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ABSTRACT: Apphcatlon.s of 51.lver nanopartlsles (Ag NPs) in oo AGNO \l/ 32 purification cycles
modern technologies require environmentally friendly methods of ——  [—— Y
large-scale production of the nanoparticles with controlled — filtration, filtration,
morphology and surface state in the form of high-concentration agnp  peptization NeNE: peptization 10 g NP sol
metal sols with minimal quantities of organic stabilizers. Herein, precipitate >1000 g/L
we report a procedure based on reduction of aqueous silver nitrate ¢ 3 z,,(om) :
. . . . . %. & 180 50 nm
with ferrous sulfate in the presence of citrate ions. We studied the < E I -
effect of various factors on the chemical reaction by applying & £
g 80

transmission electron microscopy, ultraviolet—visible absorption ¢ g ™
spectroscopy, and dynamic light scattering (DLS) and proposed g .3n

= [ 0

protocols with reduced quantities of the reagents allowing 3 04 05 os' 08 10 12 14
preparation of uniform spherical Ag NPs of 5 to 15 nm in Ao consenimtonmeh NaGicencension (o
diameter. A DLS study of sols after dilution was employed to

estimate the tendency of colloidal particles to interact in order to optimize post-synthetic purification and concentration procedures.
Particularly, filtration instead of centrifugation and electrolytic coagulation with trisodium citrate in place of sodium nitrate were
utilized to produce extremely concentrated, more than 1000 g/L Ag, and stable silver hydrosols with no additional stabilizers. The
chemical, X-ray photoelectron spectroscopy, and thermogravimetric analyses demonstrated that the Ag NPs contained citrate-
derived capping ligands, and low amounts of Fe are appropriated for chemical and low-temperature sintering, surface
functionalization, nanofluidics, and other applications.
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B INTRODUCTION heating or other methods in order to obtain conductive printed
patterns or to be replaced with specific surface functional
groups. Production of “dense” metal colloids with a low
content of organic stabilizers remains a challenge, although
there are examples of commercial, very concentrated hydrosols
of silica*>** and metal oxides;*>*¢ their stability mechanisms,
probably beyond the classical Derjaguin—Landau—Verwey—
Overbeek (DLVO) model,””*° are not understood up to now.

The synthesis of aqueous colloidal solutions of Ag NPs with
the concentration as high as 50—150 g/L by means of
reduction of aqueous Ag" with ferrous ions in the presence of
trisodium citrate Nay;(COQO);COH(CH,), (further denoted as
Na;Cit) at a typical molar ratio AgNO;/FeSO,/Na;Cit of
1:1.8:3.2 followed by several coagulation—peptization steps
with alkali metal nitrate has been proposed by Carey Lea®'

Silver nanoparticles are widely used at present in such fields as
catalysis, biomedicine, two-dimensional (2D) and 3D printing,
optoelectronics, analytics, and many others.'~” This requires
large-scale manufacturing of the nanoparticles with control-
lable size, shape, surface capping, and other characteristics by
utilizing inexpensive and environmentally friendly reagents.
Chemical synthesis of metal nanoparticles in aqueous solutions
is a common technique that employs a reducing agent and
organic ligands, which prevent aggregation and oxidation of
colloidal particles,' ™ with citrate being one of the most
widespread biocompatible reagent, for example.”” The diluted
solutions typically allow us to prepare colloids with a
concentration of metals on the order of 1 mmol/L, which
entails handling and recycling or disposal of large volumes of
the spent solutions. Much more concentrated sols needed for a —
number of applications,s_22 including inks for printable Received:  August 16, 2020 §USSJ51|EAn§al]rI%
electronics,'’™" antibacterial and antifungal materials for Revised:  October 1, 2020

agriculture, food industry, healthcare, and textiles, > 72° Published: November 12, 2020
nanofluids for energetics,””> and so forth, are generally

stabilized with large quantities of high-molecular-weight

organic compounds, which have to be removed through
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Figure 1. Scheme illustrating the synthesis and purification of Ag NPs via filtration, coagulation with 0.4 M trisodium citrate solution, and
peptization in water. The highly concentrated hydrosols are obtained after 3—4 purification steps by dissolving the coagulated precipitate (purified

gel) in a small volume of deionized water.
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Figure 2. TEM micrographs, particle size distribution histograms (a—c), and (d) dependence of the mean diameter on the initial concentration of
trisodium citrate: (a) 0.9 M Na;Cit, (b) 1.5 M Na,Cit, and (c) 1.8 M Na;Cit. 0.6 M AgNO; and 0.6 M FeSO,; the rate of silver nitrate solution
injection of 20 mL/s, an agitation rate of 1000 rpm, and 25 °C. Effect of (e) concentration of AgNO; and the molar ratio of Na;Cit to AgNO; and
(f) concentrations of Na;Cit and FeSO, on the average hydrodynamic diameter Z,, in the Ag NP hydrosols after dilution (1:1000).

