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ABSTRACT. The properties of bimetallic nanoparticles vary widely as a function of their 

composition and size distributions. X-ray absorption fine structure analysis is commonly 

used to characterize their structure, but its application to elements that are close to each 

other in periodic table is hampered by poor Z-contrast. We trained an artificial neural 

network to recognize the partial coordination numbers in Au-Pt nanoparticles synthesized 

via peptide templating using their X-ray absorption near edge structure spectra. This 

approach, combined with scanning transmission electron microscopy analysis, revealed 

unique details of this prototype catalytic system that has different forms of heterogeneities 

at both the intra- and inter-particle levels. Our method based on the enhancement of Z-

contrast of metal species will have implications for compositional studies of bimetallic 

nanoparticles.  
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Introduction: 

Bimetallic nanoparticles (BNPs) have received tremendous attention due to their use in 

many biomedical, mechanical, pharmaceutical, catalytic, and electrocatalytic 

applications.1 For example, due to their diverse architectural and compositional motifs 

that can be tuned by design,2-5 many types of catalytic BNPs have been reported.5, 6 In 

order to rationally design BNPs with desired performance, a descriptor-based approach 

is being increasingly adopted. With this approach, structural, electronic, and chemical 

properties are parameterized and their relationship with the BNP performance is 

determined.7, 8 A convenient strategy toward understanding structural and compositional 

properties of the BNPs is to measure their metal-metal coordination numbers (CNs) and 

use them to estimate the average size and compositional habits (e.g., distinguish between 

core-shell and random alloys).9, 10 In a typical research program, such information is 

extracted from an extended X-ray absorption fine structure (EXAFS) experiment, where 

absorption edges of each AxB1-x alloy component, A and B, can be independently 

measured and analyzed, to obtain the partial CNs: NA-A and NA-B (for the A absorption 

edge), and NB-A and NB-B (for the B absorption edge).  

While EXAFS can be readily applied to most BNPs of interest, there is an important 

class of these structures that contains elements that cannot be easily distinguished. This 

occurs when the two metals in the BNP are too close in the same row of periodic table 

(e.g., Pt-Au, Pt-Ir, Cu-Ni, Ag-Pd, etc.). This occurs due to the sensitivity of EXAFS, which 

cannot discriminate between the backscattering (A or B) species for A-B and A-A pairs 

(or B-A and B-B pairs) if A and B have similar Z numbers. To further complicate matters, 
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the absorption edges of the nearby elements in the same row of periodic table often 

overlap, so that large portions of the EXAFS signals from both edges (e.g., Pt and Au9 or 

Pt and Ir L3 edges,11 or As K-edge and Au L3 edge12) coexist in the same energy range. 

One development9, 11 is noteworthy, wherein simultaneous EXAFS analysis of 

overlapping edges was used to disentangle competing contributions from both edges. 

However, this requires that effective A-M and B-M (where M = A or B) CNs can be 

obtained, not partial ones,  in order to perform detailed compositional analyses.13  

An attractive alternative approach is to extract CNs from X-ray absorption near edge 

spectra (XANES), and not from the EXAFS itself. The near edge region of each element’s 

absorption edge has unique sensitivity to the charge state of that element, which may 

change because of alloying.  Thus, if the XANES spectrum measured for an absorption 

edge of element A can be related to the numbers of A-A and A-B pairs in the nearest 

neighboring environment, it would result in the same information that cannot be 

determined by EXAFS. Due to the lack of analytical methods for recovering the partial 

CNs from XANES, a machine learning (ML) method was recently developed for that 

purpose. It was shown by us and others that the ML approach can map XANES spectra 

onto structural descriptors for monometallic,14, 15 bimetallic,16, 17 metal oxide systems18 as 

well as other application.19-21 In addition to being a very good alternative to EXAFS, the 

ML-XANES method stands out as the only tool for analysis of catalysts under in operando 

conditions, in the liquid phase, or when exposed to high temperature and pressure. This 

is because EXAFS data are either of poor quality or unavailable. While ML-XANES has 

been exceedingly helpful in rapid analysis of BNPs under extreme conditions, it has never 

been used, to the best of our knowledge, for studying BNPs with elements that have poor 
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Z contrast. Such an approach could prove to be transformational and allow for atomically 

resolved analyses of an important class of materials, such as nanocatalysts, for which no 

readily accessible technique other than – as we show directly here – STEM EDS and 

EELS is available to confirm the atomic arrangement of the metal species. 

