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1. Introduction

New insight into the effect of mass transfer on the
synthesis of silver and gold nanoparticlest

Maximilian O. Besenhard, 2 Razwan Baber,? Alec P. LaGrow, @° Luca Mazzei, ©?
Nguyen T. K. Thanh @ *°° and Asterios Gavriilidis @ *@

The fact that mass transfer affects noble metal nanoparticle (NP) syntheses is well known, not least because
the scale-up of batch processes is anything but trivial. Therefore, this work studies the synthesis of silver
and gold nanoparticles in batch reactors using constant reactant concentrations, but different process con-
ditions to alter the mass transfer during the synthesis. Silver NPs were synthesized by reduction of silver ni-
trate via sodium borohydride in the presence of trisodium citrate. Gold NPs were synthesized using the
Turkevich method, reducing tetrachloroauric acid via trisodium citrate. Four synthesis conditions for each
NP system were used to investigate the mass transfer effects on the size and dispersity of the NPs. These
were the i) slow or ii) fast addition of the concentrated reducing agent to the dilute precursor and the iii)
slow and iv) fast addition of the concentrated precursor to dilute reducing agent solutions. Slow addition
was performed by adding the reagent dropwise at a rate of 0.5 ml min™* from a tube suspended above the
stirred bulk solution, while fast addition was achieved by adding the reagent near the stir bar tip at a rate of
50 ml min* from a tube submerged in the stirred bulk solution. Mixing times of 209 ms for slow and 46
ms for fast reagent addition were determined using the Villermaux-Dushman protocol in combination with
a mixing model. The silver NP size ranged from 6.7 to 11.5 nm for the four mixing conditions tested, with
the smallest NPs being synthesized by fast addition of sodium borohydride to a silver nitrate solution. Stabi-
lization of the initially formed particles was key to producing smaller and less polydisperse silver NPs in the
case of slow reagent addition. The gold NP size ranged from 13.1 to 18.0 nm, with the smallest NPs being
synthesized by fast addition of the trisodium citrate solution to the tetrachloroauric acid precursor solution.
Faster reagent addition reduced polydispersity, due to a sharper separation of nucleation and growth. The
results for both systems highlight the importance of mass transfer in determining the size and degree of
polydispersity in batch synthesis of NPs and indicate that the effects are system-dependent.

sity), a well-controlled synthesis is key for satisfactory NP
performance.

Noble metal nanoparticles (NPs) offer unique properties as
compared to their bulk counterpart, offering potential for a
variety of applications. Silver NPs for instance are successfully
used in catalysis,"”* surface enhanced Raman scattering,**
electronics,”® and as antimicrobial or anti-inflammatory
agents’ '® and sensors.""'* Likewise, gold NPs have been
utilised for biological/biomedical,"**® electrochemical,'*°
catalytic,>** and optical applications.>*** Since the proper-
ties of NPs depend on their shape and size (and polydisper-
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There are many studies, mostly in batch systems, showing
how precursor concentrations and different synthetic condi-
tions (e.g., temperature, synthesis duration, sequence of re-
agent addition, etc.) affect the size of NPs. One factor that is
rarely investigated in depth for batch synthesis is mass trans-
fer, i.e., the transport of reagent molecules, particles, volumes
of fluid, etc., from one location to another. This is associated
with the rate and order of reagent addition and the mixing
time. The latter can be categorised into macromixing time,
relating to the timescale of bulk homogenization (order of
seconds for lab-scale reactors), mesomixing time, relating to
the dispersal of reagent plumes, and micromixing time, relat-
ing to the molecular diffusion or fluid engulfment on the
smallest scales of motion, where flow is no longer turbulent
(order of milliseconds)*>*® Which timescale affects the syn-
thesis does depend on the reaction timescale of the
synthesis.?’

This journal is © The Royal Society of Chemistry 2018
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Micromixing times, for example, cannot be neglected for
fast reactions, such as the reduction of noble metal precur-
sors by strong reducing agents. It has been shown that with
sodium borohydride as the reducing agent precursor reduc-
tion is completed within less than 200 ms during the synthe-
sis of gold NPs*® and similarly in the case of silver NPs.>**°
The reaction timescale, therefore, is shorter than typical
mixing timescale. It is thus essential to understand the effect
of mixing conditions on the NP properties to develop scalable
batch protocols and reproducible syntheses (not least in dif-
ferent laboratories with varying equipment).

Probably the most common synthesis for silver NPs is the
reduction of silver nitrate via sodium borohydride and for
gold NPs, the Turkevich method, ie., the reduction of tetra-
chloroauric acid via trisodium citrate at elevated tempera-
tures, which are both studied in this work. However, for both
systems there are no benchmark synthesis conditions, includ-
ing the sequence of reagent addition. In this work we refer to
the addition of the reducing agent to a precursor solution as
the “standard method”, and the addition of the precursor to
a reducing agent solution as the “inverse method”. The stan-
dard method for silver NP synthesis was investigated by Ryu
et al. Highly concentrated silver NP solutions (up to 40 wt%)
with NPs in the range of 1-35 nm were synthesized by reduc-
ing ice cold silver nitrate by slow addition of sodium borohy-
dride and/or hydrazine monohydrate in the presence of poly-
electrolytes.®" Pinto et al. synthesized silver NPs in the size
range of 3-10 nm by the addition of sodium borohydride to a
mixture of silver nitrate and trisodium citrate.*® On increas-
ing the sodium borohydride to silver nitrate molar ratio (by
increasing the amount of 1 mM NaBH, solution added to a
0.25 mM AgNO;/NazCsH;s0; solution), the size of the nano-
particles decreased and the concentration of the nano-
particles increased based on UV-Vis spectroscopy analysis.
The standard deviation of the absorbance maximum in-
creased with increasing sodium borohydride molar amount,
demonstrating lower reproducibility between experiments.
Shirtcliffe et al. reduced silver nitrate using sodium borohy-
dride and sodium hydroxide using the standard and inverse
methods for the synthesis of silver NPs in the range of 15-77
nm.** In their work, pipettes were used to mix reagents
within a cuvette at 2 °C and it was shown that the method
and order of mixing had a significant effect on the NP size
distribution. The addition of silver nitrate to a mixture of so-
dium borohydride and sodium hydroxide produced the
narrowest and most reproducible peaks using UV-Vis analysis
(though the TEM images showed quite large and polydisperse
NPs, possibly because no stabilizer was used in the system).

