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In this report we present new insights into the formation mechanism of Ag, Au and AgAu nanoparticles

with alcohols, aldehydes and ketones in alkaline medium at room temperature. We selected methanol,
ethanol, glycerol, formaldehyde, acetaldehyde and acetone to demonstrate their capability of reducing
gold and silver ions under the above-mentioned conditions. We showed that the particles are also

formed with potassium tert-butoxide in the absence of hydroxides. Our results strongly suggest that
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alkoxides, formed from any molecule containing a hydroxyl or a functional group capable of generating
them in alkaline medium, are the actual and universal reducing agent of silver and gold ions, in
opposition to the currently accepted mechanisms. The universality of the reaction mechanism proposed

in this work may impact on the production of noble nanoparticles with simple chemicals normally found

www.rsc.org/pccp in standard laboratories.

1 Introduction

Noble metal nanoparticles have found innumerable applications
including photonics,"? electrocatalysis,’> chemical sensing,®
biosensing” and catalysis.®* *° Their synthesis usually involves
the reduction of a precursor salt of the desired metal by sodium
borohydride,"* sodium citrate'> and hydrazine."® Hydrazine is
particularly efficient as a reducing agent, however it should be
avoided because it has many drawbacks such as carcinogenicity,
environmental hazards and instability (especially in its anhydrous
form).'* Recently we reported an environmentally friendly route to
produce gold"® and silver'® using glycerol as a reducing agent
in alkaline medium. Glycerol is a greener option since it is non-
toxic and readily biodegradable under aerobic conditions. Sugar-
persubstituted poly(amidoamine) dendrimers (sugar balls)'” and
glucose’® have also been successfully applied as “green” reducers
for the synthesis of gold and silver nanoparticles, respectively.
Similar to glycerol, both chemicals have plenty of hydroxyl groups
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that are undoubtedly involved in the reaction. The question is
how the hydroxyl groups participate in the reaction.

Herein we present new insights into the formation mechanism
of gold (Au), silver (Ag) and gold-silver bimetallic (AuAg) nano-
particles (Nps). For the first time, we show evidences that the
reducing agent is not the hydroxyl group itself, but the alkoxide
formed from it in alkaline medium regardless of the identity of
the starting molecule, provided that it contains hydroxyl groups or
it is prone to generate them. Our results reveal that Au-Nps,
Ag-Nps and AuAg-Nps can be synthesized not only with glycerol,
but also with methanol, ethanol, acetone, formaldehyde and
acetaldehyde in alkaline medium at room temperature. Originally
the reducing molecule must have either a hydroxyl or a carbonyl
group that can form the hydroxyl through nucleophilic addition.
In alkaline medium these hydroxyl groups are deprotonated to
some extent. We argue here that the true reducing species is the
corresponding alkoxide generated in high-pH media. Alkaline
conditions are imperative since there was no formation of nano-
particles with glycerol, methanol, ethanol, acetone, formaldehyde
and acetaldehyde in either neutral or acidic media. On the other
hand, they were formed with potassium tert-butoxide in water
(that is potassium ion + alkoxide) in the absence of hydroxides,
supporting our discussion about the alkoxide as the main redu-
cing species.

There are reports on synthesis of silver nanoparticles with
ethylene glycol and glycerol'® under alkaline conditions with
NaOH being regarded as a mere accelerator. We show here that
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the OH™ plays indeed a major role in the process. Formaldehyde
in basic medium®® has been previously employed for the silver
nanoparticle production. In that work the authors proposed an
implausible release (as explained later) of a hydride ion that
would function as reducing species. It has been also shown that
micrometric silver powder*' can be obtained by reducing Ag*
with acetone in alkaline medium. In the proposed mechanism a
carbanion is formed by the abstraction of an o-hydrogen. The
carbanion subsequently reacts with either an acetone molecule
or another carbanion releasing electrons for the reduction of
Ag'. Herein a simple OH ™ addition to the carbonyl group of the
acetone, with subsequent formation of the alkoxide from the
hydroxyl group in alkaline medium, is proposed.

The results presented here represent a change of paradigm
for the role of the hydroxyl groups in the formation of noble
nanoparticles. The universality of the reaction mechanism
proposed in this work may impact on the production of noble
nanoparticles with simple chemicals normally found in standard
laboratories, in contrast to the borohydride route, for example.
The nanoparticles obtained with alkoxides as reducing agents
are shown to be applicable for glycerol and borohydride electro-
oxidations and oxygen electro-reduction. Due to the ease of
production and scalability, their application may be expanded
to other fields, such as to cancer therapy®* and cancer cell
imaging.*

