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Morris et al. report the variation in the structure and electronic properties of high-
entropy alloy nanoparticles when the number of elements is varied between 5 and
15. These findings provide insight into how the structure of high-entropy alloys can
be tuned for use in applications such as catalysis.

Morris et al., Cell Reports Physical Science 2,
100641

November 17, 2021 © 2021 The Authors.
https://doi.org/10.1016/j.xcrp.2021.100641



mailto:binghu@umd.edu
mailto:peng.zhang@dal.ca
https://doi.org/10.1016/j.xcrp.2021.100641
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2021.100641&domain=pdf

Cell Rel?orts )
Physical Science

Composition-dependent structure

and properties of 5- and 15-element

high-entropy alloy nanoparticles

¢? CellPress

OPEN ACCESS

David Morris,! Yonggang Yao,”? Y. Zou Finfrock,*> Zhennan Huang,® Reza Shahbazian-Yassar,®

Liangbing Hu,”* and Peng Zhang'/*

SUMMARY

High-entropy alloy nanoparticles (HEA NPs) are an area of interest
due to their interesting structural features, large compositional
space, and high potential for catalytic applications. While many
HEA NPs have been successfully synthesized and characterized, lit-
tle is known about the impact of composition on structural features.
This work utilizes element-specific X-ray spectroscopy techniques to
compare 5- and 15-element HEA NPs with shared elements, aiming
to understand the impact that adding additional elements to an HEA
has on its structure and properties. Here, we report significant dif-
ferences between HEA-5 and HEA-15. In particular, the 3d elements
show different oxidation behavior associated with different
bonding properties. Varied bonding properties are also observed
in the 4d and 5d elements. These results provide an understanding
of the impact composition plays on the HEA structure, which will
serve to aid in the fine-tuning of structure and properties of HEAs
through adjusting their composition.

INTRODUCTION

The discovery and characterization of new materials is critical for a wide variety of ap-
plications including catalysis and energy storage. Alloys have proven to be an impor-
tant area in the development of materials, as alloying multiple elements together
can offer advantages over more simple single-element systems.’” In particular,
high-entropy alloys (HEAs) have emerged as an area of great interest, as they allow
for a dramatic increase in the number of elements present within an alloy, giving a
much larger compositional space in which potential applications can be discov-
ered.”® HEAs also allow elements with widely varied properties to be alloyed
together, overcoming the limitations of more traditional alloy synthesis. One prom-
ising synthesis method of HEAs is accomplished through the use of a high temper-
ature pulse, which takes advantage of high entropy to form a well-mixed product
despite the widely varied properties of the individual elements.” This approach al-
lows for a much large number of elements to be present in the product compared
to more traditional synthesis methods, which offers up exciting new possibilities
for potential applications. This method allows for HEAs to be successfully formed
at the nanoscale,” and these HEA nanoparticles (NPs) have been shown to be prom-

ising for catalytic applications, making them an exciting area of study.*®?

In order to gain a proper understanding of HEA NPs, detailed characterization is
required. X-ray absorption spectroscopy (XAS) has been widely utilized in the char-
acterization of more traditional alloy NP systems.'®"'® XAS is a powerful technique
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Figure 1. Elemental maps of HEA NPs
(A and B) HEA-5 (A) and HEA-15 (B) elemental maps highlighting the positions of Co, Ni, Ru, Rh, and Ir in the samples. These images show an even
distribution of each element across the sample. Scale bar, 10 nm.

that allows for the structure-property relationship of a sample to be determined
through a combination of X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). XANES allows for the electronic
properties of a sample to be probed, while EXAFS allows for detailed structural in-
formation including coordination number (CN) and bond distances to be calculated
by fitting a Fourier transformed (FT) EXAFS spectra.'® Together, these two
complimentary techniques allow for a better understanding of a sample to be ob-
tained. XAS is particularly useful for complex HEA systems as it is an element-specific
technique, meaning that data can be obtained individually for each element in the
sample without heavy interference from other elements.’® XAS is also an ideal
tool for comparing several different samples together, allowing for the impact of a
NP’s composition to be studied.