We have chosen peptide-capped PtAu BNPs for this study, based upon their wide 

range of potential applications.22, 23 To fabricate the BNPs in water, a multistep co-

reduction process was developed to generate the final materials. They were passivated 

on the surface using the AuBP2 peptide (WALRRSIRRQSY), previously identified with 

affinity for Au.24 Each step in the process was monitored to identify the effects of the 

reaction on the synthesis of the bimetallic structures. Once prepared, the BNPs were 

examined using the ML-XANES-based approach, which allowed for the resolution of the 

partial CN values of Pt and Au, which could not be achieved via conventional EXAFS 

analysis. The results demonstrated that a non-alloyed system was generated with a 

cluster-in-cluster morphology. In addition, separate monometallic Pt NPs were present in 

the reaction mixture, which was confirmed with high-resolution STEM-EELS analysis. 

Such results demonstrate that advanced characterization with atomic resolution was 

possible for structures not accessible via conventional approaches. Such ML-XANES 

methods could be adapted for a variety of systems, including in situ analysis, thus 

advancing knowledge of fundamental structure/property relationships that cannot be 

presently addressed.  

RESULTS AND DISCUSSION: 

The synthesis procedure developed for AuPt nanoparticles is described in Materials and 

Methods part of the Supporting Information (SI) and shown in Scheme 1. For this, the 
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K2PtCl4 and AuBP2 peptide were co-mixed in water for 72 h for Pt2+ hydrolysis that was 

required for metal ion binding to the peptide, which was monitored using UV-vis 

spectroscopy (Figure 1). Specifically shown in Figure 1a, the spectra of the materials 

prepared at the anticipated Pt:Au ratios are shown immediately after solution production 

(time = 0 h). For this system, PtCl42- ligand-to-metal charge transfer (LMCT) bands were 

observed at 215 and 230 nm,25 where their intensity was directly proportional to the 

amount of Pt2+ in the mixture. Over time (Figure 1b-d), the intensity of these peaks 

decreases and the growth of two new peaks at 250 and 305 nm was evident. As 

anticipated, the intensity of these new bands, which are consistent with coordination of 

the Pt2+ to the peptide amines,25, 26 was directly proportional to the amount of Pt in the 

system. Figure 1e plots the intensity of the 250 nm peak as a function of time and Pt2+ 

concentration, confirming continued growth of the absorbance over the 72 h reaction. 

Such studies were consistent with the prior results for dendrimer-encapsulated 

nanoparticles (DENs), where similar reactivity was noted.26 

Beyond the LMCT bands associated with the Pt2+ ions, two additional points of interest 

are observed in the UV-vis analysis of Figure 1. For this, however, it is important to note 

that all of the spectra are background subtracted against the peptide at the reaction 

concentration. First, two noticeable troughs in the spectra were evident at 225 and 280 

nm. For the 225 nm region, the spectra even become negative, suggesting that changes 

are likely from the peptide itself. Second, over time, a broad increase in absorbance 

towards lower wavelengths was observed for the sample that is directly proportional to 

the Pt concentration in the reaction. Taken together, this suggests that the peptide is 

potentially reducing a fraction of the Pt2+ ions to Pt0. For the first point, spectral troughs 
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at 225 and 280 nm, these likely arise from oxidation of the tryptophan residues of the 

AuBP2 peptide, which drive the Pt2+ reduction. Tryptophan is known to reduce metal ions 

in solution, where it is oxidized to kynurenine.27, 28 Tyrosine has also been shown to have 

the ability to reduce metal ions,29, 30 potentially facilitating these observed spectral 

changes and production of Pt0.31 Once the Pt2+ is reduced to Pt0, nucleation of small Pt0 

clusters is likely, leading to nanoparticle growth, giving rise to the broad absorbance of 

the second point.32 

After 72 h of hydrolysis, sufficient Au3+ is added to the Pt2+/peptide system to achieve the 

appropriate Pt:Au ratios. The materials were then reduced with excess NaBH4, generating 

the stable BNP colloidal suspension. Figure 1f presents the UV-vis spectra of the reduced 

materials. For all the Pt-containing materials, a broad absorbance band was noted that 

increased in absorbance towards lower wavelengths, consistent with the formation of 

BNPs. For the Pt0Au100 sample (i.e., monometallic Au), a plasmon band centered at 530 

nm was also observed. Such studies are all fully consistent with nanoparticle formation. 

