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A B S T R A C T   

The large-scale synthesis of nanoparticles (NPs) with defined properties requires detailed understanding of the 
underlying formation mechanisms and kinetics. The formation mechanisms of bimetallic NPs are still not suf
ficiently understood due to the complex reaction chemistry, which makes the control of the supersaturation as 
the thermodynamic driving force challenging. Particle size, chemical composition, and the distribution of the 
elements within the particles change dynamically during particle formation. In this work, we propose a mech
anism for the formation of bimetallic silver-gold alloy NPs via a green liquid-phase co-reduction synthesis and 
develop a two-dimensional population balance model to quantitatively describe the evolution of particle size 
distribution, composition, and optical properties. We shed light on the complex multi-stage formation mecha
nism of a highly relevant bimetallic NP system, lay the foundation for tailoring the process conditions to achieve 
targeted optical particle properties and unravel predictive property-process relationships.   

1. Introduction 

Plasmonic nanoparticles (NPs) have received increasing attention in 
recent years due to their unique properties, which are mainly deter
mined by the NPs’ size, material, and spatial material distribution. 
Plasmonic NPs are characterized by their localized surface plasmon 
resonance (LSPR) induced by their interaction with the electromagnetic 
field of the incident light and are widely applied, for instance in plas
monic sensors [1,2], in catalytic applications [3] and in medicine as 
contrast agents for computed tomography [4–6]. For commercial ap
plications, scale-up from the lab to production scale requires detailed 
understanding and control over the formation mechanisms and kinetics. 
The precise tuning of the supersaturation profile as the thermodynamic 
driving force within the reactor directly affects the resulting particle size 
distribution (PSD) of the produced particles [7]. In general, the super
saturation is key for knowledge-based property and process design based 
on adequate models for the formation dynamics, effectively spanning 
the property-process function of the respective system. 

For monometallic NPs a range of formation mechanisms for a variety 

of synthesis routes have been proposed in literature. In particular, Polte 
et al. investigated the formation mechanism of silver and gold NPs in 
detail. They studied the chemical reduction of silver and gold precursors 
with sodium borohydride [8,9] and sodium citrate [10,11] by means of 
in situ XANES and SAXS measurements. Further, Wu et al. proposed a 
mechanism for a green synthesis of gold NPs [12] and Harada et al. for a 
polymer-based photoreduction synthesis of gold NPs [13]. 

Plasmonic silver-gold alloy NPs (ANPs) are highly relevant because 
silver and gold are the two elements with the strongest LSPR [14] and 
their alloys offer additional degrees of freedom for the design of optical 
properties [15]. Alloys of these materials show unique optical properties 
in dependence of their size, shape, and composition [16–18]. These 
particles find applications in catalysis [19], as antibacterial agents [20] 
or as a model system to better understand the formation of bimetallic 
NPs due to their almost identical lattice constants [21–23]. Several 
synthesis pathways are discussed in literature [17,24,25]. 

Only very few attempts exist to describe the underlying formation 
mechanisms. One example is a study by Nguyen et al., who described the 
formation of homogeneous silver-gold alloy NPs via a laser induced co- 
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reduction process. Based on in situ extinction measurements, the 
extracted LSPR positions and the extinction values at the LSPR position, 
they propose the formation of gold-rich nuclei, which over time grow to 
alloy NPs with the respective desired composition. They extract effective 
formation kinetics from the extinction values over time. However, 
model-based simulations were not performed to support their findings 
[26]. Garcia et al. observed the size evolution of silver-gold alloy NPs via 
in situ SAXS measurements. They conclude the growth of a single size 
species with two distinct growth rate regimes with faster growth in the 
beginning and a slower one towards the end of the reaction. No infor
mation of the evolution of composition or elemental distribution within 
the particles over time is available and no formation mechanism is 
proposed [27]. Blommaerts et al. investigated the formation of AgAu 
ANPs via the Turkevich method and described the different reduction 
rates of gold and silver ions and the change in the elemental distribution 
of gold and silver over the particle diameter over time. They described 
several steps in the formation of the particles [28]. 

Many publications focus on the formation of pure noble metal NPs. In 
contrast, we study the formation mechanism of AgAu alloy NPs and 
propose a population balance model for their formation dynamics. 
During particle formation, particle size, chemical composition, and the 
spatial distribution of Au and Ag over the particle diameter change 
dynamically. The formation mechanism of silver-gold alloy NPs pro
duced via the chemical co-reduction method is not sufficiently under
stood, and, to the best of our knowledge, no predictive model has been 
developed. 

The formation of bimetallic NPs, especially via liquid phase co- 
reduction methods, depends on several nonlinearly coupled chemical 
elementary processes. This is mainly because not only the supersatura
tion of one but of both metal precursors needs to be controlled simul
taneously. If process conditions like pH, temperature or concentration 
ratios are varied, the changes typically affect the reactions of both metal 
precursors differently, leading to changes in composition and particle 
size. For silver-gold ANPs a particular challenge is the precipitation of 
solid AgCl from reaction mixtures containing silver ions (from the silver 
precursor) and chloride ions (from the gold precursor) [19,25]. This 
leads to a decrease in the concentration of silver in solution and thus 
strongly influences the incorporation of silver into the alloy. Therefore, 
syntheses of silver-gold ANPs at room temperature are usually limited to 
metal precursor concentrations below the (very low) solubility of AgCl 
in water, which leads to extremely diluted dispersions, limiting the 
transfer to large-scale applications. 

We recently demonstrated a green, reaction-controlled synthesis 
route for silver-gold ANPs at room temperature, which, in contrast to 
most other room-temperature syntheses, works at remarkably high 
metal precursor concentrations [16]. This reaction-controlled synthesis 
runs for 17 to 24 h, is readily scalable, and produces narrowly distrib
uted particles around 7 nm with all compositions between pure Au and 
Ag. Due to the slow reaction rates, it is predestined for an in-depth 
analysis of the formation mechanism over time. 

In this paper we therefore aim to describe the formation mechanism 
of an aqueous co-reduction synthesis of homogeneous silver-gold alloy 
NPs. Based on the understanding of the formation mechanism we 
develop a predictive two-dimensional population balance model for 
their formation. Quantitative comparison of the simulated and experi
mentally determined final PSD and of resulting optical properties over 
the course of the reaction shed light on the complex formation pathway. 
Such models are not limited to the synthesis of bimetallic ANPs but are 
based on a widely applicable general approach [29]. In principle, 
nanoparticle formation follows a sequence of mixing, reaction, nucle
ation and growth. Examples include the reaction-controlled synthesis of 
quantum dots [30] and even the mixing-controlled formation of organic 
particles like ibuprofen [31]. In this study we investigate a reaction 
controlled process, where mixing is much faster than the reaction 

kinetics. It paves the way for process design to achieve desired optical 
particle properties and to develop predictive property-process relation
ships for plasmonic NPs. 

2. Materials and methods 

2.1. Synthesis of silver-gold alloy nanoparticles 

All reagents have been used without further purification. Hydrogen 
tetrachloroaurate(III) trihydrate was purchased from Sigma Aldrich, 
aqueous silver nitrate solution (1 M) from VWR Chemicals, dextran with 
a molecular weight of 40 kDa from ITW Reagents, and an aqueous so
dium hydroxide solution (1 M) from Honeywell. Deionized water (>17 
MΩ cm) was used for all experiments. 