more than 130 years ago. However, it has received very limited
attention,*™*' for example, as a medium for SERS,3¢7
because these hydrosols are composed of insufficiently uniform
Ag NPs (mainly 6—20 nm spheroids but also larger ones,
nanoplates, and rods) contaminated with Fe and are not
concentrated enough for many applications. Studies targeted at
optimization of characteristics of the colloids are rare; for
example, the homogeneous nanoparticles of about 20 nm’®
have been reported to be produced with enhanced
concentration of citrate (molar ratio AgNO;/FeSO,/Na,Cit
of 1.0:1.8:4.8). It is also worth mentioning the very recent
synthesis of a variety of citrate-stabilized nanoparticles of
precious metals using iron(II) as a reducing agent.42 The
studies conducted with the Carey Lea colloidal solutions after
their dilution have suggested®>™>° that the Ag NPs negatively
charged due to citrate anion adsorption obey the DLVO
model; the reasons for the unusual stability of the dense sols
remain elusive. Recently, we found™ ' that the species
adsorbed on the Ag NP surfaces are actually the products of
citrate decomposition comprising an alcohol group and one or
two carboxylates, in contrast to three carboxylic groups in
citrate anions, and very minor ferric hydroxides. The citrate-
derived capping ligands on immobilized Ag NPs can be easily
oxidized or replaced in chemical reactions, promoting, in
particular, room-temperature sintering of ~7 nm Ag NPs into
submicrometer entities or continuous coatings,41 promising for
flexible electronics, catalysis, and other applications.
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The aim of the current research study was to develop
methods for manufacturing uniform Ag NPs, improving the
purity, and drastically increasing the concentration of silver
colloids, by revealing the role of various reaction parameters
and post-synthetic procedures. We managed to obtain
extremely concentrated Ag hydrosols, whose stability was
tentatively attributed to repulsive forces between water layers
at hydrophilic particle surfaces in the electrolyte-free aqueous
media, but this requires further investigation.

B RESULTS AND DISCUSSION

Effect of Reagent Concentrations. Silver nanoparticles
produced in the reaction of Ag" and Fe?* quickly precipitate in
the aqueous medium with the high salt concentrations.” ~*!
The sediment was separated with filtration (in the modified
method) or centrifugation and dissolved in a portion of water
(Figure 1).

This “zero” hydrosol contained about 0.6 mol/L (~64 g/L)
Ag and was diluted for transmission electron microscopy
(TEM), dynamic light scattering (DLS), zeta potential, and
UV—vis spectroscopy characterization or was purified using
several coagulation—filtration (centrifugation)—peptization
cycles. The purified residue can be redispersed in a small
volume of water yielding a highly concentrated hydrosol.
Figure 2 shows representative TEM images (a—c) and the plot
of the average diameter of Ag NPs in the “zero” sols (d) as a
function of citrate concentration in the initial reaction media.

https://dx.doi.org/10.1021/acssuschemeng.0c06006
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Figure 3. TEM images, particle size distribution histograms for Ag NPs prepared with (a) 0.3 M, (b) 0.6 M, and (c) 0.9 M NH,OH, and (d) mean
diameter of nanoparticles as a function of initial concentrations of ammonia. The reagent concentrations are 0.6 M AgNO;, 0.6 M FeSO,, and 1.2
M Na,Cit; the rate of silver nitrate solution injection of 20 mL/s, an agitation rate of 1000 rpm, and 25 °C. (e) DLS data on the influence of
concentration of Na;Cit and the molar ratio of NH,OH to AgNO; on the average hydrodynamic diameter Z,, in the diluted Ag NP hydrosols

(1:1000).

