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Abstract

With the help of a DFT+U approach, we have
analyzed the characteristics of a series of pure
and mixed 3d transition metal oxide honeycomb
monolayers of My0O3 and MM’Oj3 stoichiome-
tries (M, M’ = Ti, V, Cr and Fe) deposited
on a metal substrate (Me = Ag, Au, Pt).
We show that the substrate-induced structural
polarization, interfacial electron transfer, and
oxide-metal interaction strength display general
trends which are governed by the offsets be-
tween the oxide band structure and the metal
Fermi level. They are the strongest for the least
electronegative cations (Ti and V) deposited on
supports with the largest work functions (Au,
Pt), where the depletion of purely 3d Ti and
V states provokes an increase of the cation ox-
idation state. Mixing generally induces elec-
tron transfers from the least (Ti and V) to the
most (Cr and Fe) electronegative cations. How-
ever, the systematic delocalization of the TiyO3
d valence electrons to the metal substrates lim-
its any significant mixing-induced electronic re-
arrangements to the V-based compounds only.
We show that these electronic effects directly
impact the energetics of cationic mixing and
are responsible for a dramatic destabilization
of the mixed TiFeO3 monolayers compared to
the bulk ilmenite phase, while they stabilize or-
dered mixed VFeO; films which have no bulk
equivalent. Our findings give general guidelines
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on how oxide electronic, magnetic and reactiv-
ity characteristics can be efficiently engineered
by tuning the oxide stoichiometry and the metal
substrate, of direct interest for modern tech-
nologies.

1 Introduction

Aside from van der Waals two-dimensional
(2D) materials such as graphene, silicene, ger-
manene, hexagonal boron nitride, or transi-
tion metal dichalcogenides, oxide monolayers
(MLs) have recently attracted more and more
interest due to their promising applications in
the fields of catalysis and corrosion protection
and to their relevance in the process of high-
temperature oxide encapsulation of noble metal
catalysts. Their properties are strongly af-
fected by their reduced size and low dimen-
sionality, which allows a large flexibility of
their stoichiometry, atomic structure and elec-
tronic characteristics, often leading to com-
plex compounds which have no bulk equiv-
alents.? Moreover, the growing demand of
methods for engineering the properties of such
two-dimensional objects, fosters an efficient use
of cation doping or mixing. Indeed, combining
cations of different size, electronegativity and
reducibility, may give a lever for modifying the
oxide structural, electronic, and chemical reac-
tivity characteristics.
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Among the most frequently encountered ox- 110
ide monolayer structures, the MsO3 honeycomb 111
(HC) one, which consists of a fully-coordinated u-
network of twelve member rings with an equal 13
number of oxygen and metal atoms, has been 11
extensively studied experimentally and theo- s
retically, whether freestanding,® or Pd(111)- 1
A4 Pt(111)-,%"  Au(111)-supported®® 12 as 1
well as sandwiched between Al,Oz films. ' s
Aside its occurrence in sesquoxides monolay- 1o
ers, oxide honeycomb films have also been 1o
observed in CuzOy/Au(111),'* or used as a
template for a synthesis of supported ternary i
Ba, TipO3/Au(111) compounds.*? 123

Regarding cationic doping and mixing, we i
have recently shown that the low dimension- 12
ality of freestanding M;O3 HC MLs and their
peculiar, flat atomic structure determine their
specific electronic characteristics (gap width, 126
character of gap edges) and are responsible
for cation redox reactions and mixing prefer-
ences which are different from those in the cor-
responding three-dimensional mixed oxides.?
However, if these results provide guidelines for
understanding properties of oxide films sup-
ported on very weakly interacting substrates,
they are likely less relevant for the case of metal
supports, which are the most widely used in
practical realizations. Indeed, in another recent
study, we have shown that the atomic structure
of Au-supported MyO3 HC MLs is characterized ™'
by a large structural rumpling and that the elec- ***
tronic characteristics of the freestanding films
are severely altered by a charge exchange with
the gold substrate, which in extreme cases may
result in a change of cation oxidation state.?

In this context, the goal of the present theo-
retical work is twofold. On the one hand, be-
yond Au-supported M;O3 MLs considered in
our previous work,? we analyze the substrate-
induced characteristics of pure M5Oz and mixed
MM’O3 oxide films (M, M’ = Ti, V, Cr, and "
Fe) deposited on three metallic substrates (Me ™
= Ag, Au and Pt) of higher and higher work "
functions. Relying on DFT4U results on free- **
standing and Me-supported MLs, we identify
the mechanisms responsible for the most essen-
tial structural, electronic, and energetic charac-
teristics of these supported films. On the other *
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hand, at variance with mixing at weakly or non
interacting interfaces,® we consider realistic sit-
uations by explicitly including the interaction
with a metal substrate. To this goal we link
the electronic and energetic characteristics of
mixed MM’O3/Me compounds to those of their
pure MyO3/Me and M’503/Me parents and we
assess the roles played by the character of the
latter (Mott-Hubbard or charge transfer) and
by the substrate work function.

