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A color-coordinated approach to the flow synthesis
of silver nanoparticles with custom morphologiesy

Carly J. Frank, ®& Connor R. Bourgonje, Mahzad Yaghmaei
and Juan C. Scaiano

In an effort to meet the high demand for silver nanostructures in both research and consumer applications,
we devise a simple and readily scaleable photochemical method through which silver nanostructures of
varying morphologies, sizes, and optical properties can be synthesized using batch and flow
strategies. the
photochemical flow system recently developed by our group to enable sequential irradiation with several

photochemical For latter we build upon the application of a wrapped-lamp
wavelengths of LEDs in series in an approach that we describe as “plasmon pushing”. We find that this
strategy can accelerate the conversion of silver nanoparticle seeds to decahedral and triangular
nanostructures, and that with it we have control over the tuning of the size and optical properties of
triangular nanostructures in the red and near-IR regions. Moreover, through sequential flow irradiation,

we gain a better understanding of the formation pathways and relative stability of decahedral and

rsc.li/nanoscale-advances triangular silver nanostructures.

Introduction

With strong surface plasmon resonance characteristics, silver
nanoparticles (AgNPs) and nanostructures have found applica-
tions in catalysis and spectroscopy and as antibacterial agents
in various industries and consumer goods.”* Synthesizing and
applying such structures is an active field of study.** As a result,
various chemical synthesis methods have been found to
generate silver nanoparticles, albeit typically on a small scale.”
With increasing applications, developing simple and easily
scalable production methods for these nanostructures is
essential. Recently, our group developed a simple photochem-
ical flow setup to generate a continuous stream of AgNP “seeds”,
facilitating scale-up.® These AgNP seeds are small (<10 nm) and
roughly spherical, with absorbance typically around 400 nm.?
Most importantly, they are highly photosensitive, such that even
a few hours of light exposure can cause them to shift into new,
amorphic structures.’ Earlier research by our group has found
that irradiating seeds with light-emitting diodes (LEDs) at
specific wavelengths in the visible region can alter their
morphology and size, giving rise to interesting shapes'
including decahedra and very thin triangular plates.” Such
changes also alter the absorption characteristics of the nano-
structures, making them ideal for specialized applications, such
as photocatalysts and colorimetric sensors."'** However, the
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synthesis of these complex morphologies is very time
consuming using the current photochemical methods, and
light-free approaches often rely on bulky surfactants or
polymers.***

The characteristic surface plasmon resonance bands of
spherical noble metal nanoparticles such as silver and gold are
usually at ~400 nm and ~530 nm, respectively. However, these
plasmon bands change dramatically when the morphology, size
or aspect ratio is changed.'**® This has significant implications
for the absorbance and optical properties of AgNPs and there-
fore their applications.”**** One of the most popular and
longstanding uses of silver, for instance, has been as an anti-
bacterial agent.'”**"** Related to this, research has also been
done on the exploitation of easily excitable surface plasmon
resonance bands to enhance AgNP bactericidal activity through
irradiation with specific wavelengths of light.>* From studies
on this morphological dependence on the antibacterial capa-
bilities of AgNPs, it has been found that triangular AgNPs
(tAgNPs) are among the most potent antibacterial agents among
common AgNPs when activated with light.»* Furthermore,
tAgNPs are very promising for biological applications, such as
photodynamic therapy, because their absorbances can often be
tuned to lie within the biological window of 650 to 1350 nm.>*
This is a consequence of the sharp edges and vertices whereat
electrons can respond to low-frequency electric fields in the late
visible and IR regions.” Similarly, decahedral AgNPs (dAgNPs)
were found to perform very well when irradiated with blue light,
as this overlaps with their characteristic absorption at approx-
imately 480-520 nm.”
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Fig. 1 Generalized diagram of the photochemical flow setup utilized
in this study. The identity of each lamp varied depending on the desired
outcome, with UVB being used to generate AgNP seeds from
a precursor solution and visible LEDs of varying wavelengths to
transform seeds into d and tAgNPs. A photograph of the true system is
available in the ESI (Fig. S6).T

In this contribution we develop a photochemical synthesis
strategy using a sequence of multiple visible light wavelengths
(see Fig. S1t) in flow to generate decahedral and triangular
silver nanostructures, significantly reducing the time required
to achieve the desired morphology from seeds and to produce
them consistently with reliable morphologies. Adapted from an
earlier study by our group,® this simple photochemical flow
setup consists of a peristaltic pump used to pump solution
through thin Teflon tubing wrapped around one or several
lamps of different wavelengths, depending on the desired
outcome. Fig. 1, below, provides a diagram of the typical setup.
The setup occupies little space, utilizing lamps which are 1 foot
in length in an expo panel which can accommodate up to 5
lamps at once.

