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Note S1. Geometry stability and AIMD calculations of Fe-based BMG

To simulate the amorphous structure of the Fe-based BMG FeysCr;sMo14Ci5BsY>, an initial
structure is created using a periodic cell containing 45 Fe atoms, of which 22 Fe atoms are
substituted by 6 C, 3 B, 6 Mo, 6 Cr and 1 Y atoms, consistent with the reported composition. As
shown by Arora et al. through their energy dispersive spectroscopy (EDS) results, for Fe-rich BMG
Fey3CrisMo14Ci5B6Y>, Fe, Mo and Cr elements have a higher probability than C, B and Y to be
present across the coating interface.! Here, four different models, with the top-most layer consisting
of only Fe atoms, binary composite elements Fe-Mo and Fe-Cr, and ternary composite elements
Fe-Mo-Cr, are built to find the most energetically stable configuration of the Fe-rich phase.

Subsequently, AIMD calculations in the NVT ensemble are performed to emulate the processing
steps of the experimental approach to approximately get the actual amorphous structures. In the
MD calculations, the temperature is first increased from 0 K to 2000 K in 100 K increments, which
is well-within the reported temperature range of 1773-2473 K for maintaining the structure in a
semi-solid state.> Then, a single MD calculation is carried out to allow the structure to fully
equilibrate at this temperature for about 10 ps long with the time step set at 1 fs. Next, the structure
is quenched to room temperature (300 K) in 100 K decrements at a rate of 10 K/ps to achieve the
high speed cooling effect necessary for obtaining amorphous structures.® Finally, another MD
calculation is performed over 10 ps for the structure to reach thermal equilibrium at room
temperature. All calculations are conducted at the I' point with a single & point. The AIMD
simulation evolution pathway is shown in Fig. Sla. Subsequently, the atomic coordinates and
length of the lattice cell of all constructed models are fully relaxed with an atomic tolerance of 0.01

eV/A. The tolerance for changes to the total energy is less than 1.0 x 105 eV,



On comparing the four different models, it is found that for the phases with the top-most layer
composed of both binary and ternary composite elements, both Mo and Cr atoms tend to migrate
to the inner layers, leaving the top-most layer with an iron-rich atomic distribution. Furthermore, a
comparison on the optimization energy indicates that the stability of the four models is in the order
of the top-most layer containing: only Fe atoms > binary Fe-Cr > ternary Fe-Mo-Cr > binary Fe-
Mo. Previous investigation has also shown that the existence of Cr and Mo species will provide
corrosion resistance.* However, when such corrosion resistance-enhancing elements are in the top-
most layer, they will be oxidized by oxygen and lift off from the surface. Instead, it is when they
are within the subsurface or inner layers, that they will exhibit the protective behavior observed
experimentally.’ Hence, it seems that the model with the top-most layer consisting of only Fe atoms
will be more meaningful for this study (rather than the binary Fr-Cr model) given its superior
oxidation stability under atmospheric conditions.

In experimental analysis, X-ray and neutron diffraction via reduced radial distribution functions
(RDF) are straightforward methods to study the atomic structures of BMGs. To establish good
agreement with experimental results, a clear relationship between the structural model and physical
properties is necessary for validating the configurations obtained from MD simulations. Here, the
XRD and RDF profiles of the most energetically stable model of the Fe-based BMG are simulated
and shown in Fig. S1b—c. It is shown that several obvious peaks appear in the 20 range between 20—
100° of the XRD profile (Fig. S1b), which is consistent with previous experimental XRD results of
the Fe-based BMG.% 7 This indicates that our model of the Fe-based BMG in the amorphous state
can accurately represent the atomic arrangement of FesCrsMo14C15B¢Y> BMG used in relevant

experiments. For the RDF result, the first peak at around 2 A is mainly from the contribution



between the transition metals (Fe/Cr/Mo) and C/B elements, while the second peak is mainly from
the contribution of transition metals. The wave crests in the range of 4-7 A are the results of
hybridization of all atoms. Since no experimental RDF results are available for
Fey3CrisMo14C15Bs Y, BMG, our simulated result is compared with the experimental RDF reported
for an analogous constituent BMG FeyoCr;sMo;4CsBg¢Er,? for which similar peak shapes and
positions can be found. According to the XRD and RDF results, our model of the Fe-based BMG
appears to correspond well and realistically with Fe sCr;sMo14C15BsY, BMG in experiment.

Thus, the most energetically stable model with the top-most layer containing only Fe atoms will
be taken as the research subject for the following calculations. Hereon, an investigation on its
structural stability under the effect of thermal fluctuation is of great significance. The structural
stability at each temperature can be evaluated by the root-mean-square deviation (RMSD) and root-
mean-square fluctuation (RMSF) obtained from MD calculations.® The RMSD is defined as (3.(r;
—19)?/N)V2, where r; is the element position at time 7, and r is the reference value. The RMSF can
be expressed as (Y(r;— <r>)*/N)V2, where <r> is the average position.

