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Supplemental information

S1. Synthesis of Au NP cores for two step batch synthesis
A batch reactor is used to produce Au NPs cores for core@shell Au@Ag NP synthesis. The
sample is characterized using UV-vis (Figure S1a) and TEM (Figure S1b).
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Figure Sla. UV-vis spectrum, and b. representative TEM image of Au NPs synthesized in batch
with 0.27 mM HAuCls and 2.40 mM NaBHj as given in literature.!

S2. Batch studies of Au NP synthesis without stabilizing ligand
The effect of NaBH4 concentration on Au NP properties is investigated through studies in
batch and using the JMR. The concentration of NaBHj4 is varied from 0.60 mM to 2.40 mM in
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separate batch and JMR syntheses while maintaining a constant HAuCls concentration of
0.27 mM. For the batch method, the UV-vis spectra obtained for each sample are shown in Figure
S2 (compared to JMR at similar conditions) and S3 (results for batch experiments with different
NaBHs4 concentrations). All spectra indicate maximum absorbance at wavelengths between 510-
530 nm, consistent with the surface plasmon resonance band of Au NPs.!* Peaks for JMR
synthesized particles were red-shifted compared to those for batch synthesis, indicating slightly
larger particle size. With increasing NaBH4 concentration in batch, the UV-vis peak in the region
of 510 nm appears to blue-shift toward smaller wavelengths — associated with decreased particle
size — and reaches a relatively steady maximum value after a concentration of 0.90 mM.
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Figure S2. UV-vis spectra of batch-synthesized (blue) and jet-mixing synthesized (red) Au NPs.
Au NP synthesis in both processes is conducted using 0.9 mM NaBH4 and 0.27 mM HAuCla.
The batch synthesis is conducted at 200 RPM. The main line and jet line flowrates in the single
jet-mixer are maintained at 48 mL/h.
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Figure S3. UV-vis spectra of Au NPs synthesized with varying concentrations of NaBH4 and
0.27 mM HAuCls in the absence of a stabilizing agent. Equal volumes of HAuCls and NaBH4
solutions are added to a batch stirring at 200 RPM to synthesize the Au NPs. Analysis is
conducted 10 minutes after synthesis. The maximum absorbance obtained is used for yield
calculation.

This is corroborated by DLS data. As the NaBH4 concentration increases, the particle size
calculated from DLS data is observed to decrease from 8 nm to 4 nm, as shown in Table S1. DLS
results indicate a minimum particle size emerges at a concentration of 1.05 mM. This observation
is consistent with nucleation theory and previous work.!*> An increase in NaBH4 concentration
results in an increased rate of nucleation, leading to a burst of small nuclei formation and
consequently, reducing the availability of precursors for growth of existing nuclei. The result is
high NaBH4 concentration produces a narrow particle size distribution with small average NP size.

Table S1. Effect of NaBH4 concentration on Au NP size and yield synthesized in batch. The
HAuCl4 concentration is maintained constant in all syntheses at 0.27 mM. Two batch synthesis are
conducted for each NaBH4 concentration with their average properties reported.
[NaBH4] Particle Yield
(mM)  size® (nm) (%)P

0.60 8+1 73 £10
0.75 9+1 80+ 6
0.90 9+1 92 +£3
1.05 6+1 99 +£2
1.20 4+1 96 £ 6
1.80 4+1 93+£5
2.40 4+1 105+ 6

2 Determined using DLS; ® Calculated from the particle size and the UV-vis absorption.

The maximum absorbance obtained from the UV-vis spectra and the particle size obtained
though DLS is used to calculate the reaction yield (see supplemental information S4). Presented
in Table S1 are the average values for two runs for the hydrodynamic particle size obtained through
DLS and the yield. The synthesis yield increases with increased NaBH4 concentration, as is
expected since the rate of reduction increases with the NaBH4 concentration. At concentrations
above 0.90 mM, the upper limit of Au NP nears 100%, suggesting the complete reduction of
HAuCls. Hence, the smallest NaBH4 concentration at which high Au NP yield is obtained is
0.90 mM. It is possible that a NaBH4 concentration of 1.05 mM may be optimal, but the
concentration of 0.9 mM is used for further testing to establish the proof-of-concept and reduce
the chance of NaBH4 residual entering the downstream JMR. The UV-vis spectrum for batch-
synthesized Au NPs with 0.90 mM NaBHyj is shown in Figure S2. The Au NPs synthesized with
0.90 mM NaBHy are also analyzed by TEM to confirm the particle size. A representative TEM
image is shown in Figure S4. Analysis of over 150 particles using ImageJ results in a mean Feret
length of 7.7 nm with a positive standard deviation of 7.5 nm and a negative standard deviation of
3.8 nm. The polydispersity index is calculated to be 0.70. The size distribution obtained is similar
to the size obtained through DLS (9+1 nm). It should be noted, however, that NP sizes obtained
from DLS and TEM vary significantly between replicates as a result of the lack of a capping ligand
and should be used with caution.



