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ABSTRACT:  

Gold-silver alloy nanoparticles are interesting for multiple applications, including 

heterogeneous catalysis, optical sensing, and antimicrobial properties. The inert element gold 

acts as a stabilizer for silver to prevent particle corrosion or conversely to control the release 

kinetics of antimicrobial silver ions for long term efficiency at minimum cytotoxicity. 

However, little is known about the kinetics of silver ion leaching from bimetallic 

nanoparticles and how it is correlated with silver content, especially not on a single-particle 

level. To characterize the kinetics of silver ion release from gold-silver alloy nanoparticles, 

we employed a combination of electron microscopy and single-particle hyperspectral imaging 

with an acquisition speed fast enough to capture the irreversible silver ion leaching. Single-

particle leaching profiles revealed a reduction in silver ion leaching rate due to the alloying 

with gold as well as two leaching stages, with a large heterogeneity in rate constants. We 

modelled the initial leaching stage with a shrinking-particle model with a rate constant that 

exponentially depends on the silver content. The second, slower leaching stage is controlled 

by the electrochemical oxidation potential of the alloy being steadily increased by the change 

in relative gold content, and diffusion of silver atoms through the lattice. Interestingly, 

individual nanoparticles with similar sizes and compositions exhibited completely different 

silver ion leaching yields. Most nanoparticles released silver completely, but 25% of them 

appeared to arrest leaching. Additionally, nanoparticles became slightly porous. Alloy 

nanoparticles, produced by scalable laser ablation in liquid, together with kinetic studies of 

silver ion leaching, provide an approach to design the durability or bioactivity of alloy 

nanoparticles. 

 

KEYWORDS: single-particle spectroscopy, plasmon resonance, nanosilver, laser-generated 

nanoparticles, corrosion 
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Understanding silver ion leaching from gold-silver alloy nanoparticles is a 

prerequisite to designing alloy nanoparticles with either unintended or intended silver ion 

release. On the one hand, slowing down silver ion leaching will increase the durability of a 

plasmonic alloy nanoparticle in sensing applications (e.g., in bioassays) minimizing temporal 

shifts in plasmon intensity or wavelength.1, 2 In heterogeneous catalysis, in particular under 

oxidic or acidic conditions, attenuated silver ion leaching will improve catalyst durability and 

recyclability.2-5 On the other hand, silver ion release is intended to fight infections caused by 

bacteria, and the release kinetics will set the therapeutic window.6, 7  

The anti-bacterial properties of silver have sparked interest in the use of silver-

containing nanoparticles as anti-bacterial agents for in vivo applications.8-11 Silver’s anti-

microbial action is generally attributed to silver ions, which cause damage to the cell 

membrane of bacteria, or are absorbed by the cell and damage the cell from the inside.12-15 

Silver ions are effective against most bacteria, including those resistant to anti-biotics, 

allowing silver to serve as a multipurpose anti-bacterial agent.16, 17 Particular interest has been 

devoted to silver nanoparticles, or nanosilver, as a way to deliver silver ions to infected sites, 

or to prevent implant-associated infections. Nanoparticles embedded in infected tissue or 

dental fillings have been used to leach silver over time and continuously supply silver ions.13, 

14, 16, 18 Depending on factors like size and surface charge, nanoparticles can also interact 

directly with the bacteria to increase anti-bacterial properties of silver, either through contact 

killing or by delivering silver ions directly to the bacteria (e.g., by adhering to the cell 

wall).15, 19, 20 

Although promising results have been reported for the use of silver nanoparticles as 

anti-bacterial agents, silver nanoparticles are unstable and dissolve quickly, typically 

releasing their entire silver content in less than three days under physiological conditions 
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(burst release).21-23 As a result, the anti-microbial properties of pure silver nanoparticles 

quickly wear out and the high overall silver ion concentrations are also toxic to mammalian 

cells, raising concerns for many in vivo applications.24-26 The resulting therapeutic 

concentration window is rather narrow and even further reduced in the presence of serum 

proteins.6, 7 Similar drawbacks may arise when silver nanoparticles are used in optical sensing 

purposes1 or are utilized in catalysis3-5 where corrosion due to silver ion release may critically 

impair their functional stability. Different methods have been explored to stabilize silver 

nanoparticles, such as alloying with another metal,26, 27 surface functionalization with 

protecting ligands,28  as well encapsulation in polyethylene glycol or polyvinylpyrrolidone.13, 

29 Alloying silver with gold allows precise control of corrosion as well as intended silver ion 

release and improves biocompatibility as well as significantly reduced toxicity in 

reproduction biology in vitro and in vivo experiments.30, 31 Recent studies reported an 

improved biocompatibility and chemical stability by using gold-silver alloy nanoparticles 

instead of pure silver nanoparticles.26, 27, 32-37 These studies also found that alloy nanoparticles 

remain effective against bacteria.  However, little is known about the kinetics of silver ion 

release from individual alloy nanoparticles.27, 33, 34 Ensemble studies directly comparing gold-

silver alloy nanoparticles with pure silver nanoparticles produced conflicting results: Both 

slower and faster silver ion leaching was observed when gold or other transition metals were 

added to the composition of the nanoparticles.33, 35 Interestingly, adding as little as 10-20 

atom % of gold was reported to significantly decrease the silver dissolution rate.38 39 To 

understand how composition affects silver ion leaching kinetics and to enable the design of 

nanoparticles that are capable of releasing silver ions in a controlled fashion, single-particle 

investigations are desperately needed to remove effects caused by nanoparticle heterogeneity 

and elucidate the release mechanism.  
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The properties of individual silver and gold-silver alloy nanoparticles can be 

monitored optically through their localized surface plasmon resonance, the collective 

oscillation of conduction band electrons in the metal nanoparticle. When plasmonic 

nanoparticles are illuminated, the plasmon leads to strong scattering and absorption of light.40 

The optical cross-sections of a plasmonic nanoparticle depend on its size, shape,41, 42 and 

composition,43-45 making it possible to monitor morphological changes optically. Wavelength 

and intensity changes in ensemble UV-vis spectra were used to monitor the dissolution of 

gold and silver nanoparticles,15, 46, 47 as well as the silver ion leaching of gold-silver alloy 

nanoparticles.48-50 However, the fact that leached silver ions cause nanoparticle aggregation 

in solution complicates optical ensemble methods.23, 51, 52 Single-particle spectroscopy 

typically requires the immobilization of nanoparticles on a support substrate,53, 54 thereby 

avoiding nanoparticle aggregation even under the harshest solution conditions. Dark-field 

spectroscopy is most commonly employed to study single plasmonic nanoparticles, but for 

monitoring time-dependent irreversible processes must be implemented in such a way that the 

acquisition of tens to hundreds of nanoparticles is fast enough to yield statistically relevant 

results.55 Hyperspectral imaging can overcome this limitation and has been used as a non-

invasive approach to track morphological changes, oxidation, and dissolution of individual 

nanoparticles with up to millisecond temporal resolution.56-60 

In this work, we used hyperspectral dark-field imaging to monitor silver ion leaching 

from individual alloy nanoparticles synthesized by laser ablation in liquids. This synthesis 

route is well established for the generation of colloidal nanoparticles61 and is scalable with 

productivities up to 4 g/h, equivalent to tens of liters colloid per hour.62, 63 It has been 

frequently used for the generation of gold-silver alloy nanoparticles64 with well-controlled 

composition and ultrastructure on a single-particle level.65 Furthermore, these nanoparticles 

are completely free of organic additives and are electrostatically stabilized in solution by ion 



