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Whether in organic synthesis or solar energy conversion, light can be a powerful reagent in chemical
reactions and introduce new opportunities for synthetic control including duration, intensity,
interval, and energy of irradiation. Here, we report the use of a molecular photosensitizer as
a reducing agent in metallic nanoparticle syntheses. Using this approach, we report three key
findings. (1) Nanoparticles produced by photocatalytic reduction form via a continuous nucleation
mechanism, as opposed to burst and burst-like nucleation processes typically observed in metal
nanoparticle syntheses. (2) Because nucleation is continuous, as long as the solution is irradiated
(and there remains excess reagents in solution), nanoparticle nucleation can be turned on and off by
controlling the timing and duration of irradiation, with no observable particle growth. (3) This

synthetic method extends to the formation of bimetallic nanoparticles, which we show also form via
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Accepted 7th February 2023 a continuous nucleation pathway, and follow predicted patterns of metal incorporation as a function

of the magnitude of the difference between the reduction potentials of the two metals. Taken

DOI: 10.1039/d25c06980f together, these results establish a versatile synthetic method for the formation of multimetallic
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Introduction

The power to convert between visible light and chemical
energy has been harnessed across chemistry, from solar
cells’™ to photoredox catalysis.>” In comparison, light-driven
formation of nanoparticles (NPs) remains limited in scope,
where the majority of reported syntheses are driven by local-
ized surface plasmon resonances (LSPR) from existing or
developing seed particles.®*** Though LSPR-driven NP forma-
tions have now been studied for almost two decades,"*™** few
investigations have used molecular photochemistry, and
specifically photoreduction, to drive NP formation."*™® Yet
using these strategies, such as molecular photosensitizers
(PSs) to reduce metal ions, has several advantages, including
the ability to control reaction outcomes via irradiation
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wavelength, intensity, and timing, as well as the photoredox
properties of the PS, among other parameters.

One particularly interesting approach would be single-
electron-transfer reactions via molecular PSs, because typical
PSs used in photoredox chemistry are poor reducing agents in
the ground state, but upon irradiation with visible light are
converted into strongly reducing species.® This ability to activate
metal ion reduction only during irradiation would allow for the
photo-titration of electrons into the reaction, offering unprec-
edented control over ion reduction, and ultimately the kinetics
of NP formation overall.

Here, we describe the photocatalytic synthesis of both
mono and bimetallic NPs using a molecular PS, and report
three primary findings. First, NP formation via photocatalytic
reduction follows a continuous nucleation pathway, as
opposed to burst and burst-like nucleation pathways typically
observed in traditional chemical reduction syntheses.>*?
Second, we show that NP formation can be turned on and off
by controlling the timing and duration of irradiation, and that
these on/off intervals do not impact the final NP size. Finally,
we demonstrate the versatility of this synthetic approach by
synthesizing a suite of bimetallic NPs, and show that these
systems also follow a continuous nucleation pathway. Taken
together, these results demonstrate a promising NP formation
route with unprecedented temporal control and good initial
substrate versatility.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Our photocatalytic reduction method for NP formation uses five
reagents: a molecular photosensitizer (PS) as the metal ion
reductant, triethanolamine (TEOA) as the sacrificial reductant
(SR) to reductively quench the PS,* the metal ion precursor(s) of
interest, and poly(ethylene glycol) methyl ether thiol (PEGSH),
which is a capping ligand to stabilize resulting NPs (Fig. 1). The
PS was chosen for these studies because it has a long-lived
excited state (1027 ns), is a strong, one electron reductant in
the photo-reduced state (—1.484 V vs. SCE), and is stable in
polar organic solvents.” TEOA was chosen as the SR because it
is well studied and known to reductively quench the chosen
PS.”® PEGSH was used as the capping ligand because it is known
to stabilize a wide range of mono and bimetallic NPs.***
Experiments are carried out in acetonitrile due to the solubility
of the reagents and the wide electrochemical window of aceto-
nitrile (approximately —2 and +2 V vs. SCE).*® The reagents are
added serially to glass vials situated in a home-built photo-
reactor (Fig. 1).