Silver-gold alloy NPs with varying molar gold contents were syn
thesized based on a priorly published synthesis protocol [16]. In short, 5 
g of dextran were dissolved in 100 mL of deionized water. From this 
solution, 4.5 mL were transferred to a 10 mL snap cap vial and mixed 
with x mL of HAuCl4 (1 mM) and (1-x) mL of AgNO3 (1 mM). By varying 
x between 0 and 1 the molar gold content of the resulting particles was 
tuned. After mixing, 0.5 mL of NaOH (10 mM) was added and the so
lution mixed again and stored under dark conditions. After around 48 h, 
stabilized nanoalloy particles with defined molar gold content were 
formed. For in-line UV–Vis measurements, the synthesis was conducted 
in a cuvette within the spectrometer. 

2.2. Methods 

2.2.1. UV–Vis spectroscopy 
A Varian Cary 100 spectrophotometer with a wavelength range of 

200 nm to 800 nm per spectrum and a spectral resolution of 1 nm was 
used for all UV–Vis spectroscopy measurements, both in-line and off- 
line. All samples were measured against a reference of pure water 
without any further dilution or purification. Single-use plastic UV–Vis 
cuvettes with an optical path length of 1 cm were used for all 
experiments. 

2.2.2. Analytical ultracentrifugation (AUC) 
The PSDs of the ANPs were determined in the liquid phase via 

sedimentation velocity analytical ultracentrifugation (SV-AUC) experi
ments. The data was collected via a commercial type Optima AUC, from 
Beckmann Coulter. The samples were measured without further purifi
cation or dilution in both titanium centerpieces from Nanolytics In
struments and 3D printed centerpieces [32] with an optical path length 
of 12 mm. All experiments were carried out at 20 ◦C after temperature 
equilibration for at least 5 h. Sedimentation data was acquired with at 
least 450 scans, a radial step of 50 µm, a rotor revolution of 15 000 rpm, 
and a detection wavelength of 300 nm. In the case of glutathione (GSH) 
stabilized Ag NPs, the rotor speed was 25 000 rpm and the detection 
wavelength was 450 nm. 

The obtained sedimentation data was analyzed with the ls-g*(s) 
model in the software Sedfit (version 16-1c). [33] The data was fitted 
with a resolution of 150 grid points for the sedimentation coefficient. It 
was corrected for time and radial invariant noise during the analysis and 
a second derivative regularization with a confidence level of 0.90 was 
applied to mitigate fluctuations in the retrieved distributions. 

2.2.3. Scanning transmission electron microscopy (STEM) and energy- 
dispersive X-ray spectroscopy (EDXS) 

High-angle annular dark field scanning transmission electron mi
croscopy (HAADF-STEM) was performed using a Thermo Fisher Scien
tific Talos F200i with a Schottky field-emission gun (X-FEG) at an 
acceleration voltage of 200 kV, a beam current of 32 pA, and a 
convergence angle of 10.5 mrad. A high-angle annular dark field 
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detector covering an angular range of 58 – 200 mrad was used for im
aging. Energy-dispersive X-ray spectroscopy (EDXS) mapping during 
STEM is enabled via a Dual Bruker XFlash 6 | 100 EDXS detector. The 
time series for the alloy formation was measured using this setup (see 
Fig. 3 and Fig. S4). 

For all other STEM based analyses, STEM images were taken in a 
Thermo Fisher Scientific Spectra 200C-FEG microscope. The microscope 
was operated in STEM mode using a high-angle annular dark-field 
(HAADF) detector with a collection-angle ranging from 56 to 200 
mrad, an acceleration voltage of 200 kV, a beam current of 120 pA, and 
a camera length of 98 mm. Energy-dispersive X-ray spectroscopy (EDXS) 
mapping during STEM is enabled via a Super-X detector G2 EDXS 
detector. 

2.2.4. Mie theory calculations 
The simulations of the optical properties were carried out based on 

the analytical solutions by the Mie theory. The MATLAB implementation 
used in this contribution is an adaption of the code by Jan Schäfer from 
the University of Ulm [34], which is based on the work of Wiscombe 
[35] and its modifications by Bohren and Huffman [36]. Mie calcula
tions were performed for calibrating the population balance equation 
(PBE) model. The difference between the predicted and measured par
ticle size and composition distributions was quantified by the distance of 
measured and simulated LSPR peak positions over time. The refractive 
index was taken from literature [37] and interpolated in terms of alloy 
composition and wavelength. Moreover, due to the small size of the 
alloy particles below 10 nm, corrections of the dielectric function were 
applied. The description of this finite size effect is well-described else
where [38–41]. A detailed comparison of calculated and experimentally 
acquired optical spectra can be found in the ESI of our recent publication 
[16]. 

3. Results and discussion 

3.1. Hydrochemical equilibria 

At the initial stage of the alloy formation, the gold and silver pre
cursors are mixed with dextran as the reducing agent and NaOH to 
adjust the pH. Therefore, free silver (Ag+), Cl-, and OH– are present in 
solution, which can form the poorly soluble salt AgCl (solubility 
product Ksp ≈ 10− 10 mol2L-2) and/or AgOH (solubility product 
Ksp ≈ 10− 8 mol2L-2) depending on the initial concentrations and the pH. 
In particular, the AgCl formation is known to limit the formation of 
AgAu ANPs [19,25]. To estimate the impact of the AgCl formation under 
the herein considered process conditions, we perform hydrochemistry 
calculations to quantify the distribution of chemical complexes under 
equilibrium conditions in water and deduce the supersaturation levels 
leading to the formation of AgCl and AgOH. More specifically, we solve a 
set of chemical equilibrium equations: 

ki =
∏

j

(
γjcj
)νij (1)  

together with the conservation of mass, i.e., 

ctotal(i) =
∑

j
μijcj, (2)  

where ki, ctotal(i), cj, γj, νij, and μij denote the equilibrium constants for 
the species i, the total ion concentration, the species concentration, the 
activity coefficient, the stoichiometric species coefficients, and the 
stoichiometric component coefficients, respectively. For details on how 
to solve the nonlinear set of equations, we refer to Hartig et al. [42] and 
Haderlein et al. [43]. The herein considered ions and complexes can be 
found in Table S1 in the ESI. The hydrochemical behavior of gold is still 
debated [11,44]. For the sake of simplicity, we assume that gold 
reduction and silver salt precipitation, which simultaneously takes place 

due to the contact of the gold precursor with the active reducing agent, 
are decoupled. 

While the NP formation proceeds, Ag+ ions from the liquid phase are 
embedded in the particle and, thus, are taken out of the hydrochemical 
equilibrium. To assess the supersaturation of AgCl and AgOH, we pre
scribe initially the precursor concentration of the different ions (Ag+, 
NO3

–, Na+, OH–, Cl-, H+). We keep all ion concentrations fixed except the 
silver ion concentration. Fig. 1a shows the supersaturation S for the two 
salts as a function of the prescribed total silver concentration ctotal(Ag). 
The supersaturation of each salt is calculated based on the free con
centration of the two counter ions, for example for AgCl: 

S = ±γ
(

cAg+ • cCl−

Ksp

)0.5

(3)  

where ±γ denotes the mean activity coefficient, which is assumed for the 
sake of simplicity as 1. Note that, without complex formation, the total 
precursor concentration and the free concentration are the same. Fig. 1a 
indicates that for the process conditions during the formation of ANPs 
with a molar gold content of 25 %, 50 %, and 75 %, AgCl is supersat
urated while AgOH is undersaturated (see also Fig. S1). Thus, we can 
conclude that AgCl is the predominantly formed salt. 

