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Abstract

Electrosynthesis of gold nanoparticles (AuNp) was carried out by methylviologen
mediated reduction of Au(l) at potentials of the MV*/MV"™" redox couple in water/0.1 M NaCl
medium, in the absence and in the presence of stabilizers. In all the cases, AuNp are formed in
the solution bulk and are not deposited on the cathode. In the absence of stabilizers, AuNp (14-
100 nm) coalesce to give aggregates of various shapes that eventually form a deposit. Sonication
reversibly destructs the deposit into nanoparticles. In the presence of alkylamino-modified
silicate nanoparticles (SiO,-NHR, 120-160 nm), spherical AuNp (< 20 nm) are bound as
inclusions in the SiO,-NHR surface layer. Polyvinylpyrrolidone (40000 D) stabilizes spherical
AuNp with a mean diameter of 5-14 nm. All the particles were characterized by electron

microscopy methods (SEM, STEM) and X-ray powder diffraction (XRPD).

1 Introduction

Currently, metal nanoparticles attract much scientific interest due to their unusual
physical and chemical properties that differ from those of the bulk metal and due to the wide
variety of their practical uses in catalysis, biomedicine, optics, electronics, etc.'” Gold
nanoparticles (AuNp) that have been long known as colloid gold are the most common and most
widely used, in biomedicine in particular. AuNp are rather stable. They are charged negatively in
the presence of chloride ions due to adsorption of AuCl,” complex ions on their surface.® Their
color varies depending on size. They manifest biocide and catalytic properties.® Diverse methods
are used to obtain gold nanoparticles. The known preparation methods, properties and
applications have been summarized rather comprehensively in monograph6 and in reviews.” A
simple and convenient, and hence the most popular method to synthesize AuNp involves

chemical reduction of salts and complexes of gold(LIIl), most often gold(Ill), AuCls ions in
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particular. All these compounds are readily reducible, therefore AuNp can be obtained under
various conditions. According to estimates®, about 100 of diverse reducing agents have been
used to obtain AuNp. It is believed that pioneering studies were performed by Faraday10 and
Zsigmondy'' who used formaldehyde, ethanol and white phosphorus as reducing agents.
Electrochemical reduction of metal ions and complexes is a classical method for
industrial preparation of metals, galvanic coatings, and black metal on electrode surfaces'”. The
electrochemical method is also popular for the preparation of metal nanoparticles, including gold
nanoparticles'®, immobilized on a conductive substrate (electrode)'*. However, electrochemical
methods for the preparation of metal nanoparticles in other states (in solution, on non-conductive
solid carriers, in matrices, in nanocapsules, etc.), which are also in demand, have been developed

much less. We were able to find only a few publications'>'®

on the preparation of AuNp of this
kind. This is primarily due to the fact that when a metal is reduced on an electrode, it is deposited
on it. For example, if this method is used to obtain silver nanoparticles in a solution, up to 80%
of the metal is deposited on the electrode surface.'”"® The deposition problem is partially solved
by combining the process of metal formation during a short current pulse with its subsequent
transfer from the electrode surface into the solution by sonication of the working electrode (pulse

19-21

sonoelectrochemistry) ', as well as by using bulky tetraalkylammonium and phosphonium

salts as the supporting electrolyte (the Reetz method)'™>'#%2°,

We believe that another, simpler and more efficient approach to the electrochemical
preparation of metal and alloy nanoparticles in solution bulk may involve moving the
electrochemical reduction of ions or complexes from the electrode surface to the solution bulk
using mediators. In this case, the mediator is reduced on the cathode and the reduced form of the
mediator reduces metal ions (complexes) in the solution bulk. Thus, the undesired metal
deposition on the electrode is prevented or minimized. Furthermore, the method provides a
fundamentally new possibility to generate and obtain metal nanoparticles in the solution bulk in
those cases where reduction of metal ions directly on the electrode is difficult or impossible, e.g.,
due to insolubility or low solubility of salts, ion encapsulation in micelles, polymer globules or
other matrices, or immobilization on a non-conductive solid carrier.

