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Supplementary Tables and Figures

Supplementary Table 1. List of enthalpy of formation and lattice constant for the binary

and quaternary alloys predicted by MEAM and DFT calculations.

Alloy phase Lattice Constant (A) Enthalpy of Formation
(eV atom™)

DFT MEAM DFT MEAM

CosMo L1, 3.590 3.658 0.009 0.009
CoMo B2 2.997 2.997 0.297 0.297
CoMos L1, 3.860 3.859 0.210 0.215
CosFe L1, 3.546 3.490 0.012 0.033
CoFe B2 2.845 2.843 -0.056 -0.054
CoFes L1, 3.484 3.491 0.140 0.091
CosNi L1, 3.522 3.542 0.003 0.005
CoNi B2 2.811 2.878 0.156 0.134
CoNis L1, 3.525 3.526 0.013 0.014
CoszCu L1, 3.555 3.496 0.130 0.131
CoCu B2 2.843 2.843 0.268 0.267
CoCus L1, 3.612 3.471 0.181 0.183
MosFe L1, 3.888 3.801 0.284 0.289
MoFe B2 3.004 3.004 0.182 0.182
MoFes L1, 3.606 3.617 0.095 0.087
MosNi L1, 3.864 3.884 0.111 0.106
MoNi B2 2.991 2.993 0.298 0.305
MoNi3 L1, 3.645 3.614 0.096 0.097
MosCu L1, 3.887 3.902 0.209 0.207
MoCu B2 3.029 3.029 0.522 0.522
MoCus L1, 3.766 3.580 0.498 0.492
FesNi L1, 3.599 3.541 0.043 0.044
FeNi B2 2.855 2.846 0.076 0.073
FeNis L1, 3.548 3.506 -0.089 -0.089
FesCu L1, 3.617 3.574 0.129 0.128
FeCu B2 2.895 2.895 0.268 0.268
FeCus L1, 3.653 3.486 0.219 0.220
NisCu L1, 3.549 3.485 0.032 0.032
NiCu B2 2.841 2.842 0.081 0.081
NiCus L1, 3.603 3.489 0.012 0.012
CoMoFeNi fcc 3.608 3.582 0.038 0.029
CoMoFeCu fcc 3.642 3.604 0.238 0.146
CoFeNiCu fcc 3.580 3.513 0.058 0.076
CoMoNiCu fcc 3.655 3.584 0.257 0.175
MoFeNiCu fcc 3.649 3.599 0.237 0.135
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Supplementary Figure 1. SEM images of Co2sMoasFe10Co10Nii0 supported on carbon

nanofibers, verifying the dispersion of nanoparticles.
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Average size = 22 nm
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Supplementary Figure 2. TEM images of the CozMoussFe10Co10Nig nanoparticles

supported on CNFs.
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Supplementary Figure 3. STEM elemental maps (a) and corresponding spectrum at a

low magnification for Co2sMossFe10C010Ni10 supported on CNF.
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Supplementary Figure 4. SEM (a) and TEM (b) images of Coi1sMossFe10C010Ni10
nanoparticles well dispersed on CNFs. (¢) Comparison of the composition analyses for
CoisMossFe10Co1o0Nito using three different techniques (ICP-MS, XPS, and EDX),
verifying the homogeneous alloy nature. Error bars denote SDs. (d) STEM elemental maps

of Co1sMossFe10Co10Ni10 Nanoparticles.
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Supplementary Figure 5. SEM (a) and TEM (b) images of CozsMozsFe10Co10Ni1o
nanoparticles well dispersed on CNFs. (c) Comparison of the composition analyses for
Co3sMossFeoCoioNie using three different techniques (ICP-MS, XPS, and EDX),
verifying the homogeneous alloy nature. Error bars denote SDs. (d) STEM elemental maps

of CossMossFe10Co10Nizo nanoparticles.
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Supplementary Figure 6. SEM (a) and TEM (b) images of CossMozsFe10C0o10Ni10
nanoparticles well dispersed on CNFs. (c) Comparison of the composition analyses for
CossMozsFe1oCoioNie using three different techniques (ICP-MS, XPS, and EDX),
verifying the homogeneous alloy nature. Error bars denote SDs. (d) STEM elemental maps

of CossMozsFe10Co10Ni10 Nanoparticles.
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Supplementary Figure 7. SEM (a) and TEM (b) images of CossMoisFe10C0o10Ni10
nanoparticles well dispersed on CNFs. (c) Comparison of the composition analyses for
CossMoisFe1oCoioNie using three different techniques (ICP-MS, XPS, and EDX),

verifying the homogeneous alloy nature. Error bars denote SDs. (d) STEM elemental maps

of CossMo1sFe10Co10Nizo nanoparticles.
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Supplementary Figure 8. Comparison of the XRD patterns of HEA-CoxMoy catalysts and

