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ABSTRACT: The formation of silver and Au@Ag core@shell
nanoparticles via reduction of AgNO; by trisodium citrate was
followed using in situ X-ray absorption near-edge structure
(XANES) spectroscopy and time-resolved UV—visible (UV—vis)
spectroscopy. The XANES data were analyzed through linear
combination fitting, and the reaction kinetics were found to be
consistent with first-order behavior with respect to silver cations.
For the Au@Ag nanoparticles, the UV—vis data of a lab-scale
reaction showed a gradual shift in dominance between the gold-
and silver-localized surface plasmon absorbance bands. Notably,
throughout much of the reaction, distinct gold and silver
contributions to the UV—vis spectra were observed; however, in
the final product, the contributions were not distinct.

B INTRODUCTION

Metal nanoparticles are a popular research area because of
their unique properties, which enable myriad applications
across a broad range of fields. Silver and silver-containing
nanoparticles, in particular, are highly desirable because of
their extremely strong localized surface-plasmon resonance
(LSPR)."” Gold nanoparticles also display surface plasmon
resonance and, in addition, have high chemical stability,
particularly in biological environments. Consequently, re-
searchers have sought to combine these properties by
preparing gold/silver heterostructures.” Such structures have
also been investigated for their catalytic activities™ and to gain
underlying theoretical understanding.” "

Generally, metal nanoparticles are prepared via “bottom-up”
methods—very often, these are wet-chemistry methods, in
which colloidal nanoparticles are prepared through reduction
of a metal salt.” Understanding these formation processes is an
important first step toward controllable synthetic routes, which
will allow the properties of the final particles to be optimized as
desired; consequently, these mechanisms have been the focus
of substantial research efforts."”>'"'*

Citrate reduction is one of the oldest and most widely used
methods for preparing metal colloids; it was first reported for
preparation of gold colloids'® but has since been extended to
other metals, such as silver."* The overall mechanism of the
synthesis is a complex mixture of chemical considerations,
arising from the chemical mechanism of the reduction, and
kinetic considerations, arising from the particle nucleation and
growth processes.">™'® Trisodium citrate alone takes on up to
three separate roles in the process: reducing agent, capping
agent, and pH control.'” While a reasonable amount of work
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has been reported examining the mechanism of the citrate
reduction of chloroauric acid,'>~"* far less has been reported
on the reduction of silver nitrate (see Rycenga et al' and
Pacioni et al.”). In particular, the studies mentioned above have
focused on varying the synthesis, rather than understanding the
kinetics of the reaction and the nature of the metal ions present
throughout the course of the reaction; therefore, we focused
our attention on investigating these two aspects. In addition,
we investigated the seeded growth of core@shell nanoparticles
and compared this to the nucleation/growth of the pure silver
colloids.

While it is anticipated that the basics of the citrate reduction
mechanism will be shared between different metals and
precursors, there exist major differences between such systems
that merit individual study. Notably, in this case, silver nitrate
needs to be reduced by just one oxidation state, compared to
the three oxidation-state reduction required for chloroauric
acid. Additionally, the high stability”® of Ag® eliminates the
possibility of the surface-catalyzed disproportionation route
proposed for the gold system.”"**

X-ray absorption near-edge structure (XANES) spectrosco-
py is a powerful, element-specific tool for probing the oxidation
state and coordination environment of a chosen element, while
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achieving a time resolution suitable for in situ studies. In situ
and ex situ X-ray absorption spectroscopy (XAS) measure-
ments can be combined with other techniques to provide
advanced characterization of samples and processes.””** XAS
has previously been used to study the citrate reduction of gold.
Most such studies have been performed by quenching and
analyzing aliquots removed from the reaction mixture, rather
than being true in situ studies.”> Additionally, as identified by
Plech et al.,*® beam-induced reduction is a significant danger
during this type of experiment (although pure silver nitrate, in
the absence of any reducing or capping agents, has been found
to be stable in a synchrotron beam”’). Such beam-induced
reduction is a well-known phenomenon that has been
identified in a range of other systems.”® Additionally, the
concentrations required for good quality XAS data reach the
bounds for stable colloid formation in the Turkevich process
(ca. 1-2 mM maximum).'®” Because of these challenges,
XANES has been underutilized for mechanistic studies of
citrate reduction.