The mean particle diameter decreased to about 7 nm with the
citrate content approaching 1.2—1.5 mol/L and then stayed
almost constant, but the size distribution was narrower and the
aggregation was lower for the higher citrate concentrations
(additional images are given in Figures S2 and S3, Supporting
Information).

The DLS study (Figure 2ef, see also the Supporting
Information) of the Ag hydrosols produced by filtration and
dilution of the initial residue in water (data on the dilution
1:1000 are presented) was performed to estimate persisting
interactions between the colloidal particles as a function of the
reagent concentrations. The dependence of the reaction ratio
of citrate-to-silver ions on the average hydrodynamic diameter
Z,, calculated from cumulant fits of correlation functions>™*¢
at various concentrations of silver nitrate is presented in Figure
2e. The size distribution fit of the correlation function®***
often showed that the main nanoparticle diameter d,
concurred with TEM, but it was insufficiently reliable and
less informative in terms of particle interactions. The d, data
acquired in the same experiments as Z, are presented in
Figures S4—S8 together with the regressive equations S1—S3
quantifying the effect of various parameters on Z,,.

The Z,, magnitude rapidly decreased toward the dimensions
observed in TEM, suggesting lower aggregation of colloidal
particles, as the citrate to Ag ratio approached 2 and then
much slower at higher citrate concentrations. Z,, reduced with
increasing concentration of citrate and decreasing that of
ferrous ions (Figure 2f); the initial citrate concentration should
be higher than ~1 mol/L and the molar ratio of citrate to Fe*"
larger than 1.5—2 to prepare fine and stable colloidal particles.
Aggregation and sedimentation were observed at a ratio less
than 1. Zeta potentials of the hydrosols were measured to be in
the range —30 to —50 mV.

The effect of concentrations of the reagents (or volume of
the solutions added keeping the same quantities) was also
studied, and it appeared (Figure S6, Supporting Information)
that the concentration of AgNO; has a small impact, while
dilution of the citrate solution is desirable.

These findings appear to indicate that citrate plays the role
of both a protective li§and for Ag NPs and a complexing agent
for Ag" cations;**" ™ so, we tested the influence of aqueous
ammonia, which has been successfully used in Ag NP
syntheses.*>°™>* It was found (Figure 3, equation S2,
Supporting Information) that the citrate content can be
reduced down to 1.2 mol/L by adding ammonia to the
concentration of 0.3 mol/L to produce Ag NPs of ~7 nm in
diameter, but the particles became coarser and less uniform at
higher concentrations. Moreover, the dense hydrosols with
ammonia exhibit reduced long-term stability.

We also examine the influence of temperature of the reaction
media in the range from —10 to 80 °C (Figure 4, see also
Figure S2). The Ag NP diameter and hydrodynamic diameter
Z,, were lowest, and the particle size and shape were more
uniform at the temperature slightly above 0 °C and worse at
enhanced temperatures.

So, the concentrations of aqueous AgNO; of 0.6 mol/L,
sodium citrate of 1.2—1.5 mol/L, ferrous sulfate of 0.6—0.8
mol/L without ammonia, or 0.6, 0.9, and 0.6 mol/L,
respectively, with 0.3 mol/L NH,OH and the temperature of
20 °C or lower can be recommended as optimal conditions for
the synthetic reaction. The rates of injection of AgNO;
solution and agitation of the reaction medium (Figure S7,
Supporting Information) should be large enough, e.g., 20 mL/s
and 1000 rpm, respectively.

Purification of the Carey Lea Ag NPs. Tuning the
reaction conditions allowed us to reduce the quantities of
reagents by about two times, with the ratio of AgNO;/FeSO,/
Na;Cit changed from 1.0:1.8:3.2 for the classical formulation
to 1.0:1.0:1.5 for the modified one, and to prepare more
uniform Ag NPs. However, an electrolyte, typically 1 M
NaNO; solution, had to be added in order to purify the Carey
Lea hydrosol via a few cycles of coagulation, centrifugation
discardin§ the supernatant, and redispersion of the residue in
water.”' ="' Figure 5 shows that the hydrodynamic diameter Z,,
of the Ag colloids increased after repeating the coagulation—
centrifugation—peptization cycle, possibly due to partial
removal of protecting ligands (see Figure S8 for the
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Figure 4. TEM images, particle size distribution histograms, at various
reaction temperatures of (a) 0 °C and (b) 60 °C, and (c) mean
diameter as a function of temperature of the synthesis with 0.6 M
AgNO;, 0.6 M FeSO,, and 1.2 M Na,Cit (the rates of silver nitrate
solution injection and agitation were 20 mL/s and 1000 rpm,
respectively). (d) Average hydrodynamic diameter Z, (dilution
1:1000) as a function of temperature at various initial concentrations
of trisodium citrate.

