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ABSTRACT: High entropy alloys (HEAS) are alloys that consist of five or more principal elements in near-equiatomic proportions,
that tend to form simple solid solutions during solidification owing to high mixing entropy. HEAs have been identified as promising
candidates for various heterogeneous catalysis and electrocatalysis applications. This work illustrates the utility of time-of-flight
secondary ion mass spectrometry (ToF-SIMS) in analyzing HEAS, offering detailed chemical information about the top layers of a
sample. Ru-Pt-Pd-Ir-Rh based porous HEAs with different mixing characteristics were analyzed alongside seven simpler alloys. An
automatic quantification process was developed to effectively deal with the large data sets obtained from ToF-SIMS spectra of HEAS,
allowing for accurate and reliable data interpretation. The complex chemical fingerprint obtained from the alloys surface was trans-
lated into a matrix showing the individual isotopic mass distributions of each poly atomic chemical species. From this, we introduce
two key metrics: the Cluster Ratio (CR) and the Oxide Ratio (OR), to quantify respectively the degree of atomic-level mixing and
the surface oxidation. With such data processing framework in hands, ToF-SIMS becomes a highly effective tool for assessing the
properties of HEAs. Our findings reveal that increasing elemental complexity (number of different elements in the alloy) enhances

atomic mixing. Moreover, HEAs with enhanced atomic mixing are shown to be more resistant to surface oxidation.

INTRODUCTION

High entropy alloys (HEASs) are alloys that consist of five or
more principal elements in near-equiatomic proportions® 2 that
tend to form simple solid solutions during solidification, instead
of inter-metallic compounds, owing to high mixing entropy?®.
HEAs have been identified as promising candidates for various
heterogeneous catalysis and electrocatalysis applications*®. For
instance, Qiu et al. developed a nanoporous AINiCuPtPdAu
materials for the oxygen reduction reaction (ORR). The result-
ing catalyst exhibited greatly enhanced high temperature stabil-
ity and displayed redox activity up to ten times higher than the
characteristics of Pt/C catalysts!®. For the CO, reduction reac-
tion, superior durable catalytic hydrogenation of CO, was
demonstrated using CoNiCuRuPd HEA nanoparticles'. HEAs
have also received much attention in recent years due to their
unique mechanical properties, such as high strength and strain
hardening ability***®. Additionally, HEAs have shown note-
worthy chemical properties, including corrosion and oxidation
resistance’®*8, The peculiar behavior of HEA in various appli-
cations, is primarily attributed to four core effects® 1921,

¢ The high entropy effect impedes segregated phase for-
mation. Mixing five or more elements increases the configura-
tional entropy of HEA solid solution sufficiently to have a

dominant effect on phase Gibb’s energy stabilizing a solid so-
lution instead of intermetallic phases.

o Lattice distortion effects alter the crystalline structure. In
HEAs, each atom is surrounded by atoms of different elements,
causing significant lattice distortion due to atomic size differ-
ences and varying bonding energies. This distortion can affect
the mechanical, thermal, electrical, optical, and chemical prop-
erties of HEAs.

o Sluggish diffusion hampers phase transformation. The
presence of multiple elements creates fluctuations in lattice po-
tential energy, leading to low-energy sites that trap atoms and
hinder diffusion. This results in slower grain growth, increased
recrystallization temperature, enhanced creep resistance?*,

o Cocktail effects lead to properties that are different from
those predicted by the mixture rule. It refers to the surprising
and exotic properties that can arise in HEAs due to their com-
plex compositions. Described as the “overall effect resulting
from mutual interactions among composing elements”? this ef-
fect is not exclusive to HEAs and is often considered as an ab-
stract effect emerging from the previous effects.