Previous studies have utilized XAS to provide characterization of HEA NPs;*"” how-
ever, little work has been done on directly comparing HEAs and investigating the
role that composition plays in the structure and properties they possess. This work
focuses on the study of the previously reported Ru-5 MEA-NPs® (referred to as
HEA-5 in this work) and the 15-HEA nanoalloyW (referred to as HEA-15 in this
work). These systems share the elements Co, Ni, Ru, Rh, and Ir, which serve as a
frame of comparison that will be the main focus of this study. HEA-5 contains an
atomic ratio of 20% Co, 20% Ni, 25% Ru, 25% Rh, and 10% Ir.® In contrast HEA-15
contains equal amounts of all 15 elements."” Both HEA NPs were imaged through
scanning transmission electron microscopy (STEM), and elemental maps were
generated through energy-dispersive X-ray spectroscopy (EDS) to gain insight
into their morphology. XAS measurements were taken for the five common ele-
ments, and both qualitative XANES analysis and quantitative EXAFS fitting were
conducted, providing structural insight that indicates significant differences be-
tween the HEA-5 and HEA-15 NPs.

RESULTS

Imaging of HEA NPs

Characterization was first conducted through STEM and EDS to obtain elemental
maps for the HEA NPs, allowing for the distribution of each element in the samples
to be clearly observed. The EDS maps for the shared elements in HEA-5 and HEA-15

2 Cell Reports Physical Science 2, 100641, November 17, 2021



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

A, B,
—_ =S 5 :0)“(, . - 2=
w N “Reies (™) AT T me
0.8 Z0.38 .
€04 A + Co Foil €04 A * Ni Foil
. - - -HEA-5-Co 2 ] / - - —~HEA-5-Ni
——HEA-15-Co —— HEA-15-Ni
0.0 — 0.0 —
7700 7720 7740 7760 7780 8320 8340 8360 8380 8400
Energy (eV) Energy (eV)

Figure 2. K-edge XANES spectra of 3d elements in HEA NPs

(A and B) Co (A) and Ni (B) XANES spectra of the HEA-5 and HEA-15 samples, along with a metallic
foil reference. Variations in the absorption edge intensity and the lack of a pre-edge feature
indicate that the 3d elements in HEA-15 are more oxidized than in HEA-5.

are shown in Figures 1A and 1B, respectively. These maps show that each element
has a similar distribution across the sample, with a slight preference for the 3d ele-
ments toward the outer part of the HEA-15 sample. The only significant difference
that can be observed between the two samples is the NP size, which is slightly larger
for HEA-15. While these images confirm even distribution of each element across the
NP, XAS analysis is required to provide more detailed structural information for
these NPs.

Investigation of electronic properties of HEA NPs through XANES

Qualitative comparison of the XANES spectra was conducted to investigate the elec-
tronic properties of HEA-5 and HEA-15. The most notable variations in the XANES
spectra were observed in the data for Co and Ni, which are the shared 3d elements
between the two samples. A comparison of their XANES spectra, alongside a
metallic foil reference, is shown in Figure 2. For these elements, the K-edge was
measured, which represents an electronic transition from the 1s to the 4p orbital.'®
By analyzing features located prior to and beyond the absorption edge, as well as
the absorption edge itself, information regarding the relative oxidation of the
element measured can be obtained."”

For 3d transition metals, a small “bump,” commonly referred to as a pre-edge
feature, that is located just before the absorption edge is often observed in samples
with metallic character.?® This feature is located at approximately 7,710 eV for Co
and 8,330 eV for Ni. It can be clearly seen in the Co data shown in Figure 2A that
HEA-5 possesses this feature, aligning closely with the metallic foil at this point,
whereas HEA-15 lacks the feature. In the Ni data, shown in Figure 2B, the difference
is not as large, but there is still a deviation between the HEA-5, which is more similar
to the foil, and HEA-15. This provides evidence that the HEA-15 is less metallic in
character than the HEA-5, which may indicate oxidation of these 3d elements.

