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Bimetallic nanoparticles are used in numerous applications in catalysis, plasmonics or fuel 

cell technology. The addition of the second metal to the nanoparticles allows enhancing and 

fine-tuning their properties by choosing their composition, size, shape and environment. 

However, the crucial additional parameter of chemical structure within the particle is difficult 

to predict and access experimentally, even though segregated core-shell structures and 

random alloys can have drastically different physico-chemical properties. This is highlighted 

by the vast literature on the most studied bimetallic system, gold-silver, for which the 

controversy on whether gold and silver are miscible on the nanoscale or segregate persists. 

Here we solve these contradictions by determining quantitatively the coexistence of an 

alloyed core and a 1-2 nm-thick shell with gradual silver enrichment as the chemical ground 

state structure. We furthermore identify chemical reactions with the environment and meta-

stable structures as responsible for the contradictions in the literature. Our method is 

applicable to other multi-metallic systems, provides benchmark input for theoretical models 

and forms the basis for studying chemical rearrangements under reactive conditions in 

catalysis.  
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1. Introduction 

Bimetallic nanoparticles (BNPs) have attracted increasing attention in both fundamental and 

applied sciences in the last decades  1–3 and are expected to play a central role in the 

ecological transition of our societies. Combining two metals on the nanoscale opens up an 

entire new playground for the investigation of fundamental physico-chemical properties and 

offers new degrees of freedom for the tuning of nanoparticle-based devices. Here the 

nanoparticle properties not only depend on size, shape and environment, but also on their 

chemical composition and ordering4. Different chemical configurations (alloyed vs. 

segregated, chemically ordered vs. random, etc.) can change considerably the optical, 

magnetic or catalytic properties. Furthermore, BNPs have been shown not only to permit the 

replacement of expensive or rare elements with cheaper and more abundant ones, but that 

unexpected synergies may arise.5 

One of the most intensely studied bimetallic systems is the gold-silver alloy. Its nanoparticles 

have attracted large attention for their catalytic,6,7 plasmonic,8–10 surface-enhanced sensing 11  

and photo-catalytic 12 properties. In the bulk, the two metals are completely miscible across 

the entire composition range due to the fact that their atomic radius, crystal structure, valence 

and electronegativity are very similar. On the nanoscale, however, additional degrees of 

freedom have to be considered, namely surface energy and charge transfer effects, as well as 

possible segregation and/or chemical ordering into structures inaccessible in the bulk.  

Despite the high number of experimental and theoretical articles published on AgAu 

nanoparticles, the controversy about whether intrinsically, i.e., without external influences 

such as ligands, one of the two metals preferentially segregates at the surface or not is still not 

resolved, neither on the experimental nor on the theoretical side. Without claim of 

completeness, we cite hereafter several recent works on this topic to illustrate the 

contradictions. 

Concerning theoretical descriptions, several approaches can be differentiated, some 

conceptually top-down (macroscopic thermodynamic description with nanoscale corrections), 

others bottom-up, starting from an atomistic description. A detailed nano-thermodynamic 

description, used to derive phase diagrams for different crystallographic structures, predicts 

silver segregation at the nanoparticle surface.13 A similar surface segregation of Ag was found 

using crystallographic Wulff constructions.14 

Many scientists have described the intermediate size range between roughly 2 and 10 nm 

diameter with atomistic Monte-Carlo or Molecular Dynamics approaches, some of them 
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combining the two. Whereas complete alloying is found  in some cases,15,16 other authors 

report a more or less pronounced surface segregation of Ag 17,18 or of Au.19 As a special case 

should be considered here simulations predicting alternating layers such as onions 20 or a gold 

subsurface layer beneath a silver surface.21 The situation is even more complex for smallest 

clusters, with ≤ 200 atoms, described by Density Functional Theory (DFT). Here crystalline 

structure, shell closings and charge transfer are claimed to play an important role. Some 

articles report preferential surface segregation of Ag,22 of Au 23,24 or random alloying.25 

As far as experimental studies are concerned, the overall situation is no less contradictory. In 

general, two complementary techniques for BNP fabrication have to be distinguished, namely 

physical and chemical methods. Most of the reported work considers wet-chemically prepared 

and functionalized AgAu BNPs.26 Here a wide variety of structures, alloyed vs. Ag@Au vs. 