2 Experimental section
2.1 Reagents and instrumentation

All chemicals (Aldrich) used in this work were of analytical grade
and used without further purification. UV-vis spectra of the
Au-Np, Ag-NP and AuAg-Np colloidal suspensions were acquired
using a Varian/Cary 5G spectrophotometer. For the TEM experi-
ments, copper coated grids were immersed into the nanoparticle
colloidal suspensions and allowed to dry overnight in a desicca-
tor. The grids were then analyzed using either a TEM FEI Tecnai
with an accelerating potential of 200 kV or a Magellan XRH
scanning electron microscope in the transmission mode with an
accelerating potential of 30 kv. X-ray diffraction (XRD) measure-
ments were carried out using a Rigaku diffractometer. Electro-
chemical experiments were conducted using an AUTOLAB 30
potentiostat/galvanostat controlled by the GPES software. High
Performance Liquid Chromatography (HPLC) experiments were
performed using a Shimadzu apparatus equipped with an ion-
exclusion Aminex HPX-87H column, which separates the sample
compounds by ascending pKa, and UV-vis (4 = 210 nm) and
refractometer detectors.

2.2 Preparation of Au-Nps, Ag-Nps and AuAg-Nps

In a typical experiment for the production of colloidal mono-
metallic nanoparticles, known amounts of polyvinylpyrrolidone
(PVP) with a molecular weight of 10 000, acting as a stabilizing
agent, with either AuCl; (30% wt in HCI) or AgNO; were dissolved
in 5 mL of ultrapure water. In a separate flask, determined
quantities of a reducer (one of the following: glycerol, methanol,
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ethanol, formaldehyde, acetaldehyde or acetone) and NaOH were
dissolved in 5 mL of ultrapure water. The reducer-NaOH solution
was then added to the AuCl;-PVP or AgNO;-PVP solution to yield
the following final concentrations: 0.40 mmol L' of Au®",
0.40 mmol L™ " of Ag®, 0.50 mol L' of reducer, 0.010 mol L™*
of NaOH and 10 g L™ of PVP. In the case of AuAg-Nps only
results with glycerol will be reported. For the production of
bimetallic nanoparticles 5 mL of a glycerol-NaOH solution was
added to 5 mL of a solution containing both Au®* + Ag* and PVP
to yield the following final concentrations: 0.20 mmol L™" of
Au®*, 0.20 mmol L' of Ag* and 10 g L ™" of PVP. The effect of
pH on the shape of the bimetallic nanoparticles was evaluated
by varying its value from 9 to 13, and thus the amounts of
NaOH were added accordingly. The colloidal suspensions were
then characterized using UV-vis and TEM.

For the HPLC experiments, 1 mL of Ag and Au monometallic
colloidal suspensions were prepared with 0.010 mol L™ of
NaOH, 0.010 mol L' of glycerol, 0.40 mmol of L™! AuCl; or
0.40 mmol " of AgCl.

For the electrocatalytic experiments, the nanoparticles were
produced directly onto Vulcan carbon without stabilization by
PVP in order to avoid a potential influence of PVP on the
reactions under study. The synthesis of the different catalysts
consisted in sonicating 40 mg of XC-72 Vulcan carbon in 50 mL
of ultrapure water and then adding a fixed amount of AuCl; or
AgNO; (to produce monometallic NPs/C) and an appropriate
amount of a mixture containing AuCl; + AgNO; (to produce
bimetallic AuAg/C) under stirring to promote homogenization.
Afterwards, another aqueous solution containing glycerol
and NaOH was added to give the following concentrations:
0.40 mmol L' of Au*" (in the case of Au nanoparticles),
0.40 mmol L' of Ag" (in the case of Ag nanoparticles),
1.0 mol L™ of glycerol and 0.10 mol L™ of NaOH. For the
bimetallic nanoparticles the Au®* and Ag" final concentrations
were both 0.20 mmol L. The black suspensions were kept for
30 min under stirring at room temperature and then washed,
filtered and dried at 80 °C for 12 h.

2.3 HPLC measurements

The HPLC experiments were carried out in isocratic elution
mode. 20 pL of the nanoparticle solutions were injected into the
chromatographic column operating at 27 °C. 3.3 mmol L™" of
sulphuric acid was used as an eluent at a flow rate of 0.6 mL min ™"
Different alkoxide oxidation products were identified by com-
paring the retention time of the analyzed samples with their
respective references, namely glyoxylic acid, hydroxypyruvic
acid, dihydroxyacetone, glyceraldehyde, mesoxalic acid, formic
acid, glycolic acid, glyceric acid, tartronic acid and oxalic acid in
NaOH solution.