In a second step, we stoichiometrically extract silver and chloride 
ions (as solid) using a numerical method to obtain the condition S = 1 
(bisection method). The resulting free silver concentration as a function 
of the total silver precursor concentration for different molar gold con
tents is shown in Fig. 1b. Note that, as the molar gold content is varied, 
not only the total silver concentration but also the total chloride con
centration changes. Beyond ctotal(Ag) ≈ 0.5μM, AgCl is supersaturated 
which suggests a precipitation of AgCl (see Fig. 1a). The respective solid 
concentration cs of AgCl for S = 1 is depicted in the ESI in Fig. S1. For 
S > 1, the free silver concentration cAg+ in solution is limited by the AgCl 
salt formation, which is evident from the plateau of cAg+ for ctot(Ag)≳0.
5μM (see Fig. 1b). The sharp crossover at ctotal(Ag) ≈ 0.5μM indicates the 
transition from a supersaturated to an undersaturated state, which is 
underlined by a vanishing solid concentration (see Fig. S1). 

We conclude that at the beginning of the alloy synthesis AgCl forms 
as a white precipitate (see Fig. S6a), which reduces drastically the 
available free silver concentration in solution. Hence, initially free gold 
ions (Au3+) relative to silver ions (Ag+) are in surplus, which favors the 
nucleation of gold rich nuclei and their molecular growth. Gradually, 
free silver ions in solution are reduced and integrated at the newly 
formed particle surface. To maintain the thermodynamic equilibrium, 
the solid AgCl redissolves and delivers further free silver ions for the 
alloy formation. The slow integration of silver ions into the gold rich 
particle over time becomes evident by the slow drop of the LSPR over 
time as seen in Fig. 4 and Fig. 8. We would like to emphasize that the 
evolution of the free silver concentration as a function of the total silver 
concentration (see Fig. 1b) acts as an important basis for the modeling of 
the alloy formation (see Equation (4) in section 4.6). 

3.2. Microscopic analysis 

In order to investigate the formation behavior of the silver-gold alloy 
NPs, HAADF-STEM and STEM-EDXS measurements were performed 
over the course of the reaction. For this, the slow reaction kinetics of the 
presented synthesis route was exploited and samples were taken over 
the course of the reaction. Fig. 2 shows HAADF-STEM micrographs of 
samples with a molar gold content of 20 %, 50 %, and 80 % taken sec
onds after the start of the reaction. 

The images show cubic structures with an edge length of 100 – 200 
nm, independent of the molar gold content, which can be identified as 
AgCl via elemental analysis (see Fig. S2 in the ESI). This supports the 
calculations presented in the previous section, which suggest a high 
supersaturation of AgCl due to the high total silver and gold precursor 
concentrations. In addition to the formation of AgCl crystals, an 
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increasing number of small particles can be observed with an increase in 
the molar gold content. Evaluating the elemental compositions of these 
particles, the smaller particles are found to have a high gold content of 
almost 100 % (see ESI Fig. S2). This shows that in addition to the for
mation of AgCl crystals, the nucleation of the metal particles happens 
very early on in the synthesis. As most of the silver in the synthesis so
lution is precipitated as AgCl crystals, the formed nuclei almost exclu
sively consist of gold. Further, with an increasing molar gold content in 
the solution, the supersaturation of gold ions increases, leading to more 
formed nuclei, which can clearly be seen in the images. 

When looking at the chemical composition of the AgCl crystals in 
more detail, a distinct gold signal can be found on the surface of the 
cubic crystals as well (see ESI Fig. S2). This suggests that in addition to 
the homogeneous nucleation of gold NPs in solution, gold deposits on 
the AgCl crystals. 

To determine the origin of gold on the surface of AgCl crystals, we 
conducted zeta potential measurements on various suspensions. These 
included suspensions containing only AgCl, AgCl with dextran, and fully 
formed NPs without residual AgCl. The zeta potential of the synthesized 
ANPs was determined to be –32 mV. In comparison, the zeta potential of 
AgCl suspensions was measured as − 34 mV and − 9 mV in the absence 
and presence of dextran, respectively. Based on these observations, we 
can conclude that both AgCl and the NPs are adequately stabilized, 

making the aggregation of these entities unlikely. Therefore, the pres
ence of gold deposits on the surface of AgCl crystals must be attributed to 
a nucleation and growth process rather than aggregation. 

Crystallization can be divided in nucleation and growth. In the 
nucleation step, small and stable nuclei are formed, which act as seeds 
for the growth of final NPs. These nuclei then grow to their final size via 
a variety of growth mechanisms. Crystallization is driven by the super
saturation of the crystalizing component in solution, which also de
termines the temporal transition from the nucleation to the growth 
phase [45]. 

As the solubility of noble metals in water is extremely low (≈10-12 

molL-1 for gold [46]) and the concentrations used in our synthesis are 
comparably high for plasmonic NP syntheses [16], homogeneous as well 
as heterogeneous nucleation will occur in parallel. The heterogeneous 
nucleation on surfaces further depends on the involved surface energies 
[45], with edges of anisotropic structures usually showing higher sur
face energies [47–50]. This leads to a preferential nucleation of the 
metal atoms in solution at these spots. Through the application of a 
disproof-based method established by Finke et al. [51], we show that 
contrary to expectations, silver, rather than gold, predominantly un
dergoes heterogeneous nucleation on the surface of precipitated AgCl 
crystals. This finding can be rationalized by considering the distinct 
behavior of gold and silver in solution. Gold exhibits a significantly 

Fig. 1. (a) Supersaturation Si as a function of the total silver precursor concentration ctotal(Ag) for different gold molar fractions xAu. The nitrate and chloride 
concentration are kept constant: ctotal

(
NO−

3
)
= 0.083 mM and ctotal(Cl− ) = 4 • 0.083 mM. (b) The free silver concentration cAg+ in solution as a function of the total 

silver precursor concentration ctotal(Ag) for different gold molar fractions xAu after extracting the solid AgCl to obtain S = 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. STEM images of aliquots taken from the synthesis of silver-gold ANPs with a molar gold content of 20 %, 50 %, and 80 %. The samples were taken seconds 
after the start of the synthesis. 
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higher supersaturation compared to silver, which favors homogeneous 
nucleation and consequently rapidly depletes the available gold atoms 
in solution. In contrast, the lower concentration of silver makes it more 
prone to heterogeneous nucleation. Moreover, in addition to reduction 
via dissolution according to the hydrochemical equilibrium, AgCl un
dergoes direct reduction from AgCl to Ag0. As a result, free silver species 
are already present in close proximity to the AgCl crystals, enhancing 
the likelihood of heterogeneous nucleation events. The clearly visible 
gold deposits thus stem from the growth of gold onto the formed silver 
nuclei on the surface of the AgCl crystals. While such an unprecedently 
detailed analysis of the formation mechanism would hardly be possible 
based on experimental methods alone, we refer the reader to sections 3.6 
and 3.7 where the strengths of our developed model are discussed. 

The ratio of both nucleation pathways is proportional to the surface 
of AgCl present in solution, i.e., at lower gold concentrations more 
nuclei will be formed heterogeneously than homogeneously and vice 
versa. 

For a molar gold content of 50 % additional samples were taken at 
reaction times of 9 h and 48 h. Fig. 3 shows the EDXS-maps of the full 
temporal sample series. Again, in the beginning of the reaction the 
previously discussed AgCl crystals are present. When AgCl crystals are 
irradiated by the electron beam of the electron microscope, elemental 
silver is formed [52], which can be seen as green spots in the available 
EDXS maps and explains the surplus of elemental silver in comparison to 
chloride in the net intensity plot. 