It is interesting to point out, however, that the Pt-N LMCT band remains present in the 

BNP samples. This suggests that the Pt-N interaction remains after reduction, which could 

arise from the peptide binding to the BNP surface, or potentially from a fraction of the 

Pt2+/peptide complex that remains unreduced. 
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Scheme 1. Synthesis procedure of the AuBP2 capped Pt/Au nanoparticles. 
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Figure 1. UV-vis analysis of the AuBP2/Pt2+ complex at (a) 0h, (b) 24, (c) 48, and (d) 72 

h.  Part (e) presents the full set of AuBP2-Pt2+ complex absorption at 250 nm during the 

72 h hydrolysis, while part (f) displays the UV-vis analysis of the reduced BNPs capped 

with AuBP2. 
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To confirm that nanoparticle production occurred, HR-TEM analysis of the peptide-capped 

BNPs was performed (Figures 2 and S1). For all the samples, the nanoparticles were 

approximately spherical in shape and ranged in size from 2.1 ± 0.4 nm for the Pt80Au20 

sample to 3.7 ± 0.6 nm for the Pt20Au80 system. Analysis of more than 100 individual 

nanoparticles was performed to identify average particle sizes. Lattice resolved images 

for each sample, shown in the insets, confirmed that crystalline materials were prepared. 

No trends between changes in metallic composition and particle size was evident (Figure 

2h). 

  

Figure 2. HR-TEM analysis of colloidal PtAu BNPs capped by AuBP2:. (a) Pt0Au100, (b) 

Pt20Au80, (c) Pt40Au60, (d) Pt50Au50, (e) Pt60Au40, (f) Pt80Au20, and (g) Pt100Au0. Part (h) 

presents the average BNP sizes of the indicated composition. 

XAFS measurements were performed at the ISS (8-ID) beamline National 

Synchrotron Light Source-II (NSLS-II) at Brookhaven National Laboratory. The solution 

samples were sealed in Kapton tubes with ~5 mm inner diameter and a wall thickness of 
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0.2 mm. For each sample 50 scans were collected to improve the data quality. Three 

samples with different ratios (Pt80Au20, Pt60Au40, Pt20A80) were measured at both Au L3-

edge and Pt L3-edge. The experimental data are shown in Figure 3. At the Au L3-edge, 

there are peak intensity and position changes in the near edge region which are correlated 

with different Au:Pt ratios; however, at the Pt L3-edge, the changes are much weaker. 

 

Figure 3. XANES data of Pt100-xAux BNPs at (a) Au and (b) Pt L3 edges. 

To quantitively analyze the experimental XANES data and to obtain information about 

partial CNs of Pt and Au absorbing atoms, the neural network (NN) approach was applied. 

Detailed information regarding the method is described in Methods part. Similar to our 

previous work where we correlated the XANES with spectrum with the structural 

descriptors of Pt and AuPd nanoparticles,14, 16 the NN was constructed to build a 

correlation between the XANES spectrum and structural descriptors: Au-Au, Au-Pt, Pt-

Au, and Pt-Pt CNs. To train the NN, a large dataset is required to get good performance. 

Here, we exploited theoretical approaches (FEFF33 and FDMNES34) to construct the 

training dataset. The standard Au and Pt foils were simulated initially to provide optimized 

parameters, which are shown in SI, Figure S3. Then the AuPt atomistic models were 
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constructed based on similar structures and with Au:Pt ratios ranging from 1:9 to 9:1, 

which covers the composition range of the experimental XANES measurements. To 

account for the changes of lattice parameters with alloy composition, Vegard’s law was 

used. The effective lattice constants ranged from 3.92 to 4.07 Å (i.e., spanning the range 

between pure Pt and Au). From this analysis, there were 6578 sites of AuPt atomistic 

models at the Pt L3-edge and the 8159 sites of AuPt models at the Au L3-edge calculated 

through FEFF and FDMNES. The sites are the different absorbing atoms. In addition, a 

linear combination approach was employed to enlarge the dataset, as described in our 

previous study.14 Using this approach, 100,000 spectra were prepared and randomly 

shuffled as the total dataset, which was split into an 8:1:1 ratio as training dataset : 

validation dataset : test dataset. Here the training dataset worked as the major dataset to 

optimize the parameters in the NN. The validation dataset worked as a benchmark to 

evaluate the training performance of each training epoch and was used to help optimize 

the hyperparameters of the NN. The final NN structure is illustrated in Table S1. 