2.4 Electrochemical measurements

A three-electrode conventional cell was used for the electro-
chemical experiments. A catalytic layer deposited on a glassy-
carbon rotating disk electrode (RDE), a platinum foil and an
Hg/HgO in 0.10 mol L™ " or 1.0 mol L™ of NaOH were employed
as working, counter and reference electrodes, respectively.
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A glassy carbon disk (¢ = 5 mm, geometric area = 0.196 cm?)
was used as a substrate to prepare active layers of the catalysts.
For the preparation of the catalytic layer 2.0 mg of Au/C, Ag/C or
AuAg/C powder was suspended in a mixture containing 1 mL
of isopropyl alcohol and 20 pL of a Nafion solution (5 wt% in
low aliphatic alcohol, from DuPont). After ultrasonic homo-
genization, 20 pL of this ink was deposited onto the glassy
carbon electrode and the solvent was then evaporated at room
temperature. The Au/C catalyst was tested for borohydride
oxidation in O,-free 1.0 mol L™* of NaOH + 1.0 mmol L™ * of
NaBH, solution. The behavior of the Ag/C for oxygen reduction
was evaluated in O,-saturated 1.0 mol L' of NaOH solutions.
Finally, glycerol electro-oxidation was performed with the Au/C and
AuAg/C catalysts in O,-free 0.10 mol L™" of glycerol + 0.10 mol L™*
of NaOH.

3 Results and discussion

Chemical and physical characterizations of the colloidal
nanoparticles obtained with different alkoxide precursors

Fig. 1 shows a collection of the UV-vis spectra of the colloidal
Au-Nps prepared at room temperature (~25 °C) using glycerol,
ethanol, acetone and acetaldehyde in alkaline medium as reducing
agents. The colloidal Au-Np spectra presented a maximum absor-
bance at around 520 nm regardless of the employed chemical
species in alkaline medium, a value typical for quasispherical gold
nanoparticles.”*?> All reducing agents generated deep-red-colored
solutions, reflecting the surface plasmon band (SPB) characteristic
of gold in the nanometric regime. The inset of Fig. 1 shows
representative photographs of the colloidal solutions under neutral
(or acid) and alkaline conditions. The red color is observed only
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Fig. 1 UV-vis spectra of the colloidal AuNps produced with the different
alkoxide precursors indicated on the picture. Bottom: Photographs of the
(left) AuNp colloidal dispersion from Au** at alkaline pH and of the (right)
Au®* solution at neutral or acid pH. Conditions of synthesis: 0.50 mol L™ of
alkoxide precursor, 0.010 mol Lt of NaOH, 10 g L™ of PVP and 0.40 mmol L™*
of AuCls at 25 °C.
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Fig. 2 TEM images of the colloidal AuNps produced with the different
alkoxide precursors indicated on the picture. Conditions of synthesis:
0.50 mol L™ of alkoxide precursor, 0.010 mol L™ of NaOH, 10 g L™ of
PVP and 0.40 mmol L™ of AuCls at 25 °C.

4.m

in alkaline medium, suggesting that a common species might
be responsible for the reduction. This is the first evidence for
the capability of all employed reducing agents in generating
Au-Nps. The symmetry of the bands implies a fair similarity in
the shape of the nanoparticles and a low degree of aggregation
in the solution.>®

Fig. 2 shows TEM images of Au-Nps produced with the
different chemical species in alkaline medium. Most of the
nanoparticles were spherical in shape, thus corroborating
the UV-vis results, and their average sizes ranged between
4.6 nm and 7.6 nm (Table 1). Similarly, the method also applies
for Ag-Nps, as shown by the UV-vis spectra in Fig. 3. This time
methanol was tested as a primary alcohol representative. All
mixtures turned yellow immediately after adding the different
chemical species under alkaline conditions to the Ag" + PVP
solution, as shown by the photographs in the inset of Fig. 3. No
nanoparticle formation was observed under neutral or acid
conditions, with the solution remaining colorless. The colloidal
Ag-Nps had a maximum absorbance at around 410 nm, a value
which is attributed to the silver SPB.

Fig. 4 shows TEM images of Ag-Nps synthesized by the different
chemical species in alkaline medium. The Ag-Nps are larger than

Table 1 Average sizes of Au-Nps and Ag-Nps obtained with different
alkoxide precursors

Precursor Au-Np size (nm) Ag-Np size (nm)
Glycerol 7.6 (£1.4) 20.1 (+4.6)
Ethanol 6.8 (+1.1) —

Acetone 4.6 (£1.3) 10.7 (£2.7)
Acetaldehyde 4.6 (£1.3) 36.1 (£1.7)
Methanol — 11.2 (£2.6)
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Fig. 3 UV-vis spectra of the colloidal AgNps produced with the different
alkoxide precursors indicated on the picture. Bottom: Photographs of the
(left) AgNp colloidal dispersion from Ag* at alkaline pH and of the (right)
Ag* solution at neutral or acid pH (right). Conditions of synthesis: 0.50 mol L™*
of alkoxide precursor, 0.010 mol L™ of NaOH, 10 g L™* of PVP and
0.40 mmol L™! of AgNO3 at 25 °C.

Au-Nps and tend to agglomerate. Their average sizes varied
from 10.7 nm to 36.1 nm, as presented in Table 1. We must
point out that the present work did not seek synthesis optimi-
zation (in order to obtain monodispersivity, for example).
The goal is to elucidate a universal mechanism of producing
gold, silver and bimetallic nanoparticles at room temperature
with common reagents found in standard laboratories.
Investigation of parameters such as temperature, nature and
concentration of the stabilizer, concentration of the precursor
and pH leads to optimized synthesis, for example in terms
of nanoparticle size and shape, as we have reported in a
recent paper.”’