The inverse method was studied by Song et al®* Silver
NPs between 30 and 40 nm were synthesised by adding sil-
ver nitrate to a solution of sodium borohydride and sodium
dodecyl sulfate.** The authors observed that after exceeding
a [NaBH,][AgNO;]| ratio of 5, higher sodium borohydride
concentrations resulted in well-dispersed silver NPs. It was
suggested that an excess amount of NaBH, yields a [BH,]|
ion layer preventing the boron hydroxide (generated due to
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the hydrolysis of NaBH,), which is assumed to provoke ag-
gregation, from adsorbing onto the surfaces of silver nano-
particles. The fact that sodium borohydride is not only a
reducing agent but also a stabilizer is in agreement with
the work of Polte et al.>® This detailed study of the silver
nanoparticle formation mechanism during the NaBH, re-
duction method describes a metastable phase, i.e., particles
are stable for several minutes after initial coalescence-based
particle growth in the absence of any stabilizer. A subse-
quent (after ~10 min) decrease of stability, ie., the contin-
uation of coalescence/aggregation, was suspected to be
driven by a changing ratio of [BH,| /[B(OH),], the increas-
ing pH, or a combination of both. Thegersen et al. synthe-
sized silver NPs between 6-19 nm by slowly dropping an
ice cold AgNO; solution into an ice cold solution of sodium
borohydride.*® They found an increase in NP size due to an
increase of the molar ratio of silver nitrate to sodium boro-
hydride. Agnihotri et al. synthesized silver NPs in the range
of 5-100 nm by adding silver nitrate to a heated solution
of sodium borohydride and trisodium citrate (60 °C) and
further heating the solution to 90 °C.*® Monodispersed NPs
could be synthesized, which was assigned to a two-step
growth mechanism, where sodium borohydride produced
small seeds through coalescence of small silver clusters
followed by a surface reduction type growth via citrate re-
duction to grow the NPs into a more monodispersed prod-
uct. The authors were able to synthesize NPs with a wide
range of sizes by varying the concentrations of the various
components used in the system. In general, altering the ra-
tio of the reducing agent to precursor was the main
method to achieve control of the size of the NPs, highlight-
ing the importance of reagent concentration in the resul-
tant silver NP size.

In their original work, Turkevich et al. tested a variety of
different methods for the synthesis of gold NPs, but found
the sodium citrate method to be the most repeatable, typi-
cally producing gold NPs in the range between 15 and 20
nm.*” A minimum size was observed at 80 °C while a lower
citrate concentration resulted in an increase in NP size. The
standard Turkevich method was later studied by Frens, where
gold NPs were synthesised in the range of 12-150 nm by vary-
ing the amount of citrate injected into a boiling tetra-
chloroauric acid solution.*® The final NP size was found to be
determined by the number of nuclei formed (hence, the ini-
tial nuclei size), which is why higher amounts of citrate
yielded smaller gold NPs. Goodman et al. observed a similar
trend when increasing citrate concentration, with the gold
NP size ranging between 21 and 80 nm.** Chow and Zukoski
synthesised gold NPs with sizes between 16 and 52 nm for
non-agglomerated particles (very large agglomerated NPs
were seen in cases where the synthesis of gold NPs did not
reach completion).”” In a recent study, Kettemann et al.
synthesised gold NPs between 11 and 18 nm using the stan-
dard method. A modification in the reducing agent composi-
tion was shown to improve the reproducibility of the synthe-
sis significantly.*!
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The inverse method was studied by Sivaraman et al., who
synthesised gold NPs in the range of 5-10 nm by adding a
small volume of highly concentrated tetrachloroauric solu-
tion to a large volume of citrate solution.”” These authors
found that for citrate to gold molar ratios of <5, the mean
size of the NPs was not significantly affected whereas for ra-
tios >5, there was a significant reduction in the size of the
NPs. Piella et al. synthesised monodisperse gold NPs in the
range of 3-13 nm based on a modification of the inverse
method involving the use of tannic acid together with so-
dium citrate as the reducing agent.>* Also Schulz et al. syn-
thesized gold NPs of ~12 nm with a low polydispersity of 5-
8% using an inverse method.*®

Ojea-Jiménez et al. synthesised gold NPs in the range of
9-37 nm comparing the standard method to the inverse
method (swapping the reagent addition order). These authors
found that NPs were smaller when tetrachloroauric acid
was added to hot citrate.** Also Wuithschick et al. studied
both the standard and inverse methods. Gold NPs were
synthesised in the range of 11-42 nm investigating the effect
of temperature, ionic strength, pH, variation of reactant con-
centrations, and the order of reagent addition.*> The authors'
detailed theoretical and experimental work revealed that the
final particle size is governed by the size of the initially
formed seeds. The seed size itself was shown to depend on
the rather complex reduction chemistry and was found to be
smaller for the inverse method under the synthesis condi-
tions used. A minimum size was achieved at 60 °C and the
synthesis time decreased with increasing temperature. A pH
window between 2.8 and 4 was found to produce the lowest
polydispersity index of around 10% with the minimum size
of 10.8 nm achieved.

The large number of studies on the silver nitrate reduction
synthesis by sodium borohydride and the Turkevich method
provide an advanced understanding of the mechanisms of
these two syntheses providing several options to control the
NP size distribution. As shown in this introduction, size con-
trol was successfully achieved e.g., by changing reaction tem-
peratures, reactant concentrations, or pH values. Neverthe-
less, there is a lack of studies which focus specifically on
mass transfer and how it affects the resultant NP size and
polydispersity. Therefore, this study investigates the two most
common methods for the synthesis of silver NPs and gold
NPs, with a focus on the role of mass transfer in the resultant
size and polydispersity of the respective NP system. Various
mixing configurations and orders of addition of the reagents
are investigated to study a variety of reaction conditions.

2. Materials and methods
2.1 Chemicals

Silver nitrate (AgNOz; 0.01 M stock solution), trisodium
citrate ((HOC(COONa)(CH,COONa),-2H,0), powder form), so-
dium borohydride solution (NaBH,, ~12 wt% in 14 M NaOH
stock solution), gold(m) chloride hydrate (HAuCl,-xH,O, pow-
der form), potassium iodide (KI, 99%), potassium iodate
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(K103, 98%) and boric acid (H;BOs;, 99.5%) were obtained
from Sigma Ltd. Sulfuric acid (H,SO,, 3 M stock solution)
was obtained from Alfa Aesar Ltd. All chemicals were used
without further purification and solutions were prepared with
ultrapure water (resistivity 15.0 MQ cm).