To validate the NN and evaluate its performance, a test dataset was exploited (Figure 

4). To incorporate the systematic error from the NN models, the error estimation has been 

given in the SI, section S1. After the NN validation with the test dataset, it was applied to 

evaluate the experimental XANES spectra. The results for the predicted CNs of Pt-Au, 

Pt-Pt, Au-Au, and Au-Pt first nearest neighboring pairs are summarized in Table 1. Using 

these results, the molar ratio of Au:Pt has been calculated as equal to CNPt-Au/(CNAu-

Pt+CNPt-Au).13 Using the obtained molar fraction of Au atoms, xAu, the Cowley short range 

order (SRO) parameter was calculated following the equation below:13, 35 

𝛼 = 1 −
𝐶𝑁𝑃𝑡−𝐴𝑢/(𝐶𝑁𝑃𝑡−𝐴𝑢+𝐶𝑁𝑃𝑡−𝑃𝑡)

𝑥𝐴𝑢
. 
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When the average A-M and B-M CN values are similar, the distribution of elements within 

the BNPs is considered to be homogeneous; however, if the SRO parameter is positive 

or negative, this indicates either positive or negative tendency, respectively, to clustering 

of like atoms. If the SRO parameter is zero, it indicates a random alloy.35 In the present 

case, however, the results for CNPt-Pt (Table 1) are intriguing, because they change 

relatively weakly with composition (also evident in the raw data behavior, Figure 3b) while 

CNAu-Au values exhibit strong changes. Furthermore, the large Pt-Pt CN values for all 

compositions (close to the 11-12) appear to be inconsistent with a model of a 

representative BNP with Pt and Au atoms coexisting in the same particle.  This suggests 

that the distribution of Pt within the sample was bimodal, where some Pt atoms segregate 

in a separate phase from the PtAu alloyed NPs.  
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Figure 4. Validation of the neural network using the predicted (a) CNAu-Au, (b) CNAu-Pt, 

(c) CNPt-Au, and (d) CNPt-Pt vs true values. 

Table 1. Neural network analysis results of the XANES data at Au L3-edge and Pt L3-

edge. 

Sample CNPt-Au CNPt-Pt CNAu-Au CNAu-Pt xAu α CNM-M 

Pt20Au80 1.1±0.8 11.3±0.6 7.8±0.5 0.8±0.6 0.57 0.85 10.2 

Pt40Au60 1.2±0.8 11.7±0.6 5.6±0.4 0.6±0.6 0.67 0.86 8.4 

Pt80Au20 1.1±0.8 12.0±0.6 0.6±0.5 6.4±0.6 0.15 0.43 12.0 

 

To test this hypothesis and to further validate the ML-XANES analysis results, the High-

Angle Annular Dark-Field (HAADF)-STEM and Energy Dispersive Spectroscopy (EDS) 

analyses were employed to characterize the distribution of Au and Pt atoms in three 

samples: Pt80Au20, Pt60Au40 and Pt20Au80. The results are summarized in Figures 5 and 

S5-S8 of the SI. STEM analysis of the samples showed an increased presence of isolated 

atoms when the Pt concentration was increased. In Figure 5, scattered atoms are visible 

around Pt20Au80. The EDS spectrum for a region containing only isolated atoms in the 

Pt20Au80 samples showed that these scattered atoms are mostly Pt, although a minor 

fraction of Au atoms was also detected (Figure 5). It is important to note that ICP-MS 

analysis was completed on the sample, where the values obtained generally reflected the 

ratio of Pt:Au added to the sample. 