After a reaction time of around 9 h, a core–shell structure can be 
observed in some particles with a gold-rich core and a silver-rich shell. 
This shows that indeed the process starts with the formation of highly 
gold-rich seed particles, which grow over time. This is expected, as most 
of the silver ions are complexed into scarcely soluble AgCl, which cannot 
participate in the reduction. The growth of the alloy particles, however, 
appears to be asymmetrical, i.e., gold and silver ions are not added at 
equal rates but sequentially. While several particles can be found, which 
show a core–shell structure, most particles that are seen on the spectrum 
images are in fact mostly alloyed (see Fig. S3). This firstly shows the 
asymmetrical formation behavior of the particles, but also that in 
addition to the reduction of silver and gold ions and their integration 
into stable nanocrystals, a reorganization within the formed crystals has 
to happen. At first, the concentration of metal in solution is so high that 
the surface growth rate exceeds the rate of intraparticle reorganization, 
resulting in core–shell structures. If the particles are kept in the dark 
throughout the reaction, the reaction rate of silver is, however, signifi
cantly reduced compared to a synthesis under light irradiation, 
providing the particles more time to mix internally. Thus, while core–
shell structures are still observed, most of the particles are already 
alloyed at shorter reaction times. Details on the difference between both 
synthesis modes will be discussed in section 3.5. 

At the final point of measurement after 48 h, the silver-gold ANPs 
with a mean particle size between 6 and 8 nm show no shell anymore. 
Only a slight enrichment of gold in the core of the particles and a slight 
enrichment of silver towards the outer spatial coordinate was observed. 
This effect is explained within our previous manuscript [16] and is 
generally in line with the literature on silver-gold ANPs produced in the 
liquid phase by chemical co-reduction [14,28,53,54]. It should be noted 
that while AgCl is present during the formation of the particles, no AgCl 
is found at the end of the synthesis. Further, the optical spectra of the 
final NP dispersions show no sign of other Ag species besides Ag0 within 
the final NPs (see section 3.3). 

In summary, the STEM-EDXS analysis clearly shows the growth of 
the NPs from an initial gold-rich core particle with a diameter of 2–3 nm 
in the early stage of the reaction to a final size of 6–8 nm. After the 
formation of a gold-rich core, this core is subsequently covered by a 
silver-rich shell, as most of the gold precursor in solution is already 
converted to gold core particles. Both metals, due to their almost iden
tical lattice constants [21–23] and atom sizes [55], finally diffuse into 
each other and form a fully alloyed nanoparticle. Diffusional penetration 

of silver atoms into an existing gold crystal lattice at room temperature 
in the presence of chloride ions has been observed in the literature 
before and can be explained additionally by the reorganization of the 
crystal lattice due to defects and vacancies in the lattice and a following 
lattice reconstruction [56]. 

3.3. Evolution of the optical properties 

The position of the LSPR of particle suspensions containing 7 nm 
silver-gold ANPs shifts between the position of suspensions containing 
pure silver NPs at around 400 nm wavelength to the LSPR position of 
pure gold NPs at around 520 nm [16,17]. The LSPR position thereby 
indicates the chemical composition at constant particle size, i.e., the 
molar gold content of the particles. It must be noted that while a cor
relation between the NP diameter and the LSPR position does exist, it is 
only observable for NP diameters above approximately 20 nm [57]. 
Since the particles produced within this study have a diameter below 10 
nm, the shift in the LSPR must result from changes in their chemical 
composition. During the formation of the particles, the LSPR peak shifts 
from higher wavelengths around 500 nm to the final peak position of the 
respective particle suspension. The shift in the LSPR position can be 
explained by the shift in the chemical composition of the particles over 
time, from a position of particles with a high molar gold content towards 
a wavelength characteristic for the respective alloy NP suspension. 
Fig. 4a, b and c show this shift for three suspensions containing silver- 
gold ANPs with a molar gold content of 25 %, 50 %, and 75 %, 
respectively. Plotting the LSPR positions of the three suspensions over 
time, a decay can be observed, which over time converges to the ex
pected LSPR positions for homogeneously alloyed particles with the 
three respective particle compositions at 426 nm, 450 nm, and 485 nm 
(see Fig. 8a). 

This supports the behavior seen in the EDXS maps. The formation of 
the ANPs starts with the formation of highly gold rich nuclei, which 
grow to fully alloyed NPs. This can firstly be explained by the difference 
in the electrochemical potential of Au3+/Au, Au+/Au, and Ag+/Ag. As 
gold is the more noble metal, it will be reduced first, leading to the 
formation of gold atoms in the solution and from there to gold clusters 
and nanoparticles rich in gold. Simultaneously however, as described in 
section 3.1, solid AgCl precipitates from the silver ions of the silver 
precursor and the chloride ions from the gold precursor. This leads to a 
strong decrease of the free silver ions, which are available for reaction, 
and further reduces the formation of silver ions to elementary silver. 
From the final LSPR values at the end of the formation process we can 
further conclude that an intraparticulate reorganization process is pre
sent. This is because the LSPR positions of core–shell particles would 
show values at higher wavelengths than their alloyed counterpart [58]. 
While the blue shift in the optical spectra over the course of the reaction 
is not only caused by the formation of alloys with shifting elemental 
compositions but by a simultaneous growth of a silver shell and diffu
sional mixing of the produced NPs, it is only possible to reach the values 
stated above if gold and silver atoms are fully mixed over the entire 
particle. At this point, we also mention that the formed particles are 
electrosterically stabilized via the adsorption of dextran molecules to the 
particle surface. 

The formation of alloy NPs is reflected by the evolution of the 
extinction at the respective LSPR positions (Fig. 4d) (as well as the LSPR 
peak position), which can thus be seen as a measure for the effective 
alloy formation kinetics. The reaction rates and particle formation are 
correlated to several factors, including temperature, pH, and light illu
mination. The dependence on temperature can be explained by Arrhe
nius’ law, which mainly influences the reduction reaction in the first 
step of the particle formation. Additionally, a correlation between the 
pH value within the reaction solution and the effective reaction rate can 
be observed, i.e., the higher the initial pH value, the faster is the particle 
formation (see Fig. S5a). This can be explained by the reaction mecha
nism of dextran, which is used as the reducing agent. As a reducing 
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Fig. 3. Time-resolved STEM-images and -EDXS maps of silver-gold alloy NPs with a molar gold content of 50 %. Samples were taken in the beginning of the reaction 
(0 h), after 9 h of reaction and after the end of the reaction around 48 h. Respective elementary distributions are given in the diagrams on the right with the white 
arrow in the STEM-EDXS maps indicating the line scan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

N.E. Traoré et al.                                                                                                                                                                                                                               



Chemical Engineering Journal 483 (2024) 149429

7

sugar, dextran mainly reacts via the oxidation of its terminal aldehyde 
groups [59,60]. These aldehyde groups need to be firstly converted to 
alkoxide groups, which then in turn reduce the metal ions in solution 
[61]. The higher the pH and thus the concentration of hydroxide ions, 
the more reactive groups are available for the dextran and thus the 
stronger the dextran is as the reducing agent. As the gold precursor used 
in this study is highly acidic, any difference in the precursor ratios 
directly affects the pH value of the reaction solution and thus the reac
tion rate. To mitigate this effect and observe the effects on the reaction 
rate solely from the difference in silver and gold concentration, the pH 
was adjusted to a fixed value of 11.1 for all compositions by adjusting 
the concentration of the added sodium hydroxide solution. 

Within this study the temperature is kept constant at room 

temperature, the reaction is carried out in the dark and only exposed to 
monochromatic light during UV–Vis measurements and the initial pH is 
adjusted to the same value for all samples. This keeps most parameters 
well under control over the course of the reaction and yields highly 
reproducible results. 

In addition, we demonstrated that the synthesis works in a similar 
manner in the presence of light (see section 3.5). This influence of light 
irradiation can be explained by the photo reduction of AgCl to elemental 
silver via light irradiation [62–64]. Thus, exposed to light, the particles 
are formed in approximately half the time compared to a synthesis in the 
absence of light [16]. 