Figure S4. TEM images of Au NPs synthesized in batch with 0.90 mM NaBH4 and 0.27 mM
HAuCly in absence of stabilizing ligand. The batch synthesis is conducted at 200 RPM.

S3. Comparison between batch and jet-mixing synthesized Au NPs

The size of uncapped Au NPs is analyzed by DLS and TEM for both batch and JM. The
comparison is shown in Table S2.

Table S2. Comparison between the particle sizes obtained for batch and JM-synthesized Au
NPs. No capping agent has been used in the syntheses. Over 100 particles are analyzed to
determine the TEM size distribution. The following synthesis conditions are used: 0.27 mM
HAuCls and 0.9 mM NaBHj. The main line and jet line flowrates in the single jet-mixer are
maintained at 48 mL/h.

Average particle size

Batch Au NPs JM Au NPs
(nm)
DLS (nm) 29+04 6.4+0.9
TEM (nm) 3.1+1.1 34+1.1

It is observed that the size of Au NPs obtained using JM is comparable to that obtained
from batch when analyzed through TEM, suggesting that the jet-mixing process preserves Au NP
properties obtained from the batch process. The size obtained through DLS is comparable to that
obtained through TEM for the batch-synthesized Au NPs, while it is slightly larger for JM-
synthesized Au NPs compared to the TEM size. This difference may be attributed to post-synthetic
aggregation in the absence of a capping agent prior to analysis.

S4. Au NP yield calculation

The yield is determined by calculating the concentration of Au atoms (Cy,). This is obtained from
the concentration of Au NPs (Caunp) determined by applying Beer-Lambert’s law (Equation 1).



A= €au * CAuNP * L (1)
where the absorbance of Au NPs (4) is obtained from UV-visible spectroscopy (UV-vis) analysis;
the path length for UV-vis analysis (L) is 1 cm; and the extinction coefficient (&4, ) is derived from
literature for citrate-capped Au NPs.® The reported values for g4, at corresponding citrate-capped
Au NP sizes (dy,) are extrapolated to derive a linear relationship. The relationship obtained
between the extinction coefficient for Au NPs and Au NP size (in nm) is shown in equation 2 (R?
=0.995).

In (g4,) = 3.3225 * In(dyy,np) + 10.766 (2)
Calculations for Au NPs synthesized in batch with 0.9 mM NaBH4 are shown as an example. The
particle size through dynamic light scattering analysis for this synthesis is 9+1 nm (d4,,yp =9 nm),
resulting in &4, = 7.02* 107 M~tcm™1. The absorbance (4) obtained at the maximum
absorbance wavelength of 506 nm is 0.397. The concentration of Au NPs calculated is therefore:
Cyunp = 5.66 *107° M 3)
The average number of Au atoms per nanoparticle (V) is calculated using the known size of the
Au NP (d4,np) and equations 4 through 9.

Average size of 1 NP (dyynp) = 9nm (4)
wxds
Volume of 1 NP = % = 3.82 * 107> m?3 (5)
, kg
Density of Au = 19300 3 (6)
Mass of 1 NP = Volume = density = 7.37 x 107%! kg (7)
Molar mass of Au = 196.97L (8)
mol

_ Massof 1NP x Ny * 1000

Molar mass of Au
Further, N is used to obtain Cy4., as shown in equation 10.
Cay = Caunp * N = 1.27 x107* M = 0.127 mM (10)
The initial concentration of HAuCls post-mixing of the reactant solutions (Cinirir = 0.13 mM) is
used to calculate the process yield, as shown in equation 11.