Au@Ag, can be synthesized and even interconverted.27–32 These extensive works show that 

the choice of synthesis sequence and especially of the surfactant play a dominant role in 

inducing possible segregation.32–34 

Physical fabrication techniques comprise sequential pickup in helium droplets,35,36 laser 

ablation and condensation in a rare gas 8,37 or liquid 38,39 as well as magnetron sputtering/gas 

aggregation.19,40–42 Here the two main reasons for apparent contradictory structural 

observation are metastability and reactivity. Depending on the fabrication mechanism, the 

BNPs may be kinetically trapped in metastable ordered or disordered structures. Examples are 

sequentially grown Ag@Au and Au@Ag core-shell BNPs in He droplets 36 or in gas 

aggregation sources with varying metal vapor composition.43 So even though several studies 

hint at complete alloying for surfactant-free AgAu BNPs,37,38,40 the efficient mixing might be 

due to the rapid quenching of the metal vapor. The second process to be considered for 

physically prepared and thus surfactant-free BNPs is reactivity. Bare metallic AgAu BNPs 

rapidly react with oxygen upon exposure to air, leading to enrichment of Ag at the surface and 

eventually to complete separation of silver-oxide from the remaining bare Au cores.40,42 

All these experiments have in common that the chemical structure of BNPs in the size range 

<10 nm in diameter, i.e., the range of size effects and highest catalytic activity, is studied only 

on a qualitative level. This is enough to grossly distinguish between core/shell and fully 

alloyed structures, but it is insufficient for the detailed analysis required for benchmarking 

theoretical predictions. Interestingly, we find the same controversy and contradicting results 

in both experiment and theory also for bulk AgAu alloy surfaces with the additional 

(inconclusive) discussion of subsurface segregation.44  
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So, all in all, the question whether AgAu on the nanometer scale, relaxed to the ground state 

and free from surfactants or reactive gases, intrinsically forms alloys or segregates to a more 

or less pronounced degree, is still unresolved. While we can identify external factors (ligands, 

reactive gases) as responsible for the variety of observed structures, this implies that at least a 

large fraction of the theoretical simulations of the same systems (pure metallic BNPs in 

vacuum) is based on erroneous assumptions such as functionals or synergetic effects in 

properties like surface energies. This is, however, of central importance for the design and 

optimization of bi- and multi-metallic nanostructures in applications.  

The simplest and thus most often used approach for atomistic simulations of bi-(or 

multi-)metallic structures using DFT is to calculate spherical and surfactant-free nanoparticles 

in vacuum, often limited to high-symmetry structures such as closed-shell truncated octahedra 

or icosahedra as ground state structures. The aim of our report is to supply experimental 

benchmarks for the validation of functionals and simulation procedures, for systems as simple 

and as close to such simulations as possible. Theoretical structures thus validated can then, 

e.g., be used to generate Machine Learning Interatomic Potentials (MLIPs) in order to predict 

materials properties and proceed towards environmental effects such as gases or ligands. If, 

however, due to lacking experimental references, the presently available theoretic models do 

not correctly reproduce even the simplest bimetallic system, it will certainly be difficult for 

them to help in the transition from trial-and-error based development to a controlled approach. 