Fig. 5A presents absorption spectra of bimetallic AuAg-
Nps acquired at an Au**/Ag" molar ratio of 0.5 with glycerol
(0.10 mol L") as a reducing agent precursor at different pH
values. The formation of bimetallic particles is evidenced by the
presence of a single band whose A, strongly depended on
the pH. A remarkable feature is the significant redshift of the
SPB maxima observed for pH 9 and 11 (554 nm and 543 nm,
respectively) with respect to that for pure Au-Nps (520 nm, see
Fig. 1). According to previous studies,”®*° the SPB maxima of
AuAg-Nps were either located between those of pure Au and Ag
nanoparticles (i.e. between 520 nm and 410 nm) or coincided
with one of them. Moskovits et al.”>> demonstrated that these
anomalous redshifts for samples with an Au/Ag molar ratio of
0.5 are due to the incomplete reduction of metal ions adsorbed
on the surface of the nanoparticle and/or in the solution. This
is probably true in our case because the availability of alkoxide,
the species we will argue to be responsible for the reduction,
increases with increasing pH at a fixed glycerol concentration.
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Fig. 4 TEM images of the colloidal AgNps produced with the different
alkoxide precursors indicated on the picture. Conditions of synthesis:
0.50 mol L™ of alkoxide precursor, 0.010 mol L™ of NaOH, 10 g L™ of
PVP and 0.40 mmol L™ of AgNOs at 25 °C.

Considering a glycerol concentration of 0.10 mol L™ " and with
its pK, being 14.1, at pH of 9.0 and 13 the initial concentrations
of the alkoxide are 7.1 x 107" mol L ' and 7.1 x 10™% mol L™?,
respectively. Note in Fig. 5A that the intensity of the absorption
increases with pH, suggesting that the concentration of the
reducing species is higher in strongly alkaline solutions. Accord-
ing to Chou et al.* it is possible that at the very beginning of silver
ion reduction some Ag,0 is formed, which later serves as nuclei
for the subsequent formation of Ag colloids. However, at pH 9,
the amount of alkoxide would be far too low to reduce the
Ag,0, therefore Au®" reduction would be prioritized with the
formation of nanoparticles mainly constituted of gold. This is
exactly what we discovered when EDS (Table 2) was performed
on the nanoparticles shown in TEM images of Fig. 5B. Nano-
particles obtained at pH 9.0 and 11 are large and mainly con-
stituted of gold, while those synthesized at pH 12 and 13 present
smaller size and are silver enriched (also corroborated by the
blueshift, Fig. 5A).

Formation mechanism of nanoparticles

The increased ability of some chemicals in reducing metallic
ions under alkaline conditions has been explained thermo-
dynamically.®® In the presence of OH™ hydrazine and form-
aldehyde are stronger reducing agents because their standard
potentials are more negative than under neutral conditions.*?
Although the thermodynamic argument is sufficient to explain
the facilitated synthesis, it does not provide a mechanistic
insight into the process. A mechanism for the polyol process
was proposed by Fievet et al.** and supported by others.'*>
The polyol process consists in producing metallic powders
through reduction of inorganic compounds in liquid polyols,
such as ethylene glycol and glycerol. A generally accepted
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Fig. 5 (A) UV-vis spectra and (B) TEM images of bimetallic AuAg-Nps produced at an Au®>*/Ag™ molar ratio of 0.5 at different pH values (indicated on the
picture). Other parameters: 0.50 mol L~* of glycerol, 10 g L™ of PVP, 0.20 mmol L™ of AuCls and 0.20 mmol L~* of AgNOs at 25 °C.

Table 2 Composition of AuAg-Nps as a function of pH

pH Composition (Au%)
9.0 98
11 92
12 61
13 56

mechanism involves firstly alcohol dehydration to form an
aldehyde:"***

2R — CHOH — CH,OH 2292 2R — CH, — CHO

the hydroxyl ion would then be added to the aldehyde through
nucleophilic addition producing hydride ions and carboxylic
acid (mostly in its ionized form due to the high pH):*°

¢ i
RECH—G—H+ OH — R—CHz_(]:f(} —> R—CH;—C=0 + H

\
2 o)
the hydride would then be responsible for the metal reduction

and the proton released reacts with hydroxyl ions to generate
water:

M* +zH™ — z2M° +zH"

zH' + zOH™ — zH,O

In our opinion the above mechanism is incorrect. Its major
flaw is proposing the hydride as a leaving group for the nucleo-
philic addition. We propose that the reducing species is the

This journal is © the Owner Societies 2015

alkoxide ion, the conjugate base of the alcohol formed due to the
high pH. This species can be formed from alcohols as well as
from aldehydes and ketones, explaining therefore the capability
of all these chemicals to reduce gold and silver ions. The herein
proposed mechanism is much more general as it accounts
for the formation of nanoparticles from a single species, the
alkoxide ion, regardless of their source.

