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Methodology

Computational setup for the slab model calculation

We use a supercell slab approach for the O/Mo/Au(111) system, consisting of a total of

7 to 10 atomic layers with a vacuum region of 15 Å. The Mo oxidic layers are constructed

on one side of a 4 atomic layered Au(111) substrate. For atomic geometry relaxation, the

bottom 2 layers of Au(111) are kept at their bulk positions and a dipole correction is applied.

The Brillouin zone integrations are performed using a Γ-centered 12×12×1 grid for p(1×1)

Au(111) substrate and equivalent k-point grids for the larger surface supercells. The valence

configuration for the Mo, Au, and O PAW potentials are 4s24p64d55s1, 5d106s1, and 2s22p4,

respectively.

We note that the convergences of the Bader charges, surface work function, and the ESCLS

have been tested by increasing the number of grid points for the charge density integration,

by varying vacuum region from 15 Å to 20 Å, and also by changing the size of the surface

supercells (up to a maximum to 288 atoms in the supercell). The convergence criteria for

the Bader charges, surface work function, and the ESCLS is set to 0.005 e, 5meV and 0.1 eV,

respectively.

Ab initio atomistic thermodynamics

The average adsorption energy of oxygen atom (as taken with respect to the O2 molecule),

Ead of the Mo oxidic layer on Au(111) is defined as,

Ead =
1

NO

(
EO/Mo/Au − EAu(111) −NMoEMo −

NO

2
EO2

)
, (S1)

where EO/Mo/Au and EAu(111) are the DFT-calculated total energies for O/Mo/Au(111) and

pristine Au(111), respectively. NMo and NO are taken as the number of Mo and O atoms

in O/Mo/Au(111), while EMo and EO2 are then the DFT-calculated total energies of a Mo

S2



atom in bulk Mo and the oxygen molecule, respectively. Here, EO2 is corrected using the

experimental binding energy of the O2 molecule1 to overcome the large errors as reported

for GGA calculations of O2 binding energies.2

To evaluate the thermodynamic stability of Mo oxidic layers on Au(111) under a reac-

tive oxygen gas environment, the revised ab initio atomistic thermodynamic approach for a

mildly-doped metal surface3,4 is employed. The Gibbs free energy of adsorption (∆Gad) is

defined as,

∆Gad(T, p) =
1

A

(
GO/Mo/Au −GAu(111) −∆NAuµAu −NMoµMo −NOµO

)
, (S2)

where GO/Mo/Au and GAu(111) are the Gibbs free energies of O/Mo/Au(111) and pristine

Au(111) with a surface area of A, respectively. µAu, µO, and µMo are the chemical potentials

of the Au, O, and Mo atoms, correspondingly. µAu is taken as the total energy of bulk Au

(Ebulk
Au ), since the number of Au atoms in the simulated system is assumed to be infinite

in the equilibrium state with bulk Au. µO is computed with reference to half of the total

energy of the O2 molecule. ∆NAu is taken as the change in the number of Au atomic species

to form oxidic layers. NO and NMo are then the number of O and Mo atoms in the oxidic

layers, respectively.

In this spirit, various Mo/Au surface structures are considered to compute ∆µMo with

reference to the total energy of the Mo atom as,

∆µMo =
1

Nx

(GMoxAuy −NyµAu −NxE
atom
Mo ) , (S3)

where Nx and Ny are the number of atoms of Mo and Au in the MoxAuy nanocomposite

system, respectively. Since the amount of Au is infinite to reach the equilibrium of the bulk

phase, the assumption of µAu taken as the total energy of bulk Au (Ebulk
Au ) is well-grounded.

Finally, to understand how metastable and/or kinetically-hindered oxidic surface struc-

tures may play a role in populating the actual substrate under growth conditions, the surface
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population, P (n, p, T ) of these O/Mo/Au(111) structures is computed following a Boltzmann

distribution-type behaviour:

P (n, p, T ) =
exp

−Gn(T,p)
kBT

N∑
n=1

exp
−Gn(p,T )

kBT

, (S4)

where Gn(p, T ) is the Gibbs free energy of adsorption for each surface structure, n, and it can

be interpreted as a function of partial pressure (p) and temperature (T ) of the O2 molecule,

and kB is the Boltzmann constant. We refer readers to our previous publications for details

on this approach.2,3

Theoretical framework to plot EB spectra

To make a comparison with experimental XPS spectra, we calculate the theoretical EB

spectra within the DFT framework following the procedure (as illustrated in Figure S1

below):

1. For each surface structure (1L, sh2L, 2L, and inv2L), the unique oxygen atoms (Oi)

which possess different chemical bonding characters, are chosen for the core-level bind-

ing energy (ECL) calculations.

2. Using a Gaussian function centered on each Oi core-level binding energy, the ECL curve

is generated with a full width at half maximum (FWHM) of 1.00 eV to simulate the

experimental XPS spectrum.

3. The relative intensity of the Gaussian function for each Oi is then set proportional to

the relative surface oxygen density within the considered surface structure.