In chemical synthesis of a finely-dispersed metal using alkali metals to reduce metal salts
in ethereal or hydrocarbon solvents according to the Rieke process, organic electron carriers
(naphthalene, biphenyl, anthracene, etc.) are widely used as mediators.”** However, due to the
stringent requirements for aprotic properties of the medium, the method has lost its synthetic
significance and was not used in recent years according to Kharisov’s analysis.” However,
mediated electrosynthesis lacks these restrictions, and in fact, it is widely used. Based on the idea

of mediated reduction of metal ions®’, we recently showed the principal possibility of efficient
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electrosynthesis of Pd and Ag nanoparticles in solution bulk by mediated electrochemical
reduction of [PdC14]*" in 60% aqueous DMF’'** or DMSO* and of in situ anodically generated
Ag’ ions in DMF**° using methylviologen (MV*") and/or tetraviologen calix[4]resorcines with
n-alkyl substituents in the resorcinol rings as the mediator, at potentials of the MV>"/MV™,
MVCA-C,*/MVCA-C,*" (n=1,5,10) redox couples. Tetraviologen calix[4]resorcines
simultaneously showed the properties of nanoparticle stabilizers in solution and/or on the
electrode surface. Electrosynthesis of ultrasmall palladium nanoparticles (3-8 nm) immobilized
on the surface of water-soluble silicate nanoparticles modified with alkylamino groups (SiO,-
NHR) (120-160 nm) was carried out by reduction of [PdCL4]* in aqueous medium with
methylviologen as the mediator.*® Using the methylviologen moieties of a polymer nanoparticle
(a copolymer of tetraviologen calix[4]resorcine with styrene), a nanocomposite material was
obtained, namely, polymer nanoparticles (40-50 nm) with incapsulated ultrasmall palladium
nanoparticles (4-7 nm).”” In the latter case, the mediator that has nanocapsule pores
simultaneously plays the role of a stabilizer. A silicate core/silver shell nanocomposite material
was obtained by reduction of insoluble AgCl in water in the presence of SiO,-NHR silicate
nanoparticles.®® The efficiency of the mediated electrosynthesis method was also shown in the
preparation of cobalt nanoparticles in aprotic DMF by potentiostatic electrolysis in an undivided
cell at controlled potentials of anthracene reduction (mediator) to an radical anion at room
temperature using a Co anode as an in situ Co(Il) source.*

In this paper, we demonstrate for the first time the capabilities of mediated
electrosynthesis for the preparation of gold nanoparticles in an aqueous medium. In chemical
synthesis, metal nanoparticles are usually obtained by reduction of Au(Ill) salts and complexes.
However, we obtained them by methylviologen mediated reduction of AuCl, both in the absence
and in the presence of stabilizers, namely silicate nanoparticles modified with alkylamino groups

(SiO,-NHR) and polyvinylpyrrolidone.

2 Experimental section
2.1 Chemicals

Methylviologen dichloride MV*"-2CI", AuCl, polyvinylpyrrolidone, and the supporting
NaCl electrolyte (Aldrich) were used as purchased without additional purification. The
alkylamino-modified silica nanoparticles (SiO,-NHR) were synthesized through the well-known
Stober procedure with the use of 3-[2-(2-aminoethylamino)ethylamino]-propyltrimethoxysilane

as previously described.*® Twice distilled water was used in the experiments.

2.2 Electrosynthesis of AuNp.
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Preparative electrolysis was carried out in a three-electrode cell separated with a porous
glass diaphragm in potentiostatic mode (-0.9 V vs. SCE) in argon atmosphere at room
temperature (T = 295 K) using a P-30J potentiostat. For electrolysis, the working solution was
prepared in the following way. Electrolysis 1: 10 mL of an aqueous solution containing 2 mM
MVZ.2CI (6.3 mg), 1.5 mM AuClI (3.5 mg), and 0.1 M NacCl (58.5 mg). Electrolysis 2: 20 mL
of an aqueous solution containing 2 mM MVZ".2CT (12.6 mg), 1.5 mM AuCl (7.0 mg), 1.0 g/L
of SiO,-NHR silica nanoparticles (20 mg) and 0.1 M NaCl (117.0 mg). Electrolysis 3: 10 mL of
an aqueous solution containing 2 mM MVZ".2CI (6.3 mg), 1.5 mM AuCl (3.5 mg), 75 mM (with
respect to monomeric unit) PVP (83.3 mg), and 0.1 M NaCl (58.5 mg). During the electrolysis,
the solution was stirred with a magnetic stirrer. A glassy carbon (GC) plate was used as the
working electrode (S = 5.2 cm? in electrolysis 1, 3 and 9 cm? in electrolysis 2). SCE was used as
the reference electrode and was connected by a bridge filled with the supporting solution. A Pt
wire immersed in the supporting solution was used as the auxiliary electrode.