corresponding d; data). Aging the residue and high centrifuge
acceleration resulted in some increase in the Z,, magnitude
too, suggesting that particle interactions arise in the
precipitates (gels). On the other hand, the supernatants

from reaction solution and, in a lesser extent, coagulation
electrolyte) were incompletely separated at low centrifugation
rates as it is seen from the conductivities of the hydrosol
(Figure Sc). The findings indicate that it is necessary to avoid
excessive thickening of the precipitates, especially in the first
phase separation, whereas the high centrifuge acceleration was
not very efficient in removal of electrolyte ions. The increase in
the initial citrate concentration promoted the colloidal stability
over the purification.

Consequently, we chose filtration for separating the
precipitate from remaining reagents in the aqueous reaction
media and from the electrolyte in the purification and
trisodium citrate as the coagulant (usually 0.4 mol/L) instead
of sodium (or potassium) nitrate. Citrate acts also as a
complexing agent for Fe’»*° that was expected to facilitate its
dissolution and removal. Figure 6 compares the representative

TEM images (ab) and other sol characteristics for the
traditional and optimized methods. Conductivities of hydrosols
(Figure 6¢) obtained using the new filtration-assisted method
(plot 1) are substantially lower than those involving
centrifugation, both with NaNO; and Na;Cit as coagulants
(plots 2 and 3). UV—vis spectra (Figure 6d) exhibit a narrower
localized surface plasmon resonance peak at ~400 nm and
negligible absorbance at higher wavelengths, which are due
mainly to particle aggregation, as it follows from the DLS and
TEM data. Noteworthy, the longwave intensity and then
aggregation are larger for centrifugation than filtration with a
trisodium citrate coagulant but lower than with sodium nitrate.
Finally, Figure 6e demonstrates that the concentration of Fe
decreased from about 5 g/L in the “zero” hydrosol down to
0.25 g/L, while the Ag content slightly enhanced from 64 g/L
over the purification with the same volume portions of the
coagulant solution. After the third or fourth step, the filtration
residue can be dissolved in a very small amount of deionized
water (Figure 1), e.g.,, 0.3 mL, yielding extremely concentrated,
1100 g/L Ag, silver colloids stable for several weeks at least. In
effect, concentrations of Ag as high as 1500 g/L can be reached
using an appropriate water volume for peptization. At higher
Ag concentrations, the colloids separated into a dark
precipitate (gel) and a light supernatant. This gel and even
the residue dried in air can be easily redispersed in an
additional quantity of water to form a less concentrated sol.
Characterization of Ag NPs. X-ray photoelectron spectra
(XPS) of dried hydrosols (Figure 7) show that surface
concentrations of Na, Fe, and O relative to Ag are lower for the
Ag NPs prepared using the modified method in comparison
with the traditional Carey Lea technique, with the atomic Ag/
Fe ratio being at least ~40 (the main Ag and Fe lines overlap
making precise calculations difficult). The binding energy (BE)
of the Ag 3d,, peak of 368.3 eV and the kinetic energy of Ag
M,NyN,s maximum at 357.9 eV are characteristic of
elemental silver, although insignificant broadening and
asymmetry, larger for the classical Carey Lea particles, may
suggest the presence of very minor oxidized silver, possibly as
surface Ag,O (367.7 eV) and aqueous Ag" species (369
eV). #3078 The C 15 spectra depict, apart from the signals
from the HOPG support (284.5 eV) and aliphatic carbon,
largely from surface contaminations (285—285.4 eV), the lines
of an alcoholic group (286.5 eV) and carboxylic species
bounded with Ag (288.2 eV) and unbounded (289 eV) of
citrate-derived ligands.””~*' For both particle types, the
proportion of carboxylic to alcoholic groups is about 1.2—1.5
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coagulation with 0.4 M Na;Cit, (2) centrifugation and coagulation with 0.4 M Na;Cit, and (3) centrifugation and coagulation with 1 M NaNO,.
(e) Changes of concentrations of Ag and Fe in hydrosols prepared through the novel synthesis method with filtration and trisodium citrate (0.4
mol/L) coagulation. Concentrations of Ag in the colloids obtained by peptization of the third and fourth filtration residues in a small water volume