Once combined, the solutions are irradiated using two blue-
light LEDs (445 + 5 nm/100 W) for varying lengths of time. In
the absence of the LED light source, no discernible features or
changes are observed in the extinction spectrum of the solu-
tions, indicating NP nucleation has not been initiated (Fig. S17).
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Fig.1 Scheme of the photoreactor and photocatalytic cycle. Vials are
irradiated from the bottom with blue-light LEDs (A = 445 + 5 nm)
which excite the Ir-based molecular photosensitizer (PS). The PS is
then reductively quenched by triethanolamine (TEOA).3!
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However, after irradiating the samples a broad extinction
feature from approximately 500-540 nm (Aax = 524.6 + 0.6 nm)
is observed, suggesting the formation of NPs. The mechanism
of metal ion reduction in this photocatalytic system has been
studied in previous work.*>** Briefly, the PS is excited by inci-
dent light, and is then reductively quenched by the SR, TEOA.
The photoreduced PS then drives the metal reduction
process.*>** The mechanism of subsequent reductions is at this
point unknown, but it is speculated that the reaction proceeds
through disproportionation of chloro-bridged dimers.*!
Initially, we chose to study Au NP nucleation, as the size and
concentration dependence of the Au plasmon wavelength and
intensity allows for tracking of both the evolution of size and
concentration of the NPs using extinction spectroscopy. Using
this system, we then tracked the formation, size, and size
distribution of the Au NPs as a function of irradiation time.

Irradiation time is a unique factor that can be used to control
metal ion reduction via a photocatalytic approach. In these
syntheses, unlike traditional chemical reduction-based
syntheses, the generation of reducing electrons is triggered
only by light, and due to the catalytic nature of our system, those
electrons are continuously produced as long as the solution is
irradiated (and there remains excess SR). We analyzed Au NP
formation by extinction spectroscopy and transmission electron
microscopy (TEM) from 10 min to 48 h of irradiation, and
recorded average diameters for 13 timepoints in that time range
(Fig. 2A and C). After initial NP formation, NP size does not
increase over 48 hours of irradiation. However, NP concentra-
tion increases with irradiation as indicated by a progressive
increase in intensity at a constant Ap.x (524.6 = 0.6 nm, N.B.
a slight decrease in O.D. is observed at 48 h, likely due to
ripening processes as indicated by the decreased spectral
breadth of the LSPR peak, Fig. 2B and S27).

This increase in NP concentration, but no observable change
in NP size, is markedly different from size evolution observed in
chemical reduction syntheses.**® Therefore, we further exam-
ined not only NP size, but also NP size distributions in order to
identify any patterns in either size or size distribution that
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(A) Representative transmission electron microscopy (TEM) micrograph of Au NPs after irradiation for 1 h. For TEM micrographs and size

histograms of all time points, see Fig. S3 and S4.7 (B) Optical density (O.D.) at Amax for the reaction as a function of irradiation time. Each point
represents the average of three independent trials, error bars represent the standard error. For full extinction spectra, see Fig. S2.1 (C) Box and
whisker plot showing the evolution of NP diameter as a function of irradiation time; horizontal red lines represent the median, bottom and top of
the box represents first and third quartiles, respectively, whiskers represent 1.5 times the interquartile range, red crosses represent statistical

outliers.
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would comment on the nucleation and growth processes
occurring in solution during the irradiation period. For
example, if size distributions were progressively more skewed
toward larger sizes as a function of increasing irradiation time,
then even if the mean did not significantly change, the shift in
NP size distribution would indicate simultaneous growth and
nucleation of NPs. Using a box and whisker plot analysis
(Fig. 2C), we do not observe any consistent skew of the NP size
distributions, and no consistent trend in either increasing or
decreasing average NP diameter as a function of irradiation
time. The similar mean diameters and size distributions
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Fig. 3 Box and whisker plot analysis of NP diameter as a function of
irradiation interval. In samples represented by purple boxes, the
sample is irradiated for t, amount of time, where t, =10 min, 1 h, 4 h, or
24 h (24 h is the control). The NPs are then washed and analyzed by
extinction spectroscopy and their diameter measured by TEM. In
samples represented by light blue boxes, each sample is irradiated for
t, amount of time and then held in the dark until a total of 24 h. At 24 h,
these samples are washed and analyzed. In samples represented by
orange boxes, NPs have been irradiated for t, amount of time, held for
24 hin the dark, and then irradiated for the corresponding amount of
time (t,) such that total irradiation time equals 24 h for all samples (i.e. t,
+ t, = 24 h). For TEM micrographs and size histograms of all time
points, see Fig. S5 and S6.1
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indicate both limited growth and also limited ripening
processes over the irradiation time and suggest a continuous
nucleation mechanism of NP formation in these syntheses.