with the standard patterns of FeCu (JCDPS no. 65-7002).
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Supplementary Figure 9. (a-e) XPS spectra at the Co 3d, Mo 2p, Fe 2p, Ni 2p and Cu 2p
edges collected on CozsMossFe10Co10Nie nanoparticles after the NHz decomposition

reaction.
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Supplementary Figure 10. STEM elemental maps of bimetallic CoMo alloy
nanoparticles (Co/Mo = 25/45), which showing segregated phases and demonstrating

immiscibility with the current Co/Mo ratio.
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Co/Mo= 15/55 ColMo=35/35 = Co/Mo=45/25 Co/Mo= 55/15

Supplementary Figure 11. STEM elemental maps of Bimetallic CoMo alloy
nanoparticles (Co/Mo = 15/55, 35/35, 45/25 and 55/15), demonstrating that bimetallic
CoMo alloy is immiscible except the Co/Mo close to 1 (i.e., bimetallic CoMo, Co/Mo =

35/35).
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(c) Average size = 2.7 nm

1

2 3 4 5 6
Diameter (nm)

Supplementary Figure 12. TEM images of Ru supported on carbon nanofibers (CNF),

showing the average size of nanoparticles is 2.7 nm.
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Supplementary Figure 13. Characterization and catalytic performance of bare
carbon nanofibers. (a) N2 adsorption and desorption isotherms and (b) NH3
decomposition measured on the bare CNF substrates. Reaction condition in (b): 5 vol%
NHs, space velocity = 36 L geata* 2. (¢) NH3 decomposition measured on the Ru/CNF

substrates with 100 vol% NHs, space velocity = 36 L geaa ™ h™L.

Supplementary Table 2. Comparison of our Ru/CNFs benchmark with the Ru catalysts

reported in the literature for decomposition of 100 vol% NHa.

Catalysts T GHSV NH, Conversion Ref
°c mL gcat_l h' %

RuU/CNTs 500 30,000 84 1
Ru/Graphene 500 20,000 82 2
Ru/amorphous carbon 550 30,000 14 3
Ru/TiO, 500 30,000 64 4
Ru/Al,O, 500 30,000 58 5
Ru/CNFs 500 36,000 72 This work
HEA-Co. Mo, 500 36,000 100 This work
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Supplementary Figure 14. NH3z conversions depended on reaction temperatures over
HEA-CoxMoy nanoparticles, Ru/CNF, and bimetallic CoMo (Co/Mo = 25/45) Reaction

condition: 5 vol% NHs, Space velocity = 36 L geata* h™L.
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Supplementary Figure 15. (a-d) TEM images of CozsMoasFe10Co10Ni10-S (denoted as
HEA-Co025Mo045-S) supported on CNFs. (e) STEM-based elemental maps of the HEA-
Co2sMo4s5-S nanoparticles (f) Particle distribution of HEA-Co2sMo04s-S nanoparticles
showing the nanoparticle sizes are in the range of 3-8 nm and the average size of ~5 nm.
(g) Comparison of reaction rates measured in the kinetic regime among HEA-C025M045-S

and HEA-CozsMoss (T =500 °C).
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Supplementary Figure 16. Comparison of reaction rates normalized by specific surface
areas (estimated from the average particle sizes) between bimetallic Co-Mo, Ru, and

CoxMoy-HEA catalysts (T = 500 °C, 5 vol% NHs, GHSV = 36 Lnns Jeata ™ h™2).
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Supplementary Figure 17. The Reaction orders of N2 during NHs decomposition over

HEA-CoxMoy catalysts.
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Supplementary Figure 18. Composition analysis by XPS of Co2sMossFe10Co10Ni1o

nanoparticles before and after NH3 decomposition. Error bars denote SDs.

S20



Intensity (a.u.)

|

N 1s
400.0 eV

o Before reaction ..
e After reaction e ®

.399.8 eV
.. .l. ..
G000 o® 1 % o
0) ..
] [

.o. %

c»Mo.a"'uoO". M

%0g0e¢d

406 404 402 400 398 396

Binding energy (eV)

Supplementary Figure 19. Comparison of the weak N 1s XPS peak of HEA-C025Mo04s

before and after the reaction.
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Supplementary Figure 20. Nitrogen TPD profiles recorded at different ramping rates on
(a) HEA-Co1sMoss, (b) HEA-CozsMoss, () HEA-CossMoszs, (d) HEA-CossMozs and (e)

HEA-CossMoss catalysts.
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Supplementary Figure 21. Catalytic performance of NHs decomposition over HEA-

CoxMoy nanoparticles supported CNF. Reaction condition: 100 vol% NHs, Space velocity

=36L gcata-l h-l.
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