Those four core effects are more pronounced in HEAs than
in other classical alloys and strongly influence their properties
and behavior. The crux of these 4 effects lies in the concept of
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"mixing". The homogeneity of the alloy is normally assessed
using panels of physico-chemical characterization tools. X-Ray
Diffraction (XRD) provides insights into the crystallographic
structure. X-Ray Photoelectron Spectroscopy (XPS) analyzes
the chemical environment including elemental composition and
oxidation states on the surface and subsurface regions. Electron
microscopy (TEM, SEM, STEM) is often coupled with local
elemental analysis (EDX) to reveal local information such as
the element distribution?”. Often, a link can be made between
the quality of the mixing in the alloy and the emergence of pe-
culiar properties or performance?®*. However, the most classi-
cal characterization techniques mentioned above, approach the
concept of homogeneity either indirectly (e.g. observing lattice
distortion) or with a limited spatial resolution or limited sensi-
tivity (e.g. elemental mapping by STEM-EDX). We argue that,
beyond this rough description of “homogeneity”, the parameter
that truly determines the properties of the alloys is the "atomic
level degree of mixing". Thus, it becomes essential to verify and
quantify the alloying of the different elements at the atomic
scale.

ToF-SIMS provides detailed chemical information about the
top atomic layers of a sample®. The technique involves bom-
barding the sample surface with a pulsed primary ion beam un-
der ultra-high vacuum conditions®?, generating secondary ions
that carry chemical information about the surface and that can
be separated based on their masses. ToF-SIMS was proven
powerful for the characterization of heterogeneous catalysts,
e.g. to probe the dispersion of active elements®, to assess the
interaction between different components®, or to study the
cause of deactivation®. ToF-SIMS has already been used to an-
alyze sample composition in narrow trenches of 20 nm in
width® %7, Additionally, ToF-SIMS has been utilized to gather
information about the correlated presence of two metals in
mixed oxide nanoparticles with sizes down to a few nanome-
ters® %, In these studies, sputtered cluster ions are used to as-
sess the intimate mix of their elemental constituents in the solid.
The rationale is that the craters formed by energetic cluster ions,
such as 30 keV Biss*, in inorganic solid must be formed within
a single impact event. Thus, their constituents must arise from
the same nanovolume area. Molecular dynamics simulations
confirmed that clusters containing more than 2-3 atoms are of-
ten emitted as such (i.e. without recombination above the sur-
face), implying that they were direct neighbors in the solid®.

Here, we show that ToF-SIMS can be used to demonstrate
that alloying exists at the atomic scale in HEAs and to quantita-
tively assess the atomic level degree of mixing at their surface.
We exploit the identification and quantification of these second-
ary ions to gain insights on the intimacy of the metal mixing and
on the presence of oxidized species at the alloy surface. We
demonstrate that increasing composition complexity (and there-
fore the entropy) leads to (i) more homogeneous atomic mixing
at the atomic scale and (ii) higher resistance against surface ox-
idation (i.e. passivation). To test these hypotheses, two models
porous HEAs (41) based on Ru, Pt, Pd, Ir, and Rh are used as
the case study. One well mixed at the atomic scale level (de-
noted “HEA Mix”) and another showing phase segregation (de-
noted “HEA Seg”). A series of less complex alloys based on the
same metals were also analyzed as benchmarks: pure Ru, binary
Ru-Pt, Ru-Pd, Ru-Ir and Ru-Rh alloys, ternary Ru-Pt-Pd alloy,
and quaternary Ru-Pt-Pd-Ir alloy (Table S1).

EXPERIMENTAL

Synthesis of the Porous Alloys. Samples were synthetized
using the protocol designed by de Marco et al.**. A detailed pro-
tocol can be found in Electronic Supporting information (ESI).

