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ABSTRACT

The polyol synthesis is a popular method of preparing metal nanostructures, yet the mechanism by which metal ions are reduced is poorly
understood. Using a spectrophotometric method, we show, for the first time, that heating ethylene glycol (EG) in air results in its oxidation
to glycolaldehyde (GA), a reductant capable of reducing most noble metal ions. The dependence of reducing power on temperature for EG can
be explained by this temperature-dependent oxidation, and the factors influencing GA production can have a profound impact on the nucleation
and growth kinetics. These new findings provide critical insight into how the polyol synthesis can be used to generate metal nanostructures
with well-controlled shapes. For example, with the primary reductant identified, it becomes possible to evaluate and understand its explicit
role in generating nanostructures of a specific shape to the exclusion of others.

The polyol synthesis provides a simple and versatile approach
to metal nanostructures.'=8 Despite its success in controlling
the size and shape of many noble-metal nanostructures, the
fundamental aspect of this synthesis—how metal ions are
reduced by ethylene glycol (EG)—remains poorly understood.
As a result, it is still unclear why subtle changes to the
reaction conditions cause metal atoms to nucleate and grow
into nanostructures of different shapes. Here we show, for
the first time, that heating EG in air generates the reductant
glycolaldehyde (GA) and that the kinetics of this oxidation
reaction can be manipulated controllably. These new results
provide critical insight into why the polyol synthesis has been
so successful in generating metal nanostructures with well-
defined and controllable shapes.

Fiévet et al. studied the mechanism of polyol reduction,
with a focus on cobalt and nickel hydroxide precursors.” On
the basis of the detection of diacetyl after reaction at 197
°C, they proposed acetaldehyde as a possible reductant

HOCH,CH,0H — CH,CHO + H,0 (1)

2M" + 2CH,CHO — CH,COCOCH, + 2M +2H"  (2)

While not discussed in their paper, acetaldehyde production
was likely promoted by the hydroxide anions from the metal
precursors and thus cannot account for the general reductive

* Corresponding author, xia@biomed.wustl.edu.

f These two authors contributed equally to this work.

# Department of Chemistry, University of Washington.

§ Department of Chemical Engineering, University of Washington.
' Department of Biomedical Engineering, Washington University.

10.1021/n1800910d CCC: $40.75
Published on Web 05/29/2008

[0 2008 American Chemical Society

power of EG under most reaction conditions.'® Additionally,
this mechanism fails to explain the following observations:
(1) no diacetyl was detected at 150 °C, but reduction of many
metal precursors still occurs and (ii) the reduction rate is
highly dependent on the reaction atmosphere. Thus, alterna-
tive pathways must exist. For example, heating EG in air
may generate GA, a reductant for many metal ions

2HOCH,CH,OH + 0,—2HOCH,CHO +2H,0  (3)

In this study, we consider this reaction pathway and its
contribution to the polyol synthesis of Ag nanostructures with
controllable shapes.

NMR and gas chromatography —mass spectrometry proved
unsuitable for confirming GA production and quantifying its
concentration.!" Thus, we relied on an established spectro-
photometric method that involves the oxidation of GA to
glyoxal by perchloric acid in the presence of 2,4-dinitro-
phenylhydrazine (DNPH) to form glyoxal bis-2,4-dinitro-
phenylhydrazone.'? Specifically, 1 mL of analyte is added
to 5 mL of DNPH solution (0.044 g of DNPH in 57 mL of
70% perchloric acid and 32 mL of water) and 20 mL of
water, boiled for 1 h, then cooled with ice. The hydrazone
is then extracted with benzene (20 mL then an additional 5
mL), and the solution is made alkaline with sodium ethoxide
solution (10 mL of 2.9 g of sodium ethoxide in 100 mL of
ethanol). The resulting emulsion is diluted with 20 mL of
ethanol and centrifuged to increase its optical transparency,
and then an absorbance spectrum is taken. As shown in
Figure 1A, this method distinguishes glyoxal from acetal-
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Figure 1. (A) Normalized spectra from tests on 1 mM solutions of
acetaldehyde and glyoxal with 2,4-dinitrophenylhydrazine as an
indicator. (B) The same test performed on the as-purchased EG
and EG after heating at 150 °C for 1 h. The glyoxal peak indicates
that glycolaldehyde, HOCH,CHO, was generated upon EG heating.

dehyde (both analyzed as 1 mM EG solutions). Absorbance
spectra (Figure 1B) taken after testing as-obtained EG and
EG heated at 150 °C in air for 1 h indicate that GA was
generated predominately, not acetaldehyde. One can be
assured that the peak at 570 nm corresponds to GA
production, not glyoxal, because the oxidation of EG to
glyoxal requires both heat and nitric acid."