 6 

adsorption.66 Note that residual reactants of wet chemical synthesis such as citrate can 

influence the ion release.67 Hence, laser-generated colloids constitute an ideally suited model 

system to formulate a two-stage leaching model. We monitored the plasmon resonance of 

individual silver and gold-silver alloy nanoparticles, immobilized on indium tin oxide (ITO) 

microscope slide, of different compositions in dilute nitric acid to promote silver ion leaching 

as a function of time. Spectral intensity changes were correlated with nanoparticle size and 

composition using scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDX). By tracking the intensity changes over time, we created in situ single-

particle leaching profiles that are well described when combining our kinetic rate model with 

Mie theory simulations.  

 

RESULTS AND DISCUSSION 

Particle Characterization Before Leaching 

Spectra of individual gold-silver alloy nanoparticles were measured in deionized 

water and correlated to SEM and EDX measurements. A spectroscopic flow cell was 

assembled with alloy nanoparticles (20 mole% gold, 80 mole% silver) deposited on ITO and 

filled with deionized water (Figure 1a). An evanescent field created by total internal 

reflection (TIR) of white light from a halogen lamp was used to illuminate the nanoparticles. 

A color image of the field of view shows the individual nanoparticles as blue, red, and white 

scatterers (Figure 1b). Single-particle spectra were acquired for 46 nanoparticles by directing 

the scattered light to a spectrograph, which was scanned across the field of view (Figure 1c). 

Afterward, the cell was disassembled, and SEM and EDX measurements of the same 

nanoparticles revealed all particles were spherical, consistent with previous reports for 

nanoparticles created by laser ablation.68, 69 The particles contained between 77% and 84% 

silver (Figures 1h and S1 in the supporting information (SI)), and did not form core-shell-



 7 

structures, in accordance with previous single-particle EDX analysis of laser-fabricated gold-

silver nanoparticles,65, 68 and further confirmed by our own STEM-EDX characterization that 

also revealed homogenous alloying of gold and silver (see below and SI for more details). 

Spectra, SEM images, and silver content of the representative nanoparticles highlighted in 

Figure 1b are shown in Figure 1 d-g. Smaller nanoparticles (Figure 1d, e) had narrower, blue-

shifted spectra and appeared blue in the dark-field scattering image (Figure 1b). The spectra 

of larger nanoparticles were broader with red-shifted maxima (Figure 1f, g), appearing red 

and white in the color dark-field scattering image (Figure 1b). We measured the spectra of the 

same nanoparticles three times over a duration of 20 minutes and observed no spectral 

changes, confirming that the nanoparticles were stable under our conditions in water under 

light illumination (Figure S2). 

Mie theory is well suitable to describe the spectra for nanoparticles with diameters 

smaller than 130 nm. Mie theory simulated spectra using the dimensions from SEM and 

dielectric functions for an alloy with 80% silver were calculated. Mie theory predictions gave 

a good match with experimental data for small nanoparticles, which only supported a dipolar 

plasmon mode (Figure 1d - f). In contrast, for larger nanoparticles, Mie theory predicted two 

overlapping plasmon modes, a lower energy dipolar mode at around 650 nm and a higher 

energy quadrupolar mode at 450 nm (Figure 1 g).70 The experimental scattering spectrum of 

the larger nanoparticles in Figure 1g displayed these two modes, albeit less resolved in the 

simulations. Better agreement could potentially be achieved with more advanced simulation 

methods but at the expense of computational time and the need to fully characterize geometry 

and composition of all particles before, during, and after the experiments, a non-feasible task 

for our leaching studies. 
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Figure 1. Hyperspectral imaging yields information about the size of gold-silver alloy 
nanoparticles, as illustrated here for the 80% silver alloy nanoparticles. (a) Illustration of a 
spectroscopic flow cell illuminated using prism TIR excitation. (b) Complementary metal–
oxide–semiconductor camera color image of part of the investigated region. (c) Schematic 
representation of push-broom hyperspectral imaging. (d-g) Normalized scattering spectra of 
the nanoparticles highlighted in (b) overlaid with Mie theory simulations. Measured diameters 
were 78 nm, 96 nm, 108 nm, and 123 nm, respectively. The insets show the correlated SEM 
images and silver contents from EDX measurements. (h) Measured and simulated integrated 
spectral intensities as a function of nanoparticle diameter with the particles from (d-g) indicated 
by colored symbols. Only the 23 particles that were smaller than 130 nm are depicted because 
they had a well resolved dipolar plasmon resonance. The PCC between scattering intensity and 
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diameter is given by the legend. The y-axis of the simulated scattering intensities is adjusted to 
overlap with the experimental data according to a least-squares scaling approach. The 
distribution in silver content found by EDX is provided as an inset.  
 

For in situ size analysis, we established first that integrated scattering intensities 

described particle size well, consistent with Mie theory simulations. The nanoparticles had a 

broad distribution in size with diameters ranging between 60 and 180 nm, while the silver 

content distribution was remarkably narrow, centered around 80% with a standard deviation 

of 2% (Figures 1h and S1). The scattering intensity integrated between 450 nm and 800 nm 

increased with nanoparticle size for particles smaller than 130 nm (Figure 1h), indicating that 

scattering intensity can be used as a measure of nanoparticle size. Mie theory predicted the 

same trend with a correlation of 0.96 between experimental and simulated scattering 

intensities (see SI section 3 for the calculation of the Pearson Correlation Coefficient (PCC)). 

For particles larger than 130 nm, Mie theory predicted no increase in scattering intensity as 

size increased, while our measured scattering spectra still showed intensity increases. These 

particles were excluded from the analysis, mainly because several plasmon modes start to 

overlap at this size range. 

 

Detection of Silver Ion Leaching 

Silver ion leaching from the same batch of 80% silver alloy nanoparticles was 

monitored optically and confirmed by correlated EDX. In another flow cell, spectra of 44 

alloy nanoparticles (80% silver, 20% gold) were first measured in water. Three consecutive 

spectra were acquired, and then the water was replaced with 0.25 M aqueous nitric acid. As 

soon as the nitric acid was added, the scattering intensity of all spectra gradually decreased. 