When the electrolysis was over, the solution was controlled by cyclic voltammetry (CV)

on the indicator glassy carbon disk electrode (@ = 3.4 mm).

2.3 Instrumentation

2.3.1 Electrochemical measurements. Cyclic voltammograms (CV curves) were
recorded in H,O/0.1 M NaCl in argon atmosphere using a P-30J potentiostat. A glassy carbon
disk electrode (@ = 3.4 mm) pressed into Teflon was used as the working electrode. The
electrode was cleaned by mechanical polishing before each measurement. Platinum wire was
used as the counter electrode. The potentials were measured relative to aqueous saturated
calomel electrode (SCE), Ey’> (Fc/Fc") = +0.41 V. The aqueous SCE was connected by a bridge
filled with the supporting solution. The steady state potential was chosen as the start and end
point in recording all the voltammograms. The temperature was 295 K. The diffusion nature of
the peak currents i, was proven using the theoretical shape of the voltammogram and the linear
dependence 1, — v!'? by varying the potential scan rate v from 10 to 200 mV/s. During
preliminary exposure of the electrode at a given potential (microelectrolysis), the solution was
not stirred, and the CV curves were recorded starting from that potential.

2.3.2 Scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) measurements. For SEM and STEM measurements, the nanoparticles
formed in the electrolysis was separated by centrifugation (15 000 rpm) for 15 minutes. The
precipitate was washed with water (3 times) and dispersed in double-distilled water by
sonication. For the SEM analysis, the resulting solution was applied to the surface of a titanium

foil. Then the sample was exsiccated by low heating (not higher than 40°C). The morphology of
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the sample surfaces was characterized in plan-view with SEM using a high-resolution. Merlin
microscope from Carl Zeiss combined with ASB (Angle Selective Backscattering) and SE
InLens (Secondary Electrons Energy selective Backscattering) detectors, which was also
equipped for energy-dispersive X-ray spectroscopy (EDX) analysis with AZTEC X-MAX
energy-dispersion spectrometer from Oxford Instruments. The analysis of nanoparticles was
carried out using a Merlin field-emission scanning electron microscope (STEM-mode). The
suspension of nanoparticles was deposited on a formvar (tm)/carbon coated 3 mm copper grid,
then dried and analyzed using the scanning electron microscope STEM detector.

2.3.3 Dynamic light scattering (DLS) measurements. DLS measurements were
performed using Malvern Instrument Zetasizer Nano. The measured autocorrelation functions
were analyzed with Malvern DTS software.

2.3.4. X-ray powder diffraction (XRPD) measurements were performed on a Bruker D8
Advance diffractometer equipped with Vario attachment and Vantec linear PSD, using Cu
radiation (40 kV, 40 mA) monochromated by the curved Johansson monochromator (A Cu Ky
1.5406 A). Room-temperature data were collected in the reflection mode with a flat-plate
sample. The samples were loaded on a standard zero diffraction silicon plate, which was kept
spinning (15 rpm) throughout the data collection. Patterns were recorded in the 2@ range
between 3° and 90°, in 0.008° steps, with a step time of 0.1-4.0s. Several diffraction patterns in
various experimental modes were collected and summed for the sample. Processing of the
obtained data performed using EVA® and TOPAS*' software packages. X-ray powder
diffraction database (ICDD PDF-2, Release 2005) was used to identify the crystalline phase.