ToF-SIMS Spectra Acquisition. The acquisition of ToF-
SIMS data was carried out using an IONTOF ToF-SIMS?® in-
strument (installed in 2010 from Miinster, Germany). A Liquid
Metal lon Gun (LMIG) source of Bi,* (n =1, 3, 5) and Bis*" in
high current bunch mode was employed, with a pulsed current
ranging between 0.05 and 1 pA. To prevent surface charging
caused by the charge of the sample holder, a flood gun of 20 eV
was employed. The actual data acquisition was performed over
a surface area of 150pum x 150um and the ion dose for the Bis*
values are displayed in the Table S2. The operation was carried
out using a cycle time of 150 us resulting of an 0-1800 m/z mass
range. The analysis time was of 2 minutes for each sample and
a charge compensator was used to avoid charges accumulation
on the sample surface. These parameters were specifically se-
lected to optimize the detection of clusters of high mass.

For each sample, the acquisition was performed in five sepa-
rate repetitions for each primary ions species to provide sub-
stantial data for subsequent statistical analyses. Analyses were
carried out in both positive and negative ion modes. Throughout
the acquisition process, there is a shift in the spectrum peaks,
necessitating calibration. This calibration was carried out using
CHs*, CoHs*, C3Hs*, and C4H;* peaks in positive mode, and CH-
, CoH, CsH, and C4H™ peaks in negative mode. An automatic
identification and quantification of the pattern of peaks was ap-
plied on all spectra, after a binning and a normalization (as dis-
cussed in the following section). For a detailed description of
analysis conditions, binning, and normalization steps, the reader
is referred to the ESI.

Automatic Cluster Peak ldentification and Quantitative
Processing. In ToF-SIMS, each chemical species produces a
unique peaks pattern following its specific isotopic distribution.
Some elements, such as Rh, exhibit simple distributions with a
single peak at 103 m/z. In contrast, elements such as Ru and Pd
generate broader peaks patterns due to the presence of multiple
isotopes. When analyzing a sample containing Ru, Pd, and Rh,
the resulting peaks pattern, known as the composite mass spec-
trum, is a combination of the individual isotopic distributions of
these three elements as illustrated in Figure 1. This phenomenon
becomes significantly complex when considering polyatomic
species such as Rup, Rus, or mixed-element species such as
RuPd, RuzPd, Ru,Pd,, RuPdPd, and RuPd.Pd,. The composite
mass spectra obtained at these m/z values represent a combina-
tion of the isotopic distribution and of all the polyatomic species
of the different atoms. Decomposing these composite mass
spectra into the individual isotopic mass distributions of each
poly atomic chemical species is challenging and nearly impos-
sible to accomplish manually due to the intricate overlap and
the sheer number of possible cluster combinations. This com-
plexity necessitates computational methods to separate and
quantify the contributions of the isotopic distributions of each
chemical species into the composite mass spectrum observed.
The method that was designed to process quantitatively the
ToF-SIMS data set is explained in detail in ESI. Essentially, it
is based on the resolution of a matrix system that leads to a vec-
tor X containing the calculated abundances of each species.
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Figure 1: Schematic illustration of the overlapping isotopic distri-
butions of Ru, Pd, and Rh. The peaks pattern (left column) merge
to form a composite mass spectrum (right column), representing the
cumulative isotopic distribution of the three elements.

RESULTS AND DISCUSSION

Sample Description: Morphology, Texture, Structure. A
set of porous alloys was prepared by the method of De Marco
et al.*! (see Table S1). The key steps of the synthesis are sum-
marized as follows: metal chloride precursors are mixed with
PMMA beads. The resulting solution is then spray dried and
annealed under Ar. During annealing, the polymer serves both
as a pore-generating and as a reducing agent, leading to porous
spherical metallic particles. One HEA containing five elements
was synthesized, comprising Ru, Pt, Pd, Ir, and Rh in equal
mass proportions of 20 wt.%. This sample is denoted “HEA
Mix”. In addition, a series of less complex samples was pre-
pared: one pure Ru, four binary, one ternary and one quaternary
alloys. The binary alloys were composed of 80 wt.% Ru and 20
wt.% of a second metal: Pt, Pd, Ir, or Rh. The ternary alloy was
created with a mass ratio of 60 wt.% Ru, 20 wt.% Pt, and 20
wt.% Pd. The quaternary alloy was formulated with Ru, Pt, Pd,
and Ir in a mass ratio of 40-20-20-20. For all these alloys, only
the composition was varied, all other parameters (the proportion
of PMMA, spraying and annealing parameters) were kept con-
stant. HEA Mix was reported to show good mixing, having
showed no sign of phase segregation in Scanning Electron Mi-
croscopy with Energy Dispersive X-Ray Analysis (SEM-EDX)
as abundantly discussed by De Marco et al.*%. Finally, one HEA
with the same composition as HEA Mix was synthetized using
the same protocol, except that no PMMA was introduced and a
10% H, was add to the Ar flux during the annealing process.
This sample is denoted as “HEA Seg”, as phase segregation was
found in this case, as clearly evidenced by SEM EDX (Figure
S1and S2).