EDS maps and line scans were performed to visualize the distribution of elements within 

the tested particles. In all BNP samples studied, a core-shell configuration was observed 

for most particles, with Pt being segregated on the surface (Figure 5). Additionally, line 
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scans showed the presence of compositional heterogeneity within the particles. In Figure 

5a, it is possible to distinguish a Au-rich region on one side of a particle and a Pt-rich 

region on the other side, which is the evidence of a heterogenous distribution of the 

alloyed and unalloyed structures. 

Figure 5. HAADF-STEM imaging and EDS line scan of AuBP2-capped (a) Pt60Au40 and 

(b) Pt80Au20 BNPs. For part (a), the first half of the BNP is Au-rich while the second half 

is Pt-rich. The scan is evidence of compositional heterogeneities within the particles. 

Parts (c-f) presents the HAADF-STEM imaging and EDS mapping of AuBP2-capped 

Pt20Au80 nanoparticles. 

The ability to discern between different models of local structure depends critically on 

the combination of the ensemble-average information obtained by XAFS and local, 

statistical information, such as that obtained by STEM-EDS. Without the latter, there are 
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too many possible interpretations of the former when inner particle heterogeneities are 

present, as we and others have demonstrated earlier.36-41 By combining the information 

from the EDS mapping and the XANES data, it becomes evident that a bimodal 

distribution of Pt is present. With more Pt loaded into the sample, a thicker Pt shell 

structure and isolated Pt particles were observed as shown in Figure 5 and Figures S6-

S7 for sample of Pt20Au80, Pt60Au40, and Pt80tAu20. Additional STEM imaging and EDS 

spectra in Figure S8-S10 also reveal the Pt shell structure with more Au in the core. This 

effect leads to high CNPt-Pt values and a negligible change in the Pt-Au CNs, as 

determined by NN-XANES. At the same time, a bimetallic core existed as a 

heterogeneous Pt-Au alloy with a limited amount of Pt atoms (since even with the larger 

Pt loading, some of them keep contributing to the shell structure and some - to the 

separate Pt particles), which explained why the CNAu-Au decreased with the lower Au 

loading. Thus the correlation between the changes of the CNAu-Au and CNAu-Pt indicate 

that Au atoms were predominantly distributed in the BNP cores; the relatively unchanged 

and large CNPt-Pt values indicate a Pt rich shell and/or coexisting Pt-rich nanoparticles, 

which are both observed by the EDS mapping. However, due to the limited statistics of 

EDS mapping, we cannot generalize the observed core-shell motif as the general 

properties of the entire samples. SI Figures 11-13 show good overall agreement with the 

trends obtained by the ML-XANES analysis. Indeed, from the Au atoms perspective, they 

are predominantly co-localized with Pt and thus their coordination numbers are sensitive 

to the Au:Pt ratios (Table 1). Specifically, CN of Au-Pt increases when the Au:Pt ratio 

decreases (Table 1).  That observation is consistent with the trends shown in Figures 

S11-S13. Indeed, as the Pt:Au ratio decreases (from 80:20 to 60:40 to 20:80), the relative 
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amount of Pt in the bimetallic NP region decreases (as evident in SI Figs. 11,12,13, 

respectively), in agreement with the change of ML-XANES determined CNs of Au-Pt 

(Table 1).  

This bimodal distribution of Pt likely formed due to two reasons: peptide-driven 

reduction of the Pt2+ and the different reduction potentials of the Pt and Au ions employed 

in the reaction. In the first situation, a fraction of the Pt2+ ions were pre-reduced by the 

peptide prior to addition of Au3+. This likely gives rise to the monometallic Pt particles 

observed in the samples. In the second situation, Au3+ is easier to reduce then Pt2+ due 

to differences in their reduction potentials.42 In addition, the Pt2+ species were coordinated 

to the peptide, while the Au3+ ions were expected to be free in solution. These differences 

in reduction potential and local environment could facilitate more rapid reduction of Au3+ 

over Pt2+ to give rise to the Au rich core that is then decorated on the surface with the Pt 

shell upon Pt2+ reduction. While electron microscopy analysis provides illustration of such 

heterogeneous structures at the local scale of individual nanoparticles, the Z-contrast of 

XANES - which was traditionally limited for Pt-Au (and other alloys with neighboring 

elements) but is now enhanced by the application of the neural network approach - can 

also provide information regarding heterogeneity at the scale of the entire ensemble. The 

combination of NN-XANES and quantitative STEM for this class of BNPs and other 

heterogeneous nanostructures enables understanding of complex compositional 

distributions at both the intra- and inter-particle levels. 