C
Yield = —2% % 100 (11)
initial

For Au NPs synthesized in batch with 0.9 mM NaBHas, the yield is hence calculated to be 95%.
Two syntheses are performed, and the average yield calculated from them is reported in Table 1.

~ 22,523 9)

S5. Au@Ag NP seeded synthesis

S.5.1. Order of addition of reagents

The order of addition of components for synthesizing Au@Ag NPs is established through
initial batch studies. Au NPs prepared in a batch reactor using HAuCly as the Au source are further
separately capped by Ag through injecting AgNOs and NaBHas. First, NaBHj4 is rapidly injected
into a solution containing Au NPs and AgNOs. This leads to the immediate formation of a cloudy,
grey precipitate (Batch 1) for which the UV-vis spectrum is shown in Figure 5a. It is observed that
the spectrum has a peak around 250 nm. It is hypothesized that the peak may be attributed to AgCl
NPs formed in the Au NP + AgNOs3 solution that reduce to metallic silver on injection and form



the precipitate. A solution of AgNO3 is mixed with NaCl to form AgCIl NPs, for which the HUV-
vis spectrum is also shown in Figure 5a. The spectra are close, suggesting the presence of AgCl.
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Figure S5. UV-vis spectra obtained by analyzing seeded Au@Ag NP batches synthesized to
investigate the effect of order of addition of reagents: (a) Batch 1 (Au NPs + AgNO; with NaBH4
addition), compared against a spectrum from AgCl NPs; (b) Batch 2 (Au NPs + NaBH4 with
AgNOs3 addition), compared against Ag NPs synthesized with same reagent solutions without
adding Au NPs; (¢) Comparison of Batches 1 and 2.

Next, the order of reagent addition is interchanged. AgNOs is rapidly injected into a solution of
Au NPs + NaBH4 (Batch 2). A yellow solution suggests that Ag NPs are formed, and no cloudiness
or precipitation is seen. The UV-vis spectrum from this solution is compared to the initial Au@Ag
NP solution (Batch 1) in Figure 5b. A strong peak around 400 nm is observed in Batch 2,
suggesting the presence of nano-silver. The peak around 250 nm previously associated with AgCl



formation is not observed. Further, the leftover AgNO3; and NaBHj starting solutions prepared for
the Batch 2 synthesis are mixed to form Ag NPs as a control. The comparison of the UV-vis spectra
of the Ag NPs and Batch 2 is shown in Fig 5c. The identical nature of the two spectra up to 400
nm further corroborates that this range may correspond to residual Ag NP starting reagents and
not to AgCl. Hence, AgCl is concluded to be absent from Batch 2.

These observations are used to adapt the batch synthesis procedure to include the injection of
AgNOs into a solution of Au NPs and the reducing agent. This order of addition of reagents is also
further extended to design the dual jet mixing process.

SS5.2. Batch studies for Au@Ag NP seeded synthesis

A batch process is investigated for encapsulating the Au seeds by an Ag shell. Au NPs pre-
synthesized in batch are used as seeds for selective Ag capping through the reduction of AgNO3
by the mild reducing agent ascorbic acid (AA). The goal is to identify batch synthesis conditions
for seeded Au@Ag NPs that favor heterogeneous nucleation of Ag on Au NPs. Specifically, the
kinetics of four potential sub-processes are important: (1) heterogeneous nucleation of Ag on Au
through AgNOs3 reduction by AA; (2) homogeneous nucleation of Ag NPs through reduction of
AgNO; by AA; (3) heterogeneous nucleation of Ag on Au through AgNOs reduction by residual
NaBHj in solution from Au NP synthesis; and (4) homogeneous nucleation of Ag NPs through
reduction of AgNO; by NaBHs4. First, homogenous Ag NP synthesis via AA reduction is
investigated. In the absence of Au NPs, AgNO3 and AA solutions are mixed in a batch reactor.’
Without Au NPs, Ag NP formation is not apparent as the UV-vis spectra lacks a prominent peak
at 400 nm (Figure S6a). This observation indicates that homogeneous nucleation of Ag through
reduction by AA does not occur at the concentrations investigated.