(0.3 mL instead of S mL) are pointed by arrows. Reaction conditions: 0.6 M AgNO;, 0.6 M FeSO,, 1.2 M Na,Cit, and 0 °C.
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Figure 7. X-ray photoelectron spectra of the Ag NPs prepared with (a) 0.6 M AgNO;, 0.6 M FeSO,, and 1.2 M Na;Cit (modified method) and (b)

0.6 M AgNO;, 1.8 M FeSO,, and 3.2 M Na,Cit (Carey Lea method).

that is notably lower than 3:1 in citrate, which appears to
decompose on the Ag surface upon the preparation. The O 1s
spectra are mainly due to citrate-related species and adsorbed
water (Figure 7). The XPS spectra also show that the moderate
negative charge of Ag NPs is due to (unbounded) carboxylate
groups and suggest a hydrophilic character of the surface. In
more detail, the XPS results on the state of Carey Lea
nanoparticle surfaces were reported and discussed elsewhere.*’

Thermogravimetric and differential scanning calorimetry
analysis (Figure 8) found larger total weight losses for the
nanoparticles produced with the traditional Carey Lea than for
the new one (8.8% vs. 2.8%). The heating in an inert
atmosphere involves evaporation of water (about 1 and 0.5%,
respectively); two reactions at 200 and 350 °C, which are due
to decomposition of the citrate-derived organic matter,”” are
much smaller, shifted to higher temperatures, and are slightly
exothermic, probably owing to the effect of an oxygen-bearing
Ag surface, than the reactions of trisodium citrate. The
endothermic weight loss at the temperatures higher than 650

°C (less than 0.5% of total mass for the modified Ag NPs)
seems to be due to decomposition of impurities of Fe and Na
salts. The results demonstrate that the Ag NPs immobilized
from the highly concentrated hydrosols contained very minor
quantities of bounded water and organic and mineral
contaminations, making them suitable for many applications
even in comparison to the traditional Carey Lea NPs, which
can easily enter various reactions.’”*!

The very high concentration and stability of hydrosols (let
us reiterate that the silver concentrations reached were about
100 and >1000 g/L in the classical Carey Lea method and the
modified one, respectively) are likely related with low residual
concentrations of electrolyte ions. It should be noted that the
dense hydrosols of silica commercially produced since 1950s
are based on the seminal work of P.G. Bird who proposed to
remove alkali metal ions and other electrolytes by ion exchange
or sorption “as far as possible”.”> The very concentrated
aqueous colloids have been reported to form also in bimodal
systems of silica and metal oxide nanoparticles.”* > Up to
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Figure 8. TG (a—c) and DSC (a’—c’) profiles for Ag NPs prepared
with (aa’) 0.6 M AgNO;, 0.6 M FeSO,, and 1.2 M Na;Cit (modified
method) and (bb’) 0.6 M AgNO,, 1.8 M FeSO,, and 3.2 M Na,Cit
(traditional Carey Lea method) and predried in air, in comparison
with (c,c’) trisodium citrate pentahydrate heated in an Ar atmosphere.

now, the mechanisms behind unique aggregative stability of
such colloids are questionable. We hypothesize that the
phenomena can be related to repulsive hydrophilic
forces’”®'~%® between water layers on the nanoparticles,
which are still poorly studied and require much more
attention; the problem, however, is beyond the scope of the
current article.

The above synthesis protocol and general strategy can be
utilized for large-scale green production of Ag NPs and
probably other metal and metal compound nanoparticles.
Citrate-derived capping ligands can be easily replaced with
different species, which are required to functionalize the metal
particle surface or to form new chemical compounds. For
instance, we demonstrated*' that the immobilized Ag NPs
enter diverse room-temperature chemical sintering reactions
with aqueous complexes of precious metals, oxidants, and
sulfide ions. The very dense hydrosols of Ag NPs are
prospective for their usage as inks, antimicrobials, nanofluids,
etc. Furthermore, easy availability of such concentrated
stabilizer-free fluid metal dispersions opens a way to novel
applications and (nano)technologies.