By investigating nanoparticles immobilized on a substrate we were able to monitor the same 

nanoparticles over the entire duration of the leaching process without nanoparticle 

aggregation, which would have occurred in ensemble measurements under these acidic 
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conditions. To illustrate the decrease of the plasmon scattering intensity over a period of 4.5 

hours, Figure 2 a-d provides four representative examples that are different from the particles 

studied in Figure 1. Correlated EDX of the same nanoparticles after dark-field spectroscopy 

revealed that the nanoparticles contained less silver than nanoparticles from the same sample 

batch not exposed to nitric acid (Figure 2 a-d insets), thereby confirming silver ion leaching 

by nitric acid. Final silver contents noticeably decreased from a starting value of 80 ± 2 % 

silver to a range between 53% and 78% silver, with a mean and standard deviation of 66 ± 

6% silver (Figure 2e). These distributions differed with more than 99.99% confidence 

according to the Kolmogorov–Smirnov test (see SI section 4). The mean nanoparticle 

diameter also decreased slightly from 103 ± 28 nm to 96 ± 19 nm (Figure 2f), but these 

distributions were statistically similar (p = 0.42). 
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Figure 2. Nitric acid leaches silver ions from alloy nanoparticles. (a-d) Spectra of 
representative 80% silver alloy nanoparticles at different times after exposure to nitric acid. 
The insets show SEM images and silver content after the last spectrum was taken. The scale 
bars correspond to 100 nm. Measured diameters were 85 nm, 93 nm, 122 nm, and 86 nm, 
respectively. Intensities are normalized relative to the spectrum taken at 0 min. The 
differences in spectral width are likely due to slight variations in size, shape, and composition 
that are not captured in 2D SEM images. (e,f) Histograms of silver content and diameter, 
respectively, for particles that were leached and particles of another batch that was not 
leached, denoted as “no leaching” (same particles as in Figure 1). Note that because SEM has 
to be carried out after optical characterization it is not possible to study the same individual 
nanoparticles before and after leaching. (g) Measured and simulated integrated spectral 
intensities as a function of nanoparticle diameter after leaching, with the nanoparticles from 
(a-d) highlighted by colored symbols. The y-axis of the simulated scattering intensities is 
adjusted to overlap with the experimental data according to a least-squares scaling approach.  
66% silver was assumed for the Mie theory simulations and the PCC is given in the legend. 
Absolute intensities cannot be compared between Figures 1h and 2g. Only relative intensity 
changes for the same sample cell can be compared.   
 

Leached nanoparticles remained spherical but became slightly porous. Based on the 

average nanoparticle size and silver content before leaching and the average silver content 
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after leaching, the final particle size for a non-porous face-centered cubic sphere should be 85 

± 24 nm. However, the final measured size was 96 ± 19 nm, approximately 10% larger than 

expected, leading to the conclusion that nanoparticles became porous (see SI section 5). The 

SEM images in the insets of Figure 2a-d confirm that the nanoparticles were still spherical. 

No macroscopic porosity or pitting could be seen in SEM. However, atomic-scale porosity 

smaller than the resolution of our SEM cannot be excluded and is therefore likely. We expect 

that whether or not surface porosity can be observed depends mainly on the silver ion 

leaching rate. The rearrangement of atoms during leaching is a slow process that occurs over 

several hours.71, 72 Under the mild leaching conditions presented in Figure 2, atoms were 

likely able to rearrange during the leaching process, filling most of the pores that would 

develop under accelerated kinetics, consistent with results shown below.  

After silver ion leaching, the integrated scattering intensity still scaled with 

nanoparticle diameter and again agreed well with Mie theory calculations. Even though the 

nanoparticles became slightly porous based on the analysis above and had a wider 

distribution of silver content, the measured scattering intensity still increased with increasing 

nanoparticle size (Figure 2g). The final scattering intensity still showed good agreement with 

Mie theory (PCC = 0.85), indicating that we can still use Mie theory to approximate the 

scattering spectra for the low degree of porosity found here. To separately explore the effects 

of changing silver content and nanoparticle size, we simulated scattering spectra of 60 nm to 

100 nm nanoparticles containing 80% silver and spectra of 100 nm particles containing 60% 

to 80% silver (Figure S3). As the diameter of the 80% silver particle was changed from 100 

to 60 nm, the integrated scattering intensity decreased by approximately 80% of its initial 

value. Meanwhile, as the silver content of the 100 nm particle was changed from 80% to 

60%, the integrated scattering intensity decreased by only 20%. Overall, decreasing 

nanoparticle size and silver content both lead to decreases in scattering intensity. However, 



 13 

within the ranges considered here, the change in scattering intensity associated with the 

change in size dominated, explaining why the scattering intensity of leached nanoparticles 

still scaled well with the nanoparticle diameter, even though the final silver content varied. 

No statistically significant changes in peak resonance wavelength were observed in the 

measured spectra (Figures 2a-d, and S4). Mie theory simulations predict opposing trends: a 

smaller particle size results in a blue-shift (Figure S3);73 a particle less rich in silver yields a 

red-shift.43 While these factors work opposite to each other, it is important to stress that Mie 

theory does not fully capture the particle composition and structure, such as porosity and 

deviations from spherical shape.74 

 

Effect of Silver Mole Fraction on Silver Ion Leaching 

 

 

Figure 3. Silver content affects leaching. (a,b) Spectra of nanoparticles containing 90% silver 
before and at different times during leaching in 0.25 M HNO3 (c,d) Spectra of nanoparticles 
from the same cell as shown in Figure 2, containing 80% silver before and at different times 
during leaching in 0.25 M HNO3. Intensities are normalized to the spectrum taken at 0 min. 
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(e) Histogram of overall intensity change between the first and last spectra for both samples 
(65 particles for 90% silver alloy nanoparticles and 44 particles for 80% silver alloy 
nanoparticles were analyzed). Means and standard deviations of the intensity decrease are 
given in the legend. These distributions were statistically different (p < 0.01).  
 

Increasing the initial silver content accelerated leaching. Another batch of alloy 

nanoparticles with approximately 90% silver was used to test the effect of silver content on 

leaching dynamics (see Figures S5 and S6 for characterization of this sample). Single-particle 

scattering spectra were tracked over a duration of 1 hour in 0.25 M nitric acid and revealed a 

more substantial decrease in scattering intensity, in some cases reaching the detection limit of 

our hyperspectral imaging system (Figure 3 a,b). By comparison, 80% silver alloy 

nanoparticles were still scattering strongly even after 4.5 hours of exposure to nitric acid 

(Figure 3c,d). As summarized in Figure 3e, the mean intensity decrease of the 90% silver 

alloy nanoparticles after one hour was 90 ± 18 % for 65 nanoparticles measured, with some 

nanoparticles completely invisible by dark-field spectroscopy. In contrast, the mean 

scattering intensity decrease of the 80% silver alloy nanoparticles was only 25 ± 11 % after 

4.5 hours. Finally, chemically synthesized citrate capped silver nanoparticles (100 ± 7 nm, 

see Figure S7 for size characterization) dissolved beyond the detection limit after only 10 

minutes in 0.25 M nitric acid, as shown in Figure S8. The strong dependence of leaching rate 

on silver content can be understood in terms of the activation energy for a silver ion leaving 

the alloy lattice.38 If all bonds are silver-silver bonds, dissolution is rapid. However, as more 

gold-silver bonds are present, dissolution becomes increasingly challenging. The addition of 

gold thus decreases the rate of silver dissolution.75  

 

Kinetics of Silver Ion Leaching 

Integrated scattering intensities were used to create single-particle leaching profiles. 