Our work focuses on the size range between 4 and 10 nm diameter. This is small enough to 

show strong confinement effects due to the surface, if present, and to be of high interest for 

applications such as in catalysis. At the same time the sizes are big enough to be able to 

neglect quantum size effects due to a discrete electronic structure and to ensure sufficient 

particle stability and x-ray counting rates for our quantitative analysis. It is based on a three-

fold approach. Firstly, we use surfactant-free AgAu BNPs, combined with annealing in order 

to provoke relaxation into the chemical ground state. We thus avoid metastability or interface 

effects to dominate the chemical order within our BNPs. In a second step, we take full profit 

from recent technological developments permitting element-specific spectroscopy in electron 

microscopes with unprecedented signal-to-noise ratio. These allow the quantification of 

composition on the single particle level, complementary to ensemble-averaging techniques 

such as x-ray diffraction. Lastly, the use of two complementary unsupervised machine 

learning (ML) techniques, namely principal component analysis (PCA) and non-negative 

matrix factorization (NMF), permits improved data treatment and statistical validation for the 
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robust extraction of quantitative information. Even though most of the information necessary 

for our interpretation is already contained in the raw data, ML considerably accelerates data 

processing.45,46 It helps denoising data and deriving spectral and spatial correlations, 

otherwise difficult to assess. Our approach follows the recently described strategies for 

accelerating the feedback loop of sample design-characterization-interpretation for 

nanoscience in general 47 and electron microscopy results in particular.48 

 

2. Results and discussion 

Pure metallic and surfactant-free AgAu BNPs in the size range between 4-10 nm are 

fabricated in the gas phase and deposited onto carbon TEM grids. We have very recently 

demonstrated increased silver segregation at the surface of AgAu BNPs exposed to air. In 

order to exclude such extrinsic oxidation effects in the present study, the particles are capped 

with a ~20 nm layer of amorphous carbon. This latter procedure has been shown to efficiently 

protect BNPs against oxidation.49,50 Both silver and gold are essentially insoluble in carbon 

51,52 so we expect the matrix to interact only very weakly with the BNPs and we consider its 

influence on the chemical order of the AgAu BNPs as negligible. Embedding in amorphous 

carbon furthermore permits annealing the samples in vacuum without deteriorating the size 

distribution,49,50 thereby relaxing the BNPs towards their chemical ground state.  

The BNPs are characterized by scanning transmission electron microscopy (STEM). We 

notably perform imaging in the STEM-HAADF mode (High Angle Annular Dark Field) and 

energy-dispersive X-ray spectroscopy (STEM-EDX). In the latter, the electron beam is 

focused to 0.3 nm in diameter and scanned across a defined sample area. At each pixel, a 

complete x-ray spectrum containing element-specific emission lines for all elements present 

in the sample is recorded, thereby forming a three-dimensional hyperspectral image. We have 

recently demonstrated that not only the chemical composition can be quantified on the 

individual particle level,41 but that if sufficient counting rates are attained, it is possible to 

perform spatially resolved quantifications with error bars of the order of 2-3 at.%.42 
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Figure 1: AgAu BNP Images. STEM-HAADF images of unprotected (left), protected 

(center) and annealed (right) AgAu BNPs. The amorphous oxide shell is clearly visible in 

Fig. 1a but absent in the other two images. 

 

Fig. 1a shows a HAADF image of a representative unprotected AgAu BNP after exposure to 

ambient air. An amorphous layer is visible around the particles, which we attribute to silver 

ageing through reactions with ambient oxygen.53 As reported qualitatively before,40 ageing 

promotes migration of silver atoms to the particle surface. When capping identical BNPs with 

~20 nm of amorphous carbon, no more amorphous oxide at the BNP surface is evidenced at 

the BNP surface: the particles are effectively protected (cf. Fig. 1b). In order to ensure that 

these AgAu BNPs are not trapped in metastable configurations, we next anneal them in 

vacuum for 2h at 573 K in order to promote chemical order relaxation. The first obvious 

consequence of annealing is an increase in crystal domain size inside the BNPs, as evidenced 

by selected area electron diffraction (cf. Supporting Materials, figure SI1.2), underlining 

restructuring and defect relaxation (twins and stacking faults). In the following, we focus on 

the thorough analysis of relaxed BNPs, 118 in total.  