The mechanism can be outlined as follows:

(i) firstly, alkoxide is generated from alcohols, aldehydes or
ketones, with the negative oxygen remaining deprotonated to
some extent due to the high pH.

(alcohols) R—&H% — > R-0 + H,0

alkoxide
! R OH
(aldehydes) R_(I:ifo +0OH — » R— Cl:— o
|
H

alkoxide
lOH

(Ketones) R—(l.':—R +0OH ——> R-C—R
o o

alkoxide

(ii) the alkoxide then reduces the metal ion generating
nanoparticles,

ZR -0 + M — zM° + organic oxidation products

Phys. Chem. Chem. Phys., 2015, 17, 21683-21693 | 21687
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The identity of the organic oxidation products depends on the
alkoxide precursor and also on the metallic ion to be reduced. In
general primary alcohols can be oxidized to aldehydes and
ultimately to carboxylic acids. In the next section we show that
the oxidation products of glycerol/NaOH in the synthesis of
Au-Nps may be oxalic acid, tartronic acid, hydroxypyruvic acid,
glyceric acid and/or glyceraldehyde, dihydroxyacetone and formic
acid, while the oxidation product of glycerol/NaOH in the synthesis
of Ag-Nps is probably oxalic acid.

Carboxylate anions are not capable of generating nano-
particles at room temperature. We tried to conduct the synthesis
of Au-Nps with sodium acetate as a reducer without NaOH and
no nanoparticle formation was observed. Only upon heating
(~80 °C) the solution, it turned into a deep red characteristic of
gold in the nanometric regime. The carboxylate anion is less
prone to oxidation because it is stabilized by resonance. The
negative charge is delocalized between the two oxygen atoms in
a resonant structure. This may be the reason for the citrate-
based synthesis to be carried out at relatively high temperatures
(~75-85 °C).%¢

The mechanism proposed in this work is supported by the
following reasons:

(1) To confirm that the alkoxide is responsible for metal
reduction we tested potassium ter¢-butoxide as a reducing agent
for the synthesis of gold and silver nanoparticles in the absence
of NaOH. The solution containing gold and silver ions with PVP
turned red and yellow, respectively, immediately after addition
of tert-butoxide and the UV-vis spectra are shown in Fig. 6.
Since the tert-butoxide anion is a pure alkoxide it must be solely
responsible for the reduction. Fig. 6 also shows TEM images of
gold and silver nanoparticles produced by tert-butoxide without
addition of NaOH, proving that tert-butoxide is indeed cap-
able of generating Au and Ag nanoparticles. Regarding Ag-Nps,

Au-Nps

Absorbance

400 500 600 700

A/nm
Ag-Nps
[+}]
[X)
S
1]
£
S
7]
Q
<
300 400 500 600/ 100 nm_ g
Alnm

Fig. 6 UV-vis spectra and TEM images of Au-Nps and Ag-Nps synthesized
using 0.10 mol L™ of potassium tert-butoxide under neutral conditions. Other
parameters: 10 g L™ of PVP, 0.40 mmol L™* of AuCls and 0.40 mmol L™* of
AgNOs at 25 °C.

21688 | Phys. Chem. Chem. Phys., 2015, 17, 21683-21693

View Article Online

PCCP

Selvakannan and co-workers®” demonstrated the ability of the
amino acid tyrosine to reduce Ag" under alkaline conditions.
Tyrosine contains a phenol group that is ionized to phenolate
(C¢H50 7, essentially an alkoxide) at high pH. This anion was
then converted to quinone upon electron transfer to silver ions,
as demonstrated by means of FTIR spectroscopy. Similar to our
studies, the authors observed that there was no formation of silver
nanoparticles under neutral or acid pH conditions. This is further
evidenced that the alkoxide is responsible for the reduction.

(2) The current accepted mechanism proposes that hydride
ions play leaving-group roles in the nucleophilic-addition step.
This is an unlikely postulate since good leaving groups must be
weak conjugate bases.*® The weaker the base, the better the leaving
group. The pK, of hydride is 42, which makes it an extremely
strong base, thus a very poor leaving group. Therefore, hydride
ions are not responsible for reducing metal ions because they
cannot be generated under such conditions. Moreover, the reaction
also works with acetone, a molecule that cannot release hydride
anions but undergo nucleophilic addition to form the alkoxide.
Another possibility with acetone, although possibly to a lesser
extent, is the formation of the enolate anion due to the removal
of an o-hydrogen. The enolate is also an alkoxide and might
play a role in reducing metal ions.

(3) Another feature of the currently accepted mechanism is the
dehydration of alcohols to form aldehydes. Methanol, instead,
does not undergo dehydration reactions but was found to be
capable of generating silver and gold nanoparticles in alkaline
medium, as shown in Fig. 4 and in the UV-vis of gold nanoparticles
SI 1 (ESIt), respectively. Given the slight acidity of methanol
(pKa = 15.5), methoxide anions can be formed in alkaline
medium and drive the nanoparticle formation.