Having established that integrated scattering intensity scales with nanoparticle diameter and 
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extent of leaching, we created time-resolved single-particle leaching profiles by plotting the 

integrated scattering intensity against time for the 80% silver alloy nanoparticles. Figure 4a-d 

displays the integrated scattering intensity as a function of acid exposure time for the same 

nanoparticles as given in Figure 2a-d. The first data point at time zero corresponds to the 

mean of the three spectra measured in water, with the standard deviation given as an error 

bar. After 0.25 M nitric acid was added, an initial rapid decrease in scattering intensity was 

seen. At later times, leaching slowed down based on the smaller changes in scattering 

intensity. The integrated scattering intensity never reached a plateau, indicating that leaching 

was still occurring at the end of the measurement, albeit slowly. Time-resolved leaching 

profiles for all nanoparticles had similar shapes and can be found in the SI (Figure S9). 
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Figure 4. Silver ion leaching rate decreases over time. (a-d) Leaching profiles created by 
plotting the integrated scattering intensity against exposure time to nitric acid together with 
biexponential fits for representative 80% silver alloy nanoparticles. The frames are color-
coded to Figure 2 (a-d) to indicate that the same nanoparticles are again highlighted here. The 
first data point is the mean of three spectra collected in water before acid was added, and the 
error bar is the corresponding standard deviation. (e-h) Natural logarithm of rate constant, 
obtained by taking the derivative of the fit at each time point for the nanoparticles shown in 
(a-d) and normalized by the rate constant at time zero, k0. Note the initial linear regime, 
followed by the deviation from linearity at later times when the silver mole fraction is lower. 
The black lines are linear fits to the initial leaching stage. (i) Cumulative distribution 
functions of the leaching rate constant evaluated at different times, as indicated by the color 
scale bar. The means and standard deviations of the initial and final rate constants are 
displayed as insets.  
 

Leaching rate constants extracted from the leaching profiles decreased over time, a 

behavior that cannot be explained by first order leaching kinetics. A single exponential fit 

cannot describe the experimental leaching profiles, indicating a more complex mechanism. 
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Under less harsh conditions, Hahn et al. also experimentally observed a slow-down of silver 

ion release from laser-generated silver nanoparticle polymer composites immersed in distilled 

water for 1-42 days at 37°C. This long-term metal ion release was best described by pseudo-

first-order kinetics to which first order and second order fits gave similar residuals.76, 77 Here, 

a biexponential fit was applied to label the shape of the leaching profiles 

phenomenologically. This fit gave excellent agreement with the experiment for the leaching 

profiles of almost all nanoparticles. (Figures 4a-d and S9). The derivative of the 

biexponential fit at each time point, instead of the noisier experimental data, was taken to 

extract the slope and thus an effective leaching rate constant, 𝑘𝑘 (Figure 4e-h). This effective 

rate constant normalized by the rate at time zero, 𝑘𝑘0, decreased with time initially 

exponentially as demonstrated by the good agreement with the fits given by the black lines in 

Figure 4e-h. After about two hours, the leaching rate constant decreased more slowly. The 

cumulative distribution functions of the rate constants for all nanoparticles investigated at 

different experimental time point in Figure 4i demonstrate a more than ten-fold decrease in 

the rate constant over 4.5 hours from 48 ± 24 h-1 to 3 ± 2 h-1. Notably, the cumulative 

distribution functions illustrate the large standard deviation for the measured rate constant, 

especially at early times, partially caused by a combination of differences in initial particle 

composition and nanoparticle size. Despite a relatively narrow distribution in initial silver 

composition  ranging from 77% to 84% (see Figure S1), such small changes likely had a 

large effect when considering the significant differences seen in Figure 3 for 80% vs. 90% 

silver alloy nanoparticles. In previous work, some authors found that small particles leached 

faster.22, 23, 78 However, we observed only a weak correlation between particle size and 

leaching rate (Figure S10). Other factors such as slight differences in crystallinity might have 

also contributed to the differences in reactivity,58, 79, 80 and further studies are needed to fully 
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understand the observed heterogeneity in silver ion leaching kinetics. This result clearly 

demonstrates the need for a single-particle spectroscopy approach as undertaken here. 

Reductions in leaching rates were described in the literature before for elemental 

silver nanoparticles and were typically attributed to nanoparticle aggregation or solubility 

issues when the solution reached the solubility limit for silver ions.23, 81, 82 Nanoparticle 

aggregation was not an issue here because the particles were immobilized on a substrate. We 

also used a relatively low nanoparticle density (~106 particles per cm2), resulting in a 

maximum silver concentration of about 1 µM, which is orders of magnitude below the 

solubility limit of silver nitrate (see SI section 13 for further details).83 Additionally, if 

leaching was limited by the solubility of silver ions, the pure silver nanoparticles should not 

have leached completely either. Decreases in rates over time were also reported for mass 

transport limited leaching because a growing diffusion layer around the nanoparticle slows 

down leaching by reducing the supply of oxidants.84 However, if the reaction here was mass 

transport limited with respect to the oxidant, all three samples should have leached at the 

same rate independent of silver content. Instead, we observed increased leaching rate 

constants with increasing silver content in the gold-silver alloy nanoparticles. Note that the 

90% silver alloy and pure silver nanoparticles leached so quickly after exposure to nitric acid 

that we were not even able to accurately quantify the corresponding rate constants. 