2.2 Experimental setup

Syringe pumps (Pump 11 Elite OEM module, Harvard Appara-
tus) connected to a 0.5 mm internal diameter (I.D.) 316L
stainless steel tube for silver NP synthesis and to a 0.5 mm 1.
D. PTFE tube for gold NP synthesis were used to feed one of
the reagents into the batch vessel which was a 50 ml small-
neck glass Erlenmeyer flask (Fisher Scientific). A digital
hotplate stirrer unit with a temperature controller (Stuart,
Cole-Parmer LLC) was used together with PTFE stir bars
(15 mm x 1.5 mm) to heat and mix the reagents in the vessel.
For the synthesis of gold NPs, a glycerine bath was used to
heat the reagents to 80 °C in the batch vessel. A cap, through
which the stainless steel or PTFE tube for reagent addition
was inserted, covered the vessel. The height of the tube in
the vessel could be adjusted to allow addition of reagents
above the solution or into the solution near the tip of the
magnetic stir bar. Fig. 1 shows a schematic of the experimen-
tal setups for silver and gold NP syntheses.

Fig. 1 (a) Schematic of the experimental setup for nanoparticle
synthesis consisting of an Erlenmeyer flask with the magnetically
stirred precursor or reducing agent solution and a syringe pump
delivering the reagent via tubing. The setup for gold NP synthesis used
a 0.5 mm 1.D. PTFE tubing and a glycerine bath in which a temperature
probe was immersed to keep the temperature at 80 °C. The setup for
silver NP synthesis used a stainless steel 0.5 mm I.D. tubing at room
temperature. The stirrer speed was set to 500 rpm in both cases. Two
injection points within the vessel were chosen for the different mixing
conditions. Reagents were fed to the vessel either (b) above the
solution or (c) close to the stir bar tip. In the latter case a small air gap
was introduced at the tubing outlet to avoid contact of the reagent
solutions before the synthesis was started.

This journal is © The Royal Society of Chemistry 2018
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2.3 Nanoparticle synthesis conditions

For the silver NP syntheses, 20 ml of one reagent were placed
in the batch vessel and stirred at 500 rpm. To this reagent so-
lution, 0.6 ml of the other reagent was added via the syringe
pump either dropwise at 0.5 ml min™" above the solution
through a stainless-steel tube, see Fig. 1b, or at once with a
feed rate of 50 ml min~" through the tube inserted into the
solution within the vessel near the stir bar tip, as shown in
Fig. 1lc. The reagents were a silver nitrate solution with
trisodium citrate serving as a capping agent (the precursor
solution) and a sodium borohydride solution (the reducing
agent solution). Sodium borohydride was stored in 14 M so-
dium hydroxide (as received) leading to a NaOH concentra-
tion being 3.21 times higher than the sodium borohydride
concentration in all silver NP syntheses. The order of reagent
addition was tested by switching which reagent was initially
placed in the batch vessel, either 20 ml of the precursor solu-
tion or 20 ml of the sodium borohydride solution, to which
then 0.6 ml of the other reagent was fed. The concentrations
of the reagent initially placed in the vessel and the fed re-
agent were changed based on their volumes, to have equal
nominal concentrations after mixing. Details of used concen-
trations for the silver NP synthesis are provided in section
3.1.

Similarly, for the gold NP syntheses, 20 ml of one reagent
was placed in the batch vessel and 0.6 ml of the other reagent
was added through PTFE tubing. Either 20 ml of tetra-
chloroauric acid solution (the precursor solution) or 20 ml of
trisodium citrate (the reducing agent solution) were initially
placed in the batch vessel. The vessel was placed in the glyc-
erine bath which was heated to 80 °C. To test how long it
takes to heat 20 ml of solution to 80 °C, the temperature was
measured over time after inserting the solution at room tem-
perature into the glycerine bath. For all cases, 7 min was suf-
ficient to reach the steady state of 80 °C. The reagent solution
in the vessel was always kept at this temperature under stir-
ring for 15 min before the addition of 0.6 ml of the other re-
agent. Details of used concentrations for the gold NP synthe-
sis are provided in section 3.2.

2.4 Characterization of nanoparticles

NPs were analysed using a UV-Vis spectrometer (USB 2000+
spectrometer and DT-Mini-2-GS light source, Ocean Optics).
Silver NPs were analysed within an hour of synthesis (the sig-
nal of the samples was stable in this time window). Gold NPs
were analysed over time till the signal had stabilized (usually
1-2 days). The shown UV-Vis results from gold NPs relate to
stabilized samples only. NP samples were diluted with addi-
tional ultrapure water to be in the linear absorbance range.
Online UV-Vis measurements using the same spectrometer
during the synthesis of silver NPs were implemented by
recirculating the solution from the reaction vessel via a peri-
staltic pump and passing it through a UV-Vis flow cell (de-
tails are shown in the ESLT section 5). Transmission electron
microscopy (TEM) images were captured using a JEOL 1200
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EX microscope with an acceleration voltage of 120 kV. The
samples were prepared within an hour of the synthesis com-
pletion for silver NPs and when the sample was stable for
gold NPs by pipetting 5 pl of the sample onto carbon coated
copper TEM grids, which were allowed to dry at room tem-
perature. Particle size distributions (insets for each TEM im-
age presented) have the following nomenclature: d is the av-
erage diameter, 6d is the standard deviation of the NP size
distribution and n is the number of particles counted to ob-
tain the particle size distribution. Dynamic light scattering
(DLS) size and zeta potential measurements were performed
with a DelsaMax-Pro (Beckman Coulter) using the available
flow cell system in batch mode at 22 °C. DLS measurements
were performed at least five times, with a data acquisition
time of 10 s.

2.5 Mixing characterization

Characterization of mixing within the batch vessel was car-
ried out using the Villermaux-Dushman reaction scheme. In
this reaction system, sulfuric acid is added to a buffer solu-
tion consisting of a mixture of orthoboric acid, sodium hy-
droxide, potassium iodide and potassium iodate ions. The re-
action scheme of the Villermaux-Dushman protocol is as
follows:

H,BO;” + H" — H;BO; (1)
51" + 105~ + 6H" — 31, + 3H,0 (2)

Reactions (1) and (2) compete for protons supplied by the
sulfuric acid. The neutralization reaction of dihydrogen bo-
rate (1) is considered to be instantaneous, while reaction (2),
which yields iodine, is fast but slower than reaction (1).
Therefore, in the limit of instantaneous mixing, only reaction
(1) occurs. Slower mixing results in local depletion of di-
hydrogen borate, thus allowing reaction (2) to occur. The se-
lectivity of this reaction scheme therefore relates to the
micromixing (and mesomixing) timescale. The generated io-
dine can then be quantified, since it reacts in an equilibrium
reaction (3) with excess iodide to triiodide.