(4) Nanoparticles are also formed with PVP alone and
dihydroxyacetone in alkaline medium at room temperature as
shown in the UV-vis spectra of SI 2 (ESIt). PVP contains a ketone-
carbonyl group that can undergo nucleophilic addition and then
reduce gold ions. In this case PVP functions concomitantly as
reducing and stabilizing agents. Dihydroxyacetone contains both
hydroxyl and ketone groups to accomplish metal ion reduction.
More importantly, none of these chemicals can release hydride,
which makes the herein proposed mechanism more plausible.

(5) The intensity of the UV-vis spectra in Fig. 5A was found to
increase with increasing pH. This can be explained by the fact that
the concentration of the alkoxide from glycerol also increased,
thus generating a higher concentration of nanoparticles.

The mechanism proposed in this work is more general
because it comprises a large variety of chemicals and is more
plausible because it does not invoke hydride release.

Analysis of alkoxide oxidation products formed during the
synthesis of nanoparticles: HPLC results

In this section we analyze the oxidation products of glycerol
in NaOH formed during the synthesis of gold and silver
nanoparticles.

Fig. 7 presents HPLC results collected at 1 min, 30 min and
60 min after mixing alkaline glycerol solution and the silver
precursor salt solution. For comparison the chromatogram

This journal is © the Owner Societies 2015
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Fig. 7 HPLC results of 0.010 mol L™ of glycerol in 0.010 mol L~* of NaOH
and Ag nanoparticle synthesis samples taken at 1 min, 30 min and 60 min.
Conditions of synthesis: 0.010 mol L™* of glycerol, 0.010 mol L™ of NaOH
and 0.4 mmol L™! of AgNO3 at 25 °C.

0 2 4

corresponding to glycerol in NaOH is also shown at the bottom
of Fig. 7. A peak close to 6.5 min is observed already at 1 min of
reaction and its intensity remains constant even after 60 min of
reaction. No other peak emerges as a function of the time.
These results indicate that in the synthesis of the Ag-Nps silver
ions are reduced at the expense of the alkoxide oxidation, which
leads to the selective formation of only one detectable product.
By comparing the retention time of the peak presented in Fig. 7
with those of reference samples (SI 3 in the ESIT), the oxidation
product is probably oxalic acid in NaOH. Additionally, these
results also reveal that the formation of Ag-Nps is completed
below 1 min, in agreement with UV-vis results previously
reported by our group.”® We have shown that the formation
of Ag-Nps passes through an induction period that corresponds
to the first 15 s of reaction, followed by an exponential increase
in the reaction velocity.*

Besides the alkoxide oxidation for the reduction of silver
ions, we suspected that glycerol/NaOH could also be oxidized
over the surface of the freshly prepared Ag-Nps in the reaction
flask, although glycerol was previously shown to be poorly
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oxidized over Ag-Nps in alkaline media between 0.05 V and
1.7 V vs. reversible hydrogen electrode.*

In order to investigate a possible oxidation of glycerol/NaOH
over Ag-Nps, we prepared a suspension containing 3.6 mg of
10 wt% Ag/C (ie. 0.36 mg Ag) and 1 mL of 0.010 mol L'
glycerol in 0.010 mol L™ of NaOH. We used carbon-supported
Ag-Nps here due to the difficulty of precipitating the Ag-Nps in
the colloidal solution. The mass of silver used for the suspen-
sion preparation is around ten times higher than that of silver
produced by the colloidal nanoparticle synthesis, while the
volume of the glycerol/NaOH/Ag/C suspension is equivalent to
that of the solution used in the nanoparticle synthesis. The
ratio between the mass of Ag-Nps and the volume of glycerol/
NaOH solution was multiplied by a factor of ca. 10 here in order
to maximize the amount of possible reaction products from
glycerol oxidation over Ag-Nps in alkaline medium. We evaluated
then the chromatograms taken at 1 min, 30 min and 60 min
after exposing the Ag/C to the glycerol/NaOH solution (SI 4,
ESIt). Two peaks between 6.0 min and 6.5 min of the same
magnitude orders are evidenced in the chromatograms of
glycerol/NaOH in contact with Ag/C. The retention time of the
peak closer to 6.0 min coincides with that of the peak related to
the mobile phase, as shown by the chromatogram of glycerol in
NaOH (at the bottom of SI 4, ESIt). The peak closer to 6.5 min is
possibly related to the formation of oxalic acid from glycerol/
NaOH oxidation over the Ag/C. The ratio between the intensity
of the peak related to the mobile phase and that of the oxalic
acid peak increases with increasing exposition time, indicating
that oxalic acid is gradually formed.