Previously, Harada and Ikegami used in situ XAS to
investigate the reduction of gold nanoparticles.”® Nishimura
et al’’ used XANES to follow the formation of silver
nanoparticles and determine the role of NaOH in a different
synthesis using sodium acrylate as the reducing/capping agent,
by removing and quenching aliquots from the reaction.
Henglein and Giersig’> used y-radiolysis to decouple the
reducing and capping functions of trisodium citrate and
investigate only its capping properties. Abeécassis et al.
performed coupled in situ XANES and small-angle X-ray
scattering on the reduction of AuCl; by sodium borohydride,
identifying the presence of transient monomer intermediates
and investigating the effect of ligand choice on reaction
kinetics.””

Herein, we present time-resolved, in situ Ag K-edge XANES
studies of the reduction of silver nitrate by trisodium citrate.
First, a pure silver colloid is studied; this is followed by the
reduction of silver onto a gold seed to form an Au@Ag core@
shell colloid. Linear combination fitting (LCF) is used to
quantify the proportion of reduced/oxidized silver as a
function of time, and kinetic conclusions are drawn. UV—
visible (UV—vis) spectroscopy is utilized to simultaneously
investigate the gold and silver components of the core@shell
system. The results of these analyses are then discussed in light
of the known mechanism for the citrate reduction of silver
nitrate to metallic silver, and the equivalent, but better
understood, reduction of gold chloride to metallic gold.

B RESULTS AND DISCUSSION

Figure 1 shows XANES recorded during the first 40 min of the
reduction of AgNO;. The spectra show a clear progression
from Ag-nitrate-like to Ag-foil-like as the reaction progresses.
This change was quantified using LCF (Figure 2). The
reaction was found to follow a first-order rate equation with
respect to silver cations (eq 1)—the curves shown in Figure 2
correspond to the fitting of eq 1 to the data, adjusted-R* = 0.90
(vs 0.72 for a linear, zero-order fit). The rate coefficient, k, was
found to be 0.09 + 0.03 s™".

[Ag+]t = [Ag+]eqm + ([Ag+]0 - [Ag+]eqm)e_kt (1)
Here, [Ag'], is the mole fraction of Ag" (dimensionless) at

time t (s). [Ag*]leqm is the “equilibrium” mole fraction of Ag*
(dimensionless) (i, the mole fraction of unreacted Ag" that
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Figure 1. Smoothed (boxcar, kernel = 3) in situ Ag K-edge XANES
throughout the citrate reduction of AgNO; (red) with corresponding
LCF fits (black) and standards (blue). The vertical black lines indicate
the fitting region. Uncertainty in the time is +13.8 s. (Unsmoothed
XANES data are given in Figure SI. The gap present in the 37.7 min
XANES is due to a measurement glitch (see Figure S1), and this
region was not included in the fitting.)
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Figure 2. Results of LCF fitting of XANES from ca. S min to ca. 40
min to Ag” and AgNOj; standards, with first-order rate equations
(with respect to silver cations) fitted to the data. Error bars give the
statistical uncertainty in the LCF fitting results, as estimated by
Athena. Uncertainty in the time is +13.8 s.

remains at the end of the reaction). [Ag*], is the mole fraction
of Ag* (dimensionless) at t = 0 (s). k is the rate coefficient
(7).

The eightfold excess of citrate used in this experiment means
that pseudo-first-order behavior (steady-state approximation of
[citrate]) is plausible; however, a beam-induced unimolecular
decomposition is also a plausible explanation for this
observation. Given that silver nitrate, in the absence of
stabilizing agents, has been shown to be stable in the beam
(the authors of that work attribute this to the reduction
potential of silver; they were able to stimulate beam-induced
reduction through the addition of one of 2-propanol,
polyethylene glycol, or polyvinylpyrrolidone),”” and that
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similar beam-induced reduction of HAuCl, has been shown to
be zero-order,” beam-induced reduction seems less likely.
Additionally, a mixture of HAuCl, and AgNO; (forming the
particularly photosensitive AgCl, which is less stable than
AgNO;) left in the beam for a prolonged period remained
stable (see Figure S2), suggesting that the beam alone, at the
intensity used, was incapable of reducing the silver precursor.
Further, the observed timescale of the reaction in-beam (ca. 40
min) is similar to that which would be expected in the lab (ca.
1 h'*). This suggests that it is the citrate reduction, and not
beam-induced reduction, being followed here. Altogether, this
suggests that the citrate reduction of silver proceeds via a
process that is pseudo-first-order with respect to silver cations.