The main features of HEA Mix can be summarized as fol-
lows: it consists of macroporous nanoparticles with a size rang-
ing from 0.5 to 5 um and pore diameters of approximately 200
nm (Figure 2). The wall of these macropores are themselves
mesoporous (5.4 nm and smaller) resulting in a specific surface
area of about 100 m%/g.

Figure 2: Scanning Electron Microscopy (SEM) images of the re-
sulting macroporous nanoparticles at the particles scale (A), and at
the pores scale (B) (reproduced from De Marco et al.*! with per-
mission from ACS).

X-ray diffractograms (Figure S3) obtained from the pure Ru
sample show the typical hexagonal close-packed (HCP) struc-
ture characteristic of metallic Ru (PDF 06-0663), with the main
diffraction lines at 20 = 44°. Applying the Scherrer equation?
of the 44° peak reveals an average crystallite size of about 7 nm.
For binary alloys, the introduction of Pt to Ru did not signifi-
cantly alter the broadness of the peaks. However, when Pd was
added to the alloy, the XRD diffractogram demonstrated notice-
ably narrower peaks. The peak narrowing was more evident
upon the addition of either Rh or Ir. These narrower peaks sug-
gest a larger mean crystallite size. Applying the Scherrer equa-
tion, the mean crystallite size for Ru-Pt, Ru-Pd, Ru-Rh and Ru-
Ir samples are respectively 8, 10, 24 and 29 nm.

When examining the ternary, quaternary, and quinary alloys,
the situation is slightly different. The ternary alloy appears to
exhibit broader peaks on the XRD diffractogram, suggesting
smaller crystallites. However, the coexistence of two phases
within the material complicates the interpretation. The diffrac-
togram for the quaternary alloy demonstrates wider peaks, indi-
cating smaller crystallites (~6 nm) compared to the binary al-
loys. The trend of decreasing crystallite size persists in the qui-
nary alloy (HEA Mix), which exhibits the broadest peaks, cor-
responding to a mean crystallite size of about 5 nm.

Further comparison of the samples diffractogram with the
theoretical metallic phases also reveals some interesting facts.
The Ru HCP phase is maintained in the binary alloys (Ru-Pt,
Ru-Pd, Ru-Rh and Ru-Ir). Yet, in the ternary alloys (Ru-Pt-Pd),
an additional face-centered cubic (FCC) phases also appears,
growing more intense as we move from the ternary to the qua-
ternary alloy (Ru-Pt-Pd-Ir), at the expense of the HCP phase. In
HEA mix and HEA Seg, only the FCC phase is detected.

Since the theoretical FCC phases of all five elements are quite
similar, it is not possible to assess solely based on the XRD
whether the HEA is well mixed at an atomic level. Indeed, the
seemingly single FCC phase in the HEA could either result
from a single phase containing all five elements or from the
HEA being constituted of small pure FCC crystallites, each
made of one single element. This ambiguity explains why the
diffractograms of the HEA Seg and Mix are similar. It consti-
tutes a rationale for using ToF-SIMS, as a technique capable of
providing an elemental footprint of the atomic-level mixing.