Fig. 4. (a-c) time-resolved extinction spectra of silver-gold ANPs with a molar gold content of 25 %, 50 %, and 75 % respectively. (d) corresponding extinction value 
at the LSPR position of silver-gold ANPs with a molar gold content of 25 %, 50 %, and 75 % over time. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) x50,3 values derived via SV-AUC of the synthesized silver-gold ANP suspensions over their molar gold content. The blue dashed arrow highlights the 
expected growth trajectory of the NPs if no second nucleation process was present. (b) Cumulative PSDs for GSH-quenched silver NPs over the process time as derived 
by SV-AUC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.4. Particle size distributions 

PSDs of the particle suspensions were measured via SV-AUC exper
iments and confirmed by STEM image analysis (see ESI Fig. S7). 
Following our previously reported results [16], a dextran shell thickness 
of 2.3 nm was taken into consideration for the calculation of the core 
diameter distributions. This value is assumed constant for all alloy NPs, 
independent of their molar gold content. Fig. 5a shows the mass median 
value (x50,3) over the molar gold content of the final particles. Notice
ably, as pure gold particles exhibit a different but also complex forma
tion behavior (see ESI Fig. S9), results for pure gold NPs have been 
excluded for all measurements and simulations. 

A clear trend in particle size can be observed as the molar gold 
content decreases, with a local maximum around 50 % molar gold 
content and a global maximum for pure silver particles. This non- 
monotonous behavior is a clear indication of more than one mecha
nism influencing the nucleation of the formed NPs. Since gold plays a 
predominant role in nucleating the particles, the concentration of gold 
in the reaction mixture directly influences the nucleation rate, conse
quently, the number of formed nuclei and with it, the final particle size. 
Therefore, at high gold contents, there is a high supersaturation of gold 
precursor, resulting in a higher reduction rate and homogeneous 
nucleation rate, leading to smaller particles. As the molar gold content 
decreases, the homogeneous nucleation rate follows the concentration 
of gold in solution, leading to fewer nuclei and consequently a decrease 
in particle formation and an increase in particle diameter. Without an 
additional effect, which influences the nucleation behavior of the sys
tem, one would expect a further, monotonous increase of the mass 
median value with further decreasing molar gold content (see blue 
dashed arrow), as fewer and fewer nuclei are present in solution. 
Therefore, a second process must be present, which increases the 
number of available nuclei at higher silver contents. We conclude that 
this process must be heterogeneous nucleation on the readily available 
surface of the AgCl crystals. The heterogeneous nucleation rate is asso
ciated with the total surface area of AgCl crystals in solution, which 
increases as the gold content decreases and the silver (chloride) content 
increases. It is important to notice that for pure silver NPs no AgCl is 
formed as no gold precursor (Cl- ions) is present. Therefore, no hetero
geneous nucleation can occur and the size of pure silver particles follows 
the trend observed for NPs with a molar gold content below 50 %. 

These combined effects cause a shift in the mean particle size to
wards smaller particles at both higher and lower gold contents. Conse
quently, a maximum in particle size occurs at a molar gold content of 50 
%. This happens because the combination of homogeneous nucleation, 
which dominates at high molar gold contents, and heterogeneous 
nucleation, which dominates at low molar gold contents, is the weakest 
at this composition. The non-monotonous increase in the particle size 
thus arises from a complex interplay between homo- and heterogeneous 
nucleation of the alloy NPs. 

Further, to gain a better understanding of the growth behavior of the 
formed NPs, we conducted an analysis of the PSDs of pure silver NPs 
using PSD measurements (refer to Fig. 5b). To accomplish this, we 
halted the reaction at different time intervals (1 h, 9 h, and 24 h) by 
introducing Glutathione (GSH). It has been recently reported by our 
research group that GSH has the ability to arrest the growth of noble 
metal NPs by binding irreversibly to their surfaces [65]. Accordingly, to 
retrieve core diameter distributions, a GSH shell thickness of 0.86 nm 
was used as reported in the latter publication. 

The obtained PSDs exhibit a noticeable shift over time, with the most 
significant shift occurring early in the reaction, followed by a slowed 
growth rate towards the later stages of the process. Interestingly, the 
shape of the cumulative distribution remains unchanged throughout the 
synthesis (see ESI Fig. S8). The corresponding function can be described 
by a lognormal distribution with a mean particle size of 5.6 nm, 9.0 nm, 
and 9.3 nm for a reaction time of 1 h, 9 h, and 24 h, respectively, and a 
constant standard deviation of 0.9 nm. This consistent behavior implies 

a size-independent growth mechanism for the NPs with an effective 
mean growth rate of 0.4 nm h− 1 for the interval between 1 h and 9 h of 
reaction time and accordingly implies the surface reaction of the 
monomers to be the limiting factor for the crystal growth [66]. This is 
consistent with the slow formation kinetics and is in contrast to the 
faster diffusion limited growth. 

3.5. Proposed formation mechanism 

Based on the findings from the measurements and calculations 
above, a sequence of steps and mechanisms for the formation of the 
silver-gold ANPs is proposed (see Fig. 6). In a first step, we assume that 
mixing of the precursors controls the precipitation of sparingly soluble 
silver chloride NPs. The low solubility of AgCl strongly reduces the 
driving force to form silver NPs. However, AgCl serves as a reservoir for 
the slow incorporation of silver into the alloy and is reduced directly to 
Ag0 at a low reaction rate. The amount of silver in the AgCl crystals 
depends on the precursor concentrations, the precursor ratios of silver 
and gold, the reaction temperature, and the pH. In the second step, 
mainly Au ions and to a minor extent Ag ions in the solution are reduced 
by the reducing agent dextran to gold and silver atoms. These atoms 
subsequently form stable nuclei in the first part of the alloy formation. 
Nuclei can be formed via homogeneous as well as heterogeneous 
nucleation. Homogeneous nuclei consist of mostly gold. To a minor 
extent, depending on the intended final molar gold content and thus the 
portions of silver and gold precursor in the reaction mixture, also 
mixture AgAu or even Ag nuclei might form. These are considered as 
side reactions and will not be considered in our model. Heterogeneous 
nuclei reversely consist of mostly silver and to a minor extent also of 
AgAu and Au. According to the disproof-based method described above, 
it was established that the formation of heterogeneous AgAu and Au 
nuclei happens so scarcely that they will not be considered in our model. 
In the following growth step, the remaining ions in solution are reduced 
and are integrated into the crystal lattice. The growth of the particles is 
found to be size independent and surface reaction controlled as seen 
from the long reaction times and the PSDs over time (see Fig. 5b), where 
the shape of the PSD does not change. By reducing the silver ions in 
solution, the chemical equilibrium within the dispersion is shifted, Ag 
ions are released from the AgCl, reduced and integrated into the alloy. 
This process continues until no AgCl is present anymore. In addition, 
AgCl is reduced directly to Ag0 with a much slower reduction rate than 
the Ag ions in solution and thus adds to the formation of Ag0 [67]. While 
we consider the subsequent change in the chemical equilibrium to be 

Fig. 6. Proposed formation mechanism for the formation of silver-gold ANPs 
via the previously established synthesis [16] using dextran as the reducing and 
capping agent. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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instantaneous in each time step, we describe the dissolution of the AgCl 
crystals due to the direct reduction to Ag0 via a negative growth rate. 

The AgCl crystals therefore effectively act as a silver reservoir, suc
cessively dissolving while Ag atoms are formed. A similar behavior has 
been described in literature before for AgBr particles acting as an Ag 
reservoir during the growth of a silver shell around gold rods [68]. Thus, 
most of the ions being reduced on the surface of the gold-rich core NPs 
are silver ions. The observed silver shell around the gold cores is a 
consequence of the stepwise and decoupled reduction of gold and silver. 
These core–shell particles finally undergo diffusional mixing and the 
NPs effectively undergo the transition from a core–shell particle to a 
fully alloyed NP. The intermixing of gold and silver at room temperature 
has been described in literature before and can be accredited to defects 
in the crystal structure of the core particle [56]. While Fig. 6 presents the 
formation of the ANPs as 6 subsequent steps, it must be noted that all 
steps run simultaneously and are strongly connected. 