In order to infer the chemical structure within BNPs, lateral profiles are typically derived, as 

shown in Figs. 2a and b. While some deviations from perfect alloying are already 

qualitatively visible, it is, however, difficult to affirm segregation. We thus use a recently 

developed protocol 42 which allows us to obtain quantitative radial composition profiles. Here 

we integrate the EDX signals for Ag and Au azimuthally around the projected center of the 

BNP and obtain the radial chemical gradients for individual BNPs with a spatial step size of 

0.5 nm (see methods). Even though not unambiguously visible in the radial profiles such as in 

Fig. 2b, the chemical gradients of all BNPs consistently show a gradual enrichment of Ag 

towards the BNP surface rather than a solid solution or well-segregated core-shell structure. 

This Ag surface enrichment is robustly confirmed by the non-overlapping 3 uncertainty 
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intervals 42 at the nanoparticle center (CAg = 0.49 ± 0.01) and surface (CAg = 0.58 ± 0.01). All 

derived gradients for BNP ensemble studied here are shown in the Supporting Information. 

 

 
Figure 2: Chemical order. a) EDX map of an annealed AgAu BNP of 8 nm diameter. b) 

Three-pixel wide normalized elemental profiles for Ag and Au. c) Concentric rings of 

thickness 0.5 nm are defined in the projected image and shown in colour code. Their 

azimuthal integration of Ag and Au signals yields radial chemical gradients, as shown in d). 

The error bars reflect the propagation of Poisson noise and background subtraction. 

 

These results allow a detailed discussion of the intrinsic nanoscale miscibility of gold and 

silver. In order to better evidence trends and size effects, we regroup the individual chemical 

gradients as a function of diameter, as shown in Fig. 3a. This figure allows evidencing subtle 

differences in chemical structure that are not resolved in conventional qualitative chemical 

mapping as in figures 2a and b. Considering that the BNPs have attained their chemical 

ground state after protection and annealing, the plots reveal two distinct regions in the BNPs: 

a) 

c) 

b) 

d) 



  

8 

 

an almost constant Ag fraction in the core of the particle and a shell with increasing Ag 

percentage and a thickness of ~1-2 nm. 

 
Figure 3: Chemical gradients for different AgAu BNP diameters. Left: averaged raw data 

(quantitative chemical analysis); right: NMF denoised and averaged data. The higher signal-

to-noise ratio after NMF processing permits including more data at the particle surface (see 

text). No error bars are displayed for the NMF denoised data as their calculation does not yet 

follow a recognized and well accepted procedure. The dashed lines represent the mean Ag 

fraction as averaged over the entire BNP ensemble. 

 

In order to improve the quality and statistical reliability of our study, we perform 

unsupervised machine learning with several aims. Firstly, it is applied for denoising, the 

standard procedure for removing a large fraction of Poisson noise.54,55 We first used PCA in 

order to determine the necessary number of components to correctly reproduce all relevant 

spectral information to eight. We then use NMF for a physically meaningful decomposition of 

the EDX signals. Here only two of the eight NMF components contain Au and Ag EDX 

signals from the BNPs. Whereas component NMF#1 accounts for all the gold and a minimum 

of silver in each pixel spectrum, component NMF#7 reflects the additional amount of silver 

required to reproduce spatial variations in chemical composition (cf. Fig. 4). All other 

detected elements and corresponding NMF components originate from the microscopy grid, 

the sample holder and the x-ray detector. This demonstrates that our linear unmixing results in 

successful blind source separation of background and BNP-related signal and permits further 

validation of our interpretation. The clear separation of BNP-related and uncorrelated signal 

underlines the high sample quality and the attained EDX signal-to-noise ratio. We insist that 

we do not find any correlations between the Au and Ag signals in the BNPs and any 
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contaminants (other elements in the EDX spectra) that might influence the chemical order 

within them, such as Oxygen, Chlorine or Sulfur. 