B CONCLUSIONS

The effect of various factors on the chemical reduction of Ag
nitrate with ferrous sulfate in the presence of citrate ions
(Carey Lea method) was studied by applying DLS, zeta
potential, TEM, UV—vis absorption spectroscopy, XPS, and
TG/DTA, and the results were used in order to optimize the
reaction conditions and post-synthetic procedures. Particularly,
a DLS study of sols after dilution was used to estimate the
tendency of colloidal particles to interact and aggregate by
analyzing the average hydrodynamic diameter Z,, determined
using the cumulant fit. It was found that the quantities of
reagents can be reduced to the molecular ratios AgNO;/
FeSO,/Na;Cit of 1:1:2, and the relative concentration of

citrate can be further decreased to 1.5 if aqueous ammonia was
added. More uniform and less aggregated Ag NPs formed at
reduced reaction temperatures and under high speeds of
agitation and injection of AgNO; solution. Examination of the
sol purification via electrolytic coagulation of the Ag NPs and
centrifugation revealed that the particle interaction increased
with the cycle number and centrifuge acceleration, probably
due to depletion in the amount of protective ligands and
excessive thickening of the precipitate, and with increasing the
concentration of the residual electrolyte. To tackle the
problem, we used filtration instead of centrifugation and
replaced NaNO; with trisodium citrate in the electrolytic
coagulation. This allowed obtaining extremely concentrated,
more than 1000 g/L, and stable silver hydrosols with no
additional stabilizers. The chemical, XPS, and thermogravi-
metric analyses found less than 3 wt % impurities (surface
ligands, water, Fe, and Na) in the Ag NPs desiccated in
ambient air. The mechanism of unusual sol stability may be
tentatively attributed to hydrophilic surface forces in the
electrolyte-free aqueous media, but further exploration is
required. The strategy can be utilized for large-scale production
of nanoparticles of Ag and probably other substances as very
dense hydrosols for the application as inks, antimicrobials,
nanofluids, and others; the findings can also pave the way for
novel materials and technologies.

B EXPERIMENTAL SECTION

Materials and Preparation Methods. Silver nitrate (AgNO;),
iron sulfate (FeSO,7H,0), trisodium citrate (Na;Cit-5.SH,0),
sodium nitrate (NaNO,;), and aqueous ammonium (NH;H,0)
were of analytical grade and used as received. Deionized water
(Millipore Milli-Q grade) was utilized to prepare all the solutions, to
redisperse Ag NPs, and to rinse the samples deposited onto
substrates.

The synthesis of silver nanoparticles was carried out according to
the original (in fact, slightly adapted) Carey Lea method® and the
modified technique at varied concentrations of reagents, temperature,
and injection and agitation rates using a homemade experimental
setup (Figure S1, Supporting Information) constructed of a solution
injection block driven by a Nema 23HS5628 and a reaction cell
stirred with Nema 17HS2408 stepper motors controlled with Arduino
Nano 3.0 and domestic software and thermostatic with a FT-211-25
cryothermostat (LOIP, Russia). In a typical experiment, S mL of
Na,Cit solution (0.7—2.7 mol/L), S mL of FeSO, (0.6—1.0 mol/L)
fresh solution, and 0.0—0.25 mL of NH,OH solution (12 mol/L)
were loaded in the reaction cell and agitated with a magnetic stirrer
(100—1200 rpm) for S min at a desired temperature (—10 to 80 °C).
Then, AgNO; solution (0.6 mol/L, S mL) was injected with the rate
of 1.0—20.0 mL/s, and the reaction media were stirred for another §
min; a black silver residue was formed almost immediately after
mixing the reagent solutions.