The Au NPs used in this process are synthesized with 0.9 mM NaBHa, which has yields
approaching 100%. Thus, we do not anticipate significant residual NaBH4 to be present in the
reaction mixture. This hypothesis is confirmed through a seeded batch Au@Ag NP synthesis.
Specifically, Au NPs synthesized using NaBH4 (0.9 mM) are added to an AgNOs solution (0.06
mM). A UV-vis spectrum of the resulting solution is taken and shown in Figure S6b. A peak
around 500 nm that suggests Au NP presence is observed; however, the absence of a peak around
400 nm suggests that Ag NPs are not formed. It is expected that residual NaBH4 in the Au NP
solution, if any, would lead to homogeneous nucleation of Ag NPs on contacting with AgNOs. As
this is not observed from the UV-vis spectrum, it is concluded that there is no residual NaBH4
remaining post Au NP synthesis.

Hence, sub-processes (2), (3), and (4) are concluded as unlikely based on the above studies.
Accordingly, it is anticipated that heterogeneous nucleation of Ag on Au NPs is the most likely
out of the remaining three sub-processes.
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Figure Sé6a. UV-vis spectrum obtained by analyzing a mixture of AgNOs3 solution (0.06 mM,
5 mL) and ascorbic acid solution (2 mM, 4.5 mL) in a batch reactor stirring at 200 RPM. b. UV-
vis spectrum obtained by analyzing a mixture of AgNO3 solution (0.6 mM) and Au NPs
synthesized in batch using NaBH4 (0.9 mM).

Heterogeneous nucleation caused by AA depends on the level of supersaturation that can
be related to the rate of Ag™ to Ag® formation by reduction.* Hence, an increase in AA
concentration at a constant Au-to-Ag precursor molar ratio is hypothesized to increase the rate of
heterogeneous Ag nucleation. The effect of AA concentration on Au@Ag NP seeded synthesis is
investigated by varying the AA concentration from 0.5 mM to 16 mM in separate batch syntheses
while maintaining the AgNO;3 concentration (0.062 mM) and Au NP volume % in the product
(5%) constant. The products from all batches are analyzed through UV-vis spectra, as shown in
Figure S7.
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Figure S7. UV-vis spectra of Au@Ag NPs synthesized in separate batches using Au NP seeds,
with concentrations of ascorbic acid ranging from 0.5 mM to 16 mM. The concentration of
AgNO; (0.062 mM) and the volume % of Au NPs in the final solution (5%) is constant for all
batches.

A broad plasmonic peak is observed in all spectra at a wavelength of 397 nm. Plasmonic
peaks close to 400 nm are typically associated with Ag NPs® or with Au@Ag NPs rich in Ag.%!°
Deconvoluting the spectra (Supplemental Section S5) also shows the presence of a secondary
shoulder peak in all spectra at a wavelength close to 450 nm that may be associated with other
multicomponent species such as Au@Ag NPs or Au-Ag nanoalloys rich in Au.!®!! Additional
studies are performed to determine the nature of species associated with both peaks in the UV-vis
spectrum as described in Section S5.2.

S5.3. Identifying nature of species in seeded Au@Ag NP synthesis

For the seeded batch synthesis of Au@Ag NPs, the UV-vis spectra (Figure S7) are de-
convoluted by fitting in IGOR Pro 8§ into two Gaussian peaks: a primary peak (peak 0) and a
secondary peak (peak 1). An example of a deconvoluted spectrum is shown in Figure S8.
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Figure S8. UV-vis spectra of a representative sample of seeded Au@Ag NPs synthesized using
8 mM ascorbic acid plotted in IGOR Pro 8: original spectrum (fop, red); fitted spectrum (top, blue);
and de-convoluted spectrum (bottom, red) showing a primary peak (peak () and a secondary peak
(peak 1). The concentration of AgNOs3 is 0.062 mM and the volume % of Au NPs in the final
solution is 5%.

To identify the nature of the species associated with both peaks, initially the effect of
AgNOs3 concentration on the UV-vis spectra of Au@Ag NPs is studied. The concentration of
AgNOs in the seeded batch synthesis is varied from 0.016 mM to 0.496 mM in separate batches
while maintaining the concentration of ascorbic acid (AA) at § mM and the volume % of Au NPs
in the final product at 5%. The Au NPs are pre-synthesized in batch using 0.90 mM NaBH4 and
0.27 mM HAuCl4. The UV-vis spectra obtained for the seeded batches are shown in Figure S9 and
the parameters of the de-convoluted UV-vis spectra are shown in Table S3.
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Figure S9. UV-vis spectra of Au@Ag NPs synthesized via seeded synthesis in separate batches
with concentrations of AgNO; varying from 0.016 mM to 0.496 mM. Other reagent concentrations
for all syntheses are: 8 mM AA and 5% by volume Au NPs in product solution. Au NP seeds are
pre-synthesized using 0.27 mM HAuCls and 0.90 mM NaBHy in batch at 200 RPM.