As will be discussed, our system moves from the typical
monochromatic irradiation to generate modified structures
with absorbances at the LED emission wavelength to a sequen-
tial irradiation system, better facilitating absorption of light by
the starting structures. This enables “plasmon pushing”, in
which plasmon absorbance is gradually shifted towards longer
wavelengths through either irradiation with progressively
longer wavelengths of light or longer irradiation time, essen-
tially tracking the absorbance of AgNPs as they progress to
different morphologies with absorbances at longer wave-
lengths. Sequential irradiation enables an overall faster trans-
formation as there is less of a gap between the absorbance of the
starting AgNPs and the emission of the light source, thus better
satisfying the first law of photochemistry which requires light
absorption by the reactants as a precondition for any photo-
chemical change to take place.”” Moreover, the faster product
formation in combination with the nature of the flow setup
enables a continuous stream of nanoparticles to be generated in
a matter of hours. Our studies lead to an improved under-
standing of the pathways taken in forming decahedral and
triangular silver nanostructures.

Results

The synthesis of AgNPs is typically done using a bottom-up
approach,® beginning from a source of Ag" ions such as silver
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Scheme 1 Norrish type | cleavage of 1-2959 following UV photoex-
citation and a subsequent PCET reaction between the ketyl radical and
a silver cation to form one equivalent of reduced silver that sponta-
neously aggregates to form AgNPs.

nitrate (AgNO;).%'#2° The initial structures that form are often
AgNP “seeds” - small, roughly spherical nanostructures ranging
from one to tens of nanometers in diameter. These seeds have
characteristic absorbance at approximately 400 nm, and their
solutions are easily identified by their light yellow colour. In
a recent publication, we showed that AgNP seed synthesis is
amenable to flow photochemical strategies with a range of
different photoinitiators.®

Here, we take advantage of the observation that AgNP seeds
serve as building blocks for more complex morphologies,>®
which typically increase in size and/or aspect ratio as their
absorbances shift into longer-wavelength regions of the vis-NIR
spectrum. LEDs offer some key advantages over traditional
fluorescent lamps, being widely accessible, cost and energy
efficient, and safer and having highly selective emissions.” Our
strategy is chemically quite simple, utilizing an Irgacure-2959 (I-
2959) as a highly efficient photoinitiator and citrate as a stabi-
lizer that can also assist the Ag" reduction process.® The citrate
concentration was selected as 1 mM based on earlier studies?
that showed this to be a convenient, yet low concentration (see
also Fig. S2t). The photochemistry of 1-2959 and the initial
reduction of Ag" are illustrated in Scheme 1.3

Preliminary batch experiments and scale up

Experiments to manufacture dAgNPs and tAgNPs were per-
formed using 450 nm and 630 nm LED sources, respectively.
The photochemical synthesis of d or tAgNPs has been achieved
in batches up to 200 mL (see Fig. S4t) by our group. With the
simple method utilized by our group,®® it is believed that the
main barrier in the reaction efficiency is the inability of the
starting seeds to absorb light from the long-wavelength LED
sources. This causes the early stages of the morphological
conversion to be very slow until they reach a point with
enhanced visible absorbance and start to transform from seeds
into the desired morphologies. Recalling that AgNP seeds have
a typical absorbance of around 400 nm, one can quickly see that
a blue LED, with a typical emission of around 450 nm, may
overlap weakly with this band (see Fig. S87); however, a red LED,
whose typical emission occurs around 630 nm, has very poor, if
any, overlap with this absorption band. Hence, the probability
of AgNP seeds absorbing a photon emitted by the red LED is
quite low, and thus long irradiation times are often required in
order to start and complete the transformation into tAgNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this work, we also manipulated the citrate concentrations,
allowing for further accurate control of the plasmonic absorp-
tion properties and AgNP size (Fig. S2 and S37). Fig. S21 shows
that plasmon bands can be tuned within the visible (~650 nm)
and NIR (~1300 nm) regions as the concentration of citrate is
increased up to 15 mM. Fig. S47 illustrates the change in the
plasmon bands as the batch reaction progresses.

Flow-and-rest improved synthesis of AgNP seeds

Initially, a large stock solution of AgNP seeds was prepared
using a procedure similar to the one previously published.® A
UVB lamp double-wrapped with Teflon tubing was used to
ensure adequate irradiation and spectral overlap with the I-2959
initiator. The starting solution was pumped through at a speed
corresponding to a flow rate of 3.12 mL min~', for a system
residence time of about 7.4 minutes. Using this method, 500 mL
of solution was collected in approximately 2.5 h.

Yaghmaei and colleagues® found that growth occurs essen-
tially immediately in an inert atmosphere. While experiments
confirm this, we have also found that if these conditions are not
fully met, growth may be initially impeded. Interestingly,
however, slow growth of the seeds does not seem to hinder their
further reactivity, nor does it limit their eventual final absorption.