We, therefore, propose a two-stage model to describe silver ion leaching from alloy 

nanoparticles. It is known that leaching of silver ions from homogenous gold-silver alloys can 

occur via two distinct mechanisms depending on the initial composition.38 In the case of an 

alloy containing more than 65% silver, the material contains no continuous lattice of gold 

atoms, and dissolution of silver atoms is determined by the activation energy of silver atoms 

leaving the lattice.38, 75, 85 The reaction is then dominated by the dissolution of silver on the 

nanoparticle surface. By measuring silver ion leaching from alloy films of different 
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compositions, Espiell and coworkers found that for an alloy containing more than 65% silver 

the leaching rate depends exponentially on the silver mole fraction of the alloy.38 For an alloy 

containing less than 65% silver, gold atoms start to dominate the lattice.38, 75, 85 After the first 

few silver atoms that are on the surface leave the lattice, additional leaching requires the 

diffusion of silver atoms through a gold-rich lattice to reach the surface.72, 75, 86 On the other 

hand, when a gold-silver alloy contains 90% silver,38 isolated atoms or pairs but no 

continuous structures of gold are found, explaining the absence of the second leaching stage 

for such particles. Note that most literature on the crystal structure is based on thin films or 

wet chemically-prepared gold-silver alloy nanoparticles. Co-precipitation synthesis in 

thermodynamic equilibrium has been reported to cause significant enrichment of gold in the 

core of the gold-silver alloy nanoparticles.87 In contrary, laser synthesis is a non-equilibrium, 

kinetically controlled method that results in monophasic gold-silver alloy nanoparticles with 

crystal lattice constants that strictly follow Vergard´s law along the whole mole fraction 

range.68 But recent synchrotron X-ray absorption spectroscopy indicates that there is a slight 

enrichment of the respective less abundant element in the surface region of the nanoparticle 

(silver-rich gold-silver alloy nanoparticles show enrichment of gold near the surface and vice 

versa).88 In contrary, in-depth investigation of chemically prepared gold-silver alloy 

nanoparticles with varying mole fractions clearly revealed that the particles form a solid 

solution alloy with enrichment of silver on the nanoparticle surface, independent of the alloy 

composition.89 

We thus propose a two-stage leaching model for gold-silver alloy nanoparticles. 

Initially, the leaching rate is controlled by the oxidation and dissolution of silver on the 

surface, characterized by a rate constant that depends exponentially on the silver mole 

fraction. As more silver dissolves, the nanoparticle becomes richer in gold, and the rate 

constant decreases exponentially with silver content. Eventually, the lattice is rich enough in 
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gold that a second leaching stage sets in. In this second leaching stage, the effective leaching 

rate constant is controlled by the diffusion of silver atoms through the lattice. In addition, the 

electrochemical potential of the nanoparticle will change along with the change in silver mole 

fraction in the particle during silver ion release, making further oxidation of the gold-enriched 

particle more difficult.75, 90 The equilibrium potential, 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , for leaching a silver atom from 

the surface of an alloy is described by:72  

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�𝑥𝑥𝐴𝐴𝐴𝐴� = 𝐸𝐸𝐴𝐴𝑔𝑔+/𝐴𝐴𝐴𝐴 −
R𝑇𝑇
F

ln�𝑎𝑎𝐴𝐴𝐴𝐴�  (1) 

Here 𝐸𝐸𝐴𝐴𝑔𝑔+/𝐴𝐴𝐴𝐴 is the equilibrium potential of elemental silver, R is the ideal gas constant, T is 

the temperature, F is Faraday’s constant, and 𝑎𝑎𝐴𝐴𝐴𝐴 is the activity of the silver atoms in the 

alloy.72 The oxidation potential of a gold-silver alloy therefore increases to more anodic 

potentials as the silver content decreases. Accordingly, cyclic voltammetry showed silver 

oxidation peak shift to higher potentials along with oxidation peak shift broadening with 

decreasing silver molar fraction in the gold-silver alloy nanoparticles.89 This transition 

between leaching stages agrees reasonably well with our EDX measurements, which 

indicated that after 4.5 hours the alloy nanoparticles contained significantly less (66 ± 6 %) 

silver, close to the reported 65% threshold below which lattice diffusion begins to 

dominate.38, 75, 85 There is heterogeneity in the onset of the second leaching stage with respect 

to the time and silver percentage, with some particles exhibiting deviations from linearity in 

ln(k/k0) as early as 1.5 hours (Figure 4e) and others as late as 2.5 hours (Figure 4f). Also, 

some particles entered the second stage but still contained more than 70% silver after 

disassembling the cell, while others contained as little as 53%.   

 

Theoretical Modelling of Leaching Kinetics 

 To quantitatively describe the first leaching stage, we propose a shrinking-particle 

model with a rate constant that exponentially depends on the silver mole fraction, 
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schematically illustrated in Figure 5a. Assuming the reaction rate is first order with respect to 

proton concentration and surface area,38 the change in nanoparticle volume is given by: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 

= − 𝑘𝑘1 𝑆𝑆𝑆𝑆 [𝐻𝐻+] (2) 

Here, 𝑉𝑉 = volume of sphere, 𝑡𝑡 = time, 𝑆𝑆𝑆𝑆 = surface area of sphere, 𝑘𝑘1 = rate constant, and 

[𝐻𝐻+] = proton concentration. From equation (2), the following rate law can be derived for a 

bimetallic nanoparticle with only one component dissolving (see SI section 14 for derivation 

of equation (3) from equation (2)):  

𝑑𝑑(𝑡𝑡) = 𝑑𝑑0 − 𝑘𝑘 𝑡𝑡 [𝐻𝐻+] (3) 

Here, 𝑑𝑑 = diameter of particle, 𝑑𝑑0 = initial diameter of particle, and 𝑘𝑘 = rate constant. 𝑘𝑘1 

and 𝑘𝑘 are related to each other through a constant of proportionality (see SI). We next assume 

that 𝑘𝑘 depends exponentially on the silver mole fraction, 𝑥𝑥𝐴𝐴𝐴𝐴, according to: 

𝑘𝑘 = 𝑘𝑘0 exp�𝑥𝑥𝐴𝐴𝐴𝐴� (4) 

With an initial rate constant 𝑘𝑘0 and a time-dependent silver mole fraction 𝑥𝑥𝐴𝐴𝐴𝐴(𝑡𝑡), Equations 

(3) and (4) then yield: 

𝑑𝑑(𝑡𝑡) = 𝑑𝑑0 − 𝑘𝑘0exp �𝑥𝑥𝐴𝐴𝐴𝐴(𝑡𝑡)� 𝑡𝑡 [𝐻𝐻+] (5) 

Simulated kinetics using the proposed rate model reproduced the initial leaching 

stage. A 100 nm nanoparticle with a silver mole fraction of 0.8 was taken as the starting 

point. The diameter and silver mole fraction after a timestep of three minutes (hyperspectral 

image acquisition time) was simulated using equation (5) and the mean initial rate constant 

from experiments (48 h-1). The effective rate constant was updated using equation (4), and the 

diameter and silver mole fraction were calculated for the next timestep. This process was 

continued until the nanoparticle contained no more silver (see SI section 15 for more details). 