In their seminal study, Turkevich et al®> found that the
nucleation of gold particles during reduction by acetone
dicarboxylate (DCA, a decomposition product of trisodium
citrate) displayed first-order behavior. This was attributed to
unimolecular decomposition of a DCA—gold(I) complex, it
being the rate-determining step. In reactions using trisodium
citrate, they”® observed autocatalytic behavior during the
nucleation period (immediately after the induction period),
which they ascribed to the formation of DCA from trisodium
citrate. This is not present in the data reported herein, most
likely because these experiments followed the method reported
by Ojea-Jiménez et al.”°/Sivaraman et al.”” in which DCA has
time to form before the metal salt is added. The observation of
pseudo-first-order behavior (with respect to silver cations)
here, therefore, is consistent with the reduction of silver nitrate
by trisodium citrate via a route involving [Ag"*—DCA] complex
formation, which is similar to that reported for gold.

Depending on the extent of the conversion of citrate to
DCA, direct interaction of Ag* with citrate cannot be ruled out.
In the citrate reduction of gold, the initial reduction from Au*
to Au" has been proposed to occur through direct reduction by
citrate as it oxidizes to DCA;>® however, a directly equivalent
reaction could not occur for silver, which only requires a
reduction of one in its oxidation state (from Ag" to Ag’,
compared to Au’* to Au’ via Au®).

Another mechanism entailing direct interaction between
citrate and Ag" has been proposed for radiolysis-induced
reduction of silver cations. This proceeds via a multistep
process whereby the radiolysis reduces Ag* to Ag’, which then
combines with additional Ag* to form an (Ag)," dimer, which
complexes with citrate to form [Ag,"—citrate™] before
decomposing.39 If an [Ag,"—citrate”] intermediate were
present in the reaction performed here, an induction period
for the initial silver reduction and dimer formation would be
expected. There is also no clear route for the initiation of the
initial reduction step in this case (ref 39 initiated the reaction
through radiolysis). Consequently, the results in Figure 2 are
not consistent with this mechanism.

In order to confirm this conclusion, experimental results that
provide direct evidence of an [Ag'—DCA] complex are
desirable. Although, in principle, XAS can identify such
species, because of the low concentration of the reaction and
short data collection times the data quality does not permit
such an analysis here. Experimental techniques that could
provide additional or direct evidence of such a complex are
likely to be a fruitful area for further work; these techniques
include in situ infrared spectroscopy,®™** isotopic experi-
ments,” and, noting the difficulty of identifying a transient
intermediate using ex situ techniques, nuclear magnetic

resonance spectroscog)y.44 Computational approaches may
also be informative.”"”"

Beyond the nucleation phase, the reduction kinetics deviate
from those reported for gold.35 In the citrate reduction of gold,
a surface-catalyzed diszgroportionation step”"*** renders that
reaction autocatalytic;> however, autocatalytic behavior is not
observed in Figure 2. This is due to the unfavorableness of the
higher oxidation states of silver”’ preventing such a reaction.
Although disproportionation of Ag* to Ag’ and Ag** has
occasionally been reported,”*” these reports concern sit-
uations that are not relevant to this work. Additionally, the
presence of an appreciable quantity of Ag”* would be evident
in the XANES and be expected to shift the Ag K-edge to high
energy (up to 10 eV).48

A number of studies of various routes for the synthesis of
silver nanoparticles’ ™" (including that discussed with regard
to the [Ag,"—citrate™] complex above®) also propose an
autocatalytic mechanism, whereby Ag’ formed early in the
reaction dimerizes with Ag®. As Figure 2 does not display any
autocatalytic behavior, such a step cannot be rate-limiting in
this reaction. Beyond the nucleation phase, the Ag’ present is
likely to be part of the nanoparticles, and not available for
dimer formation. It is possible that a surface reaction (e.g,
surface-mediated electron transfer) occurs (in particular, to
explain the decomposition of any Ag complex present),
although as it cannot be rate-determining, an alternative step
(such as complex formation) would be required to be rate-
determining to explain the first-order character of Figure 2.
Indeed, there are other explanations that are at least as likely to
explain complex decomposition (eg, the further thermal
decomposition of citrate and/or DCA®?).