Fig. 2 illustrates the spectra of the product taken throughout
the synthesis using a flow cuvette. This solution was bubbled
with argon; however, it was not fully devoid of air. While the
residence time did not change dramatically throughout the
experiment, the characteristic peak of the seeds started small
and grew steadily for at least the first hour of the experiment.

The UV-vis absorption spectra show that 1-2959, the photo-
initiator, had been totally consumed within the residence time;

Absorbance
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T

240 280 320 360 400 440 480 52
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Fig. 2 UV-vis absorbance spectra of synthesized AgNP seeds in
single-pass flow under UVB irradiation. The starting solution is shown
in black and represents |-2959. The solution collected in-line upon this
first appearance is displayed in dark red. Samples were then taken at
10-minute intervals following the first appearance up to one hour and
then in 15-20-minute intervals until 140 min. (Inset): Maximum
absorbance of sample output vs. time after the first appearance of the
product during flow synthesis progress. Note that all samples had
about 7.4 min residence time in the flow system. The spectral differ-
ences simply reflect how long the flow system has been in use.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) UV-vis absorbance spectra of bottle 1 seeds, 1 (black), 6
(red), 12 (green), 20 (blue), and 32 (pink) days after synthesis. (B) UV-vis
absorbance spectra of bottle 2 seeds 1 (black), 6 (red), 12 (green), 20
(blue), 25 (pink), and 55 (purple) days after synthesis. All seeds were
stored in the dark at room temperature between use and spectral
measurements. (Inset): the representative TEM image of bottle 1 seeds
20 days post-synthesis. Scale bar: 25 nm. Measurements of 200 bottle
1 seeds gave an average particle diameter of 6 + 2 nm. See Fig. S12A}
for particle distribution histograms.

earlier studies suggest that I-2959 is consumed in less than 40 s
even with a single-wrapped lamp.? The rest of the spectra all had
the same exposure and same residence time (7.4 minutes); all
were fresh unreacted samples as they entered the flow region,
and all absorbances were measured in less than 30 s after
leaving the illuminated region. Assuming that the solution
becomes increasingly saturated with argon as the experiment
progresses, one might assume that this growth is merely
a reflection of the time required to fully purge the solution.
However, as the data presented next suggest, this process does
not stop upon exit from the illuminated flow system and
subsequent exposure to air.

Due to the volume of the solution being produced, the
solution was collected and stored in two amber bottles - the first
held the first half of the synthesis, which had generally lower
absorbances when measured in-line, while the second held the
second half of the synthesis. These bottles were numbered 1
and 2, respectively, and their spectra were measured several
times after the initial synthesis to monitor any changes; these
results, along with a representative TEM image of the batch, are
shown in Fig. 3.

Smaller batches of seeds were later produced after this initial
supply had been exhausted; the spectrum of the final batch over
time along with a TEM image of the seeds is provided in
Fig. S5.1

The fact that the plasmon peak grows long after 1-2959 has
been consumed and well after UV exposure is complete, but that
both the initiator and light are initially needed, suggests the
formation of a catalyst that remains in the system and catalyzes
the formation of more nanoparticles. Such an autocatalytic
process is reminiscent of processes in B/W photography®* where
silver clusters are part of the latent image, later developed in the
dark and assisted by mild reducing agents.

Decahedral silver nanoparticles (dAgNPs) from seeds

To form dAgNPs, seeds were pumped through Teflon tubing
doubly wrapped around a blue LED (A = 455 nm). A goal

Nanoscale Adv., 2025, 7, 163-1172 | 1165
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Fig. 4 UV-vis absorbance spectra of a single pass of AgNP seeds
through a double-wrapped blue LED (1 = 455 nm). The spectrum of
initial seeds is shown in black, and the product is shown in red. Resi-
dence time was approximately 3.3 hours. (Inset): TEM image of the
product from single pass flow of AgNP seeds through a double-
wrapped blue LED. Contrast and sharpness have been adjusted for
image clarity. Scale bar: 50 nm. For lamp emission spectra, see Fig. S1.

residence time of 3-4 hours was set based on the results from
a cyclic reaction which will be discussed later (Fig. 9). The
results of the single pass experiment with a residence time of
approximately 3.3 h are displayed in Fig. 4, and a selected TEM
image of the product is shown in the inset.

Formation of triangular silver nanoplates (tAgNPs) from seeds
using a green LED

As an alternative to long-wavelength red LED irradiation, and
following the idea of plasmon pushing, AgNP seeds were
pumped slowly through the same series of 4 single wrapped
green LEDs as used above. The solution was recycled several
times to prolong the total exposure with very little dead volume
in this setup. The results of this experiment are displayed in
Fig. 5 and the inset displays a TEM image of the final collected
product after a total of 72 h of exposure. Note that there is no
defined peak in the 500 nm region characteristic of decahedra.