Current nucleation models to describe metal NP formation
in chemical reduction driven syntheses (e.g. La Mer or Finke-
Watzky) predict an increase in NP size over time.**?>* In
contrast, the average diameter of NPs formed in this photo-
catalytic system remains statistically the same over the irradi-
ation time, and instead only the concentration of NPs increases.
This marked difference in size evolution suggests that nucle-
ation continues, while growth largely stops (likely by a combi-
nation of ligand capping and a limited reduced ion
concentration afforded by the light-driven
mechanism).

A photo-driven continuous nucleation pathway is exciting
because it should offer the potential to start, stop, and/or isolate
the reaction products with exceptional precision by controlling
irradiation duration. For example, we should be able to achieve

reduction

the same NP results (for example, NP size) for a set amount of
irradiation time, regardless of the intervals over which that
irradiation is applied, if NP size evolution is not occurring when
the samples are protected from light. To test whether our
photocatalytic method can achieve this “turn-on, turn-off”
performance, we exposed reaction mixtures to a set amount of
irradiation time, but changed the intervals of irradiation. For
example, we irradiate the reaction mixture for 10 minutes (¢, =
10 min, Fig. 3, purple box) and then turn off the irradiation
source and protect the solution from light and heat for 24 h (¢, +
24 h dark, Fig. 3, light blue box). This solution is then removed
from the dark and reintroduced to irradiation for 23 h and 50
minutes for a total irradiation time of 24 h (¢, + 24 h dark + ¢,
where ¢, = 10 min and ¢, = 23 h 50 min, Fig. 3, orange box). We
compare these noncontinuous irradiation samples to samples
irradiated for 24 h continuously (¢, = 24 h, Fig. 3, purple box).
We also perform this experiment for samples where ¢, = 1 and
4 h, in addition to the 10 min experiment discussed above. In all
cases, we observe good agreement in the NP size between the
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Fig. 4 Optical density at Amax fOr the reaction as a function of irradiation time for a total irradiation time of 48 h when additional Au®* is added at
(A) 4 h of irradiation and (B) 16 h of irradiation showing a recovery of reaction rate after the addition of metal precursor, as well as an O.D.
determined by the total concentration of Au®* added, regardless of the timing of addition. The reaction containing no additional Au®* is rep-
resented in red, the addition of 45 pL in purple, and 90 pL in blue. Each point represents the average of three independent trials, error bars
represent the standard error. For TEM micrographs, size histograms, and extinction spectra, see Fig. S9-S11.1
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irradiation time (t, = 4 or 16 h, light blue box), and 90 pL of Au®* is
added at t, irradiation time (orange box). Total irradiation time equals
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histograms, and extinction spectra, see Fig. S9-S11.}
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samples with interrupted irradiation intervals, and the contin-
uous 24 h irradiation results (Fig. 3), indicating metal reduction
and NP formation only occur during irradiation. These findings
demonstrate the ability to suspend and reinitiate the NP
formation reaction with minimal impact on NP morphology.
Thus far, we have shown the photocatalytic reduction
synthesis approach yields a NP formation process that is
consistent with a continuous nucleation pathway. This pathway
offers the unique ability to control NP concentration using
irradiation time, which allows for the continuous production of
NPs as long as the reaction is exposed to the irradiation source,
regardless of the intervals of irradiation. While NP size remains
constant throughout our reactions, the rate of NP formation
changes as a function of irradiation time, until the concentra-
tion plateaus ~16 h (Fig. 2B). We hypothesized that this
decrease in nucleation rate was due to the depletion of
a reagent. To test this hypothesis, the reaction vials were spiked
with additional reagents (TEOA, PS, and Au®**) at 4 h and 16 h of

View Article Online
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irradiation to see if the initial reaction rate could be recovered.
While the addition of TEOA and PS alone did not result in an
increase in NP formation rate (Fig. S87), the addition of Au®"
solution led to a full rate recovery (Fig. 4A and B). This finding
reveals that the formation rate is limited by Au®* concentration
under our reaction conditions. Further demonstrating the
temporal versatility of this reaction, we measured similar final
NP concentrations for each experiment containing the same
Au*" concentration, regardless of whether the additional Au®*
was added at 4 hours of irradiation or 16 hours of irradiation
(Fig. 4).