3 Results and discussion
3.1 Electrosynthesis of AuNp in H,0/0.1 M NaCl medium in the absence of a stabilizer

To determine the feasibility of mediated electrosynthesis of gold nanoparticles and to
choose the electrosynthesis parameters, we first performed a CV study of AuCl and
methylviologen MV*" solutions and their mixtures in H,0/0.1 M NaCl medium. There are no
oxidation peaks on the CV curves of AuCl in the anodic region up to +1.20 V (Fig. 1c), whereas
the cathodic region contains two irreversible reduction peaks (Fig. 1a,b). The potentials of these
peaks (E,"' = +0.29 V and E,** ~ -0.08 V vs. SCE) are much more positive than the reference
value'? of the Au(I) reduction half-wave potential in 5 M NaCl supporting solution on mercury
electrode (E;» = -1.06 V). It should be noted that the potentials that we obtained are in better
agreement with the fact that chemical reduction of gold compounds occurs quite readilyé. In case
of repeated recording of CV curves with mechanical surface cleaning after each cycle, some

variations in potential, current, shape and steepness of the first peak and in the ratio of the first
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and second peak currents are noticeable. However, the first peak is always predominant and its
current is diffusion controlled (7,1 ~ Vv /2). Upon potential reversal both after the first (E, = +0.05
V) (Fig. 1a) and second reduction peak (E; = -0.85 V) (Fig. 1b), the anodic branch of the cyclic
voltammogram shows an irreversible reoxidation peak at EpAl = +0.92 V. The anodic
voltammogram of bulk gold electrode in sulfuric acid medium in the presence of chloride ions
has the same shape and contains active dissolution, passivation and transpassive regions.'
Apparently, the A; peak corresponds to oxidation of (Au’), particles deposited on the GC
electrode. It is known that in the presence of excess chloride ions, Au(I) can exist in solution
both as AuCl and as AuCl,” complex ion.° Furthermore, adsorption of organic admixtures from
the solution on a small fraction of a hydrophobic glassy carbon electrode is possible. These
components can create a barrier to reduction and thus cause a second peak to appear. We did not
study the nature of the species which are reduced at the potentials of these two peaks. However,
it is quite obvious that one-electron reduction of Au(I) compounds to (Au”), occurs at both

potentials.

Current, pA

T T
-0.5 0.0 0.5 1.0
Potential, V vs. SCE

Fig. 1 CV curves of 1.5 mM AuCl in the cathodic region in case of potential reversal at +0.05 V
(a), -0.85 V (b) and in the anodic region (c). GC, H,0/0.1 M NaCl, scan rate 100 mV/s.

By converting the CV curve in the potential range from the starting value (+0.60 V) to the
reversal potential (+0.05 V) and further to +1.20 V into a current — time relationship 7 - T (Fig. S1
in the ESI) and integrating this relationship separately for reduction and reoxidation, we
determined the quantity of electricity values (Qreq and Qox), and used the Faraday law (n = 1) to
determine the mass of the generated metal (Au,,) and the metal deposited on the electrode
surface and oxidized at the +0.92 V peak (Augep) during the CV curve recording (Table S1 in the
ESI). The results of a similar calculation for silver’ showed that the entire generated metal was
deposited and oxidized at the corresponding peak. However, in this case, under CV conditions

only a fraction (65%) of the generated metal (Au’), is deposited and oxidized at the A; peak..
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Apparently, the remaining fraction is also deposited but, like the bulk metal, it is passivated and
has no time to undergo oxidation at the A; peak. The much higher oxidation current at +1.20 V
in comparison with the supporting solution can indicate that gold is present on the electrode
surface after oxidation at the A; peak. On the other hand, it may not be ruled out that a fraction
of the metal generated is transferred to the solution as colloid particles. The metal amount Auge,
and Aug, increases if the potential is reversed at -0.85 V due to an increase in the
electroreduction time (Table S1 in the ESI). However, the amount of Aug., cannot be estimated
in this case since gold particles are deposited on the GC surface during CV recording, and a
considerable reduction current is observed on such a modified electrode in the supporting
solution even at -0.85 V (Fig. 1). On a non-modified GC electrode, the same current in
supporting solution is reached at -1.30 V only.

Two reversible one-electron peaks are recorded for methylviologen MV*". They are
typical of this compound** and correspond to the reduction to MV™" radical cation and neutral

diamine MV" (Fig. 2a,b).

Current, pA

T
-1.0 -0.5 0.0 0.5 1.0
Potential, V vs. SCE

Fig. 2 CV curves for 2.0 mM MV?" in the presence of various AuCl concentrations: 0 mM (a

and b), 0.5 mM (c), 1.5 mM (d). GC, H,0/0.1 M NacCl, scan rate 100 mV/s.