Formation of triangular silver nanoplates (tAgNPs) from seeds
using warm white, amber, and red LEDs

To act as an intermediate between the short-wavelength
absorbance of the starting seeds and the long-wavelength
emission of red LED, seeds were pumped once through
a double-wrapped warm white LED (WwLED), with gentle cool-
ing to maintain the temperature of the tube below 35 °C, in the
hope that this would accelerate the initial process leading to
tAgNPs. Again, we thought that the ~450 nm band of the
wwLED (see Fig. S1t for lamp emission spectra) would help
initiate the plasmon pushing process. The residence time of
this single pass was 5 h. Following that, the resulting solution
was divided into two parts: the first half continued to be recy-
cled through the wwLED, while the second half was recycled
through a double-wrapped red LED. The results of this experi-
ment are displayed in Fig. 6. The recycling portion was done so
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Fig. 5 UV-vis-NIR absorbance spectra for the slow cyclic flow of
AgNP seeds (black) through a series of 4 single wrapped green LEDs (4
= 522 nm), with approximate exposure times of 31.3 h (red), 63 h
(green), and 72 h (blue). (Inset): the TEM image of the final product
from cyclic flow of AgNP seeds through green LEDs, following 72 h of
exposure. Contrast and brightness have been adjusted for image
clarity. Scale bar: 500 nm. For lamp emission spectra, see Fig. S1.¥

as to correspond to an exposure time of an additional 18 h. The
total exposure times were 23 h under warm white, or 5 h under
warm white followed by 18 h under red. Several insets (or
panels) display selected TEM images from (i) a single pass
through warm white, (ii) 23 h of exposure to warm white, and
(iii) 5 h of exposure to warm white plus 18 h of exposure to red.

To move from recycling to a preferred uninterrupted single
pass, double wrapped warm white, amber, and red LEDs were
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Fig. 6 UV-vis-NIR absorbance spectra of AQNP seeds after a single
pass flow through a double-wrapped warm white LED (451 nm,
602 nm br.) (black). After this single pass, some solution was cycled
through the warm white for an additional 18 h of exposure (blue), while
the rest was cycled through a double-wrapped red LED (A = 632 nm)
for 18 h of exposure (red). Insets (A) TEM image of AgNP seeds after
a single pass (~5 h) through the warm white LED. Contrast and
brightness have been adjusted for image clarity. Scale bar: 50 nm; (B)
TEM image of AgNP seeds after a total of ~23 h of exposure to the
warm white LED in flow. Scale bar: 200 nm; (C) TEM image of AgNP
seeds after approximately 5 h of exposure to warm the white LED
followed by 18 h of exposure to a red LED in flow. Contrast and
brightness have been adjusted for image clarity. Scale bar: 100 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-vis-NIR absorbance spectra of AQNP seeds (black) pumped
in a single pass sequentially through warm white (451 nm, 602 nm br.),
amber (A = 590 nm), and red (A = 632 nm) LEDs. The warm white +
amber in-line sample is shown in red; the collected product from
warm white, amber, and red is shown in blue. For visualization
purposes, a scheme of the setup is shown in the inset (left), where "a"
corresponds to the sample location of the red plot (9.1 h of residence
time) and b corresponds to the sample location of the blue plot (14.1 h
of residence time). (Right inset): The TEM image of the product after
AgNP seeds were flown in a single pass through a series of double
wrapped warm white, amber, and red LEDs (blue curve). Contrast and
brightness have been adjusted for image clarity. Scale bar: 200 nm.

connected in series. Seed solution was pumped through them
starting from the warm white, then amber, and then red, in
order of increasing wavelength of peak emission under the
basis of plasmon pushing previously discussed. The product
was collected and sampled, and at one point a sample was taken
from between the amber lamp and the red lamp for compar-
ison. The residence time of the solution through all three lamps
was approximately 14.1 h, while the residence time of the
solution through the warm white and amber lamps only was
approximately 9.1 h. The results are displayed in Fig. 7, and are
accompanied by a selected TEM image of the final product from
all three lamps; in all cases, the flow is about 5 mL h™".