These results clearly demonstrate that glycerol in NaOH acts
as a reducing agent in the synthesis of Ag-Nps and additionally
to that it may also be oxidized on the surface of the freshly pre-
pared particles. Both reactions lead to the formation of oxalic
acid, although the kinetic of glycerol/NaOH oxidation over Ag-Nps
is very slow compared with that of the alkoxide oxidation for the
silver ion reduction.

For the synthesis of the Au-Nps, the HPLC results collected at
1 min, 30 min and 60 min after mixing glycerol/NaOH solution
and the gold precursor salt solution are shown in Fig. 8. Different
peaks between 6.0 min and 14 min are evidenced in the
chromatograms and generally their intensity increases with
increasing reaction time, with exception of the peak closer to
6.0 min, whose intensity remains constant at 1 min, 30 min and
60 min. This peak is likely to be related to the mobile phase,
while the other peaks are possibly associated with the formation
of oxalic acid, tartronic acid, hydroxypyruvic acid, glyceric acid
and/or glyceraldehyde, glycolic acid, dihydroxyacetone and formic
acid, which are gradually formed from 1 min to 60 min of reaction
time. These results suggest that in the synthesis of the Au-Nps
gold ions are reduced as the alkoxide is oxidized.

As for Ag-Nps, we also investigated a possible oxidation of
glycerol/NaOH over Au-Nps by HPLC. For these experiments, we
prepared a suspension containing 4.0 mg of 30 wt% Au/C (i.e.
1.20 mg Au) and 1 mL of 0.010 mol L™" glycerol in 0.010 mol L™*
NaOH. The mass of gold used here is about thirty times higher
than the mass of gold resulting from the nanoparticle synthesis

Phys. Chem. Chem. Phys., 2015, 17, 21683-21693 | 21689
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Fig. 8 HPLC results of 0.010 mol L™ of glycerol in 0.010 mol L™t of
NaOH and Au nanoparticle synthesis samples taken at 1 min, 30 min and
60 min. Conditions of synthesis: 0.010 mol L™* of glycerol, 0.010 mol L™*
of NaOH and 0.4 mmol L™ of AgNOs at 25 °C. Peaks labeled as A, B, C,
E, F, G and H are associated with the possible formation of oxalic acid,
tartronic acid, hydroxypyruvic acid, glyceric acid and/or glyceraldehyde,

glycolic acid, dihydroxyacetone and formic acid, respectively. Peak D was
not identified to be related to any of the reference samples investigated here.

0 2

method described in the experimental section, whereas the
volume of the suspension prepared here is equivalent to that of
the solution used in the nanoparticle synthesis. In this way the
formation of possible reaction products could be increased
with respect to that from the glycerol oxidation on freshly
prepared Au-Nps in the synthesis process. In SI 5 (ESIt) the
chromatogram taken at 60 min after exposing the Au particles
to the glycerol/NaOH solution is compared with that taken at
60 min after mixing glycerol/NaOH solution and the gold pre-
cursor salt solution during the Au-Np synthesis. Some peaks are
clearly evidenced in the chromatogram of glycerol/NaOH in
contact with Au/C nanoparticles. However, their intensities are
lower than those of the peaks shown in the chromatogram
related to the Au-Np synthesis. Therefore these results show
that during the synthesis of Au-Nps the alkoxide from glycerol
in NaOH reduces the gold ions to metallic particles and
furthermore it can be oxidized on the surface of the freshly

21690 | Phys. Chem. Chem. Phys., 2015, 17, 21683-21693

View Article Online

PCCP

prepared Au-Nps, although the kinetic of glycerol/NaOH oxida-
tion over Au-Nps is sluggish in comparison with that of the
alkoxide oxidation for the gold ion reduction.

Summarizing, the HPLC results presented in this section
attest for the capability of the alkoxide as a reducing agent of
the silver and gold ions.

Electrocatalytic studies with Au-Nps, Ag-Nps and AuAg-Nps

Au-Nps, Ag-Nps and AuAg-Nps were tested as catalysts for reactions
of technological interest. Au-Nps were used to conduct the electro-
oxidations of borohydride (BOR) and glycerol, AuAg-Nps for
glycerol electro-oxidation and Ag-Nps for oxygen electroreduction
(ORR). The nanoparticles were synthesized directly onto carbon
using glycerol as a reducing agent without PVP stabilization in
order to exclude any interference of PVP on the reactions under
study. This implicated, on the other hand, in an increase of
particle size due to the lack of stabilization. With the help of the
Scherrer equation® the mean crystallite size estimated for the
Au/C, Ag/C and AuAg/C catalysts resulted in 22 nm, 15 nm and
13 nm, respectively, with data collected from XRD (SI 6, ESIt).
As expected, the removal of PVP led to the loss of control over
the nanoparticle size. TEM images (Fig. 9A) revealed gold, silver
and gold-silver nanoparticles of 6 nm to 20 nm, 5 nm to 15 nm
and 5 nm to 25 nm in size, respectively. EDS analyses gave
10 wt% of Au, Ag, and AuAg onto carbon.