In Fig. 3b are displayed the averaged chemical gradients after NMF denoising. Here the 

distinction between homogeneous alloyed core and the shell with continuous increase in Ag is 

better visible than in the raw data. Today no standard procedure for error propagation after 

NMF denoising of hyperspectral data exists but we have recently shown that for entire BNPs 

PCA reduces the errors by a factor 2-3, i.e. into the range of the percent in atomic fraction.54,55 

We can thus safely assume that the effective errors for Fig. 3b are at least as small as in Fig. 

3a, for which error propagation was calculated following standard procedures.55 

 
Figure 4: Decomposition of x-ray signals. Overview of the eight components derived by 

NMF to describe the element-specific x-ray lines of our sample. Only components NMF#1 

and NMF#7 account for Au and Ag in the BNPs, all other components correspond to signal 

from the substrate or the microscope. The right panel shows a zoom of the low-energy region 

delimited by the dashed box. 

 

Reconstructing the particle EDX spectra with only the two BNP-related NMF components 

permits a better definition of the particle size and furthermore allows us to separate BNP-

related and background signals. This results in a better fitting of the EDX peaks for a 

chemical composition analysis and thus improves the detection limit, as described in more 

detail in the Supporting Information. Consequently, our averaged NMF gradients in Fig. 3b 

include more information close to the BNP surface and we observe an enhanced segregation 

as compared to the raw data (Fig. 3a). 

We have derived our quantitative chemical gradients for two-dimensional projections of the 

BNPs. We note, however, that this does not affect the validity of our interpretations. The 
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relaxed BNPs are isotropically surrounded by carbon and we see no reason for the projection 

not to be representative of the three-dimensional chemical structure. 

From these observations, we derive that Au and Ag are indeed miscible within the volume, 

even if this core is only ~2 nm across, i.e., containing around ~250 atoms. At the BNP 

surface, surrounding this core, we consistently find partial segregation of silver, which is, 

however, more complex than what was previously reported. We neither observe distinct core-

shell structures with neat interfaces, nor enrichment only in the outermost layer of the BNP. 

Although we cannot resolve individual layers,56 we can quantify a continuous increase in Ag 

fraction with analytical precision, even if it is as small as ~10%. We identify the chemical 

reactions with the environment (surfactants, oxidizing atmosphere, etc.) and metastable 

structures as obtained in different fabrication processes as responsible for the contradictions in 

the literature. 

These results demonstrate that simplified approaches considering only the surface layer or 

representing the BNP as a two-phase core-shell structure with elemental separation are 

insufficient to correctly describe their chemical structure. This also means that the BNP 

chemical structure cannot be directly inferred from bulk surface results. Even setting aside the 

contradictions in the literature as to whether Au or Ag segregates at the bulk surface,44 none 

of the existing articles, to our knowledge, considers deviations from bulk miscibility below 

the sub-surface layer, i.e. only across ≤5 Å. 

Conclusion 

We conclude that gold and silver are miscible even on the nanoscale but that in the chemical 

ground state a slight and gradual Ag enrichment of the order of ~10% is measurable in a 

surface layer of ~1-2 nm thickness. No size effects have been evidenced in the investigated 

range of 4-10 nm diameter. These results settle the ongoing controversy about alloying or 

segregation and of which metal is enriched at the AgAu BNP surface, at least down to sizes of 

4 nm in diameter. These findings provide crucial benchmark input for the validation of 

theoretical approaches, notably of the validity of nanothermodynamic descriptions and for the 

critical evaluation of charge transfer processes as incorporated in density functional theory 

models.23,25,44 A correct description of pure metallic BNPs can then serve as starting point for 

the prediction of non-spherical particles and the influence of an environment (ligands, reactive 

gases etc.). 

