel with Cargal, a
mixture of argon with 2% oxygen, for defined periods after the
reaction temperature was reached but before the injection of
the AgNO; solution. To keep the solution at the temperature

This journal is © The Royal Society of Chemistry 2025
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plateau of 260 °C for an equivalent duration prior to the injec-
tion of the Ag precursor, an argon flow was applied for the
remaining time after the shorter Cargal flushing periods. Two
additional experiments were conducted, one using Cargal
from the beginning of the heat-up procedure and one at
ambient atmosphere. The results are shown in Fig. S5 (ESIT).
Based on the results (Fig. S5(a), ESIt), the amount of oxygen in
Cargal does not appear to affect the synthesis, even when it is
used throughout the whole synthesis procedure. There is
neither a change in size, polydispersity, nor the number of MT
Ag nanoparticles. However, the color of the solution immedi-
ately prior to the injection of the Ag precursor changes from
colorless when no Cargal was used (Fig. S5(b), ESIf) to a yel-
lowish color. This color shift becomes more pronounced the
longer Cargal is flushed over the synthesis mixture. While the
reaction mixture retained a pale yellow when Cargal was used
over the whole synthesis procedure (Fig. S5(c), ESIt), the color
changed to a deep yellow when the synthesis was performed in
ambient atmosphere (Fig. S5(d), ESI{). In this case, the result-
ing particles are significantly smaller (~30 nm instead of
~100 nm) than those prepared in argon or Cargal atmosphere
and mainly spherical (Fig. S5(e), ESIT). These results suggest
that oxygen does not affect the etching of the MT Ag nano-
particles. However, at significantly higher concentrations (i.e.,
ambient conditions), O, could lead to the formation of iron
oxide, which removes the iron ions from the catalytic cycle, or
replace the chloride in the synthesis, which suppresses oxi-
dative etching.

These considerations leave Fe(ui) species, in this case FeCls,
or nitrate as oxidizing agent. Since the amount of FeCl; is low
in the synthesis (1.1 pmol) compared to 0.6 mmol Ag, it
cannot be the main oxidizing agent. Although Fe(m) may be
involved in the etching process, the reduced Fe(i1) would need
to be re-oxidized. Hence, the nitrate introduced into the reac-
tion with the AgNO;-oleylamine precursor solution most likely
seems to be the main oxidation agent. Previous reports suggest
it to be stable in the form of an amine-nitrate complex or a
reaction product of nitrate and OlAm in high-boiling non-
polar solvents.>®®® To confirm this assumption, a synthesis
without nitrate and a synthesis with an increased amount of
nitrate were performed and compared to the standard syn-
thesis. In Fig. 6, TEM images of the resulting Ag nanoparticles
from a synthesis with silver acetate as precursor instead of
AgNO; (Fig. 6(a)), the standard synthesis (Fig. 6(b)), and a syn-
thesis with NH,NO; added to the AgNOs-OlAm precursor solu-
tion are compared. The images show that the less nitrate was
present in the synthesis, the more MT nanoparticles were
found. An evaluation of the quantity of MT nanoparticles
yields an increase of 65% without nitrate and a decrease of
80% with additional nitrate compared to the standard syn-
thesis, which proves the role of nitrate as the oxidizing agent.

Influence of temperature

The last parameter tested was the influence of the reaction
temperature. The synthesis was performed at reaction tempera-
tures from 220-280 °C, and three particle/synthesis character-

This journal is © The Royal Society of Chemistry 2025
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istics were evaluated: As in the chloride studies, the particles
were analyzed regarding their size and polydispersity as well as
the percentage of MT nanoparticles. The fourth property exam-
ined was the duration of the color change of the reaction
mixture, which occurs immediately following the injection of
the Ag-OlAm precursor. The solution turns from a milky yel-
lowish-white to orange and finally greenish-gray, indicating
the progress of the reaction. The colors result from different
particle species at different reaction stages. Almost instantly
after injection, AgCl, which appears white, and small Ag MT
nanoparticles, which are known for their yellowish color, have
formed. As the AgCl is reduced and smaller silver species
grow, the yellow color becomes more intense and darker, even-
tually appearing orange. When the SC Ag nanoparticles start to
morph into a cubic shape and grow further, plasmon reso-
nances and especially scattering cause the solution to appear
greenish-gray in color. The results of the temperature studies
are summarized in Fig. 5, and the corresponding SEM images
are shown in Fig. S6 in the ESL