It should be noted that as mentioned in the sections before, the for
mation of the particles is significantly affected by light irradiation. 
Specifically, the formation rate of the particles is increased by around a 
factor of two from 30 to 50 h to 15–20 h (see Fig. S4). This can be 
explained by the photo reduction of AgCl to elemental Ag0, which is a 
typical process known in literature [62–64]. More details are given in 
the ESI. 

3.6. From experimental observations to a general population balance 
model for the alloy formation 

Based on the experimental observations, we aim for developing a 
model, which accounts for the most relevant formation steps of the alloy 
particle formation. The core of the model is a multi-dimensional PBE: 

q̇(t, x)+∇x⋅(G(c, x)q(t, x) ) = 0 (4)  

describing the spatiotemporal evolution of the number density function 
q. The dispersed phase vector x = (r, xAu) consists of the particle radius r 
and the volume fraction of gold atoms xAu. We assume that each noble 
metal has its own growth rate written in a general form Gi(ci) =

kg,i
(
ci − ceq,i

)
rn, which depends on the growth constant kg,i, the local 

solute concentration ci as well as the equilibrium concentration ceq,i of 
the i th noble metal and the particle radius of a formed NP, r. The 
exponent n depends on the growth mechanism. The solubility of noble 
metals is negligibly small [46], such that the approximation ci − ceq,i ≈ ci 

can be assumed valid. The growth term for radii r > rnucl, where rnucl 

describes the radius of the formed nuclei, and molar gold contents xAu ∈

[0, 1] reads: 

G(c, (r, xAu)) =

( (
GAu(cAu) + GAg

(
cAg
) )

rn

3
(
GAu(cAu)(1 − xAu) − GAg

(
cAg
)
xAu
)
rn− 1

)

(5)  

A detailed derivation of the growth rate expression can be found in 
Muneer et al. [69]. The formation of new nuclei with the critical radius 
rnucl is prescribed in the PBE by a nucleation boundary condition. The 
nucleation rate is given by: 

N
(
cAu, cAg,AAgCl

)
=

Nhom
Au (cAu) + Nhom

Ag

(
cAg
)
+ Nhet

Ag (AAgCl, cAg)

rn
nucl
(
GAu(cAu) + GAg

(
cAg
) ) (6)  

where homogeneous nucleation Nhom of Au and Ag nuclei as well as 
heterogeneous nucleation Nhet of Ag nuclei on the AgCl surface (AAgCl, 
describing the surface area of all AgCl NPs) are modeled by the classical 
nucleation theory as prescribed by Mersmann et al. [70]. The average 
composition of the precipitated nuclei is given by the ratio of the 
nucleation rates – assuming a constant nuclei size – i.e., 

xAu, nucl(c) =
Nhom

Au (cAu)

Nhom
Au (cAu) + Nhom

Ag
(
cAg
)
+ Nhet

Ag (AAgCl, cAg)
(7)  

Altogether, we obtain the following boundary condition accounting for 
nucleation: 

q(t, (rnucl, xAu)) = N
(
cAu, cAg,AAgCl

)
δ0
(
xAu − xAu, nucl(c)

)
∀t > 0, xAu ∈ [0, 1]

(8)  

The postulated PBE model for alloy particles is subject to several as
sumptions. First, we neglect a dependence of the growth rate on the 
surface composition. This means that gold and silver atoms are inte
grated at the same rate into both a gold-rich and silver-rich particle 
surface. Thus, the composition along the radial axis of the particle is 
mainly determined by the ratio between the precursor reduction rates, 
the nucleation rates and growth rates of each noble metal as emphasized 
in Equation (6) and (7). The same approach is inferred for the nucleation 
of the alloy nuclei. The ratio between the single nucleation rates of each 
noble metal determines the mean composition xAu,nucl of the formed 
nuclei. Analysis of the multi-dimensional population balance equation 
shows that the strong dependence of nucleation rate on solute concen
tration leads to preferential formation of the rate-dominant substance. 
Only when the nucleation rate of each metal is in the same order of 
magnitude, an alloy nuclei formation would occur. Due to the highly 
nonlinear dependence of the nucleation rates on the solute concentra
tions, the likelihood that the nucleation rates of both noble metals 
remain on a similar level for an extended period of time is small. Hence, 
in the most cases xAu,nucl is either ≈ 1 (in the presence of Au) or ≈ 0 (in 
the absence of Au). 

The PBE model is complemented with a mass balance: 

c(t) = cin(t) −
4π
3

∫ 1

0

∫ ∞

rnucl

(
ρAuM− 1

Au xAu

ρAgM− 1
Ag (1 − xAu)

)

r3q(t, (r, xAu) )drdxAu (9)  

where the term cin(t) denotes a time dependent external mass addition, 
ρAu and ρAg describe the density of Au and Ag, respectively, and MAu and 
MAg the molar mass of Ag and Au respectively. 

The first step in the synthesis of noble metal particles is the reduction 
of the metal ions to the elementary oxidation state. We here rely on the 
simplest case of one component reduction from a trivalent Au ion, 
directly to the respective Au atom, which reads as: 

Au3+ →
kr,Au

Au0 (10)  

Ag+ ↔ AgCl (11)  

Ag+ →
kr,Ag

Ag0 (12)  

AgCl →
kr,AgCl

Ag0 (13)  

dAu3+(t)
dt

= − kr,AuAu3+(t) (14)  

dAu0(t)
dt

= kr,AuAu3+(t) (15)  

dAg+(t)
dt

= − kr,AgψAg+ (Ag+(t),Cl− (t) ) − kr,AgClAAgCl
(
ψAgCl(Ag+(t),Cl− (t) )

)

(16)  

dAg0(t)
dt

= kr,AgψAg+ (Ag+(t),Cl− (t) )+ kr,AgClAAgCl
(
ψAgCl(Ag+(t),Cl− (t) )

)

(17)  

where ψX(Ag+,Cl− ) denotes the concentration of X ∈ {AgCl,Ag+} based 
on the ion concentrations of Ag+ and Cl− under hydrochemical equi
librium. We want to stress that more complex redox reactions can be 
straightforwardly implemented in the model by either incorporating – if 
decoupled – the analytical solution or the numerical solution as a mass 
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addition term cin or by directly coupling the chemical equilibria to the 
mass balance stated in Equation (9). The multi-dimensional PBE with 
the mass balance is numerically solved by the recently developed 
multidimensional exact method of moments [69], which is based on a 
reformulation of the PBE in terms of a fixed-point-equation for the 
evolution of the concentrations. This is possible as, for given concen
trations, the PBE solution can analytically be solved by the method of 
characteristics, see e.g., Keimer et al. [71], and was already introduced 
for the 1D case by Pflug et al. [72]. This analytical solution is then 
plugged into the mass balance in Equation (9) resulting in two one- 
dimensional nonlinear integral equations, which can be efficiently 
solved by numerical schemes. 