L+T — I3 (3)

The triiodide concentration can be easily quantified due
to its absorption in the UV-Vis-range, typically at a wavelength
of 353 nm. Its value allows determination of the degree of
mixing efficiency, which is related to the extent to which re-
action (2) has occurred. Once the selectivity of the reaction
scheme is known, the order of magnitude of the mixing time
can be estimated using a mixing model.

The mixing model is required to relate the triiodide con-
centration (= model output), which depends on the initial
concentrations of sulfuric acid, orthoboric acid, sodium hy-
droxide, potassium iodide and potassium iodate (= model in-
puts), to the mixing time (= model variable). In this study,
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the interaction by exchange with the mean (IEM) mixing
model was used. For the mixing experiments, 1 ml of 0.14 N
sulfuric acid was added to 20 ml of a buffer solution
consisting of 181.8 mM orthoboric acid, 90.9 mM sodium hy-
droxide, 11.67 mM potassium iodide and 2.33 mM potassium
iodate. The stirrer speed was set to 500 rpm (as used for all
syntheses) and the two mixing configurations used in the NP
synthesis were tested, i.e., acid was injected from the centre
above the buffer solution or near the stir bar tip.
Fig. 1b and c show the schematics of the two configurations.
The final triiodide concentration was obtained using an ex-
tinction coefficient of 23209 1 mol™ em™. This extinction co-
efficient was determined using solutions of a known iodine
concentration as described in the ESIj section 1. Experi-
ments were repeated three times for each mixing configura-
tion. The mixing time averaged over the three repetitions was
209 ms for the dropwise injection above the solution and 46
ms in the case of injection near the stir bar tip. Details on
the mixing model used to assign the mixing time values to
the measured triiodide concentrations are provided in the
ESL} section 2. The measured reduction in the mixing time
when injecting near the stir bar tip was expected because of
the higher shear rates near the stir bar tip and the high flow
rate (50 ml min~") used for the addition.

3. Results and discussion
3.1 Silver nanoparticle synthesis

Silver NPs were synthesized in the batch vessel by the reduc-
tion of silver nitrate via sodium borohydride in the presence
of the stabilizer trisodium citrate. The effect of changing a)
the mixing configuration and b) the order of reagent addition
(swapping the reagent placed in the batch vessel) on the size
and polydispersity of the NPs was investigated. As described
above, for all syntheses 20 ml of one reagent was stirred in
the batch vessel while feeding 0.6 ml of the second reagent
into the vessel via the stainless-steel tubing. Hence, four dif-
ferent syntheses were performed, which we refer to as Ag-R-s,
Ag-R-f, Ag-P-s, and Ag-P-f. R and P refer to the order of re-
agent addition: R is for adding reducing agent solution, while
P is for adding precursor solution. The mixing configurations
are denoted by the letters s (slow) and f (fast). Slow (i.e., slow
addition) is for the reagent added dropwise at a rate of 0.5
ml min™ from above, while fast (i.e., fast addition) is for the
reagent added quickly near the stir bar tip with a feed rate of
50 ml min~*. For example, the synthesis condition Ag-R-s de-
scribes the addition of 0.6 ml of the reducing agent at a rate
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of 0.5 ml min™* to 20 ml of precursor solution. Table 1 sum-
marizes the concentrations for each mixing condition (5 to 1
molar ratio of sodium borohydride to silver nitrate was used
in all cases). The precursor concentrations of the conditions
Ag-P-s and Ag-P-f had to be chosen slightly lower due to the
low concentration of the (as received) silver nitrate solution
and the solubility of sodium citrate in aqueous solutions,
limiting the maximal concentrations of the precursor solu-
tion to 9.1 mM.

UV-Vis spectroscopy performed subsequent to the synthe-
sis (>20 min after feeding of the precursor or reducing agent
solution was completed) showed a surface plasmon absorp-
tion peak at 387.3 nm, 388.5 nm, 388.8 nm, and 388.6 nm
for the conditions Ag-R-s, Ag-R-f, Ag-P-s, and Ag-P-f, respec-
tively. The syntheses Ag-P-s and Ag-R-f exhibited a signifi-
cantly higher reproducibility in terms of the surface plasmon
peak position (lower standard deviation, experiments
performed in triplicate) than the syntheses Ag-R-s and Ag-P-f.
The details of this UV-Vis analysis, including a comparison of
the absorbance values, are summarized in Fig. S4.} Fig. 2
shows the TEM images of the synthesized silver NPs
exhibiting an average particle diameter of 11.1 + 3.0 nm, 6.7
+ 1.7 nm, 9.5 + 1.4 nm, and 11.5 + 2.4 nm for the conditions
Ag-R-s, Ag-R-f, Ag-P-s and Ag-P-f, respectively. The difference
in the NP diameters obtained from the TEM studies is statis-
tically significant comparing all four synthesis conditions
(i.e., six combinations) via an unpaired t-test and Welch's un-
paired t-test (assuming unequal sample variances) with a 5%
significance level. Due to the large number of analysed parti-
cles, even the diameters for the conditions Ag-R-s and Ag-P-f
were found to be statistically different.

Comparison between Ag-R-s and Ag-P-s synthesis condi-
tions. To study the difference in the reaction kinetics of the
Ag-R-s and Ag-P-s syntheses, additional online UV-Vis spectro-
scopy studies were performed. Absorption spectra were
recorded every second and a spectrum recorded before the
start of the addition of the reducing agent (Ag-R-s) or precur-
sor solution (Ag-P-s) was used as the reference. The immedi-
ate increase in absorption during the synthesis Ag-R-s (see
Fig. 3a), i.e., the dropwise addition of the reducing agent to
the precursor solution over 72 s, shows that even a small frac-
tion of the reducing agent was sufficient to reduce almost all
AgNO;. After about 4 s changes in absorbance became mar-
ginal. It should be mentioned that, due to the residence time
of solution in the tubing to the UV-Vis flow cell, there was a
delay of a few seconds which somewhat limited the time res-
olution of these measurements.