The duration of the initial color change decreases steadily
with increasing temperature, which indicates that the reaction
is progressing faster. This is expected as the reaction kinetics
are enhanced at elevated temperatures.
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Fig. 5 Plots showing the temperature dependency of the nanoparticle
edge lengths (top), the percentage of (multiply) twinned nanoparticles
(p = percentage of MT crystals in relation to the total amount of Ag
nanoparticles) (middle), and the duration of the color change of the
initial reaction (bottom).
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Fig. 6 TEM images of the Ag nanoparticles resulting from (a) a synthesis with Ag acetate as precursor instead of AgQNO3, (b) the standard synthesis,

and (c) a synthesis with additional NH;NOs.

However, it appears that the reaction does not follow the
expected course at a temperature of 220 °C (Fig. S6(a), ESIT).
Other than at higher temperatures, the nanoparticles were irre-
gularly shaped, and about 30% AgCl was still found in the
sample. The sample consists of some high-quality nanocubes
next to nanorods, spherical nanoparticles, and even some
other structures. While the other samples seem to yield
smaller particle sizes with increasing temperature and have
about the same percentage of MT nanoparticles, the nano-
particles of the sample at 220 °C reaction temperature are the
smallest ones, and significantly more MT nanoparticles are
present. Consequently, it is assumed that a temperature of at
least 240 °C is required for the educts to undergo the desired
reaction.

The nanocubes obtained at 240 °C (see SEM image in
Fig. S6(b), ESIf) have an edge length slightly larger than
100 nm and a polydispersity of around 20%. This result is
comparable to the results at 260 °C with a higher chloride
content. This trend continues for the reactions at 270 °C and
280 °C (Fig. S6(d) and (e), ESIt). The results resemble the
results at 260 °C with a lower chloride content, i.e., the higher
the temperature, the smaller the nanoparticles, and the poly-
dispersity is around 10%. This can be explained by a reduction
rate that is more elevated than the oxidation rate. The question
remains whether the oxidation rate is not as much elevated as
the reduction rate or whether there is another rate-limiting
factor.

The most important finding is that the percentage of MT
nanoparticles does not change between 240-280 °C. This indi-
cates that the oxidation of the MT nanoparticles is not affected
by the temperature in this range. Rather, it is limited by the
amount of chloride, which is strongly connected to the oxi-
dation process.

Concluding that the reduction rate is increased with an
elevated temperature and the oxidation rate is increased with a
higher amount of chloride, another synthesis was performed
at 290 °C with a chloride content of 0.55 mmol (instead of
0.525 mmol) (Fig. S6(f), ESI). The resulting nanocubes had
an edge length of 57 + 4 nm, and the percentage of MT nano-
particles was reduced by almost half compared to the synthesis
with a chloride content of 0.525 mmol. It should be noted that
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AgNO3 + OIAm —> OlAm--Ag + OlAm
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[FeCl;]
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Scheme 1 Schematic representation of the mechanisms and influences
leading from the precursors to the final products. The Ag precursor is
formed from AgNOs and oleylamine (OlAm) and injected into the 260 °C
hot oleylammonium chloride precursor (OlAmoCl) solution. The
OlAmMOoCl is previously formed in situ by the reaction of dimethyl-
distearylammonium chloride (DDAC) with dibenzyl ether and OlAm.
Alternatively, OlAmoCl can be prepared separately and added directly to
the reaction mixture. During the thermal decomposition of the Ag-
OlAm precursor, Ag* is either reduced and forms multiply twinned (MT)
nanoparticles or forms AgCl with the aid of OlLAmoCl. While the AgCl is
reduced to single crystalline (SC) Ag nanoparticles, the MT nanoparticles
are oxidized. The SC nanoparticles grow into nanocubes, and the
remaining MT nanoparticles grow larger or transform into nanorods due
to the attachment of Ag monomers from the reduced AgCl. The blue
arrows indicate reduction, the red arrows oxidation, and the green
arrows a coalescence process. [FeCls] denotes the catalyst involved in
the formation process.
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the solvents OlJAm and DBE had been in use for several weeks
to months, during which time they may have undergone
degradation.®®* With fresh solvents used, the amount of MT
nanoparticles could be reduced by another ~50%.