Both reduction steps have much more negative potentials (EpC3 =-0.70 V and EpC4 x -
1.03 V) than the Au(l) peaks. If both 2.0 mM MV*" and 1.5 mM AuCl are present in the
solution, the overall CV curve matches the additive curve of the components taken separately
(Fig. 2d). The only difference is that the second reduction peak C, of Au(I) is missing for the
mixture, while the first peak C; grows accordingly. Most likely, MV>" solubilizes the organic
compounds adsorbed on GC and thus removes the barrier and activates the entire electrode
surface. Under these conditions, C; is also a diffusion peak. Its current increases with an increase
in AuCl concentration, and the first peak of methylviologen reduction remains reversible (Fig.

2). Under CV conditions, the presence of MV*" in the solution does not result in a decrease in the
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amount of generated and oxidized deposited gold (Table S1 in the ESI). However, its presence
clearly affects the Aug,, amount if the potential is not varied in time but set at once at the first
step of methylviologen reduction, i.e., under conditions of microelectrolysis without solution

stirring. In fact, the Auge, amount increases with an increase in electrode exposure time at Au(l)

reduction potentials (+0.20 V) (Fig. 3, Table S1 in the ESI).

Current, pA

-100 4

-1.0 ' -0l.5 l 0.I0 l O.IS I 110
Potential, V vs. SCE
Fig. 3 CV curves for the system containing 2.0 mM MV*" + 1.5 mM AuCl after keeping the

electrode at +0.20 V for a period of (s): 0 (a), 30 (b), 60 (c). GC, H,0/0.1 M NaCl, v = 100
mV/s.

At similar electrolysis times and at potentials of MV"" radical cation generation (-0.85 V),

the Auge, amount is much smaller and decreases with an increase in exposure time (Fig. 4, Table
S1 in the ESI).

50+

Current, pA

-50

-100

-1.0 -0.5 0.0 0.5 1.0

Potential, V vs. SCE

Fig. 4 CV curves for the system containing 2.0 mM MV*" + 1.5 mM AuCl after keeping the
electrode at -0.85 V for a period of (s): 0 (a), 30 (b), 60 (c). GC, H;0/0.1 M NaCl, v= 100 mV/s.

For example, if microelectrolysis is carried out for 1 min at this potential, the Augep

amount is 5.8 times smaller than the amount deposited at +0.20 V. Since the generated metal
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amount is the same as at potentials of the C; peak, the result obtained indicates unambiguously
that Au(I) is reduced not only on the electrode but also at some distance from the electrode, in
the solution bulk, by the MV"" radical cations generated (Scheme 1). Reduction of Au(I) directly
on the electrode and in mediated mode in the near-electrode zone of the solution occurs only in
the initial time period of the electrolysis, and the metal generated is adsorbed and deposited on
the electrode. With time, as MV™" is accumulated and diffuses to the solution bulk, the zone of
mediated reduction moves from the electrode surface to the solution bulk. The entire Au(l)
amount that is transported due to diffusion from the solution bulk is reduced by the MV™" radical
cations existing in this zone, while reduction of the former on the electrode surface ceases. The
MV radical cations create some kind of protective layer in the cathode zone, which limits or
prevents the reduction of Au(I) ions directly on the electrode. In other words, methylviologen
MV?" acts as an efficient mediator of Au(I) electrochemical reduction at potentials of the
MVZ*/MV"" redox couple. The data obtained also mean that under CV conditions, deposition of
the major fraction of the metal occurs during the period when the potential is scanned from the
C, peak to the bottom of the Cs peak. It follows from the fact of Auge, decrease with an increase
in electrolysis time that methylviologen MV"" radical cations facilitate the dissolution of the gold

particles deposited on the electrode.

MV2* + - —» MV**
MV + Au(l) — MV2* + Au®
nAu? — (Au°)n

Scheme 1 Mediated Au(I) reduction.