Table 1 Summary of silver NP synthesis conditions, listing the volumes and concentrations of the reducing agent solution (sodium borohydride, NaBH,)
and precursor solution (silver nitrate, AgNO3z) with the capping agent (trisodium citrate, NazCgHsO5), as well as their nominal concentrations after mixing

Condition Reducing agent Volume Conc. after mixing Precursor/capping agent Volume Conc. after mixing
Ag-R-s 63.3 mM 0.6 ml 1.84 mM 0.38/0.38 mM 20 ml 0.37/0.37 mM
Ag-R-f 63.3 mM 0.6 ml 1.84 mM 0.38/0.38 mM 20 ml 0.37/0.37 mM
Ag-P-s 1.36 mM 20 ml 1.32 mM 9.1/9.1 mM 0.6 ml 0.27/0.27 mM
Ag-P-f 1.36 mM 20 ml 1.32 mM 9.1/9.1 mM 0.6 ml 0.27/0.27 mM
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Fig. 2 Representative TEM images and statistics of silver NPs
synthesized via the four synthesis conditions Ag-R-s, Ag-R-f, Ag-P-s,
and Ag-P-f. Details of these conditions are listed in Table 1.

Fig. S71 showing UV-Vis spectra recorded during stepwise
addition of the reducing agent, as described in section 5 of
the ESI;j indicates that the particle formation was almost
complete (not referring to morphological changes) after
adding <20% of the final amount. In Fig. 3a, the UV-Vis
spectra recorded during the first 5-10 s exhibit a shift of the
surface plasmon absorption band to longer wavelengths com-
pared to the subsequent spectra. This could be assigned to
aggregated particles during the initial phase or a decrease of
the electron density on the silver NP surface upon chemisorp-
tion of Ag” as described, e.g., by Henglein et al.*® These au-
thors reported a significant shift to larger wavelengths for
Ag" concentrations that were two orders of magnitude lower
than the AgNO; concentration used in Ag-R-s. Video analysis
of the synthesis Ag-R-s showed a dark brown plume immedi-
ately on addition of the first drop of sodium borohydride so-
lution, which then turned to a bright yellow colour (videos of
all silver syntheses can be downloaded from the journal's
website). This immediate reduction during Ag-R-s, as con-
firmed via video and online UV-Vis studies, is not surprising,
as sodium borohydride is known to have the potential to re-
duce more than its own stoichiometric equivalent of silver
ions, since it can provide multiple electrons in the reduction
reaction.””*° Hence, for Ag-R-s most of the silver precursor
was reduced with the first drops of the reducing agent solu-
tion (ie., the first ~0.01 ml and a molar ratio of AgNO3/
NaBH, ~12).

In contrast, Fig. 3b (and Fig. S8, showing UV-Vis spectra
during stepwise addition of the precursor solution) shows
that the absorption during the synthesis Ag-P-s increased in
proportion to the quantity of added precursor solution. This
indicates that the particles that precipitated after the first

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 UV-Vis spectra recorded during the silver NP syntheses (a) Ag-

R-s and (b) Ag-P-s. The solid lines show the spectra during the first 62
s after the onset of reagent addition (every second spectra plotted, i.e.,
2 s interval). The dashed lines show the spectrum after 6 min, i.e., ~5
min after complete addition of the 0.6 ml solution. Due to the resi-
dence time of the solution in the tubing used for the online UV-Vis
spectroscopy setup, there is a lag of approximately 3 s between the
start of the reaction and the passing of the solution from the vessel
through the flow cell.

drop of precursor solution was added had similar absorption
(here not distinguished from scattering) properties to those
formed after addition of the last drop. As the precursor solu-
tion was added dropwise, the synthesis Ag-P-s did not allow a
large amount of AgNO; to be reduced at the same time (and
space). The UV-Vis results suggest that each drop of silver ni-
trate reacted to form silver NPs within seconds, which were
then distributed in the sodium borohydride solution. Further
drops then produce new NPs which are distributed again over
the vessel before the next drop arrives. The stepwise addition
of the precursor solution, as during Ag-P-s, does make seed
mediated growth more likely (further precursor addition and
reduction on the surface of initially formed particles) com-
pared to Ag-R-s, where most of the precursor is reduced at
once leading to burst nucleation (no further growth of ini-
tially nucleated particles due to lack of unconsumed
precursor).

One of the biggest differences between these syntheses
was that in the case of Ag-R-s all the precursor was reduced
within seconds resulting in a temporarily high release of the

CrysttngComm, 2018, 20, 7082-7093 | 7087


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ce01014e

Open Access Article. Published on 04 October 2018. Downloaded on 11/29/2025 9:56:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

silver precursor compared to Ag-P-s where the fed precursor
was reduced throughout the feeding time of 72 s. The other
difference was that particles synthesized via Ag-R-s were not
exposed to the final sodium borohydride concentration from
the first drop, as was the case for the condition Ag-P-s. Since
sodium borohydride also acts as a stabilizing agent,>**° Ag-
R-s can be expected to provoke agglomeration, especially dur-
ing the initial phase of the synthesis (at lower sodium boro-
hydride concentrations). Although the precursor solution did
contain the capping agent trisodium citrate, the latter might
not stabilize the just formed nanoparticles sufficiently
against agglomeration.

Aggregation has been identified in previous studies as the
main growth mechanism in the silver NP formation process
using sodium borohydride reduction®>*"*> and recent publi-
cations suggest that electrostatic repulsion forces (also re-
ferred to as the aggregation barrier”® in combination with
particle size) determine up to which aggregation size of metal
NPs is possible, hence the final NP size. The lower concentra-
tions of sodium borohydride during the initial phase would
explain the initially lower aggregation barrier during Ag-R-s
(when most if not all of the precursor was already reduced),
yielding larger particles than those in the synthesis Ag-P-s
(exhibiting a high sodium borohydride concentration
throughout the synthesis and gradual reduction of the pre-
cursor). This is in agreement with the larger particle diameter
and higher polydispersity observed for Ag-R-s.

To obtain more information on the silver NP formation
mechanism during the synthesis Ag-R-s, a TEM sample was
prepared immediately (<2 min) after the addition of only
0.02 ml sodium borohydride solution via an Eppendorf pi-
pette (=3.3% of the final reducing agent solution, i.e., a molar
ratio of AgNO;/NaBH, = 6 after mixing). The TEM images in
Fig. 4 show bigger particles than those synthesized via the
original condition Ag-R-s, indicating reduced stabilization
due to the lower sodium borohydride concentration.

Comparison between Ag-R-f and Ag-P-f synthesis condi-
tions. Assuming instantaneous mixing, the reaction condi-
tions for Ag-R-f and Ag-P-f should have been similar (despite
the slight discrepancy in the final precursor concentration,
see Table 1), and so should be the final silver NP size distri-

Fig. 4 TEM
experiment Ag-R-s,

images of silver
but adding only 0.02 ml
borohydride solution [63.3 mM], i.e.,, 3.3% of the 0.6 ml added during
the original synthesis: (a) overview and (b) higher magnification image.