Additional experiments demonstrated that at a reaction
temperature of 290 °C, high-quality nanocubes can be
obtained within a size range of ~50-100 nm. If the edge length
is below 50 nm, the nanocubes become strongly truncated; if
the edge length is above 100 nm, the polydispersity increases
drastically. Furthermore, the reaction time can be reduced by
20 min to 40 min. Consequently, at a higher reaction tempera-
ture, a higher chloride content can be used to obtain the same
nanocube sizes, and additionally, the amount of MT nano-
particles can be reduced.

Detailed growth mechanism

Based on the above-discussed results, the original growth
mechanism proposed by Peng and Sun was extended.*” The
suggested modified mechanism is displayed in Scheme 1.

The chloride precursor was initially generated in situ from
DDAC and OIAm. However, it could be shown that both com-
pounds undergo a reaction and form OlAmoCl as the final
chloride source in the reaction. Since OlAmoCl can be pre-syn-
thesized, the synthesis becomes more controlled when it is
used directly. The reaction steps displayed in gray in Scheme 1
are, therefore, no longer included in the optimized protocol.

After injection of the Ag-OlAm precursor into the hot reac-
tion mixture, the Ag" ions are either reduced by OlAm and
form MT Ag nanoparticles or form AgCl when they react with
the Cl precursor. The probability of the two possible pathways
depends on the chloride content in the reaction solution. If
the MT nanoparticles are still small, they can be dissolved
again and be reduced into Ag monomers. Simultaneously, SC
Ag nanoparticles are formed from AgCl. The SC nanoparticles,
as well as the remaining MT nanoparticles, grow larger due to
the Ag monomers, which result from the reduction of the dis-
solved silver. Important for the growth of the nanoparticles
into nanocubes (or nanorods) is the stabilization of the {100}
facets, which happens because of the chloride species present
(OlAmocCl).

Furthermore, FeCl; is identified as a crucial catalyst in the
reaction mechanism. However, the exact influence of this cata-
lyst requires further investigation.

Conclusions

This study demonstrated the importance of a detailed knowl-
edge of the synthesis parameters in nanocrystal preparation.
We designed a synthesis yielding high-quality nanocubes in a
non-polar solvent mixture with a high reproducibility and a
reaction time below 1 h. Iron ions proved to be crucial for the
success of the synthesis due to their catalytic function in the
reaction. Without the iron ions, no nanocubes could be
obtained after 1 h of reaction time, and the sample consisted
mainly of multiply twinned nanoparticles and still some AgCl.

This journal is © The Royal Society of Chemistry 2025
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However, the exact influences of the Fe?"'Fe®* ions appear to
be complex and requires further investigation. The Cl: Ag ratio
also a significant factor, as the results are strongly influenced
by it. If the ratio is too small, no nanocubes are formed. If the
ratio is too large, the nanocubes are highly polydisperse, and
AgCl is present in the final sample. The chloride source orig-
inally used was not stable, and the ratio could easily vary. We
found that the final chloride species in the reaction was oley-
lammonium chloride. When it is directly added to the reaction
as the chloride precursor, the Cl: Ag ratio can be precisely con-
trolled, and nanocubes with edge lengths in the range of
40-100 nm can be obtained. The chloride concentration also
seems to affect the oxidative etching process and in combi-
nation with a higher reaction temperature, a higher Cl:Ag
ratio significantly reduces the percentage of multiply twinned
nanoparticles. Oxygen, however, does not promote the oxi-
dative etching in this reaction, although this has been reported
for other synthesis of silver nanocubes. The nanocubes
obtained by the presented protocol exhibit a number of advan-
tageous characteristics, including a short production time,
sharp edges, low polydispersity, high reproducibility, widely
adjustable edge lengths, and, thus, adjustable optical pro-
perties. These properties make the nanocubes excellent candi-
dates for applications in catalysis, photonics, sensor techno-
logy, and other fields. The present work demonstrates that a
thorough analysis and optimization of the reaction parameters
in nanoparticle syntheses allows the transformation of an
initially rather random synthesis into a precisely defined and
widely adjustable preparation process. We expect that this
methodological approach and our results can be transferred to
other synthesis processes of anisotropic nanocrystals,
especially in non-polar solvents.
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