Optimization of the ToF-SIMS Analysis. In ToF-SIMS, the
nature of the primary ion affects the yield and fragmentation of
secondary ions*. The kinetic energy (E,) of the primary ions
used in ToF-SIMS is described by (Eq. 1)

Ex =qV (Eq. D

where g is the charge and V is the voltage. This implies that
the kinetic energy depends only on the particle’s charge, not on
its mass. Consequently, primary particles with a given charge
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have a specific kinetic energy. However, the distribution of this
energy among the atoms in the primary particle varies with the
number of atoms. For instance, a Bi;* ion and a Bis* ion both
have the same total kinetic energy, but the energy per atom in
Bis* is one-fifth that of Bi,*. This variation of the energy per
atom (depending on the nature of primary ion) influences the
ion penetration in the solid and the sputtering process, including
the secondary ion yields and fragmentation patterns observed in
ToF-SIMS* %, To best quantify the atomic degree of mixing of
the samples, the high mass secondary clusters are the most im-
portant since they can be taken as the markers of a well atomi-
cally mixed alloy. Similarly, for the examination of the oxida-
tion resistance of the samples, the secondary clusters of interest
are oxides. To determine which primary ion would provide the
highest yield for the secondary clusters of interest, a Principal
Component Analysis (PCA) was applied on a series of acquisi-
tions made on the Ru-Pt-Pd-Ir alloy analyzed with 4 different
primary ions (Bii*, Bis*, Bis™ and Bis"). Upon the analysis of
the Scores and Loadings plots (See Figure S8 and S9), Bis" was
identified as the best primary ion to measure high yields of large
clusters and oxides. Therefore, the following results will only
use data from the analysis performed with Bis".

Peak Identification and Quantitative Analysis. As a case
study, we here describe the quantitative processing of the data
obtained looking exclusively for the isotopic distributions of
Ru, Pd and Rh in the HEA Mix sample analyzing the HEA Mix
sample. Figure 3A compares the observed spectrum (Y ) with
the computed spectrum (¥ .4;c) for the m/z range of 95 to 111,
showing close alignment for most m/z values. Small discrepan-
cies between the observed and calculated spectra are visible at
m/z values of 97, 107 and 109. This suggests either the presence
of other elements/molecules not considered in the model, or
simply noise associated with the measurement itself.

Using the data processing framework outlined above, it is
possible to visualize a detailed breakdown of the isotopic con-
tributions from Ru, Rh, and Pd (Figure 3B). The teal bars rep-
resent the isotopic distribution of Ru, with the most intense
peaks at m/z values 96, 98, 100, 101, 102, and 104, and a cal-
culated abundance of X, = 6325. The red bars indicate the
distribution of Rh, with a prominent peak at 103 m/z, which
matches the observed spectra closely, confirming the presence
of Rh with a calculated abundance of X, = 3665. The orange
bars depict the distribution of Pd, showing contributions at m/z
values 102, 104, 105, 106, 108, and 110, with a calculated abun-
dance of X¥p; = 5808. This example validates our process for
identification and quantification in this range of m/z values.

However, at higher m/z values, the lower signal-to-noise ratio
leads to a decrease of the quality of the fit, as illustrated in Fig-
ure 4. In the 650 to 1550 m/z range, the overall alignment be-
tween observed and computed spectra (Figure 4A) suggests the
model is capturing the major peaks, but discrepancies are no-
ticeable in certain regions. The breakdown of individual iso-
topic contributions (Figure 4B) is significantly more compli-
cated, with many overlapping distributions, which makes as-
serting the fit quality difficult. A similar quality of fit is ob-
served for an intermediate m/z range of 150 to 650 (Figure S6).
Despite the imperfection of the fit, it has been chosen to use the
values of the calculated abundances (%) along all m/z values for
all the analyses in the following sections of this paper. The
lower precision of calculated abundances at high m/z values
was verified to have a negligible impact on the final results, due
to the low intensity of these signals, as compared to the intensity