Table S3. Parameters (wavelength and absorbance) obtained from de-convoluted UV-vis spectra
of seeded Au@Ag NPs synthesized in separate batches with concentrations of AgNO3 varying
between 0.016 mM to 0.496 mM. Each spectrum is de-convoluted into a primary Gaussian peak
(Peak 0) and secondary Gaussian peak (Peak 1) using IGOR Pro 8. Other reagent concentrations
for all syntheses are: 8 mM AA and 5% by volume Au NPs in product solution. Au NP seeds are
pre-synthesized using 0.27 mM HAuCls and 0.90 mM NaBHy in batch at 200 RPM.

AgNO3 Peak 0/Peak 1
concentration absorbance
(mM) ratio
Wavelength | Absorbance Wavelength| Absorbance

(nm) (nm)
0.016* - - - - -
0.062 396 0.055 487 0.025 2.2
0.248 405 0.876 469 0.256 3.4
0.496 408 1.789 495 0.436 4.1

*The synthesis with 0.016 mM AgNOs resulted in no plasmonic spectrum

It is observed from Figure SO that all batches except the synthesis with 0.016 mM AgNO;
result in plasmonic peak around 400 nm with a secondary peak at a higher wavelength. The
absorbance of the primary peak increases with an increase in AgNO; concentration. These
observations are corroborated by the parameters of the deconvoluted peaks shown in Table S3.
Peak 0 for all batches has a wavelength close to 400 nm, suggesting the presence of either Ag NPs®
or Ag-rich composites.”!? Peak 1 for all batches has a wavelength closer to 500 nm, suggesting
the presence of either Au NPs or Au-rich composites.! The absorbance for both peaks increases
with an increase in the AgNOs concentration, suggesting that the species associated with both
peaks contain Ag and eliminating Au NPs as the source of Peak 1.

Mixing AgNO3 with AA in batch at comparable reagent concentrations to the nanomaterial
synthesis does not result in Ag NP formation via homogeneous nucleation, as suggested by Figure
S5. However, the addition of Au NPs in the synthesis results in a plasmonic UV-vis spectrum as
shown in Figure S9. Additionally, the absorbance of Peak 0 increases with an increase in AgNO3
concentration, suggesting increased AgNOs; reduction. These results suggest that only
heterogeneous nucleation of Ag occurs on Au NPs at the reagent concentrations used.

The results (Figure S9 and Table S3) suggest that the two peaks are associated with Au-
Ag bimetallic species. The absorbance of the peak at 397 nm can be directly related to the
concentration of Ag-dominant bimetallic that is expected to form because of the high Ag: Au molar
ratio of 4.6 in solution. The absorbance increases with an increase in the AA concentration up to
8 mM, after which it decreases at 16 mM AA (Figure S7). This observation supports the hypothesis
that the rate of heterogeneous nucleation to form Au@Ag NPs increases with an increase in AA
concentration. The further decrease in absorbance with an increase in AA concentration may be
related to an excessive ion concentration in the solution. An increase in ionic concentration has
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been previously associated with particle aggregation and coalescence.!>!* The decrease in particle
concentration resulting from aggregation may cause the decrease in absorbance. As the absorbance
is highest at an AA concentration of 8§ mM, this concentration is selected for the synthesis of
Au@Ag NPs.

S5.4. Jet-mixing synthesis of seeded Au@Ag NPs without BSA

Subsequently, a standard batch synthesis is performed with the finalized reagent
concentrations and analyzed by TEM to confirm Ag capping. A representative TEM image of
Au@Ag NPs synthesized by seeded batch is shown in Figure S10a. The increase in particle size
compared to that of Au NPs synthesized in batch (Figure S4) and the absence of small particles
suggests the formation of a core-shell morphology.