Figure 5b illustrates the change in nanoparticle diameter over time, with the changing silver 

mole fraction displayed in the inset. These nanoparticle diameters and silver mole fractions at 
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each time point were used to simulate Mie theory scattering spectra (Figure 5c). The 

integrated spectral intensity reproduced the shape of the initial leaching stage well (Figure 

5d), despite ignoring small degrees of particle porosity in these simulations. In particular, the 

logarithm of the normalized simulated rate constant as a function of time (Figure 5d inset) 

revealed the same exponential trend as the normalized experimental rate constant for the 

initial leaching stage (Figure 4 e-h). The exponential change in rate can be understood 

through the silver mole fraction, which changes linearly over time. Equation (4) hence 

predicts an exponential decrease in reaction rate. Complete leaching was predicted over a 

duration of five hours. In the experimental case, complete leaching was not seen after a 

similar time since the second, slower, leaching stage started to dominate after about 2.5 

hours. The second leaching stage is not captured by the rate model as the rate model only 

treats the case of a surface reaction limited rate.  

The more commonly used shrinking-particle model does not describe silver ion 

leaching from our alloy nanoparticles. Leaching kinetics for a shrinking-particle model were 

simulated again by applying the initial rate from experiments to a 100 nm nanosphere. 

However, the rate constant was not updated after each timestep and the dissolution was hence 

modelled with a constant rate constant. As illustrated in Figure 5e, the nanoparticle diameter 

changes linearly with time, as expected for a shrinking-particle model,91 while the silver mole 

fraction changes logarithmically (Figure 5e inset). The integrated scattering intensity 

obtained from the simulated spectra (Figure 5f) decreases mostly in a linear trend, not 

describing the experimentally observed behavior. The shrinking-particle model furthermore 

predicts faster dissolution, with complete dissolution occurring after only 2.5 hours. 

Furthermore, considering that our experimental results suggest minor changes in particle size, 

we also explored an alternative rate model in which the particle size remained constant (see 

SI section 16). That approach yielded worse agreement (Figure S11), suggesting that changes 
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in size together with a decreasing silver mole fraction must be considered. We acknowledge 

that our model based on Mie theory simulations presents a simplified idealization, which 

adequately captures the initial leaching kinetics though. 

 

Figure 5. Proposed leaching mechanism with changing rate constant. (a) Schematic 
illustration of the shrinking-particle model with changing mole fraction and rate constant. (b) 
Simulated diameter over time for a sphere with an initial diameter of 100 nm and 80% silver 
content using the mean of the experimentally found initial rates with the proposed mole 
fraction dependent rate constant. The inset shows the silver mole fraction over time. (c) Mie 
theory spectra as a function of time for the nanoparticles in (b). The high gold content 
towards the end of leaching causes a red-shift of the plasmon resonance.43 (d) Simulated 
leaching profiles using the spectra in (c). The inset shows the natural logarithm of the rate 
constant over time. (e) Simulated diameter and silver mole fraction (inset) using the mean of 
the experimentally found initial rates without the proposed mole fraction dependence. (f) 
Simulated spectra from the particle sizes and mole fraction in (e). (g) Simulated leaching 
profiles and the natural logarithm of the normalized rate constant using the spectra in (f). 
Additional details regarding the simulations are given in section 13 of the SI. 
 
 

Porosity and Surface Passivation 
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Complete leaching was possible for some nanoparticles, while others barely lost any 

silver, an important property that was only resolved by our single-particle approach used 

here. In the previous experiments, we stopped silver ion leaching while the nanoparticles still 

had more than 50% silver. Prior studies found contradicting results for complete silver ion 

leaching, with some studies observing that alloys can leach completely, while others found 

that it was impossible to leach alloys that were more than 55% gold.38, 49, 72 To test whether or 

not 80% silver nanoparticles are able to completely release their silver content, we repeated 

our experiments using 1.7 M nitric acid. We monitored the nanoparticle scattering spectra for 

three hours (Figures 6a-d and S12), followed by correlated SEM and EDX measurements. 

The average scattering intensity decreased by 68% and the average silver content dropped 

from 80% silver to 18% silver, with 60% of nanoparticles no longer containing any 

detectable levels of silver (Figure 6e, f). The higher acid concentration explains the faster 

leaching kinetics.38 The distributions of scattering intensity decrease and final silver content 

were broad, spanning the entire range, hence illustrating the heterogeneity in silver ion 

leaching from alloy nanoparticles (Figure 6). Specifically, three main cases can be seen from 

the distributions: Ten nanoparticles exhibited little to no change in scattering intensity and 

contained more than 50% silver (Figure 6a). Seven nanoparticles showed strong changes in 

scattering intensity and still contained between 7% and 20% silver (Figure 6b). The 

remaining 26 nanoparticles contained no detectible traces of silver (Figure 6c, d), and many 

of them no longer had detectible scattering spectra.  
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Figure 6. Complete silver ion leaching is possible for most nanoparticles in 1.7 M nitric acid. 
(a-d) Representative spectra before and after exposure of 80% silver alloy nanoparticles to 
1.7 M nitric acid for three hours. The insets show SEM and EDX analyses after leaching. (e) 
Histogram of intensity change after three hours of silver ion leaching (68 ± 39%). The inset 
shows a brightfield TEM image of a particle leached for 45 minutes in 1.7 M nitric acid. (f) 
Histogram of silver content obtained from EDX for all 43 nanoparticles after leaching. EDX 
data for 46 different nanoparticles from the same sample that were not exposed to nitric acid 
is shown for comparison. Only 30% of particles still had well defined spectra after leaching, 
while the rest did not contain enough metal to be optically detected. 
 

The particles that leached completely or nearly completely showed evidence for 

porosity, in agreement with our analysis above under milder leaching conditions as well as 

previous reports.49, 50, 72 The expected final diameter of the nanoparticles was 64 ± 19 nm (SI 

section 5), yet the measured size was 93 ± 19 nm, again indicating porosity (Figure S13). 

While we were unable to detect direct evidence for porosity in the SEM images for the 80% 

silver alloy nanoparticles leached in 0.25 M nitric acid, the greater extent of leaching and 

higher leaching rate in this experiment allowed us to do so. 25 of the 33 nanoparticles that 

contained less than 50% silver had rough surfaces as evidenced by the SEM images shown in 

Figures 6d and S14. Furthermore, those nanoparticles that were still detectible optically had 

final peak resonance wavelengths between 650 and 750 nm. Although a small red-shift is 

expected due to loss of silver,49, 50, 92 the red-shifts observed here cannot be explained entirely 
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by a change in composition as Mie theory predicts a peak resonance wavelength of 570 nm 

for a 100 nm pure gold nanoparticle. These greater red-shifts are therefore further evidence 

for surface roughness and porosity.50 Visible surface roughness and spectral red-shifts only 

occurred in particles that contained less than 50% silver. The ten nanoparticles that contained 

more than 50% silver remained smooth spheres and appeared similar to what was observed 

under the milder leaching conditions presented in Figure 2. The TEM image in Figure 6e for 

a representative particle leached under similar conditions revealed more evidence for 

porosity, and high-resolution STEM-EDX mapping confirmed that particles became porous 

(Figures 7 and S15). Lattice rearrangement as a result of surface diffusion reduces the extent 

of porosity for a slow leaching process. However, as lattice rearrangement takes hours,71 the 

fast silver ion leaching in 1.7 M nitric acid led to more porosity, consistent with previous 

reports on electrochemical dealloying.72  

 
Figure 7:  STEM-EDX characterization of alloy nanoparticles. (a-d) STEM-EDX maps of a 
representative untreated alloy nanoparticle (80% silver). (e-h) STEM-EDX maps of a 
different representative nanoparticle after leaching in 1.7 M nitric acid for 45 minutes 
revealing complete loss of silver and atomic level porosity. Note that these measurements, 
unlike correlated SEM imaging, were not correlated with optical spectroscopy, as such 
experiments would require a new sample cell design first. 
 