at lower m/z. For the subsequent analyses, all adducts (e.g. Bi
adducts, Figure S7) were excluded.
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Figure 3: Comparison of observed and computed spectra for the
m/z range 95 to 111 for the HEA Mix. A: The observed spectrum
(Y,ps, solid blue line) closely aligns with the computed spectrum
(Y .quc, dashed red line). B: Detailed breakdown showing the indi-
vidual isotopic contributions as well as their abundance (x) of Ru
(teal bars), Rh (red bars), and Pd (orange bars) within the composite
mass spectrum.

Observed Spectrum (Yops) Computed Spectrum (Ycarc)

“w 1‘\ ‘”\ \“ ““ “ ““m

:Z I Mwm«m «Mw‘*‘www«w

0 |/ Y|
700 800 900 1000 1100 1200 1300 1400 1500

Counts

Yy NG g TS

700 800 900 1000 1100 1200 1300 1400 1500
m/z

Figure 4: Comparison of observed (¥,,) and computed spectra
(Y ;q1c) for the m/z range of 650 to 1550 for the HEA Mix. A: plot
of the overall alignment of the spectra, with an inset highlighting a
detailed region. B: display of the individual isotopic contributions
(each color representing different isotopic species).

Assessment of the atomic-level degree of mixing. The main
challenge in ToF-SIMS quantification is the variation of yields
for a given ion across different samples solely due to the
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chemical environment of each sample (i.e. the “matrix effect”).
For instance, Figure S10 shows that the normalized count for
Ru* — which is the count of Ru* ions detected divided by the
total count of all detected ions — varies across the four binary
alloys, despite their identical loading of Ru in their mass com-
position (80 wt.%). The normalized count for Ru is particularly
high for Ru-Pt and particularly low for Ru-Pd. The difference
in Ru counts is mainly due to such matrix effects. This calls for
further data treatment for the dataset to be exploitable.

To address this issue, we developed an indicator called the
Cluster Ratio (CR). CR is defined as the ratio between all the
Hetero Atomic Clusters (i.e., clusters that contain at least two
different atoms such as RuPt, RuPtPd, etc.) and all the Homo
Atomic Clusters (i.e., clusters that contain only one type of atom
such as Ru,, Rus, etc.). Thus, the CR is expressed by (Eq. 2).

_ HeACS (Eq.2)
HoACS

With HeACS and HoACS being the Hetero and Homo
Atomic Cluster Sums. Those Sums are defined respectively as
the sums of Hetero and Iso Atomic Clusters (Eq. 3) and (Eq.
4).

HeACS

- ZZZZZ[RuaPtdeCIrdth]
a b c d e

Va,b,c,d,e =0,1,2,3,4,5
with at least 2 of {a,b,c,d, e} are non zero

(Eq.3)

HoACS = Z[Ru; + Pt} + Pd} + I} (Eq.4)

+ Rh}]
Va = 2,3,4,5

Thus, this ratio represents the prevalence of Hetero Atomic
clusters in relation to Homo Atomic Clusters. A higher CR im-
plies a better mixing at the level of the atoms in the sample,
providing a more reliable assessment of the atomic-level degree
of mixing. The CR can mitigate the problem of varying second-
ary ion yields across samples because it is hypothesized that the
matrix effect for the HeACR is the same for the HOACR. By
taking the ratio of these two values, the influence of the matrix
effect is effectively normalized, leading to a more accurate
comparison of atomic-level mixing across different samples.