To ensure GA is generated via air oxidation and not
another mechanism,'*!> Ar-saturated and O,-saturated EG
were heated at 150 °C for 1 h under a continuous flow of
either Ar or O, and then evaluated. As shown in Figure 2A,
saturating EG with Ar completely suppresses GA production
while saturating EG with O, enhances it. These results are
consistent with air oxidation of EG to GA. These results also
qualitatively explain the differences in precursor reduction
rate observed when the reaction atmosphere is changed
(Figure 2B), i.e., increasing the O, concentration increases
the GA concentration, which in turn, increases the amount
of precursor that can be reduced. Note that when O, is
completely excluded from a reaction, reduction of AgNO;
still occurs, albeit at a much slower rate (Figure 2B). This
observation can be attributed to EG (or possibly poly(vinyl
pyrrolidone), PVP), a much weaker reducing agent than
GA.'® Given that EG is a weaker reductant than GA, when
both are present in significant quantities (i.e., at 150 °C under
air), GA will be the primary reductant.
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Figure 2. (A) Spectra indicating the amount of GA produced from
heating (150 °C for 1 h) as-purchased EG, O,-saturated EG, and
Ar-saturated EG; heating was performed under the indicated atmo-
sphere, and background GA from the colorimetric test was subtracted
from all spectra. (B) Spectra of Ag nanoparticles produced after the
addition of PVP and AgNO; to EG (air, O,-, or Ar-saturated) that
was heated at 150 °C for 1 h. EG heating was stopped just before the
addition of AgNOs solution, and the final products were diluted to 25
mL for analysis. In the absence of O,, EG itself (or possibly PVP) is
likely responsible for metal precursor reduction.

If GA is the primary reductant, its concentration should
decrease through reaction with the metal precursor. To verify
this point, AgNOj3 solution (1 mL of EG containing 0.12,
0.06, or 0.03 g of AgNOs) was added to EG (5 mL) that
was heated at 150 °C in air for 1 h; the heating ceased
immediately prior to AgNOj; addition to minimize continued
GA production. After the generated Ag was removed by
centrifugation, the EG was tested for GA and compared to
when a blank solution was added to the heated EG. Figure
3A shows that the signal from the spectroscopic test
decreased slightly relative to the control when a moderate
amount of AgNOs (0.03 or 0.06 g of AgNOs in 1 mL of
EG) was added to the heated EG. Yet, the signal did not
continue to decrease when more AgNO; was added. Rather,
the signal exceeded the control when the amount of AgNO;
was increased to 0.12 g. This observation indicates that more
GA must be produced during the course of reaction. As
shown later, the Ag nanoparticles produced during polyol
reduction can catalyze the oxidation of EG to GA (and likely
other EG oxidation products).

The catalytic properties of Ag nanoparticles in solution
are interesting; however, they also limit our ability to
quantitatively demonstrate the 1:1 relationship between the
reductant and oxidant. To circumvent this limitation, the
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Figure 3. (A) Spectra from the colorimetric test on EG to which
AgNO; solution (0, 0.03, 0.06, 0.12 g of AgNO; in 1 mL of EG)
was added after heating 5 mL of EG at 150 °C in air for 1 h. (B)
The concentration of GA generated in EG after 1 h at a given
temperature is compared to the amount of AgNOs reduced.