This oxidation behavior is further supported by the clear variation in the absorption
edge intensity between HEA-5 and HEA-15. A sample with a lower electron density
will show a larger absorption edge peak in the XANES spectra.'? For both Co and Ni,
HEA-15 shows a more intense peak at the absorption edge, indicating a lower elec-
tron density. This is consistent with the lack of the pre-edge feature, providing
further evidence of oxidized Co and Ni in HEA-15. Interestingly, other elements in
the samples do not show a significant variation in the XANES spectra (Figures S’
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Figure 3. FT-EXAFS spectra and best fit of Ni in HEA NPs

(A and B) HEA-5 (A) and HEA-15 (B) FT-EXAFS spectra for Ni, along with the best fit. HEA-5 shows
one dominant peak representing Ni-M interactions, while HEA-15 contains a shoulder peak
indicating small amounts of oxidized Ni in the sample.

and S2), which indicates that the apparent oxidation is limited to only the 3d ele-
ments in HEA-15.

For all elements, the post-edge features show distinct variation in intensity and posi-
tion between HEA-5 and HEA-15. These peaks arise from ejected photoelectrons in-
teracting with neighboring atoms in the sample, meaning that they are highly depen-
dent on the atomic structure of the sample.'®?" This variation is reasonable, as the
two samples have a significantly different composition. In order to further investigate
the apparent oxidation of the 3d elements in HEA-15, as well as the changes in
bonding structure between the samples, quantitative EXAFS analysis was conducted.

Investigation of bonding structure of 3d elements through EXAFS

EXAFS fitting was conducted on the data for Ni, Ru, and Ir in each of the HEA sam-
ples, offering representative 3d, 4d, and 5d elements that are shared between the
two samples. Figure 3 shows the FT-EXAFS spectra and best fit for the Ni data,
and Table 1 shows the bonding parameters determined through EXAFS fitting.
Note that the varied intensity in the EXAFS signal between samples is likely caused
by a dampening effect of the EXAFS signal caused by varied alloy interactions, rather
than significant changes in the CN. Peaks in the FT-EXAFS spectra arise from the in-
teractions of the ejected photoelectron with neighboring atoms in the sample,
meaning that different peaks will represent different types of bonds in the
sample.”??? Therefore, the shape of the FT can provide insight into the bonding
environment of each element in the HEA NPs. Due to the similar atomic numbers
of Co/Ni and Ru/Rh, as well as the large number of elements in these samples, the
fitting of each element used generic M-3d, M-4d, and M-5d fitting paths to account
for all the interactions with elements in a specific row of the periodic table.

For Ni, shown in Figure 3, HEA-5 shows a single peak centered around roughly 2.0 A,
which is typical for a Ni-M bond. This spectrum also lacks any significant feature
around 1.5 A, where a peak would be expected to arise from a Ni-O interaction.”*
This is consistent with the XANES, which indicated that the Ni in HEA-5 is metallic
in character. In contrast, HEA-15 shows a shoulder peak at approximately 1.5 A,
which is not present in HEA-5, likely indicating a small amount of oxidized Ni. Simi-
larly, in the Co FT-EXAFS spectrum (Figure S3), there is a much more dominant peak
representing a Co-O interaction in the HEA-15 data, which indicates that Co is even
more susceptible to oxidation than Niin HEA-15. The EXAFS fitting results for Ni are
shown in Table 1. These results confirm the lack of oxidation in HEA-5 and show a
relatively small amount of oxidized Ni in HEA-15 with an average Ni-O CN of 2.
The CN values also show that neither sample contains a significant number of
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Table 1. EXAFS fitting results for Ni

Sample Bond CN R(A) o2 (A) x1073 Eo (eV) R factor
Ni foil Ni-Ni 12 (fixed) 2.481(3) 5.6(4) ~7.7(5) 0.0018
HEA-5 Ni-3d 5.0(6) 2.5209) 72) ~7.6(8) 0.0075
Ni-4d 2.1(3) 2.54(2)
HEA-15 Ni-O 2(1) 2.01(4) 9(5) -93) 0.0187
Ni-3d 5(2) 2.60(2) 12(4)
Ni-4d 3(1) 2.63(4)