All these facts suggest that the chemical mechanism of the
growth phase of the reaction proceeds by the same
unimolecular decomposition as the nucleation phase; im-
portantly, this is consistent with the observation of only first-
order character in Figure 2.

Figure 3 shows in situ Ag K-edge XANES of the reduction of
AgNOj; onto gold cores. As in the pure Ag reduction, there is a
clear progression from Ag' to Ag’. Composition results,
determined through LCF fitting, again display first-order
characteristics (with respect to silver cations) (Figure 4). The
rate coefficient was found to be 0.030 =+ 0.006 s™'. The reason
for the lower rate coefficient in this case is not immediately
apparent. Possible explanations include the presence of silver
chloride, which is less soluble than silver nitrate and, therefore,
less available for participation in the reaction, and the
possibility that some of the trisodium citrate added for the
silver reduction coordinates with the gold nanoparticles
present in the colloid. Additionally, the CI™ ions may etch
some of the reduced silver shell after deposition, effectively
reducing the apparent reduction rate.

On examining Figure 4, it can be seen that the reactant and
product concentrations remained virtually unchanged over the
first five, or so, minutes of the reaction. This corresponds to
the induction period required to oxidize the trisodium citrate
to DCA; unlike in the pure silver reduction, the trisodium
citrate was not preheated in this case.” We note that in the case
of reduction in the presence of preformed gold cores, the silver
grows on the existing cores,”> and there is no nucleation
phase; therefore, the induction period cannot be attributed to
nucleation or prenucleation processes.

Solvated in the dispersant, there are various byproducts of
the initial preparation of the gold seeds—including Na*, ClI~,
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Figure 3. In situ Ag K-edge XANES of the reduction of Ag onto gold
seeds by trisodium citrate (red), LCF fits to the XANES (black), and
standards used for fitting (blue). The vertical black lines indicate the
fitting region. Uncertainty in the time is +13.8 s.
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Figure 4. Results of LCF fitting of XANES data in Figure 3 to Ag’,
AgNO;, and AgCl standards, with first-order rate equations (with
respect to silver cations) fitted to the data. Error bars give the
statistical uncertainty in the LCF fitting results, as estimated by
Athena. Uncertainty in the time is +13.8 s.

and the decomposition products of citrate—which may
become involved in the reaction. One particularly likely
consequence of this is the formation of AgCl, either from a
substitution reaction between AgNO; and CI™ or from etching
of the reduced silver by the Cl~;* this is observed in the LCF
results as anticipated. The presence of insoluble AgCl has the
potential to substantially retard the reaction or even to prevent
a substantial amount of the silver from reacting. However, it
appears that both the silver nitrate and the silver chloride
participate in the reaction at similar rates. In Figure 4, about
half of the Ag" species are present as silver nitrate and half as
silver chloride; once the reaction is underway, they appear to
be consumed at similar rates, although a slight preference for
AgCl is apparent before ca. 20 min.

The participation of silver chloride in the reaction is
unexpected, but it may occur either because the concentration

of silver chloride is below its solubility limit (or because, as the
very low solvated portion is consumed, some of the solid phase
dissolves to compensate) or as a heterogeneous reaction
between the solid and solution phases. Previous work has
shown that insoluble silver salts can participate in aqueous
reduction in some reactions.”’ Additionally, the solubility of
silver chloride is known to be greater in chloride-rich
environments, where AgCl,” complexes may form, and at
higher temperatures.”* Our previous ex situ characterization of
this system has demonstrated that the seeds are reduced gold
and the final product comprises a reduced silver shell on a
reduced gold core;” consequently, no silver chloride is present
in the final product. The EXAFS metal-metal distances
determined in that paper were consistent with the face-
centered cubic structures of gold and silver. The microscopy
and extended X-ray absorption fine structure (EXAFS) results
therein also confirm the core@shell nature of the colloid.