The implications of our work go well beyond the question of nanoscale miscibility of gold 

and silver. Accelerating the feedback loop of design, characterization and optimization of 
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BNPs in materials central for the ecological transition relies, amongst others, on the supply of 

chemical ground state structures as benchmark input for the development and validation of 

interatomic potentials.47,48 Our approach, combining experimental characterization and 

machine learning based data processing, is applicable to a very large number of elemental 

combinations up to high-entropy alloys and to geometries other than nanoparticles. Especially 

the combination with environmental investigations 57 promises access to chemically induced 

restructuring in BNPs upon exposure to reactive gases,58 information essential for 

understanding and improving catalytic activity, selectivity and stability.59 

 

Methods 

Sample fabrication and characterization 

Surfactant-free AgAu BNPs are fabricated in the gas phase using a laser vaporization cluster 

source. Here a doubled Nd:YAG laser (532 nm) is focused onto the surface of an Ag50Au50 

target rod and the generated plasma is quenched in a continuous He/Ar flow. Nanoparticles 

form in the volume of approximately one cm  above the target before being swept into 

vacuum through a 0.6 mm nozzle, creating a supersonic expansion. The charged fraction of 

the nanoparticle beam is then mass-selected in a quadrupole deviator 60 before being 

deposited fragmentation-free onto TEM grids under UHV conditions (<10-9 mbar).  

The AgAu BNPs are then covered in-situ by a layer of amorphous carbon of ~20 nm 

thickness, thick enough to efficiently protect the particles against oxidation but thin enough to 

allow (S)TEM-based imaging and spectroscopy. Here carbon filaments of ~2 mm thickness 

are flashed by passing a sudden current of >10 A, thereby depositing an average of ~5 nm of 

amorphous carbon onto the sample at a defined distance. Several previous experiments with 

BNPs fabricated in the same laser vaporization cluster source have shown that the as prepared 

BNPs are often chemically disordered due to the rapid condensation and quenching during 

fabrication, especially for alloys with comparably high melting temperatures. CoPt BNPs, for 

example, display random chemical structures with very low magnetic anisotropy that can be 

thermally relaxed into high-anisotropy, ordered L10 structures.49 In order to promote atomic 

diffusion within our AgAu BNPs towards the lowest energy chemical distribution, we 

annealed the carbon-protected nanoparticles for 2 h at 573 K in vacuum (~1*10-7 mbar). This 

temperature is close to the size-dependent melting point of AgAu BNPs (~800 K for 5 nm 

diameter 36). A recent study has furthermore demonstrated an increase of the diffusion 

constant in AgAu BNPs of several orders of magnitude as a function of defect density.61 



  

12 

 

Some particles described in this reference undergo significant chemical order changes even at 

room temperature. We can thus expect our BNPs, which initially show considerable amounts 

of defects, twinning and polycrystallinity, to be in the thermodynamic ground state in these 

annealed samples, at least as far as the chemical structure is concerned. This enhanced atomic 

mobility is supported by the increase in crystallite size, as evidenced by electron diffraction 

(cf. Fig. SI1.2). 

We observed no signs of degradation of the carbon films, which could be catalyzed by the 

presence of the BNPs, neither after heat treatment nor during STEM investigation. The 

average chemical composition was measured to Ag52Au48 on the entire ensemble of BNPs. No 

beam-induced change in size or chemical composition was detected throughout the 

investigation of individual BNPs.  

STEM-EDX experiments have been performed with a JEOL Neo-ARM Cold-FEG at the 

Hubert Curien Laboratory, equipped with a Silicon Drift Detector (SDD) JEOL CENTURIO 

with approximately 1 sr of solid angle for x-ray collection. The acceleration voltage was set to 

80 keV in order to increase ionization efficiency and exclude knock-on damage. The 

acquisition parameters were: beam diameter 0.3 nm, 0.25 nm for the pixel step, and a dwell 

time of ~100 ms per pixel; the image size was set to 4096 energy channels and 64x64 pixels 

with typically 1-2 NPs per image. Two-dimensional images with an X-ray spectrum in the 

third dimension for each pixel form the so-called datacubes or hyperspectral images. In order 

to minimize dose rate, a series of images of the same region was acquired and subsequently 

individual frames were added (100 scans at 1 ms dwell time).62 For all experiments a low 

background Be sample holder was used. Raw EDX spectra were binned to 1024 energy 

channels to increase signal-to-noise ratio, leading to an EDX channel width of 20 eV. 