Photochemical stability of new AgNP morphologies

As the decahedra were found to form reasonably quickly using
the single-pass flow system, their photostability was tested by
pumping a solution of decahedra through a series of four
single-wrapped green LEDs (A = 522 nm). The solution was
cycled several times at different flow rates in an attempt to
maximize the total exposure time. The results of this experi-
ment are displayed in the ESI (Fig. S9).f While some spectral
shifts are observed, overall, it is evident that the Ag decahedra
are rather robust structures, less prone to photoinitiated
modification than the other structures presented here.
Intrigued by the plasmon pushing apparent in tAgNP
synthesis, we repeated the warm white-amber-red series exper-
iment in Fig. 7 with a double wrapped blue LED inserted before
the warm white lamp, as we now knew that this would first
transform all or most of the AgNPs into decahedra, which may
then decrease the polydispersity that is suggested by the single

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

-
(93]

Absorbance

o
3

PR (NN TR TN TR [N TN TN T NN T T L
600 800 1000 1200
Wavelength (nm)

PR T T
400

Fig. 8 UV-vis-NIR results of pumping a solution of tAgNPs (black)
through a double-wrapped bLED, with a residence time of ~5.6 hours.
Two temperature conditions were tested, modified by cooling the
outside of the tube with a light stream of air during synthesis to
maintain the system at approximately room temperature (green), and
without temperature control, in which the outer temperature of the
lamp reached 55 °C (red). For lamp emission spectra, see Fig. S1.1

pass warm white spectrum (Fig. 6). However, the resulting
solution was orange in colour, resembling that of dAgNP solu-
tions previously achieved using only a blue LED. This suggested
qualitatively that the warm white, amber, and red LED lamps
had little effect on a solution of dAgNPs which we presume
formed early in this flow experiment. This spectrum is provided
in Fig. S7.7 This experiment along with the stability of dAgNPs
to prolonged green LED exposure suggests that decahedra are
thermodynamically stable, robust structures.

To investigate the relative stability of tAgNPs compared to
dAgNPs, we irradiated a solution of tAgNPs, synthesized using
the wwLED + amber LED + red LED series (Fig. 7), with a blue
LED with and without gentle cooling in air. The results of this
are provided in Fig. 8 and suggest that tAgNPs do not have the
stability that was observed for dAgNPs. In contrast, they degrade
at a temperature-dependent rate. The data at 55 °C show a peak
growing at ~500 nm, suggesting the initial formation of dAgNPs
or unstable structures that may eventually lead to thermody-
namically preferred morphologies.

Formation studies of complex AgNP morphologies

Cyclic flow reactions were conducted to approximate the
required exposure time required to yield an acceptable trans-
formation into dAgNPs and tAgNPs. In flow recycles, the pump
is set higher to result in a shorter residence time per pass and
the outlet is directed back to the reagent flask. While this results
in dead volume in each cycle, which is accounted for when
calculating residence time, it provides a good starting point for
the transition to single-pass and also allows for UV-vis absorp-
tion monitoring and sampling of intermediate solutions to
track the growth patterns of the nanostructures.

To convert seeds to decahedra, a blue LED lamp (1 = 455 nm,
see the ESIf) was double wrapped with Teflon tubing. The
results are displayed below in Fig. 9, with a TEM image of the

Nanoscale Adv, 2025, 7, 163-1172 | 1167
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Fig. 9 UV-vis absorbance spectra recorded throughout the cyclic
flow of AgNP seeds through a double wrapped blue LED (1 = 455 nm).
Selected lines: starting seed solution (black), 43 minutes of exposure
(dark blue), 2 h (purple), 4 h (yellow), 5.4 h (brown), and 7.75 h (final
sample) (dashed red). Panels: (upper) the TEM image of the final
sample from the cyclic flow of seeds after 7.75 h of exposure. (Scale
bar: 50 nm); (lower) Plot of maximum absorbances of shrinking (~400
nm) (red) and growing (~500 nm) (blue) peaks with residence time in
the flow system. For lamp emission spectra, see Fig. S1.1 See Fig. S12B¥
for particle distribution histograms.
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Fig. 10 UV-vis-NIR absorbance spectra of cyclic irradiation of seeds
through a double wrapped warm white LED. Spectra were measured
every 15-30 minutes in a flow cuvette. Of the 30 mL in the cycle,
23 mL was irradiated at any given point in time, while the remaining
7 mL comprised the dead volume. The regions are labelled A, B, and C
in order of spectral appearance.

collected product in the inset. While the irradiation was per-
formed for 7.75 h, the synthesis is essentially completed in 4 h.
For photographs showing the appearance of these and other
particle solutions, see Fig. S11.t

To achieve more insight on tAgNP formation, a similar cyclic
experiment to that described above for dAgNPs was performed
using the double-wrapped warm white lamp. The results of this
experiment are displayed below in Fig. 10.

Discussion

TEM images of bottle 1 were obtained 20 days after initial
synthesis when spectral measurements indicated seed growth
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was nearing completion; the seeds were measured to be on
average 6 + 2 nm in diameter. Nevertheless—and quite fortu-
nately—the synthesis of dAgNPs or tAgNPs can proceed effi-
ciently one day after seed preparation, even if ripening is not
complete.