While the addition of Au®* recovers the reaction rate and
controls the concentration of NPs formed, some NP growth is
observed (Fig. 5), unlike in the initial experiments where the
concentration of Au is held constant, and the only observable
process is homogeneous nucleation and no observable NP
growth. The detection of heterogeneous nucleation upon addi-
tion of more metal precursor is reassuring because it is the
thermodynamically favored process, and should compete with
homogeneously nucleated new NPs. Indeed, the ability to
initiate heterogeneous nucleation with the addition of more
metal precursor is an exciting component of this synthesis, as it
can be leveraged as a post-synthetic modifier to access more
complex NP architectures, though these experiments are
outside the scope of this report.

A first step toward accessing more complex NP architectures
is to test the substrate versatility of this synthetic method. To
begin, nine bimetallic combinations were chosen for analysis:
Au/Cd, Au/Fe, Au/Co, Au/Ni, Au/Cu, Au/Ag, Au/Pt, Au/Pd, and Ag/
Pt (Fig. 6). Au and Ag-based bimetallics were used because their
synthesis and composition architectures have been well
studied.*®*° To synthesize this suite of NPs, metal ion precur-
sors were used in a 1:1 molar ratio. After the addition of all
reagents to the vials, the vials were irradiated in the photo-
reactor for 1 h. NPs were observed in all cases, and the resulting
NPs were characterized by extinction spectroscopy, TEM, and
inductively coupled plasma optical emission spectroscopy (ICP-
OES), (Fig. S12-S14 and Table S1%). Sizes were composition
dependent, with average diameters ranging from 2.4 £+ 0.4 to 5.6
+ 1.1 nm (see Fig. S13 and S14t for TEM analysis and size
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Fig. 6 Colloidal solutions of Au/Cd, Au/Fe, Au/Co, Au/Ni, Au/Cu, Au/Ag, Au/Pt, Au/Pd, and Ag/Pt prepared via photocatalytic reduction and
corresponding TEM micrographs. Scale bar represents 2 nm. For full extinction spectra, wide-field TEM, size histograms, and ICP-OES, see

Fig. S12-514 and Table S1.
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histograms for each composition). As expected from conven-
tional syntheses, we observed good agreement between metal
incorporation and the difference in reduction potential of the
two metal precursors (AEeq) (Fig. 7).

The evolution of NP stoichiometry and size as a function of
irradiation time was examined in order to determine whether
a continuous nucleation mechanism also occurs in the bime-
tallic NP systems. For example, in the Au/Pt system, we observe
an increase in Pt incorporation as a function of increasing
irradiation time (Fig. 8A) with no observable change in NP
diameter (Fig. 8B). The increase in Pt concentration over time
can be attributed to the difference in the reduction potentials of
the metals (AE.q = 0.802 V (ref. 41)). Because Au" has a higher
reduction potential than Pt*", it reduces at a faster rate,*> and as
a result, the concentration of Au in solution is depleted faster
than Pt. This depletion allows more Pt incorporation at longer
irradiation times by definition of available concentrations of
reduced metal atoms. Here, both the consistency of NP size over
irradiation time, and the relative metal incorporation values as
a function of irradiation time suggest NP formation via
continuous nucleation, and this trend was also observed in the
other metal combinations analyzed (i.e., Au/Cu, Au/Ag, Au/Pd,
Au/Co, and Ag/Pt, Fig. S157).

Conclusions

In summary, we report a synthetic method for the preparation
of metallic NPs using photocatalytic reduction via the excitation
of a molecular PS with visible light. We show that by combining
the benefits of visible-light driven reactions with catalytic
reactions, we can generate a synthesis with several intriguing
aspects. First, the reaction follows a continuous nucleation
pathway, which allows for the opportunity to control NP
formation as a function of time. Second, because the reaction is
photo-driven, NP nucleation can be turned on and off using
only light without impacting NP size. Third, the concentration
of metal precursor added during the reaction changes the
amount of NP growth, which can be leveraged in future studies
to access more complex NP morphologies. Finally, these results,
including continuous NP formation, were observed in a variety
of bimetallic NP systems as well, showing reasonable substrate
versatility.
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