The reaction product was centrifuged for 10 min (CR4000,
Centurion Scientific, UK), the precipitate was redispersed in water (5
mL) forming a dark-brown hydrosol, and then, 1 mol/L NaNO,
solution (S mL) was added to coagulate Ag NPs. The procedure was
reproduced two or three times, and the last precipitate was suspended
in deionized water (“classical” Carey Lea hydrosol). In the modified
method, the Ag suspensions were, in contrast, filtered through a
hydrophilic PTFE filter membrane (Lab Supplies, China) or a nylon
membrane (Phenomenex, USA) with the pore size of 0.45 um to
separate the nanoparticle sediment from the electrolyte. Then, the Ag
NP residue was peptized in deionized water forming the “zero”
hydrosol with Ag concentration about 64 g/L. Aqueous solution of
Na;Cit (0.4 mol/L, S mL) was used as a coagulant, and the residue
formed was filtered and peptized in water (S mL); the purification was
repeated three times. The experiments with centrifugation were
performed for comparison too. To prepare highly concentrated, up to
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1500 g/L, silver hydrosols, a minimal volume of water (e.g., 0.2 or 0.3
mL) was added to the residue obtained in the third or fourth
purification stage. The colloids prepared without ammonia were stable
for an indefinite time; sol—gel transition occurred due to sol
centrifugation, evaporation of water, or addition of the electrolyte,
where the gels formed could be usually peptized again with a small
amount of additional water. To determine contents of Ag and Fe, an
aliquot of the hydrosol of known volume was weighted before and
after drying in air at 50 °C. The residue was dissolved in nitric acid,
and the solution was titrated with KSCN to determine Ag" or, after
sedimentation of Ag as AgCl, with EDTA to determine Fe’*,

Dynamic Light Scattering and Zeta Potential Measure-
ments. DLS studies together with zeta potential and conductivity
measurements were performed using a Zetasizer Nano ZS
spectrometer (Malvern Instruments Ltd.) at a scattering angle of
173° in a polycarbonate cell with Pd electrodes, typically at 25 °C.
Concentrations of the dense colloids were too high for the
measurements, and sols were diluted before the experiments; the
data presented here were acquired at 1:1000 dilutions, unless
otherwise stated. Nevertheless, the correlation functions often
revealed notable particle interaction, where the particle dispersion
index (Pdi) was commonly between 0.2 and 0.4. The nanoparticle
diameter (d;) determined using the size distribution analysis
implemented in Malvern Zetasizer Software (v7.10) showed the
main nanoparticle size of 6—12 nm, in reasonable agreement with
TEM data, while one or two minor distribution maxima in the range
of decades or hundreds of nm were poorly reproducible and showed
no clear regularities. At the same time, the average diameter (Z,,)
found using a cumulant fit*~* varied in a wide range but was well
reproducible, and it was utilized in the current research study as an
arbitrary value characterizing a measure of particle interaction
remained in the diluted hydrosols. The magnitude of hydrodynamic
diameter Z,, is mapped as a function of the synthesis parameters in
order to visualize their effect on the colloid behavior. The role of
various factors was also quantitatively calculated with Z,, as the target
parameter and process conditions as independent variables using
Statgraphics Centurion XVI, Design of Experiment (DOE) unit
software® (see the Supporting Information). The results for each
map are based on 244 experimental points measured in 3 parallels.

Characterization Techniques. An HT7700 (Hitachi) trans-
mission electron microscope operating at 110 kV was used for TEM
characterization of the hydrosol samples. A droplet of the diluted sol
was placed on a carbon-coated copper grid and allowed to dry at
room temperature. The particle size distribution was estimated from
micrographs for 1500—2000 particles using the Image] program.

UV—vis absorption spectra from diluted silver hydrosols were
collected in the range 200—800 nm in a thermostatic quartz cell with
the optical path of 1 cm by employing a Shimadzu UV 3600
instrument.

X-ray photoelectron spectra were acquired with a SPECS
spectrometer (SPECS GmbH) equipped with a PHOIBOS 150
MCD-9 analyzer using monochromatic Al Ka irradiation (1486.6 eV)
for excitation. Samples for XPS were prepared by drying a sol droplet
on highly oriented pyrolytic graphite (HOPG); the C 1s peak at
284.45 eV from the HOPG substrate was used as a reference. The
pressure in an analytical chamber was in the range of 10~° mbar. The
C 1s, O Is, and Ag 3d spectra were fitted using Gaussian—Lorentzian
peak profiles after Shirley-type background subtraction by employing
CasaXPS software.

Ag NPs for thermogravimetric and differential thermal analysis
(TG/DTA) were prepared by desiccating the dense hydrosols in air at
room temperature. TG/DTA studies were performed in the range
from ambient temperature to 1000 °C using an STA449 F1 Jupiter
instrument (Netzsch) at a heating rate of 10 °C/min in argon at a gas
flow rate of SO mL/min.
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