Fig. 9B presents the electro-oxidation of glycerol and boro-
hydride on Au/C, glycerol electro-oxidation on AuAg/C and the
electroreduction of oxygen on Ag/C.

The blue curve is related to the RDE voltammogram at
1600 rpm in deaerated 1.0 mol L™! NaOH + 1.0 mmol L*
NaBH, on Au/C. The onset for BH,  oxidation is about —0.65 V,
implying an overpotential of 0.69 V since the theoretical oxidation
potential of BH, is —1.34 V vs. Hg/HgO. The mass-transport
limited current region is evident from —0.4 V to 0.3 V. In a
previous work"'® we showed that the number of electrons involved
in the BOR at Au/C was 7.2, which is in good agreement with the
literature.

The red curve in Fig. 9B depicts a positive-going sweep for
Au/C in O,-free 0.1 mol L™ of glycerol + 0.10 mol L™ " of NaOH
solution at 50 mV s~ . The onset for glycerol oxidation is about
0.05 V vs. Hg/HgO and a peak is developed at around 0.2 V vs.
Hg/HgO. The current density then falls at higher potentials as a
consequence of oxide formation, which inactivates the gold
surface. Nevertheless, compared to platinum electrodes, gold is
a more interesting catalyst than platinum for alcohol electro-
oxidation in alkaline media at high potentials because it is
more resistant towards surface oxide formation.*>*!

The green curve is the positive-going polarization curve of
glycerol electro-oxidation on AuAg/C in alkaline medium. When
compared with Au/C, the AuAg/C material displayed lower
current for glycerol electro-oxidation, therefore the current
density has been magnified 10 times in order for it to be visible
in the scale of the figure. Lower current means that the glycerol
oxidation rate is smaller than that observed for Au/C. On the
other hand, lower oxidation potential can be associated with
a superior performance in terms of energy costs for the

This journal is © the Owner Societies 2015
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Fig. 9 (top) TEM images of the Au/C, AusoAgso/C and Ag/C catalysts. (bottom) Polarization curves for borohydride and glycerol electro-oxidations over

Au/C, glycerol electro-oxidation over AusgAgse/C and oxygen electroreduction over Ag/C in alkaline medium. For borohydride oxidation: 1.0 mmol L™

1

of NaBH4~ + 1.0 mol L™! of NaOH; 1600 rpm; v = 5.0 mV s*. For glycerol oxidation: 0.10 mol L™ of glycerol + 0.10 mol L™! of NaOH; v = 50 mV s%.
For oxygen reduction: O,-saturated 1.0 mol L™* of NaOH; 1600 rpm; v = 5.0 mV s~ %,

glycerol oxidation, with a decrease of about 120 mV in the onset
potential, revealing a synergistic effect between gold and silver
for this particular reaction. Finally, we applied the Ag/C
material for the reduction of oxygen under alkaline conditions.

This journal is © the Owner Societies 2015

Although microcrystalline Ag is considered a poor catalyst for the
ORR, in the nanometric regime the activity is significantly improved
due to the low area-to-volume ratio. In this context, Ag-Nps are good
candidates as catalysts for oxygen cathodes in alkaline solutions.
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The black curve in Fig. 9B presents a negative-going polar-
ization curve of ORR for the Ag/C catalyst recorded in oxygen-
saturated 1.0 M NaOH at 1600 rpm. The sharp peak at 0.22 Vvs.
Hg/HgO is due to the reduction of silver oxides formed at the
beginning of the sweep. At about —0.1 V vs. Hg/HgO ORR sets
in followed by the development of a diffusion-limited current
density plateau between —0.4 V and —0.7 V. Theoretically the
limiting-diffusion current value for an electrocatalyst that
follows a 4-electron mechanism is 3.28 mA cm™ > at 1600 rpm
in alkaline medium. For Ag/C in 1.0 M NaOH, the determined
value was 2.3 mA cm > As previously demonstrated'® the
discrepancy between the observed and theoretical values lies
on the fact that the carbon support also contributes to ORR,
however with only two electrons, therefore decreasing the overall
efficiency.

We should emphasize that the activity towards ORR, BOR and
glycerol oxidation can be enhanced by decreasing the particle size
through optimization of the synthesis, an aspect we did not seek
in this paper. Herein we aimed in showing the potentiality of an
inexpensive and environmentally friendly method to produce
active nanoparticles with alkoxides from alcohols, aldehydes
and ketones in alkaline medium at room temperature.

4 Conclusions

We presented new insights into the formation mechanism of
gold, silver and gold-silver bimetallic nanoparticles with alcohols,
aldehydes and ketones in alkaline medium. Alkalinity was found
to be preponderant for nanoparticle formation. We showed that
the reducer precursor must have a hydroxyl group or have the
potentiality of generating it in alkaline medium. We propose that
the reducing species of gold and silver ions is in fact the alkoxide,
in opposition to the currently accepted mechanisms.
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