The spectra of ten particles that contained more than 50% of silver no longer changed 

after the first ten minutes (Figure S12). We conclude that leaching had reached its final stage 

in 1.7 M nitric acid because this subset of nanoparticles became hindered in dissolution. We 
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did not observe the formation of a distinct passivation layer (such as a shell built-up or shell 

segregation) or significant gold enrichment on the surface though. In the literature, 

passivation has been explained either by layer or pore formation, and also electrochemical 

effects have to be taken into account.72 Specifically, passivation to leaching has previously 

been attributed to gold rich layers on the surface, which form as the lattice rearranges.71, 93 In 

the case of gold-silver alloy films, whether or not a passivation layer is formed depends on 

the leaching rate: when the silver is leached out of the alloy quickly enough that emerging 

pores are not filled by surface lattice diffusion, the pores allow percolation of lixiviant into 

the alloy and complete leaching is possible.72, 86 However, when silver is leached more slowly 

pores are filled and no percolation is possible.72, 86 This mechanism is consistent with our 

observation that particles that became porous lost their silver content, while particles that 

appeared passivated were less porous. In electrochemical studies this passivation threshold is 

characterized by a critical potential.72, 86 In our case, there is no clear threshold similar to the 

critical potential, indicating that the occurrence of passivation is heterogeneous in 

nanoparticles. This heterogeneity was also observed in a recent study by Tschulik and co-

workers, where the electrochemical leaching of silver ions from gold-silver alloy 

nanoparticles (80% silver) was investigated.93 The authors found that 10% of particles 

remained rich in silver after leaching.93. In addition, the electrochemical potential of a particle 

that undergoes leaching is expected to increase, as it is enriched in gold molar fraction during 

silver release. 

 

Outlook on Biological Applications 

Silver ion leaching in biological in vitro applications typically is studied in less acidic 

bacterial growth media or buffer solutions with pH between 5.6 and 7.9.8, 13 But acidic pH is 

known to be caused by infections,94, 95 such as implant-associated infections. Furthermore, 
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lysozymes, known to trap nanoparticles in eukaryotic cells by curvature effects,96, 97naturally 

have low pH.98, 99 Hence, the more acidic conditions mimic the lower pH milieu in the 

situations relevant to antibacterial implant coatings or cytotoxicity after endosomal uptake. 

We chose nitric acid to promote silver ion leaching in order to monitor kinetics of silver ion 

release on experimentally accessible time scales. Our findings are in good accordance with 

previous toxicological examinations of laser-fabricated gold-silver alloy nanoparticles.30, 37 

While silver ion leaching is likely slower under less harsh physiological conditions, the 

mechanistic insight from the current studies is important for several reasons. First, there is a 

need to consider heterogeneity in silver ion release rates because effects on bacteria and 

fibroblast growth as well as oocyte maturation have been reported to be non-linearly 

correlated with the gold molar fraction.30, 37 Next, passivation effects by alloying of silver 

with gold, as we conclude here, are also important for biological outcomes.30, 37 In bioassays 

with laser-generated gold-silver colloids, particles that contained 50% silver and 50% gold 

displayed similar bioactivity as pure gold, no matter if tested in microbiology, or even in 

reproduction biology.31, 37 Overall, bioactivity of silver nanoparticles is known to be 

significantly decreased by alloying with gold. 30, 31, 37 In other words, a given mass dose of 

silver is more toxic if presented as elemental silver compared to a silver equivalent higher 

mass dose of gold-silver alloy nanoparticles. However, particle specific effects, such as 

adhesion to the cell wall, remain for alloy nanoparticles.27 

 

CONCLUSIONS 

In summary, we demonstrated the use of single-particle hyperspectral imaging 

combined with SEM and EDX to quantitatively characterize the time-resolved leaching of 

silver ions from gold-silver alloy nanoparticles created by laser ablation in liquid. By tracking 

changes in scattering intensity, we found that alloying silver particles with gold strongly 
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affects leaching rates. Initial leaching rates were heterogeneous, likely due to differences in 

particle ultrastructure or silver content, with a small contribution from differences in 

nanoparticle size, highlighting the importance of a single-particle approach. Leaching rates 

decreased over time for alloy nanoparticles as the particles became less rich in silver. Two 

leaching stages were found, an initial fast stage when the gold-silver alloy nanoparticles bear 

high silver content, followed by a slower stage when the lattice of the nanoparticles contained 

similar amounts of gold and silver. We described the initial stage with a kinetic model, in 

which the rate constant exponentially decreased with the silver mole fraction of the 

nanoparticle. With this approach as input for Mie theory simulations of scattering spectra, we 

successfully reproduced the shape of the experimental leaching profiles. We attribute the 

second, slower leaching kinetic stage where the alloy nanoparticles are enriched with gold to 

the slower diffusion of silver ions through the lattice of gold atoms and the shift in the 

particles’ electrochemical potential to higher values. We found that mainly nanoparticle 

composition and proton concentration affected the leaching rate. Under more acidic 

conditions in 1.7 M nitric acid the entire silver content leached almost completely for most 

nanoparticles within ten minutes, creating rough and porous gold spheres with red-shifted 

plasmon resonances. However, almost 25% of the nanoparticles still contained more than 

50% silver and were stable for at least three hours, likely due to the formation of passivating 

diffusion barriers made of gold additionally increasing the electrochemical potential for silver 

oxidation. These findings will help to elucidate the dissolution mechanisms of gold-silver 

alloy nanoparticles relevant not only for antimicrobial studies but also for corrosion stability 

of silver-based nanoparticles in heterogeneous catalysis and for plasmonic sensing in an 

aqueous environment. Interestingly, even under harsh acidic conditions, the silver dissolution 

strongly slowed down, if there was enough gold in the starting alloy. This 50:50 gold-silver 

alloy seems to be quite stable against further change in composition for a subset of particles, 
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a prerequisite for high durability in catalysis or long-term use in plasmonics. Even though we 

used acidic environments to promote the dissolution behavior it is conceivable that similar 

effects may occur in biological media and their time constants may also be detectable by 

hyperspectral single-particle spectroscopy, though much slower kinetics and much longer 

measurement times would be expected. 