NPs synthesized similarly to the
of the sodium
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butions. However, the discrepancy in the particle size shows
that this is not the case. Obviously, the particle formation
was faster than the mixing time of 46 ms, for at least one of
these two fast mixing conditions. Following the previous ar-
gument of stabilization with NaBH,, this difference in size
cannot be explained by the effectiveness of stabilization of
the initially formed particles. As discussed before comparing
Ag-R-f and Ag-P-s (the difference in the initial sodium borohy-
dride concentrations was considered to effect the aggregation
barrier), since the [BH,]| /[AgNOs] ratio was almost the same.
However, local mixing phenomena cannot be excluded, since
the (micro)mixing time (46 ms) is only one order of magni-
tude smaller than the time needed for the addition of the
second reagent in the case of Ag-P-f (720 ms).

In experiment Ag-R-f, concentrated sodium borohydride
solution was added quickly to a dilute precursor solution.
Based on the video and UV-Vis analysis for Ag-R-s showing
the immediate reduction of all the precursor with just a frac-
tion of the reducing agent solution, this synthesis condition
is expected to cause a faster reduction of the precursor
resulting in higher nucleation rates. Since mixing times are
fast, nucleation events are not restricted to a confined space.
This limits the number of NP collisions and hence possible
aggregation events during the initial particle formation
phase. This also explains the large difference in the silver NP
size and polydispersity between the syntheses Ag-R-s and Ag-
RA.

In experiment Ag-P-f, concentrated precursor solution was
added quickly to a sodium borohydride solution. Assuming
that the reaction kinetics was faster than the time needed for
the addition of the precursor solution (which could be
expected as discussed by Polte et al.>’), the reduction and
hence nucleation rates would be slower than those for Ag-R-f
(where all the precursor was available for reduction at the
start of the synthesis) and nucleation and growth was
favoured to occur simultaneously. This agrees with the larger
particles observed for Ag-P-f, compared to those for Ag-R-f.
For Ag-P-f and Ag-P-s silver NP sizes were comparable.

Stabilization dynamics. To study the stabilization kinetics,
the temporal behaviour of the size and zeta potential was
recorded over time after each synthesis by DLS, see Fig. 5
and Fig. S9.7 Samples (~2 ml) were withdrawn from the ves-
sel 5, 20, 25 and 30 min after the synthesis, i.e. complete ad-
dition of the 0.6 ml feed solution. These studies showed that
zeta potential values can change distinctly with time after
synthesis, indicating changes in the NP surface chemistry,
possibly because of trisodium citrate adsorption. A change in
the surface chemistry of initially formed NPs over time was
observed by other authors as well.>*** Polte et al. discussed
the hydrolysis of sodium borohydride attached to silver NPs
after 5-90 min (depending on whether additional stabilizers,
apart from sodium borohydride, were present; the synthesis
was performed with and without additional stabilizers). The
transition of [BH,] to [B(OH),] was described to result in
further aggregation and hence a second growth step yielding
an increase in the mean diameter from 2-5 nm to the final

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Silver NP characteristics obtained by DLS after the Ag-R-s and
Ag-R-f syntheses. Temporal behaviour of (a) the zeta potential and (b)
intensity weighted diameter after completing the addition of the re-
ducing agent or precursor solution. The error bars show the standard
deviation of the five measurements performed for each sample. Size
distributions as obtained via DLS for the samples taken after 30 min:
(c) Ag-R-s and (d) Ag-R-f.

NP size of approximately 10 nm. However, a change in the
stabilization chemistry that would reduce the aggregation
barrier is not in agreement with the observed increase in the
magnitude of the zeta potential values after ~25 min (see
Fig. 5). Ag-R-s and Ag-R-f reached zeta potential values associ-
ated with efficient stabilization (>|-40| mV) after 30 min
starting from -22 to —23 mV determined 5 min after the syn-
thesis. This could be assigned to the stabilization by
trisodium citrate during that time span. The second growth
step discussed by Polte et al. (not only for Ag NPs but also for
Cu and Pd NPs synthesized by sodium borohydride reduc-
tion) might have occurred at an earlier stage, i.e., before the
first zeta potential measurement. The sizes of silver NPs syn-
thesized in Ag-R-s and Ag-R-f, obtained by DLS, were in good
agreement with TEM data, i.e., 14.6 = 2.6 nm and 11.6 + 2.6
nm (see Fig. 5, 30 min). It should be noted that DLS mea-
sures the hydrodynamic diameter in contrast to core-size by
TEM, which is why sizes determined by DLS are larger. Fur-
thermore, DLS is more sensitive towards larger particles as
light scattering scales with particle size to a power of 6.
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For the Ag-P-s and Ag-P-f syntheses, the DLS studies re-
vealed particles in solution which were distinctly larger
(>100 nm) than those determined from TEM images, see Fig.
S9.F However, particles >100 nm were not silver NPs, since
such large silver NPs would have affected significantly the
TEM data and the UV-Vis spectra, which was not the case.
For example, the surface plasmon absorption band would
peak at around 450 nm, even for 60 nm particles.>® There-
fore, the large particles measured via DLS analysis for Ag-P-s
and Ag-P-f, ie, when feeding highly concentrated AgNO;/
Naz;CeH;50, are assigned to larger aggregates (not necessarily
silver NPs, probably silver citrate precipitates formed in the
precursor solution) present during these syntheses. Further
UV-Vis and DLS studies during the preparation of the precur-
sor solution for Ag-P-s and Ag-P-f showed a clear increase in
absorption and the occurrence of a particulate phase of un-
known composition with particles >100 nm as soon as the
trisodium citrate solution was added to the silver nitrate solu-
tion (data not shown). This indicates precipitation in the pre-
cursor solution at high silver nitrate and trisodium citrate
concentrations.

3.2 Gold nanoparticle synthesis

The effect of changing the mixing configuration and the or-
der of reagent addition on the size and polydispersity of the
gold NPs was investigated. The same four conditions as those
used for silver NP synthesis were tested and described as con-
ditions Au-R-s, Au-R-f, Au-P-s and Au-P-f. Table 2 summarizes
the concentrations and fed volumes for each mixing condi-
tion (a citrate/tetrachloroauric ratio of 5:1 was used in all
four syntheses).