4. Lastly, to obtain the ECL spectrum for the surface structure, the Gaussian function for

Oi is then superimposed for a given surface structure.
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Figure S1: Procedure to plot EB spectra
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Figures

Figure S2: The various structural motifs of Mo oxidic layer on c(4× 2) Au support.(a) 1L,
(b) sh2L, (c) 2L, (d) inv2L. The dark gray, light gray, red, pink, and white spheres represent
Mo atoms of the first and second layers, O atoms bonded to the Mo atoms in the first and
second layers, and Au atoms, respectively. The surface unit cell is denoted as yellow solid
line. The ‘L’, ‘a’, ‘e’ stand for the layer, axial and equatorial oxygen, e.g., OL2a is the axial
oxygen of second layer.
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Figure S3: (a) Projected density-of-states (PDOS) for bulk α-MoO3 of Mo 4 d and O 2 p
states and (b) its atomic structures. The structural models are denoted with dark gray and
red circles for Mo and O atoms including MoO6 octahedron as light gray. The Fermi energy
is denoted by the vertical dashed line at 0 eV.
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Figure S4: Simulated constant-current STM images of the inv2L structure for various bias
voltages (+0.5, +1.5, +2.0, and +2.5 from left to right) using two types of tip model: (a)
using a blunt W(110) tip with W adatom on its surface, and (b)-(c) using a blunt W(110)
tip functionalized with O atom on the W adatom, at relatively high current (b) and low
current (c). We refer the readers to Reference 5 for the details of the simulation.
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Tables

Table S1: The real height profiles of various Mo oxidic layers of optimized structural models
in this work and the apparent heights obtained in STM experiments in the cited references.

Structure From support From bottom oxide layer

to top oxide layer (Å) to top oxide layer (Å)

1L 4.68 2.23

1L+VO 4.76 2.23

1L+2VO 2.75 0.27

sh1.5L 6.29 3.98

sh1.5L+VO 4.76 2.40

sh2L 7.05 4.44

sh2L+VO 5.48 2.93

sh2L+2VO 7.04 4.63

2L 8.75 6.34

2L+VO 6.74 4.17

2L+2VO 8.54 6.16

inv2L 7.68 5.21

Reference 6 5.0

References 7,8 5.0− 7.0

Reference 9 0.5, 7.0− 13.0
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Table S2: The surface coverage of Mo (ΘMo) and O (ΘO) as defined as ratio of the numbers
of Mo and O atoms to the number of Au atom and the ratio of O to Mo (NO/NMo) of oxidic
layers.

Structure ΘMo (ML) ΘO (ML) NO/NMo

1L 0.50 1.50 3.00

1L+VO 0.50 1.25 2.50

1L+2VO 0.50 1.00 2.00

sh1.5L 0.75 1.75 2.33

sh1.5L+VO 1.50 1.50 2.00

sh2L 1.00 2.50 2.50

sh2L+VO 1.00 2.25 2.25

sh2L+2VO 1.00 2.00 2.00

2L 1.00 3.00 3.00

2L+VO 1.00 2.75 2.75

2L+2VO 1.00 2.50 2.50

inv2L 1.00 3.00 3.00
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Table S3: The computed surface core-level shift (ESCLS, unit in eV) and theoretical binding
energy (EB, unit in eV) values using O 1 s state for various oxygen atoms for oxidic layer of
Mo. Each ESCLS and EB values are calculated with respect to (w.r.t.) the different reference

states. The references states of ESCLS w.r.t. E
Oα-MoO3
CL , ESCLS w.r.t. EO1L

CL , and EB w.r.t.

E
OExp

1L
B are averaged ECL values of O 1 s state in the bulk α-MoO3 (in Figure S3(b)), namely,

Ocorner, OvdW, and Oedge, computed O 1 s state of ECL value of 2L surface structure, and
the experimental binding energy of 1L surface structure.9 We note that for convenience, the
labels used for the oxygen species as shown in Figure 6 of the main manuscript are tabulated
in the very first column.

# Structure Species ESCLS w.r.t E
Oα-MoO3
CL ESCLS w.r.t EO1L

CL EB w.r.t E
OExp

1L
B

1 1L OL1a +0.25 +0.73 +530.73

2 1L OL1e1 −0.76 −0.28 +529.72

2 1L OL1e2 −0.79 −0.31 +529.69

3 sh2L OL2a −0.08 +0.41 +530.41

4 sh2L OL2e1 −1.18 −0.70 +529.30

4 sh2L OL2e2 +0.00 +0.48 +530.48

5 sh2L OL1e1 −0.88 −0.28 +529.72

5 sh2L OL1e2 −0.76 −0.40 +529.60

6 2L OL2a −1.07 −0.59 +529.41

7 2L OL2e1 −1.79 −1.31 +528.69

7 2L OL2e2 −1.79 −1.31 +528.69

8 2L OL1a +0.28 +0.76 +530.76

9 2L OL1e1 −0.77 −0.30 +529.70

9 2L OL1e2 −0.78 −0.29 +529.71

10 inv2L OL2e +0.64 +1.12 +531.12

11 inv2L OL2a +1.31 +1.80 +531.80

12 inv2L OL1a +1.05 +1.53 +531.53

13 inv2L OL1e2 +0.04 +0.52 +530.52

13 inv2L OL1e1 +0.04 +0.52 +530.52
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