 

METHODS 

Alloy nanoparticle preparation: Alloy nanoparticles were produced by laser ablation using 

a previously reported technique.68 Briefly, laser induced spherical nanoparticle ablation was 

carried out with a picosecond laser (Atlantic 532, Ekspla) at a wavelength of 1064 nm, a 

pulse duration of 10 ps, a pulse energy of 160 mJ, and a repetition rate of 100 kHz. Laser 

light was directed to gold-silver alloy films (Research Institute for Precious Metals and Metal 

Chemistry, Schwäbisch Gmünd) with a 100 mm focal distance lens. The composition of the 

alloy films determined the silver mole fraction of the resulting alloy nanoparticles. 

Centrifugation was used to separate out smaller particles that could not be detected by dark-

field spectroscopy. The nanoparticles were synthesized, dispersed, and stored in 100 µM 

aqueous NaCl solution. 

Spectroscopic flow cell preparation: Two holes were laser cut diagonally across an ITO 

coated coverslip (50mm x 75mm x 0.9-0.1mm, ECI#949, Evaporated Coatings Inc.). The 

coverslip was cleaned by sonicating in soapy water for 10 minutes, followed by plasma 

cleaning for two minutes. Alloy nanoparticles were then spin-coated onto the ITO coated side 

of the cleaned coverslip. A double-sided adhesive spacer (0.12 mm thick, SA-S-1L, Grace 

Bio Labs) with a laser cut flow channel was placed on the coverslip and aligned with the laser 

cut holes. A second spacer with a laser cut flow channel was placed on top, keeping the thin 

protective plastic film on the side facing the other adhesive spacer. This approach allowed us 
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to pull the cell apart after spectroscopic experiments for further analysis by SEM. A second 

coverslip (50mm x 75mm x 0.9-0.1 mm, Brain Research Laboratories) was placed on top, 

and the assembled cell was secured using an aluminum frame. Tubing was attached to the 

holes, creating a flow cell. The flow cell was filled with Milli-Q water and placed on the 

microscope. Spectra were taken in water, then the water was replaced with aqueous nitric 

acid (99.9% pure, Alfa Aesar). For correlated spectroscopy, a pattern was cut into the ITO 

using a focused ion beam (30 kV, 0.23 nA, dwell time 1 µs, Helios NanoLab 660, FEI) 

before depositing nanoparticles. After dark-field spectroscopy, the cell was rinsed with Milli-

Q water and emptied. The ITO coverslip was then first reinforced by sticking it to a thick 

microscope slide using double-sided tape. Duct tape was attached to the other coverslip 

without nanoparticles, making it possible to carefully peel it off from the cell. The 

nanoparticles on the remaining ITO coverslip were rinsed again with Milli-Q water, dried 

under nitrogen, and immediately investigated by SEM. 

Single-particle spectroscopy: The flow cell was placed on an inverted microscope (Axio 

Observer, Zeiss) with the ITO coverslip facing up. Light from a quartz tungsten halogen lamp 

(66884, Newport) was sent through a 304−785 nm bandpass filter to remove infra-red light 

(FGS550, Thorlabs), collimated and focused by two identical planar convex lenses (AC254-

030-A, Thorlabs), and directed through a prism at approximately 55º to create TIR (Figure 

1a). The resulting evanescent wave excited the nanoparticles, and the scattered light was 

collected using a 40x air spaced objective with a numerical aperture of 0.6 (LD Plan-Neofluar 

40x/0.6 Corr, Zeiss). The light from the objective was either directed to a camera (MU300, 

Amscope) to collect a color image of the particle positions (Figure 1b) or to a spectrograph 

(Acton SpectraPro 2150i, Princeton Instruments) mounted on a scanning stage driven by a 

linear actuator (LTA-HL, Newport; Figure 1c). A slit at the image plane allowed only a 

vertical slice of light to reach the spectrograph. That image slice was collimated, directed to a 
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diffraction grating (300 grooves per millimeter), and focused onto a charge-coupled device 

detector (PIXIS BR 400, Princeton Instruments), yielding spectra for each vertical position in 

the image slice. Spectra for the entire region of interest were collected by moving the 

spectrograph across the entire field of view. An exposure of two seconds was used for each 

step and scanning the field of view took about seven minutes. The next image was started in 

10 minute intervals following a manual focus adjustment to correct for sample drift. This 

procedure was needed especially for measurements taking several hours, but introduced an 

error much smaller than the changes observed due to silver ion leaching (see Figure S2 for 

further discussion). None of the spectra were averaged.  A typical hyperspectral data cube 

was 300 x 100 pixel with a 0.8 nm spectral resolution, covering an area of approximately 150 

x 50 µm. Spectral information was extracted by summing across a 5x5 pixel area, subtracting 

background intensity using a nearby area with the same number of pixels but containing no 

nanoparticle, and dividing by the spectrum of the halogen lamp, from which the dark counts 

of the detector were subtracted. 

SEM: SEM imaging (Helios NanoLab 660, FEI) was carried out at 10 kV and 0.4 nA with a 

dwell time of 1 µs. EDX measurements (X-mMaxN 80, Oxford Instruments) were taken over 

an area completely containing an individual nanoparticle with the same instrument and beam 

settings using a two minute acquisition time. 

TEM: Citrate stabilized silver nanospheres (BioPure Silver Nanospheres – Bare, 

nanoComposix) were drop cast on a copper grid (EMS300-Cu, Electron Microscopy 

Sciences) and dried under ultrapure nitrogen in a desiccator. Brightfield TEM micrographs 

were obtained using a JEOL 1230 TEM.  

TEM/STEM-EDX: Alloy particles were dropcast on silica nitride grids (76042-47, Electron 

Microscopy Sciences) and dried under ultrapure nitrogen in a desiccator. For the leached 

sample, the grid with deposited particles was immersed in 1.7 M HNO3 for 45 minutes. 
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Brightfield TEM micrographs and STEM-EDX maps were obtained using a JEOL 2100 TEM 

operating at 200 kV.  

Mie theory simulations: Mie theory calculations were carried out using a modified version 

of the MatScat functions (Copyright 2016, Jan Schäfer).100 Published dielectric functions for 

gold-silver alloys were used.101 A uniform refractive index of 1.5 was assumed based on a 

weighted average between ITO and water. 

Numerical simulations of leaching profiles: An initial diameter of 100 nm and silver mole 

fraction of 0.8 were assumed and the gold content was calculated form the initial volume and 

initial mole fraction of the nanoparticle. Equation (3) was expressed as a function of volume 

(equation ES24) and the volume after a timestep of 1 minute was simulated using the average 

leaching rate constant found experimentally. The new silver mole fraction was calculated 

from the initial gold content and the new total volume of the nanoparticle. The calculation 

was iteratively repeated with the new mole fraction until the silver content reached zero. To 

simulate the leaching profile for the shrinking-particle model, the rate constant was held 

constant for all time steps (equation ES26).  
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