CONCLUSION: 

In summary, combined correlative NN-XANES and HAADF-STEM analysis of peptide-

capped BNPs containing neighboring elements such as Pt and Au was used to obtain 



 

 

18 
 

elusive structural descriptors that helped to elucidate the structural and compositional 

changes for different ratios of Au:Pt. A bimodal distribution of Pt was discovered with 

coexistence of AuPt and Pt particles. This method will provide a general solution to a 

long-standing problem of analysis of structure of other bimetallic nanocatalysts with 

overlapping absorption energy edges (e.g., Pt-Au, Pt-Ir, Cu-Ni, Ag-Pd, etc.).  

MATERIALS AND METHODS: 

Synthetic approach for the AuPt nanoparticles with peptide. Production of the peptide-

capped PtAu nanoparticles was initially attempted through the direct reduction of HAuCl4 and 

K2PtCl4 in the presence of the AuBP2 peptide. The Pt:Au ratio was varied to control the final 

composition of the materials, where the different materials are denoted by PtXAu100-X; however, 

upon reduction with NaBH4, rapid precipitation of bulk material was observed. Prior studies using 

dendrimer-encapsulated nanoparticles (DENs) suggested that hydrolysis of the PtCl42- ion to 

PtCl2(H2O)2
2- was required for complexation to the amines of the polymeric template.2 Since 

similar events were anticipated using the AuBP2 peptide, hydrolysis of the Pt2+ salt was studied 

for BNP formation. For this, the K2PtCl4 was mixed with the AuBP2 peptide in water at selected 

ratios for 72 h for all syntheses. Using this approach resulted in the production of highly stable 

peptide-capped BNPs. The AuBP2-capped bimetallic PtAu nanoparticles were synthesized 

following a modified co-reduction-based method. Seven different nanoparticles were prepared at 

selected Pt:Au ratios of 0:100, 20:80, 40:60, 50:50, 60:40, 80:20, and 100:0. The description of 

the synthesis of the Pt50Au50 sample is described; however, identical methods were employed to 

prepare all of the samples, but with changes in the amount of metal ion salt solutions added to 

the reaction. Briefly, 1 mL of an aqueous 1 mM AuBP2 solution was diluted with 3.96 mL water. 

To this mixture, 5 μL of a 100 mM K2PtCl4 solution in water was added. The Pt2+/AuBP2 solution 

was then allowed to stir on the benchtop for 3 days at room temperature. Once complete, 5 μL of 
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an aqueous 100 mM HAuCl4 solution was added to the reaction. After a 15 min incubation time, 

30 μL of freshly prepared 100 mM NaBH4 was added to reduce the metal ions overnight. In all 

reactions, the ratio of total metal loading:AuBP2:NaBH4 remained 1:1:3. 

UV-vis, TEM and STEM analysis: UV-vis analyses were conducted on an Agilent 8453 

spectrophotometer using a 1 cm quartz cuvette. HR-TEM samples were prepared by 

drop-casting 5 µL of the nanoparticle solution onto a carbon-coated copper TEM grid, 

which was allowed to dry in desiccator. TEM images were obtained using a Tecnai F30 

(FEI) instrument operating at 300 kV. Analysis of >100 individual nanoparticles was used 

to identify average particle sizes. Scanning transmission electron microscopy (STEM) 

was performed with a JEOL NEOARM EDS data were collected with detectors provided 

by JEOL., with a camera length of 4 cm and a condenser lens aperture size of 40 μm. 

EDS data were collected with detectors provided by JEOL. Elevation angle is 40 °and 

solid angle is 2.21 steradians. All STEM images were taken right before EDS acquisition. 

High-angle annular dark field (HAADF) images were collected with a Gatan Inc. detector. 

The samples prepared for STEM analysis samples were all free-standing particles and 

directly deposited on the carbon film.  A drop of solution was deposited on a carbon coated 

copper TEM grid from Electron Microscopy Science.  