Based on the CV data obtained, gold nanoparticles were obtained in the solution bulk by
preparative electrolysis of a mixture of 2 mM MV*" and 1.5 mM AuCl on a GC electrode at
controlled potential of MV™" radical cation generation (-0.90 V). Since at -0.90 V on a GC
electrode modified by gold particles, a fraction of current is also consumed for reduction of the
supporting solution, we passed an excess (20%) amount of electricity with respect to AuCl: Q =
1.2 F. The pale yellow starting solution turns gray-black and turbid during the electrolysis. The
blue color that is characteristic of methylviologen MV"" radical cations* is not observed in the
solution, indicating that they quickly react with Au(l). The current gradually decreases during the
electrolysis (9.3 min) (I 4.2 — 3.1 mA). A dark suspension is visually observed after the
electrolysis. According to CV measurements on the indicator electrode, the solution contains
methylviologen in a nearly initial concentration and only traces of Au(l) (Fig. 5), i.e., preparative

electrolysis results in quantitative mediated reduction of Au(I) (Scheme 1). No noticeable
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amounts of the metal are deposited on the cathode during this process, as follows from the
constancy of the cathode mass. Hence, the entire amount of generated metallic gold (m =2.7 mg)
stays in the solution. The gold particles in the solution manifest themselves on the CV curves as
an oxidation peak that which appears upon electrode exposure in the solution without stirring

and without applying a potential and that increases with exposure time (Fig. 6).

50

Current, pA

.50

-100

-1.0 -0.5 0.0 0.5 L0

Potential, V vs. SCE

Fig. 5 CV curves for the 2.0 mM MV*" + 1.5 mM AuCl system before (a) and after electrolysis
at-0.9 V (Q = 1.2 F with respect to AuCl) (b). GC, H,0/0.1 M NaCl, v= 100 mV/s.

Current, pA

0.6 ' 08 ' 10
Potential, V vs. SCE
Fig. 6 CV curves for the 2.0 mM MV>" + 1.5 mM AuCl system after electrolysis at -0.9 V (Q =

1.2 F with respect to AuCl) at various times of electrode exposure in the solution without stirring

and with applied potential, min: 0 (a), 5 (b), 10 (c). GC, H,0/0.1 M NaCl, v=100 mV/s.

In a few minutes after stirring is stopped, the metal suspension settles completely to leave
a colorless transparent solution. The precipitate was isolated by centrifugation (10 min at 15000
rpm) and washed three times with water. As the precipitate is dispersed into water by sonication,
the solution acquires a lilac color of gold nanoparticles’. However, in a few seconds after

ultrasound is turned off, the transparent lilac solution becomes as gray-black and turbid as the
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solution after the electrolysis. Apparently, the non-stabilized gold nanoparticles formed during
the electrolysis are aggregated with time into larger particles that form a precipitate. Upon
sonication, the aggregates decompose into nanoparticles, but undergo aggregation again after
ultrasound is turned off.

Metal nanoparticles from the lilac solution were deposited onto a support and studied by
electron microscopy and analyzed for elementary composition. One can see from SEM (Fig. 7A)
and STEM images (Fig. 7B) that the nanoparticles have various shapes and sizes (from 14 to 100
nm). They are composed of almost pure gold according to elementary analysis (Ti and Al are
from support) (Fig. 8). Larger particles are apparently aggregates of smaller particles and
therefore have various shapes. As it was confirmed by XRPD analysis (Fig. 9, curve a) the main
interference peaks correspond to a crystalline gold (code Ne 00-004-0784 in the PDF database).
The diffuse nature of most of the diffraction peaks suggest about very small linear dimensions of

the gold crystallites, i.e., that it is nanostructured. The mean dimensions of the gold crystallites

calculated from the interference peaks wide are in the range of 12 — 26 nm.

Pulses, s/leV

Energy, keV

Fig. 8 Energy-dispersion spectrum of gold nanoparticles on a titanium support.
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Fig. 9 A part of the experimental diffraction patterns of Au without stabilizer (a), Au — SiO;-
NHR (b), Au@PVP (c) after subtraction of background. For clarity, the curves are shifted
relative to each other along the intensity axis. Red vertical lines show the position of the
interference peaks corresponding to a crystalline gold - Gold, syn., Code Ne 00-004-0784 in the

PDF database.