The optimization energy (Fig. S1d), RMSD and RMSF (Fig. Sle-f) are calculated at both 2000
K and 300 K. At 2000 K, the energy drops to a convergent value within the first 2 ps along the
simulation pathway, which means that the atoms are relaxing around their coordinates and the
structure tends to achieve its equilibrium state. Besides, the trajectories of both RMSD and RMSF
at 2000 K oscillate around an equilibrium value of 1.3 and 4A, respectively. The regular oscillations
indicate that the Fe-based BMG can reach a stable geometry at this temperature with sufficient
timesteps. After quenching to 300 K, the energy waveform retains the same shape during the whole

simulation duration, and both the RMSD and RMSF trajectories show much lower fluctuation



intensity than those at 2000 K, suggesting that it can exhibit good stability at room temperature.
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Fig. S1 (a) MD simulation evolution path of the Fe-based BMG. The representative structure of
the Fe-based BMG is obtained by first increasing the temperature from 0 K to 2000 K in 100 K
increments, after which, a single MD calculation is carried out to allow the structure to fully
equilibrate at this temperature for a simulation time of 10 ps with the time step set at 1 fs. Then, it
is quenched to room temperature (300 K) in 100 K decrements, followed by another single MD
calculation to allow the structure to fully equilibrate at 300 K for a simulation time of 10 ps. The
embedded figures are the relaxed structure under each specified temperature. (b) The simulated
XRD pattern and (c) radial distribution function (RDF) of the total model for the Fe-based BMG.
(d) Trajectories of the optimization energy at 300 K and 2000 K. Trajectories of the (¢) RMSD and
(f) RMSF with respect to the structure at 2000 K and 300 K.



Sort TH oT SB LB

OH

Fig. S2 The most stable configuration of H, O and OH groups on the BMG surface at the TH, OT,
SB and LB adsorption sites. The red arrows point to the site with the H/O/OH group. To clearly
show the sites of the adsorbates on the surface, only the first layer of Fe atoms and the adsorbates
are presented.
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Fig. S3 The configurations of H,O at different sites and the final configuration of OH+H on the Fe
and BMG surfaces. Before optimization, H,O is initially placed at the TH, OT, SB and LB sites on
both Fe and BMG surfaces. After optimization, on the Fe surface, H,O migrates from the TH and
LB sites to the OT site, while on the BMG surface, H,O moves away from the initial TH and SB
sites. On comparing the adsorption energies across configurations, H,O prefers to adsorb at the OT
site on both Fe and BMG surfaces.



®-- O-H-1
--O-H-2
37 --a--Fe-0 .
*-FeH
.’
v-.
—_ “*. -
< .
= Aeeeee A. - x
@ 24 ~A. v
o oA Beeeen, "
Doizoeigezzo-a
g t Bty e il v
k] N
a .
u
u
1 b
l g g e L T .

1 2 3 4 5 6 7 8 9 10
Reaction path

(b) oo0o0 o 00 o 0o (d)

o @0 o @80 /a0 &0 ——iTE
--#-- 0-H-2
9 00 © 0o o o0o0 254 s
--%--Fa-H
4 s 2 . iy
i e AL i
o.i? » °° e oo ‘22'0 B S o RIS ‘
o oo s o ‘e o 0 Q0 = R A R
o o”o o o%o 6 oo %15, =
/ Wt »
=)
e .
OI.;(? L 0';0 © q.?p—e— 104 @e::: z : " -
O‘O'ocboloocblolél_ot' L e
o 0“0 o oo o 00 / T T T T T T T T T T

Reaction path

Fig. S4 Intermediate configurations in the dissociation reaction from H,O to H+OH on the (a)
BMG surface and (b) Fe surface, where only the first layer of Fe atoms and the adsorbates are
shown. The pink circles represent H atoms and green circles indicate the OH/H,0O groups. Variation
in O-H-1, O-H-2, Fe-O and Fe-H bond distances during the reaction path on the (c) BMG surface
and (d) Fe surface.
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Fig. S5 Structural geometry along the dissociation path (b) from OH+H+O to O,+H,; through TS13-
15 on the Fe surface (upper layer) and BMG surface (lower layer).
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Fig. S6 PDOS structures of each atom in the BMG phase.
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Fig. S7 PDOS structures of each atom in the H,O-BMG phase.
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Fig. S8 PDOS structures of each atom in the H-OH-BMG phase.
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Fig. S9 PDOS structures of each atom in the H,O-H-OH-BMG phase.
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Fig. S10 PDOS structures of each atom in the 2H-20H-BMG phase.
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Fig. S11 Differential charge density distributions of (a) H,O, (b) H+OH, (c¢) H,O-H-OH, and (d)
2H+20H on the BMG surface. Color coding consists of red for charge accumulation and green for
charge depletion (isovalue = 0.005 e/A3).



(d)

Fig. S12 Differential charge density distributions of (a) H,O, (b) H+OH, (c¢) H,O-H-OH, and (d)
2H+20H on the Fe(110) surface. Color coding consists of red for charge accumulation and green
for charge depletion (isovalue = 0.005 e/A3).



Fig. S13 Electrostatic potential plots of (a) H,O, (b) H+OH, (¢) H,O-H-OH, and (d) 2H+2OH on
the BMG surface viewed from the (010) plane.



Fig. S14 Electrostatic potential plots of (a) H,O, (b) H+OH, (¢) H,O-H-OH, and (d) 2H+2OH on
the Fe(110) surface viewed from the (110) plane.
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