XRD analysis: Powder XRD analyses were conducted using a Bruker D8 ADVANCE 

powder X-Ray diffractometer with DAVINCI design and a LYNXEYE high-speed 1-D 

detector. To obtain the necessary nanoparticle powder, all samples were lyophilized to 

remove the water solvent. XRD result is shown in Figure S2. This analysis compares the 

XRD patterns of the two monometallic samples (Pt0Au100 and Pt100Au0) to the bimetallic 

Pt80Au20 material. Scherrer analysis of the XRD data demonstrated that the crystallite 
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sizes of the samples ranged from 3.0 nm to 2.2 nm (SI Table S2). Therefore, the TEM 

measured sizes, found to be in agreement with the XRD-determined sizes, are statistically 

representative of the entire sample. Note that diffractions peaks arising from NaCl were 

also observed in the sample, which arise from the salts used for the reaction. For the 

Pt0Au100 peptide-capped nanoparticles, diffractions peaks at 38.4, 44.3, 64.7, 77.8 °2θ 

were evident, arising from the (111), (200), (220), and (311) diffractions peaks of Au, 

respectively. Conversely, fewer peaks were evident for the Pt monometallic system 

(Pt100Au0) with the most prominent Pt-based diffraction being observed at 39.9 °2θ for the 

Pt(111) diffraction. For the bimetallic Pt80Au20 peptide-passivated particles, the (111) 

diffraction peak is at 39.1 °2θ, which is positioned directly between the (111) diffraction 

for Au and Pt. This suggests that the BNPs do contain a mixture of the two metals; 

however, it is not able to distinguish the arrangement of the Pt and Au in the sample. ICP-

MS analysis was conducted on an Agilent 7900 ICP-MS.    

FEFF and FDMNES simulations. For the neural network assisted XANES analysis, we 

followed similar approaches as described in the previous work on the monometallic14, 15 

bimetallic,16, 17 metal oxide systems.18 XANES simulations utilized two ab initio codes: 

FEFF33 and FDMNES.34 For FEFF simulation, FEFF version 9.6.4 was used for self-

consistent calculation within full multiple scattering (FMS) and muffin-tin (MT) 

approximations. The cluster’s radius 5.5 Å was for self-consistent calculation and cluster 

of radius of 7 Å for FMS calculations. S0
2 was optimized as 0.9 Au L3-edge. Random 

phase approximation (RPA) was used to model core-hole, as well as complex exchange-

correlation Hedin-Lundqvist potential. For FDMENS simulation, we used FDMNES II 

program, revision 9th. The FMS and MT approximation were applied and real Hedin-
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Lundqvist exchange-correlation potential was used for the simulation. The parameters for 

the simulation were optimized based on the overlap between the experimental and 

theoretical XANES on the Au and Pt foil, as shown in Figure S3. To show the sensitivity 

of XANES to the compositional effect, different ratios of Au:Pt of the bimetallic 

nanoparticles are simulated in the FEFF shown in Figure S4. For the training dataset 

construction, all the models utilized in our simulation were based on previous work, where 

the (100) and (111) lattice planes are utilized to cut the bulk and obtain the models with 

different sizes and shapes.14 The ratios of Au:Pt were varied from 9:1 to 1:9 and the site 

of Au and Pt were randomly assigned. The non-equivalent sites in all cluster models were 

selected for XANES calculation. All theoretical XANES spectra were shifted in energy by 

ΔE to align the energy scale of theoretical calculations with experimental data. The energy 

range of Au L3-edge was between 11910 to 11973 eV. The energy range of the Pt L3-

edge was between 11562 to 11642 eV. To maximize the variability and increase the size 

of the dataset, linear combinations of randomly selected site-specific XANES, based on 

the equations of 𝜇(𝐸) = ∑ 𝜇𝑗/𝑛
𝑛
𝑗=1 , was utilized to enlarge the XANES-CN datasets where 

n is optimized to 3 according the NN performance. Then, we randomly selected three 

XANES-CNs pair from our original site-specific dataset to create 100,000 spectra. For the 

NN training, the data was split in 8:1:1 as training, validation, and test datasets. The 

architecture of the NN is described in the Table S1. We used mean squared loss as the 

metric to evaluate our NN model and the “ADAM” as our optimization algorithm with 

default parameters (𝛽1 = 0.9 and 𝛽2 = 0.99). To overcome the overfitting, the L2 

regularization term has been utilized with 0.001 value. The batch size was optimized to 

be 800 for our NN models. 
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