3.2 Electrosynthesis of AuNp in H,0/0.1 M NaCl medium in the presence of SiO,-NHR

silicate nanoparticles modified by alkylamino groups

Addition of 1 g/l SiO,-NHR nanoparticles to the solution nearly does not affect the
morphology of the CV curve for the 2.0 mM MV*" + 1.5 mM AuCl system (Fig. 10b).

50

50

Current, pA

-100 4

-150 1

Potential, V vs. SCE

Fig. 10 CV curves of the 2.0 mM MV>" + 1 g/l SiO,-NHR (a), 2.0 mM MV*" + 1.5 mM AuCl +
1 g/l SiO,-NHR systems (b) and system after reduction at -0.90 V (Q = 1.3 F with respect to

AuCl) (c). GC, H,0/0.1 M NaCl.

Presumably, SiO,-NHR nanoparticles do not interfere with heterogeneous and mediated

reduction of Au(l) and can participate only at the stage of binding and stabilization of gold
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nanoparticles. Therefore, without additional CV studies, we performed a preparative reduction of
a solution (20 ml) containing 2 mM MV*", 1.5 mM AuCl and 1 g/l SiO,-NHR at a controlled
potential of -0.9 V on a GC electrode. The current decreases during the electrolysis (9.9 min) but
remains rather high (I 11 — 5.3 mA). The amount of electricity is Q = 1.3 F with respect to
AuCl. The starting slightly turbid pale-yellow solution remains turbid during the electrolysis but
gets darker to become black-brown at Q = 1.2 F (Fig. S2 in the ESI). During subsequent
reduction to Q = 1.3 F, the solution acquires a blue color of methylviologen radical cations that
slowly disappears with time, which indicates that exhaustive mediated reduction of Au(I) occurs
and a small excess of electricity is passed. Apparently, Q = 1.2 F is again sufficient for the
quantitative reduction of Au(I) in this case.

Measurement of the electrode mass before and after the electrolysis show that nothing is
deposited on the electrode during the electrolysis. After the electrolysis, the CV does not show
any reduction peaks of Au(I) or oxidation peaks of gold nanoparticles (Au’), but only contains
methylviologen reduction and reoxidation peaks with initial intensity (Fig. 10a,c). It follows
from SEM micrographs (Fig. 11A,B) for the nanoparticles isolated that electrolysis mostly gives
a nanocomposite material: spherical silicate nanoparticles (120—160 nm in diameter) with
inclusions of spherical gold nanoparticles (£ 20 nm). Under the conditions and with the
electrolysis mode used, metal nanoparticles of various sizes are formed and they are unevenly
distributed over silicate nanoparticles. The STEM image (Fig. 11C,D) distinctly shows the
characteristic rim containing the modifying alkylamine layer. It is this layer where binding and
stabilization of gold nanoparticles occur, apparently with involvement of amino groups and
hydrophobic alkyl moieties liable to complexation. There is a strong confirmation from XRPD
results (Fig. 9, curve b) that the AuNp also consist of crystalline gold as in the absence of a

stabilizer. The calculations show that its dimensions lie in the same range of values.
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Fig. 11 A SEM (A, B) and STEM (C, D) images of SiO,-NHR nanoparticles with gold

nanoparticles electrodeposited on their surface.

3.3 Electrosynthesis of AuNp in H,0/0.1 M NaCl medium in the presence of
polyvinylpyrrolidone

We took polyvinylpyrrolidone (PVP) with a molecular mass of 40 000 D as another
stabilizer of gold nanoparticles as it is widely used for this purpose. On addition of PVP (75 mM
per monomeric unit) to 1.5 mM AuCl solution and to a 1.5 mM AuCl + 2.0 mM MV*" solution,
the morphology of CV curves is retained, but the heights of both Au(I) reduction peak and Augep,
reoxidation peak decrease (Fig. 12a, Fig. S3 in the ESI). On the other hand, PVP does not affect
the CV curves of methylviologen (Fig. S4 in the ESI). Apparently, Au(I) is efficiently bound by
polyvinylpyrrolidone, which decreases its diffusion coefficient and hence decreases its diffusion

reduction current peak. Accordingly, the amounts of Auge, and Auge, decrease.
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Fig. 12 CV curves for the 1.5 mM AuCl + 2.0 mM MV?* + 75 mM PVP system before (a) and
after (b) reduction at -0.90 V (Q = 1.1 F with respect to AuCl). GC, H,0/0.1 M NaCl, v = 100
mV/s.