amount of GA produced immediately prior to reaction was
measured and compared to the amount of AgNO; reduced.
If GA is the primary reductant, its concentration should
always be greater than or equal to that of the metal precursor
reduced. Solutions of PVP (1 mL of EG containing 0.0306
g of PVP M,, =~ 55000) and AgNO; (1 mL of EG containing
0.0306 g of AgNOs) were sequentially added to EG (5 mL)
that had been heated for 1 h in air; the EG was removed
from heat a few seconds before AgNO; addition so the
amount of Ag generated would be representative of the
amount of reductant. Spectra of the Ag nanoparticle suspen-
sions produced at 140, 150, and 160 °C indicate that more
AgNO; was reduced as temperature increased (Figure S1A),
just as more GA was generated (Figure S1B). For quantitative
analysis, calibration curves were constructed from standards
to convert peak intensity to concentration (Figure S2). Figure
3B plots the concentrations of GA produced and AgNOs;
reduced versus temperature. As would be expected for the
reductant, the GA concentration was always just slightly
greater than that of AgNO; reduced to Ag. Additionally,
while the temperature-dependent reducing power of EG was
recognized in previous work, the chemical mechanism behind
it was unresolved because the reductant was unknown. For
the temperature range of 140—160 °C, our data attributes it
to the thermally driven oxidation of EG to GA. Note that at
120 °C and below, no GA above the background level from
the spectroscopic test was detected and precursor reduction
was greatly diminished.
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Figure 4. (A) AgNO; reduction vs reaction time in EG heated at
150 °C in air. Error bars represent the standard deviation of three
reactions. (B) Spectra from the colorimetric tests on EG heated at
150 °C for 1 h in air with and without Ag nanoparticles. Background
GA from the colorimetric test was subtracted from all spectra. Inset:
SEM image of the Ag nanoparticles.

With the primary reductant identified, it becomes possible
to evaluate its role in generating nanostructures of specific
shapes. As established, the shapes of final products are
determined by the rate at which metal atoms add to metal
clusters (fluxional assemblies) to form seeds (nonfluxional),
the structures of these initial seeds (twinned vs single crystal),
the rate at which metal atoms add to seed faces, and the
binding selectivity of capping agents.'> The rates at which
metal atoms form and assemble are sensitive to reduction
kinetics,'”!'® which in turn are dependent on the reductant.
To examine the Ag™ reduction rate, solutions of AgNO; (1
mL of EG containing 0.0306 g of AgNO;) and PVP (1 mL
of EG containing 0.0306 g of PVP M, ~ 55000) were added
to EG (5 mL) that was heated for 1 h at 150 °C in air;
standard inductively coupled plasma atomic emission spec-
troscopy techniques were then used to measure the amount
of Ag generated. Figure 4A plots the percent conversion as
a function of time, where the sigmoidal-shaped curve
indicates autocatalytic reduction.

Autocatalytic reduction of noble metal ions has been
reported previously in pulse radiolysis studies and was
attributed to differences in redox potential as metal clusters
grew.'”2! In the polyol synthesis, this phenomenon could
be responsible for the observed autocatalytic reduction.
Silver, however, is also known to catalyze EG oxidation to
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GA in the gas phase by providing a surface to activate and
dissociate O,.22 Thus, Ag nanoparticles generated in solution
may also catalyze this reaction and be responsible for the
autocatalytic reduction of AgNO; by generating more re-
ductant.?® To test this hypothesis, Ag nanoparticles prepared
by polyol reduction (Figure 4B, inset) were washed, added
to fresh EG, and heated at 150 °C in air for 1 h. The EG
was then separated from the Ag nanoparticles and tested for
GA. Clearly, the signal from the spectroscopic test was
greatly enhanced due to the presence of Ag nanoparticles,
indicating an increase in GA production, and possibly glyoxal
or glyoxylic acid formation (Figure 4B). When EG was
heated under Ar, the Ag nanoparticles did not facilitate more
GA production, which agrees with the mechanism for Ag-
catalyzed EG oxidation.>* This catalytic generation of
reductant raises new possibilities for explaining the formation
of nanostructures with different shapes. For example, if a
particular crystal plane accelerates EG oxidation more than
others, the higher local GA concentration could result in
faster metal addition to that plane and thus different
morphologies for the final products.