Similarly, the pixels were binned to 0.5 nm pixel size to increase signal-to-noise ratio. The 

integrated signal from the Au-Mα and Ag-Lα EDX peaks has been used to perform chemical 

composition calculations. The background signal was separately fitted for the raw and PCA 

denoised data, whereas it is strongly reduced in the reconstructed data using only NMF 

components NMF#1 and 7. As quantification limit, we consistently use the criterion I > 100 

63, where 𝜎0 =  √𝜎𝐼
2 + 𝜎𝐼𝑏

2   (𝜎𝐼
2 = 𝐼 and 𝜎𝐼𝑏

2 = 𝐼 are the Poisson uncertainties of the integrated 

Ag and Au peaks and their background subtracted contribution, respectively). 

The quantitative analysis of the individual BNP chemical composition followed the Cliff-

Lorimer approach 64 using an experimentally measured KAB = 1.44 ± 0.01 factor which has 

been measured using a thin film of known composition: 
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𝐶𝐴

𝐶𝐵
= 𝐾𝐴𝐵

𝐼𝐴,𝑁𝑃

𝐼𝐵,𝑁𝑃
 

with Cy and Iy, NP the atomic percentage and X-ray intensity of element y per NP, 

respectively.  

Estimations of chemical composition and their error bars have taken into account all 

quantitative EDX analysis steps applied on a fitted curve of the experimental EDX spectra 

(background removal, X-ray peak integration and composition determination); we have 

considered Poisson noise for all EDX count measurements. We underline the analytical 

quality of our EDX data as the derived degrees in segregation are larger than the 3 

uncertainty interval 55 for all averaged profiles of Fig. 3 and most of the individual gradients 

displayed in section SI4. An example spectrum of an entire BNP is shown in Fig. SI3.1. 

All EDX and ML processing steps have been performed using the open-source Hyperspy 

Python library.65 

PCA and NMF data processing 

All data were first treated using principal component analysis in order to evaluate the number 

of necessary components and then by non-negative matrix factorization. Both methods allow 

denoising plus a statistical analysis in the sense that they permit retrieving latent correlations.  

In PCA, the raw data are decomposed into a number of orthogonal eigenvectors, termed 

loadings. The correlation between the spectra associated with a certain pixel and a particular 

eigenvector gives an amplitude for that specific component, the score. By diagonalizing the 

covariance matrix that represents the data set, it is possible to derive from a scree plot (cf. 

figure SI3.3) the number of principal components (eigenvectors) to describe the physical 

system and to separate them from omnipresent Poisson noise.54,55 Reconstructing the data 

with only the first eight eigenvectors permits removing a large fraction of uncorrelated noise 

without losing the physical signal, which is thus denoised. The scatter of compositional values 

around a mean value is reduced and we have calculated the remaining error for entire AgAu 

BNPs to be reduced by a factor 2-3.55 We recall here that the spectra in denoised 

reconstructed datacubes do not represent independent measurements but are fully correlated. 

The individual PCA components are, however, not easily interpretable. PCA does not perform 

an efficient blind source separation and all physical signals are present in all components, 

with positive or negative scores (cf. Fig. SI3.4).  
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NMF is a complementary ML technique for linear decomposition, which is particularly suited 

for evidencing spectral and spatial correlations and, as it allows only positive signals, a 

physical interpretation of the components is often easier. The application of NMF processing 

requires that the number of components be defined in advance and we use eight components 

as deduced from PCA. These components reproduce all physically real signals: two (NMF#1 

and #7) are needed for the AgAu BNPs and six others for the different background and 

spurious signals and their relative variations. In our AgAu systems, the interpretation of the 

different components is thus comparably straightforward.  

A comprehensive overview of our ML treated data is given in the SI. 
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