The introduced PBE describes the formation of composite particles 
based on the mass transfer of ions from the bulk to the surface and their 
integration into the particle. However, due to the mobility of the metal 
atoms within the metal lattice, reorganization of the metal atoms within 
the particle can occur. This reorganization process can be enhanced by 
different defects of the solid phase such as point, line or planar defects 
(refer to chapter 3.5). The rates of the reorganization process and the 
reduction of silver then determine the morphology of the formed NPs, i. 
e., in the case of a high silver reduction rate and a low rate of reorga
nization, core–shell particles are formed, while for the opposite sce
nario, homogeneously mixed particles can be observed throughout the 
entire formation process. As discussed above, light plays an important 
role in the reduction of AgCl and significantly increases the reduction 
rate according to Eq. (13). Thus, under the influence of light irradiation, 
a clear formation of core–shell particles is observed (see Fig. S4). While 
the formation of core–shell particles can still be observed under light 
exclusion, it is much less pronounced, resulting in most particles 
showing a gradient in the composition over the radial dimension instead 

of a sharp boundary from silver to gold (see Fig. S3). This complex 
reorganization process exceeds the scope of our work for now and is thus 
neglected. As the expected change in the optical properties due to the 
slightly inhomogeneous distribution of both elements over time is 
marginal, we instead assume instantaneous mixing and thus a homo
geneously mixed particle with varying size and molar gold content over 
time. 

3.7. Quantitative modeling of alloy formation 

In this section, we attempt to quantitatively model the formation of 
silver-gold ANPs using dextran as a reducing agent. However, the 
reduction rate constants, nucleation rate constants, and growth rate 
constants are unknown. We follow the approach of model-based mate
rial parameter estimation using global optimization to determine pre
sumably unique solutions for the aforementioned constants. The 
extinction spectra measured experimentally over time (see Fig. 4), the 
PSDs from the final state based on AUC experiments (see Fig. S7 and 
Fig. 7), the x50,3 values at different molar gold contents (see Fig. 5a), the 
evolution of the PSD of pure Ag NPs over the process time (see Fig. 5b), 
and the EDXS maps of the particles at certain process times (see Fig. 3) 
serve as optimization criteria here. 

To compare the experimental data with the results of the described 
model, the rate and unknown material constants have to be determined. 
These constants should be unique from a physical point of view. If no 
unique solution can be found, further unknown dependencies might be 
present, which then would have to be resolved. To do so, we performed a 
simulated annealing type scheme [73] with more than 90 000 parameter 
combinations. This is important to rule out that we have an indetermi
nate system, i.e., to make sure that we have enough data to accurately fit 

Fig. 7. Comparison of experimental (from SV-AUC experiments) and simulated mass density distributions for molar gold contents of 0 to 0.75 in steps of 0.25 from 
(a) to (d) respectively. Experimental data is shown in gray solid lines, while simulated curves are shown in red dashed lines. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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all of the 9 parameters and allows for statistical analysis as shown in 
Fig. S10. In the plots, a very narrow range of possible solutions can be 
found, clearly proofing that a reasonable unique solution in terms of a 
well-defined set of parameters does exist. The modal values as well as 
the corresponding standard deviations (from Fig. S10) for the parame
ters can be found in Table 1. 

This approach is clearly superior to standard parameter fitting pro
cedures such as least squares, as it provides information on the accuracy 
and uniqueness of the obtained parameters. Traditional approaches 
result in a single parameter set that does not provide insight into other 
potential formation pathways or solutions, whereas our approach 
clearly identifies all possible parameter combinations satisfying a given 
error bound. This can be used to identify unknown parameter correla
tions and to assess whether the data sets used are rich enough to identify 
the model parameters. In other words, our approach provides both novel 
insights into the formation pathway and allows to determine experi
mentally hardly accessible information, including kinetic constants, 
surface energies and solubilities. 

Here, kV describes the Mersmann constant [74] for the respective 
metal used to calculate the interfacial energy, which severely affects the 
nucleation rate. cAg,het is a parameter from classical nucleation theory 
and is dependent on surface diffusion, the surface properties of Ag and 
AgCl, the adsorption of Ag on AgCl, the size of the formed nuclei and the 
concentration of silver in solution (see [70] – Table 1). Finally, fAg is a 
measure for the wettability of AgCl by Ag. The smaller f becomes the 
better the wettability and thus the better the interaction of the two 
materials, here Ag and AgCl [75]. 

The obtained parameters are hardly measurable experimentally and, 
in particular, for a silver-gold alloy NP system none are reported. 
However, a comparison of the estimated parameter values with litera
ture values for similar systems allows an assessment in terms of physical 
meaningfulness. Reduction rate constants for silver and gold have been 
reported in a wide range, highly dependent on the reducing agent and 
other process parameters. Additionally, most rates found in literature 
are essentially observed effective rates including the whole particle 
formation process. Some values found are in the range of 10-3 s− 1 and 
10-5 s− 1 [76–80]. The obtained reduction rate constants are thus defi
nitely in the right range of values. Further, a higher value for the 
reduction rate constant of gold can be explained with the higher elec
trochemical potential of gold ions [81] compared to silver ions [82,83]. 
The reduction rate constant of AgCl accounts for the surface area of the 
available AgCl and its concentration. To make the value comparable to 
the rate constants of Ag and Au, one can calculate an equivalent rate for 
a given molar amount and surface of AgCl. As an example, in the 
beginning of the process, we observe cubic AgCl crystals with an edge 
length of approximately 180 nm, which amounts to a total surface of 
2.8•10–6 m2L-1. With knowledge of the initial molar amount of AgCl 
present in solution of 8.3 • 10-5 molL-1, one can calculate the initial 
equivalent rate constant. This equivalent rate constant amounts to 

1.1 • 10-5 s− 1, which is much lower than that of pure silver and gold. 
This can again be explained by the much lower electrochemical poten
tial of AgCl/Ag [84] compared to silver and gold ions. 

Mersmann constants, which are a measure for the nucleation of the 
NPs and are proportional to the surface energy of the metal NP as well as 
its solubility, have been reported in the range of 0.31 to 0.414 [74,75]. 
However, large standard deviations of up to 400 % are reported with it 
[74], showing that the values found in this work are well within the 
expected range. Further, the Mersmann constants of silver and gold 
show similar values. The Mersmann constant is directly proportional to 
the surface energy as well as the solubility of the nucleating component 
(here silver and gold). While silver shows a lower surface energy than 
gold [85], its solubility is higher. This stems from the lower melting 
temperature of silver [86], which shows a lower cohesion energy, which 
finally shows a higher solubility, an effect that gives silver its antibac
terial properties [20]. Thus, the lower surface energy of silver is 
canceled out by its higher solubility, leading to almost identical Mers
mann constants for both components. With all other constants verified, 
the growth rate constant directly reflects the measured growth rate of 
the NPs (see Fig. 5b) and thus directly stems from experimental values. 

In summary, we show that the parameters used in the model are in 
fact physically based parameters, which are determined via the pre
sented approach. The obtained values are reasonable and can be 
explained via physical relationships. Fig. S5 indicates that the formation 
kinetics is additionally influenced by the initial pH of the solution. To 
account for this effect, we adjusted the initial pH value for all solutions 
to 11.1. Further, we assume that the reaction constants are not affected 
by the small variations in the pH during the reaction. With the calibrated 
model at hand, we now aim for quantitative comparison of experimental 
data with the data generated via the model. 

Fig. 7 shows the comparison of the mass weighted PSDs at the end of 
the reaction for molar gold contents of 0 to 75 % in steps of 25 %. Three 
samples were measured for each molar gold content via SV-AUC, which 
are shown as a mean gray solid line. Firstly, a change in the modal values 
dependent on the molar gold content is evident again (see also Fig. 5), 
validating our assumptions. Further, monomodal distributions are found 
for all molar gold contents with excellent agreement between the 
experimental and the simulative data over both, the modal value and the 
width of the PSD. While agreement of the modal value can indeed be 
achieved even if the modelled formation mechanism is incorrect, the 
correct prediction of the PSDs for various compositions strongly sup
ports the underlying mechanism [51]. 