Both reactions appear to only go to 80 or 90% completion
(Figures 2 and 4). To shed further light on this, the final four
scans of the sequential reduction reaction (by which point, the
fraction of reduced/oxidized silver was fairly constant; the pure
silver reduction did not produce spectra of sufficient quality to
extract the EXAFS) were merged and the EXAFS extracted.
The EXAFS and Fourier transform are shown in Figure 5. Ag°
is the only major component visible; however, the data are not
of sufficient quality for EXAFS modeling to confirm this.
Indeed, a small oxidized component may simply be
indistinguishable from noise. The peak at ca. 2 A (without
phase correction) in the Fourier transform does display a very
slight shift toward high angstrom (ca. 0.03 A with respect to
the foil standard), which could be indicative of an AgCl
component.

A similar observation of incomplete reduction was observed
for gold by Mikhlin et al.,>> who ascribed it to the presence of a
hydrodynamic shell of unreacted precursor around the
particles. Over time, this reduces onto the surface of the
particles, explaining why it has not been identified during the
previous ex situ characterization of these systems. The presence
of high-oxidation-state surface sites interacting with the citrate
anions was also considered, but these would not explain the
absence of such an effect in the ex situ studies.

Figure 6 shows time-resolved UV—vis spectra for an Au@Ag
synthesis under laboratory conditions. The weak peak at ca.
520 nm corresponds to the gold seeds. By 1 min, this peak has
been blue-shifted to ca. 500 nm, suggesting the deposition of a
thin shell of silver influencing the gold LSPR, but not yet thick
enough to manifest as a distinct feature. A shallow, broad peak
at ca. 600 nm is also present—this may be a consequence of
large, reduced or partially reduced agglomerates, as identified
during the reduction of gold.*® By 1 min, two distinct peaks
(ca. 400 nm and ca. 490 nm) are visible; this suggests that the
silver is now thick enough to show a distinct LSPR absorption
of its own (400 nm), but thin enough that the gold is able to
maintain a distinct absorption (490 nm).

From this point, the gold peak becomes a steadily
diminishing shoulder to the silver peak until, after 1 h, a
single, silver-dominant peak at ca. 435 nm is present. This
wavelength is consistent with theoretical and experimental
studies of core@shell Au@Ag LSPR behavior, confirming
core@shell formation.>” There is an additional, low-intensity,
low-wavelength peak at ca. 355 nm (present from 1 min
onward), suggesting that some pure-silver nucleation occurs
but that these nuclei do not grow. The linked behavior of the
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Figure 6. In situ UV—vis spectra of the reduction of AgNO; onto gold
seeds by trisodium citrate. (Normalized/stacked).

LSPR peaks also confirms the bimetallic nature of the system
throughout all but the very early stage of the reaction.

Despite the different conditions of the in situ and ex situ
reactions, this is consistent with the observation from the
XANES data that reduction continues throughout the reaction
process (i.e., that the growth period does not merely consist of
processes such as Ostwald ripening). This indicates that the
continual reduction of silver is a feature of this reaction over a
wide range of concentrations.

B CONCLUSIONS

The reduction of AgNO; by trisodium citrate, both alone and
in the presence of gold seeds, has been found to be a first-order
or pseudo-first-order process (with respect to silver cations).
This is interpreted as a consequence of a unimolecular
decomposition rate-determining step, as previously reported
for the reduction of HAuCl, by trisodium citrate. As with gold,
the order of precursor addition affects the presence of an
induction period at the beginning of the reaction, while citrate
is oxidized to DCA. The reduction of silver onto gold seeds has
been found to be slower than the monometallic reduction,
probably because of the presence of AgCl in the reaction. UV—
vis spectroscopy of a synthesis under typical laboratory
conditions has confirmed the prolonged nature of the chemical
aspects of the reduction onto gold seeds under these
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conditions also, which is in accordance with the previously
cited literature.

B METHODS

Ag K-edge in situ X-ray absorption experiments were
performed on beamline B18 at the Diamond Light Source.*®
Measurements were performed in quick-EXAFS mode, and in
situ data were recorded using a 13-element Ge fluorescence
detector. Simultaneously, with each in situ measurement, silver-
foil reference data were recorded in transmission mode.
Standard compounds for LCF analysis (Ag foil, AgNO;, AgCl)
were also recorded in transmission mode. The AgNO; and
AgCl standard spectra were measured by preparing pellets with
fumed silica as a binding agent. An Si(311) monochromator
and Pt-coated harmonic rejection mirror were used for these
measurements. The time taken to scan the XANES region of
the XAS spectrum was 13.8 s; therefore, this value is taken for
the uncertainty in the time of each XANES spectrum.