Ni-5d interactions. Interestingly, the bond distances for both the Ni-3d and Ni-4d
fitting paths are much shorter in the HEA-5 compared to the HEA-15. This may be
due to the increased proportion of larger 5d elements in the HEA-15 sample, which
would force the 3d elements to form longer length bonds to accommodate these
larger atoms in the structure. This trend is consistent with the fitting results of the
Ni foil (Figure S5), which show a slightly shorter Ni-Ni bond length than the observed
length in HEA-5 for Ni-3d. To provide further insight on this variation observed in the
3d elements, the 4d elements were investigated through EXAFS fitting.

Investigation of bonding structure of 4d elements through EXAFS

Figure 4 shows the FT-EXAFS and best fit for the Ru data, and Figure S6 shows the FT-
EXAFS and best fit for Ru foil. Both samples show a set of doublet peaks, with the first
around 2.0 A and the second around 2.5 A. This kind of doublet in the Ru FT-EXAFS
spectra is typical of an alloy interaction between Ru and other metal elements.?® The
second peak in the doublet is far more pronounced in the HEA-15, which indicates a
larger CN for the longer distance Ru-M bonds. The EXAFS fitting results for Ru, shown
in Table 2, confirm this, as the long-distance Ru-5d fitting path shows a CN of 6 for HEA-
15and only 1.6 for HEA-5. This is likely due to the larger proportion of 5d elements in the
HEA-15 sample. The CN values for the Ru-3d and Ru-4d fitting paths show variation be-
tween the two samples, as well, unlike the Ni data, which showed consistent CN values.
This provides further evidence that the introduction of additional 5d elements beyond I,
or perhaps the overall higher proportion of 5d elements, significantly changes the local
environment of the HEA NPs. Neither sample showed a significant number of Ru-O in-
teractions, which is consistent with the XANES observations (Figures S1 and S2) and in-
dicates that unlike the 3d elements, 4d elements are not oxidized in HEA-15. This is
further supported by the FT-EXAFS spectrum of Rh (Figure S4), which shows similar fea-
tures to the Ru spectra.

As in the Ni data, the bond distances for Ru are much longer in HEA-15 compared to
HEA-5. This shows that while the 3d and 4d elements show different behavior in
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Figure 4. FT-EXAFS spectra and best fit of Ru in HEA NPs

(A and B) HEA-5 (A) and HEA-15 (B) FT-EXAFS spectra for Ru, along with the best fit. The more
pronounced doublet peaks in the HEA-15 spectrum indicate a larger amount of longer distance Ru-
5d interactions than in HEA-5.
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Table 2. EXAFS fitting results for Ru

Sample Bond CN R (A) o2 (A) x1073 Eo (eV) R factor
Ru foil Ru-Ru 12 (fixed) 2.669(3) 2.9(5) 2.9(6) 0.0059
HEA-5 Ru-3d 4.8(7) 2.539(9) 2(2) o) 0.0029
Ru-4d 2.9(3) 2.55(3)
Ru-5d 1.6(3) 2.57(2)
HEA-15 Ru-3d 2.5(6) 2.61(2) 8(3) —12(1) 0.0085
Ru-4d 1.6(6) 2.62(4)
Ru-5d 6(2) 2.65(2)

terms of oxidation, they both share the same trend in bond distances between the
two samples. The Ru-3d bond distance was found to be consistent with the Ni-4d
bond distance for each sample, providing evidence that the fitting method is accu-
rate and therefore reliable even though each element was fit individually. To obtain
further insight, EXAFS fitting was conducted on the Ir data.