Figure S10. Representative TEM images of Au@Ag NPs synthesized in: a) batch and b) using
single jet-mixing with Au NPs as seeds. Both syntheses are performed using the following
reagent concentrations: 0.062 mM AgNOs, 8 mM AA, and 5% by volume Au NPs in product.
The main line and jet line flowrates in the single jet-mixer are 48 mL/h. Au NP seeds are
synthesized using 0.27 mM HAuCls and 0.90 mM NaBHg in batch at 200 RPM. These syntheses
are performed in the absence of BSA as a stabilizing ligand.

The batch synthesis of seeded Au@Ag NPs is then translated to jet-mixing. The single jet-
mixing assembly is used for synthesis at flowrates of 48 mL/h in the main line and jet lines with
reagent concentrations comparable to the seeded batch synthesis. The product collected from the
jet-mixing run is analyzed by UV-vis and its spectrum compared to that of the batch-synthesized
counterpart. The UV-vis spectra for materials obtained from both processes are shown in Figure
S11.
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Figure S11. UV-vis spectra of seeded Au@Ag NPs obtained from batch (red) and single jet-
mixing (blue) syntheses. Both syntheses are performed using the following reagent
concentrations: 0.062 mM AgNOs, 8 mM AA, and 5% by volume Au NPs in product. The main
line and jet line flowrates in the single jet-mixer are 48 mL/h. Au NP seeds are synthesized using
0.27 mM HAuCls and 0.90 mM NaBHj in batch at 200 RPM.

The spectrum of the batch-synthesized product has a broad peak with a maximum
absorbance wavelength of 404 nm, and a similar peak is observed in the jet-mixing synthesized
product at 412 nm. Deconvolution of the jet-mixing synthesized spectrum shows the presence of
a secondary peak, as is observed in the Au@Ag NP seeded batch synthesis. The secondary peak
wavelength is 455 nm for the batch-synthesized material and 436 nm for the jet-mixing
synthesized material. The presence of two peaks suggests the formation of two bimetallic species:
Ag-rich species indicated by the lower wavelength and Au-rich species indicated by the higher
wavelength. The absorbance of the primary peak for the batch and jet-mixing synthesized materials
is 0.092 and 0.118, respectively. The absorbance for the secondary peak is smaller, at 0.050 and
0.062, respectively. The higher absorbance for the primary peak suggests that Ag-rich bimetallic
nanoparticles are dominant in both materials, assuming the extinction coefficients for both
bimetallic species are comparable. Overall, these results suggest that the plasmonic properties of
seeded Au@Ag NPs obtained from both processes are comparable. These observations support
our hypothesis that the rate of heterogeneous nucleation contributing to Au@Ag NP formation is
promoted by: (1) decreasing NaBH4 concentration in Au NP synthesis from 2.40 mM to 0.90 mM;
and (2) increasing AA concentration in seeded Au@Ag NP synthesis from 2 mM to 8 mM.

Next, the single jet-mixing synthesized Au@Ag NPs are analyzed by TEM. A
representative TEM image is shown in Figure S10b. There is an increase in particle size compared
to the Au NPs seeds (Figure S4), suggesting the formation of a core-shell morphology. The particle
size obtained from the modified seeded jet-mixing synthesis is comparable to its batch counterpart.
The average size and standard deviation obtained for the primary size distribution (particles > 15

13



nm) in the jet-mixing synthesized material (31+7 nm, 23% s.d.) is comparable to that obtained for
the batch-synthesized material (33+£8 nm, 24% s.d.). A small concentration of secondary particles
is obtained in the jet-mixing synthesized material as observed in the TEM images, which requires
further investigation. However, these observations suggest that the size distribution of Au@Ag
NPs obtained through jet-mixing can be tuned such that it is comparable to that obtained from the
batch-synthesized counterpart by optimizing process parameters for the jet-mixing system.
Overall, these studies demonstrate that the process of Ag shell formation on Au NP seeds during
Au@Ag NP synthesis can be translated from batch to a continuous process while retaining key
properties of the nanomaterials synthesized at the lab-scale.
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S6. Composition analysis of core@shell nanoparticles.
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Figure S12. (a) TEM imaging of Au@Ag nanocomposites, (b) Field of view for EDX mapping,
(c) Au mapping, (d) Ag mapping, and (¢) EDX spectrum across the field of view.
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