Still, to achieve one structure exclusively, ionic species
often have to be added to a polyol synthesis. The roles of
such additives are hypothesized in the initial reports,>>~>" but
with the reductant identified, we decided to study the effect
of these additives on GA production to see if new insight
could be gained. For example, we considered the effect of
Fe(NOs); which was previously shown to facilitate Ag
nanowire growth by accelerating the reduction of AgNO;
and subsequent addition of Ag atoms to the {111} facets of
decahedral seeds produced preferentially in most EG-based
Ag syntheses.?® The conditions of EG heating and Fe(NOs);
addition mimicked those needed to attain Ag nanowires
predominately, but PVP and AgNO; were omitted to simplify
the analysis. Specifically, EG (5§ mL) was heated at 160 °C
for 1 h in air. Then, 3 mL of EG and 3 mL of 8.06 uM
Fe(NO;);—EG were added simultaneously at a rate of 45
mL/h. An aliquot was removed 1.5 min after Fe(NOs3);
addition and tested for GA. In the control, Fe(NO3); was
omitted from the second solution. As Figure 5A shows, the
addition of Fe(IIl), a known oxidant, was found to increase
GA production.'>? This increase in the GA concentration
was previously unknown and provides a potential chemical
basis for the enhanced reduction of AgNO;. Without this
accelerated growth (and possibly the generation of Fe(Il), a
potential O, scavenger), the decahedral seeds would be
dissolved by oxidative etching and single-crystal Ag nano-
structures would result. In another example, CuCl, was
previously shown to facilitate Ag nanowire growth, and like
Fe(NOs3);, it also enhances GA production (Figure S3).26-2

In a third study, we looked at GA production in the
presence of Na,S, which facilitates Ag nanocube growth.?’
The conditions of EG heating and Na,S addition mimicked
those needed to attain Ag nanocubes exclusively, but again,
PVP and AgNO; were omitted to simplify analysis. Specif-
ically, EG (6 mL) was heated in air at 150 °C for 1 h. Then,
Na,S—EG solution (90 uL of a 3 mM solution) was added
and heated for 9 min, at which point an aliquot was removed
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Figure 5. (A) Spectra from the colorimetric tests on EG heated at
160 °C for 1 h in air with and without Fe(NOs)s. Inset: SEM image
of Ag nanowires. (B) Spectra from the colorimetric tests on EG
heated at 150 °C for 1 h in air with and without Na,S. Inset: SEM
image of Ag nanocubes. Background from the colorimetric test was
subtracted from all spectra.

and analyzed. For Ag nanocubes to be produced, cubocta-
hedron seeds must be generated. Molecular dynamic simula-
tions show that the twin structure of seeds is dependent on
reduction rate and that single-crystal cuboctahedron structures
will be favorable if Ag atom addition to initial Ag clusters
is suitably fast.3%3! For the Na,S-mediated polyol synthesis,
Ag nanocubes are produced presumably by meeting this
condition; however, direct evidence for the chemical basis
of this fast reduction has not been provided.”’ As Figure 5B
indicates, however, this phenomenon cannot be from in-
creased GA, which in turn supports our hypothesis that Na,S
facilitates, upon AgNO; addition, the formation of Ag,S, a
catalyst for Ag™ reduction.®

In conclusion, GA is formed upon EG heating in air to
become a dominant reductant for polyol syntheses of Ag
nanostructures. By identifying GA as a reductant and
understanding the conditions that influence its production
(i.e., temperature, atmosphere and experimental setup, ad-
ditives, EG impurities), we have gained critical insight into
how the kinetics of this oxidation reaction might be
manipulated controllably to produce metal nanostructures
with different shapes. This knowledge may also enhance the
reproducibility and scalability of polyol syntheses of metal
nanocrystals. Although this study focused on Ag, GA is likely
the primary reductant in polyol syntheses for other noble
metals when the reaction temperature is between 140 and
160 °C. At lower temperatures, EG as a reductant itself
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becomes more significant. This difference in the reductant
at different reaction temperatures is important because Pd
and Pt nanocrystals are usually prepared at lower tempera-
tures than polyol syntheses of Ag nanocrystals. In practice,
Pt and Pd precursors have proven to be more easily reduced
than Ag precursors, thus it is unsurprising that ethylene glycol
itself is sufficient.**-3% Such information may prove invaluable
to experimentalists trying to determine the optimal conditions
for the polyol synthesis of different metal nanocrystals. Thus,
further elucidation of this chemistry will deepen our under-
standing of how atoms assemble into nanostructures of
specific shapes.
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