Investigation of bonding structure of 5d elements through EXAFS

The FT-EXAFS spectra and best fit for the Ir data are shown in Figure 5, and the FT-
EXAFS and best fit for Ir foil is shown in Figure S7. The lack of any significant peak in
either spectra around 1.5 A indicates no significant amount of oxidized Ir in either
sample.”® Like with Ru, a doublet peak structure is clearly seen in the HEA-15
data, which would arise from Ir-M alloy interactions. This doublet is well-pronounced
in the HEA-15 with peaks around 2.0 A and 2.75 A, but in HEA-5, the second peak is
only represented by a very slight shoulder peak. Like in the Ru data, this is likely due
to a smaller amount of the longer distance Ir-5d interactions being present in HEA-5.
This is confirmed by the EXAFS fitting results, shown in Table 3, as the Ir-5d fitting
path hasa CN of 1.5in HEA-5 and 5.0 in HEA-15. Similar to Ru, no significant number
of Ir-O interactions were found in the fitting. As in both Niand Ru, the bond distances
for HEA-5 are much shorter than in HEA-15. From these results, it appears that the 5d
elements behave similar to the 4d elements in that they don't experience oxidation
in HEA-15 but they still experience the increase in bond distance relative to HEA-5.
Bond distances for the Ir-4d fitting paths are very consistent with the Ru-5d fitting
paths, providing further evidence of accurate and reliable fitting results.

DISCUSSION

As both HEA-5 and HEA-15 were carefully protected from exposure to oxygen
(see Experimental procedures) during the XAS measurements, the oxidation
observed in the 3d elements for HEA-15 likely occurred due to the composition
rather than post-synthesis exposure. One explanation for this observed oxidation
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Figure 5. FT-EXAFS spectra and best fit of Ir in HEA NPs

(A and B) HEA-5 (A) and HEA-15 (B) FT-EXAFS spectra for Ir, along with the best fit. The more
pronounced doublet peaks in the HEA-15 spectrum indicate a larger amount of longer distance Ir-
5d interactions than in HEA-5.
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Table 3. EXAFS fitting results for Ir

Sample Bond CN R(A) o2 (A) x1073 Eo (eV) R factor
Ir foil Ir-Ir 12 (fixed) 2.710(7) 2(1) 5(1) 0.0154
HEA-5 Ir-3d 4.4(9) 2.54(1) 2(1) 42) 0.0258
Ir-4d 2.0(5) 2.57(1)
Ir-5d 1.5(4) 2.58(2)
HEA-15 Ir-3d 2.7 (fixed) 2.64(2) 1(1) 5(1) 0.0016
Ir-4d 1.9 (fixed) 2.65(3)
Ir-5d 5.0 (fixed) 2.66(1)

in the 3d elements is the lattice strain that the 3d elements experience in HEA-15.
Compared to the Ni foil, the 3d-3d bond length is significantly longer in HEA-15,
which will result in the Ni being destabilized and therefore making it more prone
to oxidation. The lattice strain experienced in the 4d and 5d elements is much
smaller in comparison, which could explain why they do not experience oxidation
in the same manner as the 3d elements.

It has been found that HEA-5 contained several “fragmented domains,” which arise
from the lattice strain that occurs.® As fragmented domains have been linked to high
catalytic activity due to the exposure of more active sites, this is an ideal feature for
potential catalytic applications.?” The EXAFS fitting results indicate that in HEA-5 the
bond distances are extremely short, which is likely the origin of these fragmented
domains. In HEA-15, the bond distances are consistently longer, which is likely
due to the increased proportion of 5d elements in the sample. Based on the trend
observed in the bond distances, it appears that HEA-15 adapts a lattice structure
closer to the bulk for the 4d and 5d elements, whereas HEA-5 adapts a lattice struc-
ture closer to the bulk for 3d elements. This difference could explain the higher
oxidation states for 3d elements observed in HEA-15.