Preparative reduction of a solution (10 ml) containing 2.0 mM MV*", 1.5 mM AuCl, and
75 mM PVP was carried out on a GC electrode at a controlled potential of -09 V, Q = 1.1 F
with respect to AuCl. During electrolysis (14.2 min), the current decreased (I = 2.5 — 2.0 mA),
the solution remained homogeneous, and its color changed from yellow through pink to purple.
It turned purple-crimson after exposure to air (Fig. S5 in the ESI). In the presence of PVP no
noticeable reduction of the supporting solution occurs at -0.9 V (Fig. 12); electricity is consumed
only for reduction of MV>" to the MV"" radical cation, and ultimately for mediated reduction of
Au(I). And, since an excessive amount of electricity was passed (110 %), some amount of MV""
radical cations accumulated in the solution. It is the combination of their blue color with the
purple-crimson color of gold nanoparticles that gives the purple color of the solution. The MV™*
radical cations are oxidized with oxygen, therefore the solution changes color on exposure to air.

Nothing is deposited on the electrode during the electrolysis. In the UV-vis spectrum of
the solution after electrolysis, a broad band typical of gold nanoparticles6 is recorded at 523 nm
(Fig. 13). The CV curves contain no AuCl reduction peak but do contain peaks of
methylviologen reduction with a lower intensity (by 30%) and an oxidation peak of gold

nanoparticles (Fig. 12b).
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Fig. 13 UV- vis spectrum of the solution containing 2.0 mM MV*", 1.5 mM AuCl, and 75 mM
PVP in H,0/0.1 M NacCl after reduction at -0.90 V (Q = 1.1 F with respect to AuCl).

According to SEM (Fig. 14A) and STEM data (Fig. 14B), the isolated gold nanoparticles
stabilized by PVP are spheres with sizes ranging within 5-14 nm. Elementary analysis (Fig. S6 in
the ESI) confirms that they contain gold, and XRPD data (Fig. 9, curve ¢) indicates that this

particles are gold crystallites with dimensions of 8§ — 18 nm.

Fig. 14 A SEM (A) and STEM (B) images of gold nanoparticles stabilized by PVP.

It is interesting that, according to DLS data, the mean hydrodynamic radius of particles in
the solution obtained after the electrolysis is much larger and amounts to 67 nm by number, and
193 and 5472 nm by intensity (the polydispersity index PdI is 0.290) (Fig. S7 in the ESI).
Presumably, this means that, while stabilization of gold nanoparticles in a PVP capsule hinders
the agglomeration and enlargement of metal nanoparticles, it does not prevent aggregation of

nanocomposites themselves (the metal in a capsule).

4 Conclusions
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In continuation of the previously started studies on mediated electrosynthesis of metal

nanoparticles in solution bulk®' ™

, we were the first to perform an electrosynthesis of gold
nanoparticles (AuNp) by methylviologen mediated reduction of Au(l) at potentials of the
MV**/MV™" redox couple in H,0/0.1 M NaCl medium. Upon direct reduction on a glassy carbon
electrode, the metallic gold that is formed is deposited on the electrode, both in the absence and
in the presence of the mediator. In the mediated process, no noticeable amount of the metal is
deposited on the cathode and the entire Au(I) amount is quantitatively converted to AuNp in the
solution bulk. This process requires Q = 1.0 — 1.2 F, depending on the conditions. In the absence
of a stabilizer, the resulting AuNp (14-100 nm) undergo aggregation and form a deposit. The
aggregates are reversibly destructed into nanoparticles upon sonication. In the presence of
spherical water-soluble alkylamino-modified silicate nanoparticles (SiO,-NHR, 120-160 nm), a
nanocomposite material is formed, in which spherical AuNp (£ 20 am) are bound in the
alkylamine SiO,-NHR surface layer. Polyvinylpyrrolidone (40000 D) stabilizes spherical AuNp

with a mean diameter of 5-14 nm. All the AuNp were characterized by X-ray powder diffraction,

scanning and transmission electron microscopy.
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