From the sample series analyzed in this study, a discernible
pattern is observed with the CR generally increasing along with
the number of components in the alloy (Figure 5 (top)). For the
pure Ru sample, the CR is obviously zero, since no hetero
atomic clusters are present. The binary alloys (Ru-Pt, Ru-Pd,
Ru-Ir, and Ru-Rh) show varying CR values, reflecting the in-
fluence of the second element on the mixing. Notably, Ru-Pt
has a higher CR compared to Ru-Pd, indicating better atomic
mixing in the Ru-Pt alloy. As we progress to ternary and qua-
ternary alloys (Ru-Pt-Pd and Ru-Pt-Pd-Ir), there is a noticeable
increase in the CR, suggesting improved atomic-level degree of
mixing with the addition of more elements. The highest CR val-
ues are observed in the HEA samples, demonstrating that HEAS
exhibit the most significant degree of atomic-level mixing
among the samples analyzed. Overall, a clear trend of increas-
ing CR with the number of elements in the alloy is illustrated,
highlighting superior atomic mixing when compositional

complexity increases, with a culmination in high entropy alloy
sample. It is notable this trend is respected also for the ternary
and quaternary alloys, despite the observation of two crystalline
phase in the XRD results (FCC and HCP) within the ternary and
quaternary alloys. Importantly, HEA Mix scores higher than
HEA Seg in terms of CR, supporting the observations made
with other characterization technique (SEM-EDX, see ESI),
hinting at phase segregation in HEA Seg. This observation fur-
ther validates the proposed quantitative processing approach.

The significance of the differences in CR values has been sta-
tistically assessed by pairwise t-tests and the results are availa-
ble in Sections S5.1, S5.2 and S5.3 of the ESI. CR values are
not statistically different among the various binary alloys. How-
ever, CR values calculated for ternary, quaternary, HEA Mix,
and HEA Seg samples are significantly higher, confirming the
trend that atomic mixing improves with compositional com-
plexity.

One of the main challenges with the CR metric as currently
defined is the fact that it includes Ru, whose loading varies
across the samples, possibly skewing the results. To address
this, an “adjusted” CR can be calculated, to focus on different
subset of metals, excluding Ru in the HeACS and HOACS sums.
Such adjusted CR allow for example to interrogate the degree
of mixing between Pt and Pd in the series of alloys which have
the same Pd and Pt loading but different compositional com-
plexity (Ru-Pt-Pd, Ru-Pt-Pd-Ir and the two HEA samples). The
results and statistical significance of these adjusted CRs are de-
tailed in the Section S5.4 of the ESI. A consistent trend is ob-
served, showing an increase in CR value with the number of
components, which mirrors the trend observed with the original
CR. The statistical significance of these trends, indicates that
while the directionality of the trends is consistent, the differ-
ences between sample are less significant compared to the orig-
inal CR differences. In summary, whether we look at the entire
composition of the alloys or just at subsets of metals, CR met-
rics consistently reinforce the central thesis of this study that
compositional complexity enhances atomic mixing.

Oxidation resistance. As mentioned earlier, HEAs often dis-
play superior oxidation resistance compared to conventional al-
loys. In an attempt to quantify this trait using ToF-SIMS data, a
new metric, the Oxide Ratio (OR), was formulated. The nega-
tive polarity was used in this case, because the yield for oxidic
species is much higher than in the positive mode. Thus, OR is
here defined as the ratio of the sum of all oxide ions (MOy)
present in the sample to the sum of M- species present in the
sample. For example, for the HEA alloys (Ru-Pt-Pd-Ir-Rh), the
OR is expressed by (Eq. 5).

OR
: Z [Ruo,; + PtO} + PdO; + IrO; + RhO;

Ru- + Pt~ + Pd~ + It~ + Rh- (Eq. 5)

Vx =1,.2,..