Reactions were carried out in a bespoke in situ XAS cell,
described in more detail in Figures S3 and S4; for these
experiments, the cell was equipped with a syringe driver and
magnetic stirrer. The temperatures reported here are estimated
from the temperatures measured by a thermocouple at the base
of the cell; the temperature reported by this thermocouple had
previously been calibrated to the temperature of the reaction
chamber. After the reactions, some staining was visible on the
windows of the in situ XAS cell because of the intense color of
the colloids. Fresh windows were used for each reaction.

The pure silver colloid was prepared by injecting an aqueous
solution of AgNO; (0.35 cm®, 20 mM) into a 79 °C aqueous
solution of trisodium citrate (0.35 cm?, 160 mM), with stirring.
The mixture was then maintained at 79 °C, with stirring, for 40
min and XAS data were recorded continuously (S min per
scan). This protocol is based on that published by Lee and
Meisel;'* however, we have used substantially higher
concentrations (ca. 10 mM Ag total vs ca. 1 mM Ag total)
to increase the signal/noise ratio of the data.

The Au@Ag colloid was prepared by injecting a mixture of
aqueous solutions of AgNO; (0.26 cm® 20 mM) and
trisodium citrate (0.26 cm®, 160 mM) into a 79 °C aqueous
gold colloid [0.09 cm?®, synthesis given shortly, and deionized
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water (0.08 cm®)], with stirring. The mixture was then
maintained at 79 °C, with stirring, for 1 h and XAS data were
recorded throughout. This protocol is based on that published
by Anh et al,>” again at increased concentration.

The gold colloid used as seeds for the sequential reduction
was prepared by adding HAuCl,,) (2.5 cm®, 20 mM) to a
boiling solution of trisodium citrate (47.98 cm? 7.2 mM) and
refluxed and stirred for 1 h.*® (Because our previous work’ —
see also Figure S5—showed that the gold cores remain
unchanged throughout the reaction, we did not perform Au
edge experiments; a transmission electron micrograph of the
gold seed colloid is given in Figure S6.)

UV—vis spectroscopy was carried out using a Shimadzu
UV1800 spectrophotometer; data were collected using quartz
cuvettes, diluting samples as necessary, and with a reference
channel containing solely a water-filled cuvette. Aliquots were
removed from the reaction at specific time intervals and
immediately quenched on ice; UV—vis spectra were then
recorded as soon as possible. The reaction was carried out as
follows: HAuCl,,) (90 cm?, 0.57 mM) was added to a boiling
solution of trisodium citrate (50 cm?, 13.5 mM) and refluxed
and stirred for 1 h to prepare a gold colloid for use as seeds.
The as-prepared gold-seed colloid (20 cm®) was then heated to
the boil, and AgNO;(,q) (4.82 cm?, 13.3 mM) and trisodium
citrate (3.38 cm® 20 mM) were added. The reaction was then
refluxed and stirred for 1 h.

XAS data were analyzed using Demeter 0.9.25;” the results
were first aligned, normalized, and deglitched as required, and
then, LCF was performed within —20 to + 60 eV of the edge.
The spectra from the pure silver colloid were smoothed
(boxcar, kernel = 3) prior to analysis. First-order rate curves
were fit to the LCF results using the commercial software
package OriginPro 2017.

The crystalline nature of the nanoparticles produced was
verified by performing high-resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD) measure-
ments on samples prepared ex situ. Full details and results are
given in Figures S7 and S8.
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B ADDITIONAL NOTE

“This was a necessary consequence of the experimental setup:
one set of reactants could be preheated and one set could be
injected at ambient temperature. Injecting ambient AgNO; +
citrate into preheated Au” was the most desirable combination
as it avoided possible side reactions occurring between
premixed HAuCl, and AgNO;, the formation of a pure Ag
colloid during the preheating step, and the risks to the stability
of the gold colloid that would occur with the addition of excess
citrate.
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