UV-Vis spectroscopy studies showed a surface plasmon ab-
sorption peak at 523.3 nm, 521.0 nm, 522.5 nm, and 521.6
nm for the conditions Au-R-s, Au-R-f, Au-P-s, and Au-P-f. The
Au-P-f synthesis exhibited the highest reproducibility, when
the surface plasmon peak position and absorbance were com-
pared. The details of this UV-Vis analysis are summarized in
Fig. S5.t Fig. 6 shows the TEM images of the synthesized gold
NPs with an average diameter of 18.0 + 4.8 nm, 13.1 + 2.2
nm, 16.3 = 3.3 nm and 16.2 + 2.1 nm for conditions Au-R-s,
Au-R-f, Au-P-s, and Au-P-f, respectively. The difference in gold
NP diameters obtained from TEM studies is statistically sig-
nificant comparing all four synthesis conditions via an un-
paired t¢-test and Welch's unpaired ¢-test with a 5% signifi-
cance level, except for the Au-P-s and Au-P-f conditions.

The largest and most polydisperse NPs were observed for
the synthesis Au-R-s and the smallest NPs were observed via
Au-R-f. Conditions Au-P-s and Au-P-f produced NPs of similar
size, though Au-P-f produced more monodisperse gold NPs.
Recent studies on the Turkevich synthesis method revealed
its seed-mediated growth mechanism, which differs not only
from the classical “nucleation-growth” mechanism, but also
from the colloidal growth mechanism of the discussed silver
NP syntheses using sodium borohydride as the reducing
agent. The current understanding of particle formation
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Table 2 Summary of gold NP synthesis conditions, listing volumes and concentrations of the reducing agent solution (trisodium citrate, NazCgHsO-)
and the precursor solution (tetrachloroauric acid, HAuCl,), as well as their nominal concentrations after mixing

Condition Reducing agent/capping agent Volume Conc. after mixing Precursor Volume Conc. after mixing
Au-R-s 92.7 mM 0.6 ml 2.70 mM 0.56 mM 20 ml 0.54 mM
Au-R-Af 92.7 mM 0.6 ml 2.70 mM 0.56 mM 20 ml 0.54 mM
Au-P-s 2.78 mM 20 ml 2.70 mM 18.5 mM 0.6 ml 0.54 mM
Au-P-f 2.78 mM 20 ml 2.70 mM 18.5 mM 0.6 ml 0.54 mM

during the Turkevich synthesis is that the initial reduction of
the precursor is followed by the formation of stable seed par-
ticles of a few nm in diameter onto which remaining gold
ions attach, making the nanopatrticles grow.’>® This mecha-
nism is not intuitive since the separation of nucleation and
growth, yielding the monodisperse gold NPs the Turkevich
synthesis is known for, originates from the reduction of pre-
cursor reactivity just after seed formation. However, also in
the case of the Turkevich synthesis, the final particle size is
determined during the initial stages of the synthesis, i.e., by
the size of formed seeds.

Comparison between Au-R-s and Au-P-s synthesis condi-
tions. The conditions Au-R-s and Au-P-s produced NPs of sim-
ilar size, with Au-R-s yielding the largest particles. This agrees
with the longer wavelength of the surface plasmon peak. In
addition, Au-R-s exhibited the lowest reproducibility, i.e., the
highest standard deviation of the wavelength of the surface
plasmon absorption peak, obtained when each condition was
repeated in triplicate. The reaction chemistry of the
Turkevich method is rather complex because the reactants
(citrate and gold ions) can coexist in different forms not only
as the synthesis proceeds, but also in the starting solutions.
As mentioned above, the separation of nucleation and growth
(which leads to the synthesis of monodisperse particles) is
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Fig. 6 Representative TEM images and statistics of gold NPs
synthesized via the four synthesis conditions Au-R-s, Au-R-f, Au-P-s,
and Au-P-f. Details of these conditions are listed in Table 2.
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due to the reduction of precursor reactivity just after seed for-
mation. The gold precursor is known to exist in increasingly
hydroxylated forms, from AuCl,” to Au(OH), (and the inter-
mediates AuCl,_,(OH),)) with increasing pH value.”’
According to the literature, an increase in the hydroxylation
level results in a decrease in reactivity, and the most reactive
species AuCl,” exists only during the initial stage of the syn-
thesis (in the case of classic/direct Turkevich synthesis), since
the addition of citrate solution causes an increase in pH.*
Also the speciation of citrate is dependent on the pH value.
At lower pH it exists in its most protonated form of H;Cit
with increasing deprotonation to Cit*” as the pH increases,
while the CitH>" species is suggested to be the most likely
form responsible for the reduction of the gold precursor by
Kettemann et al*' However, CitH,  has also been
suggested.”®

The timescale required to finish seed formation, i.e., the
step determining the final NP size, was reported to be in the
order of 20 s.** Although the timescales are dependent on
the precursor and citrate concentrations, temperature and
pH values, it is obvious that a feeding time of 72 s (as in the
case of Ag-R-s and Ag-P-s) hinders a clear separation of nucle-
ation from growth. This is in agreement with our results
showing higher polydispersity for slow mixing conditions
compared to the fast mixing conditions. Other studies indi-
cate the benefit of fast mixing during the (inverse) Turkevich
synthesis for the generation of monodisperse NPs as well.*?
This is consistent with the more monodisperse particles syn-
thesized via Au-P-s.

Comparison between Au-R-f and Au-P-f synthesis condi-
tions. Assuming perfect mixing for the Au-R-f and Au-P-f syn-
theses, ie., good mixing conditions after instantaneous re-
agent addition, and the chemistry of the reagents to be
identical, the reaction conditions for the Au-R-f and Au-P-f
syntheses should yield identical gold NP size distributions.
However, NPs synthesized with the condition Au-R-f were sta-
tistically smaller than those synthesized with Au-P-f, even if
this difference was small (~3 nm). UV-Vis studies showed
very good reproducibility for both experiments. It is notewor-
thy that this was not the case for the silver NP syntheses
using fast mixing conditions, in which a strong reducing
agent was used, as discussed above. In the case of the
Turkevich synthesis, this discrepancy in particle size for syn-
theses performed at identical nominal concentrations after
mixing does not necessarily indicate that particle formation
(seed generation) is faster than the mixing time (46 ms). As
discussed above, the reaction chemistry of the solutions is

This journal is © The Royal Society of Chemistry 2018
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complex and different process settings (e.g., high tempera-
ture, low pH value) can have opposing effects on the precur-
sor or citrate reactivity.