This ratio represents the propensity of the metal components
of the alloy to undergo surface passivation, i.e. to form oxide
species. Furthermore, by individually examining each compo-
nent in the numerator, it becomes possible to discern which me-
tallic component is most susceptible to oxidation and how var-
ying chemical conditions may influence this propensity.
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The OR was calculated for all the samples, considering all
metals (Figure 5 (bottom)) and Section S6.1 in the ESI for a
discussion on the statistical significance of the trends discussed
here). From this analysis, it emerged that OR markedly de-
creased when the number of elements in the alloy increases
(with the exception of Ru vs Ru-Ir and Ru-Rh). This hints to-
wards a correlation between oxidation resistance and the num-
ber of components in the alloy. In particular, HEA Mix showed
the lowest OR value, confirming — at the atomic level — a prop-
erty that is well documented*>*’. Additionally, the HEA Seg
sample exhibited a higher OR compared to the HEA Mix, sug-
gesting a positive effect of the atomic-level degree of mixing on
oxidation resistance.

To understand this trend, it is essential to consider the oxoph-
ilicity of the metals involved, i.e. their tendency to form oxides.
The oxophilicity values for Ru, Ir, and Rh are 0.4, 0.4, and 0.3,
respectively, which are significantly higher than those for Pt
(0.1) and Pd (0.0)*. This greater propensity to form oxides may
be contributing to the elevated levels of OR observed for the
Ru-Ir, Ru, and Ru-Rh samples compared to Ru-Pd and Ru-Pt
ones. Thus, the decrease in OR when increasing compositional
might simply be related to the fact that the Ru content decreases
when adding other metals (from 100% to 20% as sample com-
plexity increases). Since Ru is the most oxophilic metal in the
series, it is no surprise that the overall OR decreases with the
diminution of Ru. To mitigate the impact of the differences in
Ru loadings across the samples set, the individual OR of each
different metal (except Ru) were examined. The Oxidation Ra-
tio of a given metal M is defined by (Eq. 6)

Ry = Z MO_X
X
This analysis revealed the same decreasing trend (Figure
6). The binary alloys consistently showed the highest OR val-

ues, and this value decreased when compositional complexity
increases, with HEA Mix showing the lowest OR values. One

vx=1.2,.. (Eq.6)

exception to this trend was found for Pt (Ru-Pt-Pd-Ir alloy has
a higher OR value than the Ru-Pt-Pd alloy, and HEA Mix shows
a higher OR value than HEA Seg). This could indicate an ab-
normal effect of the atomic-level degree of mixing on Pt oxide
formation. Statistical assessments were conducted using pair-
wise t-tests (see Section S6.2); the differences were statistically
significant.
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Figure 6: Mean value of individual metal Oxidation Ratio in Bi5+
in negative mode. The 95% confidence intervals are represented
with the black error bars.

CONCLUSION AND OUTLOOK

In this work, ToF-SIMS has been used to gain a deeper un-
derstanding of the surface of High Entropy Alloys at the atomic
scale. To handle the complexity of ToF-SIMS spectra resulting
from HEAs, an automatic identification and quantitative

6



processing framework was developed, allowing to manage the
large group of peaks and ensuring accurate decomposition of
isotopic mass distributions from the composite mass spectrum.
From this analysis, the contribution of each cluster could be ex-
ploited to shed light on the properties of the alloys surface.

We introduced two key metrics: the Cluster Ratio and the Ox-
ide Ratio. The Cluster Ratio effectively quantified the degree of
atomic-level mixing across various HEA samples. We observed
a clear trend of increasing CR with the number of alloyed ele-
ments, indicating improved atomic mixing in more complex al-
loys. The HEA Mix sample, showing no phase segregation, ex-
hibited the highest CR, validating its superior atomic homoge-
neity compared to the HEA Seg sample, which displayed ele-
mental segregation. The Oxide Ratio unambiguously con-
firmed, in a quantitative way, that increasing elemental com-
plexity enhances resistance to surface oxidation. The HEA Mix
sample demonstrated the lowest OR, consistent with its higher
degree of atomic mixing. This corroborates the known superior
oxidation resistance of HEAs.

Overall, this work illustrates that ToF-SIMS is a highly useful
technique for analyzing complex materials such as HEAs, of-
fering detailed chemical information about the top layers of a
sample and enabling the assessment of atomic-level degree of
mixing and surface passivation.
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