The first law of photochemistry requires light absorption by
the reactants as a precondition for any photochemical change to
take place.”” This condition is fulfilled when the synthesis of
decahedra is performed using a blue LED lamp, where seeds
absorb about 8.3% of the LED light (see Fig. S87). This overlap
improves as intermediate structures absorbing at longer wave-
lengths are formed. For example, in the flow recycling experi-
ment with a blue LED to form dAgNPs (see Fig. 9), a new peak
forms at 481 nm and gradually (7.7 h) shifts to 518 nm for
dAgNPs measuring on average 69 + 7 nm from the base to the
opposite tip. Their spectrum also shows a weak band at
~409 nm, likely due to a transversal plasmonic absorption; we
find that absorbance in this region is common to many
morphologies.®

While recycling tests provide a useful tool to monitor the
progress of the reaction, single pass flow photochemistry is
more amenable to scale-up. A single pass of AgNP seeds through
blue LED irradiation with a 3-4 h residence time without air
cooling reached a temperature of 60 °C and produced rather
monodisperse decahedral structures measuring 56 + 7 nm from
the base to the opposing tip, slightly smaller in size than those
formed more slowly in the cooling cyclic experiment. After
a short ripening period (e.g., one day), these structures are very
stable and even prolonged irradiation with a 522 nm green LED
has little effect (Fig. S9t). This suggests that dAgNPs are largely
photostable.

In the synthesis of tAgNPs, a broad spectrum visible lamp
such as the warm white LED used here seems key to promoting
faster conversion. We note that keeping the warm white lamp
below 35 °C produced both dAgNPs and tAgNPs (Fig. 6) after two
cycles, while a single uncooled pass through the wwLED favours
tAgNP formation. However, with prolonged irradiation with the
wwLED, the tAgNP peak broadens and decreases (Fig. 6 and 10),
and the dominant structures observed in TEM images consist of
dAgNPs or seed-like AgNPs.

In the cyclic warm white experiment (Fig. 10), regions of
interest were labelled in their order of appearance as A, the
starting seed peak at 400 nm which decayed linearly with time;
B, a growing peak in the tAgNP region of ~600-700 nm which
appeared very early but whose growth levelled off and slowed in
a near-parabolic fashion (Fig. 10 inset); and C, a steadily
growing peak in the dAgNP region. To better visualize the
growth of these new peaks, the absorbance of the starting seeds
was subtracted from the subsequent absorbance spectra
measured throughout the recycling, generating a graph of the
change in optical density (AOD) with respect to the wavelength
(see ESI, Fig. S13t). From this information, the changes in
optical density for the key peak regions as shown in Fig. 10 were
plotted with respect to the cyclic irradiation time. These
observations support the suggestions of the destruction studies
that dAgNPs are more resilient than tAgNPs and that, moreover,
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one is not necessarily an intermediate structure in the forma-
tion pathway to the other, as both can grow simultaneously.

Previous studies have reported that temperature can be used
to promote the twinning of noble metal nanoparticle seeds;*
thus, the thermal contributions from an uncooled lamp are
sufficient in aiding not only in the rate of overall conversion, but
also in selecting for tAgNPs.

Ignoring thermal effects and focusing only on photochem-
ical processes, we propose, based on the findings presented in
this paper, a formation scheme which at first glance may seem
counterintuitive: although nearly full conversion to dAgNPs can
be achieved in only a few hours using the wrapped blue lamp
flow system presented in Fig. 4, the range of the emission
wavelength is rather limited. Meanwhile, at first glance, tAgNPs
appear to be more elusive due to the long irradiation times
observed in monochromatic systems, such as the green LED
flow system - which required 72 hours of flow recycling and
produced polydisperse tAgNPs measuring 110 £ 41 nm on
average (Fig. 5) - or the direct irradiation of seeds using a red
LED which requires 48 hours in batch (Fig. S4t). However, this
is merely a direct consequence of the first law of photochem-
istry: there is a discrepancy between the seed absorbance
around 400 nm and the emission of the light source later in the
visible region which significantly prolongs the time required to
initiate conversion. We note, however, that in the cases of direct
irradiation in a flow system using either a green LED (Fig. 5) or
red LED (Fig. S141), no absorbance peak in the dAgNP region
appears - the conversion is immediately to tAgNPs.

The stability studies have shown that tAgNPs may be easily
degraded by irradiation with a higher energy wavelength (Fig. 8)
while dAgNPs are quite resistant to further modification either
through plasmon pushing with longer wavelengths or destruc-
tion by shorter wavelengths (Fig. S15). Thus, the formation
pathway to tAgNPs may be viewed, simply put, as a bridge: given
a wavelength which can mediate the gap between the absor-
bances of the seeds and the tAgNPs, such as a broad-spectrum
warm white LED, tAgNPs will form readily and reasonably
quick, although their structures will be relatively unstable, with
a transversal band at ~409 nm which can absorb blue light to
facilitate destruction. However, warm white LEDs contain
a distinct peak in the blue region at ~451 nm, within the small
wavelength window required for dAgNP formation. Our find-
ings suggest that dAgNPs are robust nanostructures and reside
in a local energy minimum, making it difficult to facilitate their
further transformation.