Besides the pH, higher temperatures are known to shift
the equilibrium of the gold precursor towards more hydroxyl-
ated forms as well. The effect of temperature on the citrate
solution is not yet clear, but irreversible changes (based on
UV-Vis spectroscopy) have been reported during heating
which could be explained by the oxidation of citrate e.g., to
dicarboxyacetone (DCA).** The role of DCA is controversial in
the literature. It has been postulated that the inverse method
yields smaller (and more monodisperse) particles because
the preheated citrate solution forms the more reactive species
DCA, which therefore increases the nucleation rate.*>** How-
ever, studies by Wuithschnick et al. performing the Turkevich
synthesis adding high concentrations of DCA to the citrate
solution (1 mM) prior to the synthesis showed no significant
influence of DCA on the particle size. The authors attributed
the smaller particles synthesized via the inverse Turkevich
synthesis to different initial amounts of the reactive AuCl,"
species and argued that when the inverse method was used,
the precursor solution had a higher tetrachloroauric acid
concentration (as was the case in this work, see Table 2) and
was kept at room temperature before addition. Both would
shift the AuCl,_,(OH), speciation equilibrium towards the
most reactive AuCl, species, i.e., the least hydroxylated form.
Therefore, one can assume that for the inverse method, the
nucleation rate is higher and the seed particles are smaller.
However, this line of reasoning is slightly controversial, since
similar argumentation would be possible discussing the
higher pH of the precursor solution in the vessel (in the case
of Au-R-f) in combination with the mixing kinetics.

For the condition Au-R-f, reactive species in the precursor
solution in the vessel might remain sufficiently low to sup-
press nucleation during the initial stages of mixing with the
reducing agent, ie., mixing comes closer to completion
before the onset of nucleation, which could yield higher nu-
cleation rates later and hence smaller NPs. In comparison,
nucleation is expected to occur throughout the addition of
the precursor solution in the case of Au-P-f. In any case, a
discussion solely based on the AuCl, concentrations is insuf-
ficient, since the interaction between the precursor and the
citrate (and all their possible complexes) needs to be taken
into consideration, and both reaction temperature and pre-
cursor solution pH do not have a monotonic effect on the
particle size and polydispersity.

It is very complex to identify the intermediates involved in
the reduction mechanism during the very first seconds of re-
agent mixing. Although timescales in the range of seconds
have been reported, e.g., for the equilibration of the
AuCl,_,(OH),” species, kinetic data of the reduction are
scarce. Our results show that mixing times, even in the order
of milliseconds, cannot be neglected for the discussion of the
final NP sizes. Although for the slow mixing conditions the
inverse method (Au-P-s) produced smaller particles than the
direct method (Au-R-s), the trend was reversed for the fast
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mixing conditions. Our results do not indicate higher reduc-
tion rates, and therefore higher nucleation rates and smaller
NPs, due to intermediates formed in the citrate solution
formed at elevated temperatures. The reversed trend, i.e.,
larger particle sizes in the case of the inverse method with
fast mixing, was unexpected based on previous studies. How-
ever, it is worth noting that Sivaraman et al. reported the dif-
ference in the size of NPs synthesized by the inverse and di-
rect methods to vanish for higher tetrachloroauric acid
concentrations (at concentrations higher than 0.54 mM used
in this study).*?

4. Summary and conclusions

Mixing times in a batch vessel were characterized using the
Villermaux-Dushman reaction system for two different
mixing conditions: 1) dropwise injection of the reagent above
the stirred solution in the batch vessel and 2) rapid injection
of the reagent near the stir bar tip. The (micro)mixing times
were found to be 209 ms when reagents were injected from
above and 46 ms when they were injected near the stir bar
tip. Silver NPs were synthesized by reducing silver nitrate
with sodium borohydride in the presence of trisodium citrate
(the stabiliser) under both mixing conditions and different
orders of reagent addition, i.e., four different synthesis condi-
tions. It was found that the addition of sodium borohydride
at a fast rate near the stir bar tip produced the smallest NPs
(6.7 = 1.7 nm). Slightly bigger but more monodisperse silver
NPs (9.5 + 1.4 nm) were produced by dropwise addition of
the precursor solution into the reducing agent solution.
Larger and more polydisperse NPs were synthesized when the
mixing conditions encouraged lower sodium borohydride
concentrations. Online UV-Vis studies showed that complete
precursor reduction occurred within seconds, even after
adding just a small fraction (<20%) of the final reducing
agent solution (final NaBH,: AgNO; ratio was 5:1). Dynamic
zeta potential studies showed a second state of stabilization,
i.e., a further increase in the magnitude of the zeta potential
~30 min after the complete addition of the second reagent.
This indicates a stabilization process that is significantly
slower (hours) than the formation of particles (seconds).

Gold NPs were synthesized using the Turkevich method,
where tetrachloroauric acid was reduced by trisodium citrate
at an elevated temperature. Again, four different syntheses
were tested, ie., two mixing conditions and different orders
of reagent addition. Using the same mixing configurations as
those for the silver NP synthesis, the smallest NPs (13.1 + 2.2
nm) were obtained when the reducing agent (trisodium cit-
rate) was added to the precursor (tetrachloroauric acid) at a
fast rate near the stir bar tip. These were significantly smaller
than when the trisodium citrate was added at a slow rate
from above the solution (18 + 4.8 nm). For both orders of re-
agent addition, NP polydispersity was significantly lower for
the fast mixing conditions, showing the importance of
mixing for the Turkevich synthesis. For the fast addition of a
concentrated precursor solution to a reservoir of preheated
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citric acid solution (16.2 + 2.1 nm) a polydispersity of <8%
could be achieved. Although the inverse method, i.e. adding
the tetrachloroauric acid solution to the citrate solution, was
reported to produce smaller and more monodisperse parti-
cles, we observed bigger particles compared to the direct syn-
thesis in the case of fast mixing conditions (for slow mixing
conditions, the results were consistent with the literature).
This highlights not only the importance of mass transfer, but
also the effect of preconditioning the reagents on the particle
formation kinetics during the Turkevich synthesis.

In the noble metal NP syntheses investigated, different
synthesis conditions yielded the most monodisperse NPs.
The most monodisperse silver NPs were synthesized via the
dropwise addition of a concentrated precursor solution to the
reducing agent solution, whereas the most monodisperse
gold NPs were synthesized via the fast addition of the con-
centrated precursor solution to the reducing agent solution.
These syntheses showed also the highest reproducibility
based on the position of the surface plasmon absorption
peak, making them promising reaction conditions for further
studies on the reproducible synthesis of monodisperse noble
metal NPs. This study highlights the importance of mixing
conditions and the order of reagent addition in determining
the size and polydispersity of the synthesized NPs, even when
the final nominal concentrations of the reducing agent to
precursor are the same. Often, batch reactor studies state
only the molar ratio of the reagents used in the syntheses,
but this may be insufficient information to reproduce results,
since the way reagents are mixed plays a crucial role.
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