In summary, this work has provided insight into the impact that the composition ofa HEA
NP has on its structural features. Through using XAS to analyze the shared elements be-
tween HEA-5 and HEA-15, key differences between the structure of the two samples
were uncovered. In particular, the 3d elements were found to be greatly impacted by
the varied composition, with HEA-15 showing oxidation due to the lowered stability
arising from lattice strain. Further study of the 4d and 5d elements supported this mech-
anism, providing further insight into the composition-dependent bonding properties. All
elements showed significantly shorter bond lengths in HEA-5 compared to HEA-15, indi-
cating that the increased proportion of 5d elements forces the adaptation of an alternate
structural arrangement. This work demonstrates the impact of composition on the struc-
ture of HEA NPs, which will serve to allow for fine tuning the structure and properties of
HEA NPs. These findings will ultimately allow for applications in areas such as catalysis.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Peng Zhang (peng.zhang@dal.ca).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data reported in this work will be shared by the lead contact upon request.
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Synthesis of HEA NPs

HEA synthesis was conducted as reported previously.”*'” The synthesis will be briefly
summarized as follows. First, CO-activated carbon nanofibers were produced via elec-
trospinning of polyacrylonitrile, which was then stabilized at 260°C for 6 h in air, followed
by 1000°C for 2 h in Ar, and finally activated at 750°C for 3 h in CO,. Each desired metal
salt was dissolved in ethanol at a concentration of 0.05 M. Each metal precursor mixture
was then deposited uniformly onto the nanofibers at a concentration of approximately
100 pl/cm?. A rapid high temperature heating pulse at 1,500 K for 500 ms was applied to
the substrate by a Keithley 2425 SourceMeter, resulting in the thermal reduction and
uniform mixing of the metal salt mixture. After quenching, small, well-mixed NPs
were observed to have formed on the substrate.

Imaging

Samples were imaged by SEM (Hitachi SU-70 FEGSEM at 10 kV) and TEM (JEOL 2100F
FEG TEM/STEM operated at 200 kV, and JEOL TEM/STEM ARM 200CF). Elemental
distribution maps were measured using an Oxford X-max 100TLE windowless X-ray de-
tector. ICP-MS (inductively coupled plasma mass spectrometry) was measured on a Per-
kinElmer NexION 300D ICP-MS.

XAS measurement and analysis

Ir Ls-edge and Co, Ni, and Ru K-edge XAS data were collected from the CLS@APS
(Sector 20-BM) beamline at the Advanced Photon Source (operating at 7.0 GeV) in
the Argonne National Laboratory (Chicago, IL, USA). The sample was measured in fluo-
rescence mode simultaneously with a metallic foil reference for each element at room
temperature and ambient pressure. Samples were placed in Kapton tape and sealed
in an aluminum pouch under Ar gas to protect them from exposure with oxygen. EXAFS
data were transformed and normalized into k-space and R-space using the Athena pro-
gram following conventional procedures.”® k-ranges of 2.4 to 11.5 A~V for Nifoil; 2.4 to
12.9 A~" for HEA-5 Ni; 2.3 to 10.8 A" for HEA-15 Ni; 2.6 to 11.7 A~" for Ru foil; 2.8 to
13.4 A™" for HEA-5 Ry; 2.1 to 11.0 A™" for HEA-15 Ry; 2.4 to 9.1 A~ for Ir foil; 2.6 to
13.6 A" for HEA-5 Ir; and 2.3 to 9.9 A—1 for HEA-15 Ir were used to obtain the FT-EX-
AFS spectra, with a k weighting of 2. Self-consistent multiple-scattering calculations
were performed using the FEFF6 program to obtain the scattering amplitudes and
phase-shift functions used to fit various scattering paths within the Artemis program.?®
In the fitting, R-windows of 1.1 to 2.7 A for Nifoil; 1.5 to 3.4 A for HEA-5 Ni; 1.0t0 3.0 A
forHEA-15Ni; 1.0t0 2.8 AforRu foil: 1.4 to 3.4 Afor HEA-5 Ru; 1.0to 3.4 for HEA-15Ru;
1.0t0 3.3 AforIrfoil; 1.5 to 3.7 for HEA-5 Ir; and 1.0 to 3.3 A for HEA-15 Ir were used. In
the fitting, Eg and o? values of each fitting path were correlated together, as indicated by
merged cells in the fitting results table, to minimize the number of independent vari-
ables and ensure high fitting quality. For the fitting of HEA-15 Ir, the CN values were
fixed based on an earlier fitting result to further minimize the number of independent
variables due to the short k-range available.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100641.
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