The addition of red and/or amber light to an initial wWwLED
in series (see Fig. 8) leads to good tAgNPs with low poly-
dispersity and absorbance bands in the red and NIR regions.
Whether the sequence is allowed to progress through all lamps
or is halted after the wwLED or amber lamp only affects the
position of the red and NIR absorption peaks — TEM measure-
ments of tAgNPs collected both after the amber and the red
lamp report nearly identical measurements of 47 &+ 22 nm and
47 £ 19 nm, respectively. However, this tunability may prove to
be very valuable in biological and health-related applications, as
these are the regions with significant tissue transparency, and
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wavelength tunability into the biological window correlates
directly with the depth of penetration.

Conclusion

Our results show that flow photochemistry is a viable solution
for the scale-up production of silver nanostructures with
custom morphologies and optical properties. A similar
approach may be useful for nanostructures of other materials.
Combining different wavelengths in carefully selected
sequences can help with plasmon pushing, leading to choice
morphologies and spectral properties, the latter closely related
to the dimensions of the nanoparticles, and greatly improved
reaction times (19 h in flow vs. 48 h in batch, for tAgNPs).
Interestingly, multicolor studies also helped us understand the
relative stability of silver structures and in particular the fact
that decahedra, dAgNPs, show excellent stability, including
resistance to prolonged irradiation. Further flow recycling
enables growth progress monitoring to determine the extent to
which particles can be modified, which is valuable for achieving
desirable nanomaterials and learning about potential photo-
synthesis and degradation pathways.

Finally, we also show that in batch-scale synthesis, triangular
structures with excellent antibacterial properties can have their
absorption bands tuned to the biological window in the NIR
region by modifying the wavelength(s) of light used in irradia-
tion, and/or the concentration of citrate in the solution. For
batch synthesis of tAgNPs, their plasmonic absorption can be
tuned within the visible and NIR regions by adding citrate
(Fig. S2t). tAgNP materials can have dimensions exceeding
100 nm, while their thicknesses usually remain in the 6 to
12 nm range, and feature fairly large size distributions despite
having reasonably distinct absorption bands. By comparison,
batch synthesis of dAgNPs was less responsive to citrate
manipulation and to prolonged green light irradiation under
flow conditions. These findings support the notion that dAgNPs
are highly stable structures, while tAgNPs are far more sensitive
to their reaction conditions.

Experimental
Materials

Silver nitrate (ACS reagent, 99.9+%) was purchased from Alfa
Aesar. Trisodium citrate dihydrate (99%) was purchased from
Fisher Scientific. Irgacure-2959 (I-2959) was a gift from BASF
Chemicals. All water used is distilled or ultra-pure, prepared by
purification of deionized water using a Thermo Scientific
Barnstead GenPure water purification system (a conductivity of
18 MQ cm ™).

Seed synthesis

Two different strategies were used for seed synthesis. For the
batch synthesis in a flat, transparent plastic vessel, an aqueous
solution of 0.2 mM AgNO3;, 0.2 mM 1-2959, and between 1 and
15 mM trisodium citrate is deaerated for 30 minutes in the dark
under a steady flow of argon. The transparent solution is then
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illuminated in a Luzchem UV photoreactor under 8 UVA bulbs
for 15 minutes, yielding a deep yellow suspension of AgNP seeds
with prominent absorbance centred at around 400 nm.

For the flow synthesis, the approach we recently reported was
used.®?® Briefly, a UVB lamp double-wrapped with Teflon tubing
(id 1.5 mm) acted as the photoreactor and sample container.
Double wrapped lamps used about 14 m of tubing and held 22
=+ 2 mL of solution, while single wrapping used 6.3 m of tubing
and held 10 £ 1 mL. Seeds were stored in the dark in amber
bottles at room temperature.

The light source for all flow experiments was an Expo panel
from Luzchem where up to five light sources, either fluorescent
or of the LED type, were installed as needed. Whenever UV
sources were used, an Expo panel shield from Luzchem was
used for protection.

AgNP growth

Two different approaches were used for AgNP growth depend-
ing on whether a batch of flow synthesis was employed.

For the batch synthesis, using the same container as that for
seed synthesis, the seed suspensions are exposed to air for 30
minutes in the dark to reoxygenate the solution and ensure that
the AgNP seeds are fully formed. After this, the seed suspension
is laid flat on either a blue (450 nm) or red (635 nm) 24-LED well-
plate illuminator (WPI, by Luzchem Research Inc.) and shaken
gently on an orbital shaker, ensuring that solution is consistently
disturbed for the duration of the synthesis (Fig. S41). The
samples are then irradiated for 24 h for the blue WPI, or 48 h for
the red WPI. Once complete, the particle suspensions are washed
via centrifugation at 6000 rpm for 60 min and resuspended in
ultrapure water. This process is performed three times total
before storing the particles in the dark in glass containers. The
resulting suspensions are stable for months, even if left on the
benchtop - however, they were stored in the dark as a precaution.
The dAgNP suspensions have a distinctive bright orange color,
while that of the tAgNPs ranges from deep blue to purple
depending on the citrate concentration used (see Fig. S47).