With the particle dispersities well aligned, we look towards the op
tical properties, i.e., the extinction spectra of the final NP suspensions. 
The two-dimensional population balance equation provides information 
about the particle size and composition distribution, but no optical in
formation. To compare the experimentally measured extinction spectra 
with the underlying simulated two-dimensional population density 
function, we convert the dispersed phase properties into optical infor
mation using Mie theory (see section 2.2.4 and Cardenas Lopez et al. 
[58] for details). More precisely, to numerically approximate the 
extinction of a size and composition distribution, the size distribution is 
first divided into small fractions. The extinction spectra of each fraction 
for an average size and composition are then accumulated to one final 
spectrum based on the number of particles in each fraction. 

Fig. 8 depicts the comparison of the experimentally determined op
tical information with the simulatively generated data using the cali
brated model. Fig. 8a thereby shows the position of the LSPR peaks over 
the course of the formation. The experimental data are combined with 
error bars, including the standard deviations in the measurement data 
from 3 measurements for each composition as well as the uncertainty in 
the determination of the peak maximum. To account for the uncertainty 
in the peak maximum, we assume a deviation in the maximum extinc
tion at the LSPR position by 1 %. We then calculate a combined standard 
deviation assuming an equal distribution over the resulting span of peak 
positions. 

Table 1 
Determined parameters and standard deviations for the described 
model. The standard deviations correspond to the probability dis
tributions for a deviation of 10 % from the optimal value (see 
Figure S10). As the parameters are based on physical constants, the 
values hold physical meaning.  

Parameter Optimal value 

kr,Au / s− 1 (10.0 ± 0.2) • 10-4 

kr,Ag / s− 1 (3.46 ± 0.06) • 10-4 

kr,AgCl / mol m− 2 s− 1 (3.3 ± 0.1) • 10-4 

kV,Au / - 0.1905 ± 0.0003 
kV,Ag / - 0.1783 ± 0.0003 
cAg,het / m− 2 19285.87 ± 0.05 
fAg / - 0.0301 ± 0.0003 
kg,Au / m L s− 1 mol− 1 (1.12 ± 0.03) • 10-6 

kg,Ag / m L s− 1 mol− 1 (1.46 ± 0.03) • 10-6  
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The solid lines indicate the predicted values, obtained from simula
tions. The plots show that, as described before, the formation starts with 
the formation of highly gold rich NPs, indicated by an initial LSPR po
sition of around 520 nm, which is typical for such small gold NPs. 
Depending on the precursor ratio of silver and gold, the initial position 
gets closer to 520 nm with an increasing gold precursor ratio. Over the 
course of the experiment, the values exponentially decrease to a final 
value, which is indicative for the final molar gold content of 25 %, 50 %, 

and 75 % of the produced NPs. The simulated trend of the LSPR peak 
position shows good agreement with the experimental data over the 
course of the entire reaction and hits the final LSPR positions almost 
perfectly. When looking at the final extinction spectra at the end of the 
process (see Fig. 8b), very good agreement between the experimental 
data and the simulations is observed again in terms of the peak position, 
as well as the width of the peak. For the simulations, dampening due to 
the small size of the final NPs, which is too small for classical Mie theory 

Fig. 8. (a) Comparison of experimental LSPR positions over time for different initial gold molar fractions with the simulated results. Experimental values are shown 
with error bars, while simulated values are shown as solid lines. (b) Corresponding comparison of normalized extinction spectra of the final particle suspensions after 
the end of the process with simulated results. Dashed lines show the experimental values, while solid lines symbolize the simulated curves. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Concentration of gold atoms - Au0 (a) – and silver atoms - Ag0 (b) - in the synthesis solution. As the concentration of silver atoms is much higher for 
monometallic silver, the concentration was plotted against a second y-axis. (c) Concentration of precipitated AgCl in the synthesis solution. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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has been taken into account (see [58;16]). 
In summary, we find excellent quantitative agreement between 

experimental and simulated data, proofing a detailed understanding of 
the formation mechanism of the AgAu ANPs. With a calibrated model 
delivering physically grounded and correct values, we can use the model 
to extract additional data from the process, which are experimentally 
not accessible. 

Fig. 9 shows the evolution of the concentrations of the considered Ag 
and Au species in time, with Fig. 9a depicting the evolution of Au0 over 
time, Fig. 9b the evolution of Ag0 and Fig. 9c the evolution of AgCl. Both 
Ag and Au atom concentrations show a spike in the beginning of the 
process due to the high concentration of precursors, causing a rapid 
reduction reaction. Afterwards, the concentration of both species is 
depleted via the following nucleation reaction, forming stable nuclei 
from the formed atoms. While gold atoms are depleted much faster, 
within the first hour of the reaction, silver atoms are present for more 
than 40 h. This is due to the precipitation of AgCl in the beginning of the 
process and its subsequent redissolving over time, which can also be 
seen from the concentration of AgCl over time in Fig. 9c. Here the 
concentration of AgCl runs out shortly before the concentration of silver 
atoms, validating our assumption. Additionally, we notice a significantly 
higher peak concentration of Au0, compared to Ag0, which is in line with 
expectations, as large parts of silver are precipitated and only a small 
portion can be reduced to Ag0. 

Pure silver NPs are the exception here, as only a small portion of the 
silver is precipitated as AgOH, leaving the majority of the silver reduc
able. As the resulting Ag0 concentration is higher than for the bimetallic 
cases by a factor of 40–50, we plot the concentration of Ag0 for the case 
of pure Ag on a second y-axis. Further, it is evident that depending on the 
precursor ratio of Ag and Au, the peak concentrations for Ag0 and Au0 

are higher or lower with higher gold precursor ratios leading to higher 
Au0 and lower Ag0 peak concentrations and vice versa. Further, the 
maximum concentration of Au0 is reached later in the process the lower 
the gold precursor is. This can be explained by the lower concentration 
of gold ions in solution leading to a slower reaction rate to Au0 and thus 
a later peak concentration. Lastly, the concentration of AgCl is the 
highest for a high silver precursor ratio. Interestingly, for the formation 
of AgAu ANPs with a molar gold content of 50 %, AgCl is present for 
longer than in the case of the other alloy compositions. This correlates 
with a slower reaction kinetic (see Fig. 4d and Fig. 8a), showing that 
redissolving of AgCl is the rate determining step in the process. 

4. Conclusion 

We propose a formation mechanism of AgAu bimetallic alloy NPs 
produced via liquid-phase chemical co-reduction, which was unraveled 
utilizing a variety of advanced characterization techniques, including 
STEM-EDXS, AUC, and in-line UV–Vis-spectroscopy. Alloy NPs were 
produced via a green room-temperature one-pot synthesis using dextran 
as the reducing agent and the stabilizer. The formation proceeds as a six- 
step process, starting with the precipitation of solid AgCl, followed by 
the reduction of remaining silver and gold precursors, the nucleation of 
highly gold rich nuclei, the subsequent growth of a silver-rich shell, the 
simultaneous redissolving of AgCl into the synthesis mixture, and finally 
the intraparticulate reorganization of silver and gold atoms to a fully 
alloyed NP. While these steps can be described as subsequent, they occur 
partly in parallel. The formation was modelled via a two-dimensional 
population balance model, which yields a quantitative and predictive 
description of the process, effectively bridging the property-process 
relationship for the given particle system. 

Our model is not limited to the synthesis of bimetallic ANPs but is 
based on a widely applicable, general approach. In principle, any for
mation process, which can be traced back to a (series of) reaction step(s), 
nucleation, and growth, can be described by the presented model. Un
known or hardly accessible rate and material constants are determined 
by calibration of the model against measurable data such as size 

distributions and overall optical properties. Scale-up and process control 
is now possible based on the revealed formation mechanism and the 
quantitative formation kinetics. 
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