For flow synthesis lamps were wrapped with thin-walled
Teflon tubing (ID = 1.5 mm), from Component Supply. LED
and UVB lamps and the accompanying expo panels were
purchased from Luzchem. A Gilson MiniPuls 3 was used to
pump solution through the experimental apparatus.

All lamps were wrapped by hand with Teflon tubing,
ensuring that the tubing was not being stretched and pinched.
The volume of the irradiated section of tubing was measured
with water prior to the use of each lamp to confirm that the
wrapping was suitable. Each single wrapped lamp held 10 £+ 1
mL, and each double wrapped lamp held 22 4+ 2 mL.

The starting AgNP seed solution was synthesized based on
the flow method established and described by Yaghmaei and
colleagues,®*® using 1-2959 as the photoinitiator in a solution of
AgNO; and trisodium citrate in distilled water. The solution was
purged with argon for 20 minutes before starting, and the UVB
lamp, which was double wrapped with Teflon tubing, was
allowed to warm up for approximately 15 minutes before
beginning the reaction. Air was blown alongside the flow tube to
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reduce heating. Seeds were stored in the dark in amber bottles
at room temperature.

The general procedure following irradiation depended on
whether the experiment was single pass or cyclic: the outlet end
of the Teflon tube was directed either to a collection flask or
back into the flask containing the reactant solution.

Wrapped lamps were placed in an Expo panel and set hori-
zontally in a fume hood to allow complete filling of the tubing.
In the cases of the cyclic synthesis with the blue LED, the single
pass synthesis with the warm white LED, and the initial seed
synthesis, air cooling maintained the maximum temperature at
about 45 °C, varying slightly between each lamp. In all experi-
ments, aluminum foil was secured over the lamp(s) to reflect the
light back into the system.

Samples for time stamps were taken in-line from the outlet
tube, while those of overall solutions were taken from the
collected product. In the case of very slow flows, such as the
green and the warm white — amber - red series, pumping was
stopped and the lamps were turned off and solution was fast
pumped just long enough to collect a sufficient amount, usually
approximately 2 mL or enough to fill a 1 cm pathlength cuvette,
of sample from the outlet tube. The pump direction was then
reversed for the same amount of time as was required to fill the
sample collection vial. The pump speed was then reset and
lamps were turned back on and the experiment continued.
Samples were stored in the dark at room temperature, and
tAgNPs and dAgNPs are stable for several weeks or months
following synthesis.

Characterization

During flow experiments, real-time UV-vis spectra were
measured using a Cary-60 up to 1000 nm. For the initial seed
synthesis, AgNP solution was pumped out of the reaction vessel,
through a quartz flow cell, and back into the collection flask
vessel using a peristaltic pump. For the synthesis of new
morphologies, a batch cuvette was used to collect samples from
the outlet of the reaction vessel, and samples were immediately
analyzed using the Cary-60. For cases when near-IR absorbance
was of interest, such as in tAgNP syntheses, the absorption
spectra of collected samples were analyzed up to 1400 nm using
a Cary-7000 within a few days of their synthesis.

XRD analysis was performed on washed seeds, dAgNPs, and
tAgNPs by dropping the solutions onto glass microscope cover
slips and allowing them to dry. Deposition was repeated several
times to ensure an adequate amount of nanoparticles. XRD
measurements of plain microscope covers were also taken and
subtracted as a baseline from the nanoparticle plots. These XRD
plots are available in the ESI in Fig. S16.T Measurements were
conducted using a Bruker D8 Endeavor and peaks were
compared to those reported previously by our group.”> A sharp
111 peak, suggesting high crystallinity despite small NP size,
was present in seed, dAgNP, and tAgNP diffractograms, indi-
cating agreement with other silver XRD traces that this is the
main peak representing the silver seed base units.>**

A few measurements were performed using atomic force
microscopy (AFM). These were challenging due to limited local
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capabilities, but tAgNP thickness measurements ranged from 6
to 13 nm, with the lower values for triangles in the 50-70 nm
range and the large ones for particles over 100 nm.

TEM images were collected using an FEI Tecnai G2 Spirit
Twin TEM, and average particle sizes were estimated from the
measurements of 150-200 individual particles per sample, or as
many as could be visualized in the cases of dispersed or heavily
clustered TEM samples such as, respectively, green LED-
synthesized tAgNPs and dAgNPs.
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