The paper is organized as follows. After a
section devoted to the computational method
and set-up (Sec. 2), we report the results on
Me-supported pure MOz MLs (Sec. 3) and
mixed MM’O3 MLs (Sec. 4). These results are
then discussed in Sec. 5, before a conclusion.

2 Computational details

DFT calculations were performed with the Vi-
enna Ab-initio Simulation Package (VASP)16:17
using the Projector Augmented Wave (PAW)
method ! to represent the electron-core in-
teraction and a 400 eV energy cut-off in the de-
velopment of Kohn-Sham orbitals on a plane-
wave basis set. We have checked that an in-
crease of the cut-off to 500 eV does not bring
any noticeable modifications to the reported re-
sults. For example, for VFeO3 and its par-
ents Fe;O3 and V503, regardless of the under-
lying metal, it changes the structural character-
istics (film rumpling, anion-cation and cation-
substrate bond lengths) by less than 0.01 A, the
electronic characteristics (anion, cation, and
substrate charges) by less than 0.01 e/f.u. and
the energetic ones (mixing energy) by less than
0.01 eV/fu.

Dispersion-corrected (optB88-vdW) 2022
exchange-correlation functional was employed,
within the DFT+U approach proposed by Du-
darev.?>?* As in our previous studies,?%?25:26
we have used U values close to those re-
ported in the literature: U = 1 eV for TiyO3,
U =1.7¢€V for V,03, U = 3 eV for CryO3 and
FesO3. Moreover we have performed comple-
mentary calculations using the HSEO03 hybrid
approach?”?® to test the sensitivity of our re-
sults to the choice of the exchange-correlation
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Figure 1: Atomic structures of Me-supported MM’O3 oxide ML: (a) top view; (b) enlarged top

view showing the rotation ¢ of the MOj entities;

c: enlarged profile view showing the rumpling of

the layer, with the two cations and the three oxygen atoms at different elevations. The dashed line
represents the average cation elevation z.. Cations, oxygen and substrate atoms are represented by
blue (dark and light), red, and golden balls, respectively.

functional (Supporting Information (SI), Sec- s
tions 52). As discussed in details in the case 10
of FeO,/Pt,?? and pointed out in studies on 1o
CuOy/Au'*3® and MgO/Ag,3! despite the o
known difficulties of the Hartree-Fock approach 103
to describe metals, the hybrid approximation 1o
to the DFT gives a satisfactory description of 1o
a metal/oxide interface and thus enables to s
account for the oxide-metal band offset.
All calculations were spin-polarized and the 1
relative stability of simple non-magnetic (NM) 100
and magnetic solutions (with either parallel 20
(FM) or anti-parallel (AF) spin moments) was 201
systematically tested. Ionic charges were es- 20
timated with the partition scheme proposed 203
by Bader®?33 and magnetic moments were ob- 2
tained by integration of the spin density within 2o
the Bader’s volumes. Atomic configurations e
were plotted with VESTA .34
We have considered Me(111)-supported pure 20
M;0O3 (the parents) and mixed MM'O3 mono-
layers (M, M’ = Ti, V, Cr, and Fe; Me = Ag, Au
and Pt) in an honeycomb structure, Figure 1.
All of them were modelled in a (2x2)-Me(111)
unit cell, with a single MyO3 or MM’'O3 formula
unit per cell, at the Me experimental bulk lat-
tice parameter (2.89 A, 2.88 A, and 2.765 A
for Ag, Au and Pt, respectively), consistently
with experimental observations of pseudomor-
phic growth of ML Ti;O3 on Au(111)!° and
V303 on Pd(111).* The sampling of the Bril-
louin zone was performed with the I'-centered **°
(14x14x 1) Monkhorst-Pack mesh.? The metal

197

207

209

substrates were represented by slabs composed
of four (111) atomic layers. Increasing the
metal thickness up to 6 atomic layers yields neg-
ligible corrections on all quantities, consistently
with marginal (less than 0.05 eV) changes of the
metal work functions. The oxide film was de-
posited on one side of the metal slab.  Be-
yond the symmetric film structures assumed
in Ref.,? all atomic coordinates of anions and
cations have been allowed to fully relax until
forces got lower than 0.01 eVA~'. Atoms in
the metal substrates were relaxed only in the
direction normal to the surface. In the follow-
ing, the atomic structure of supported MLs will
be systematically quantified by the average film
rumpling R (defined as a difference of average
vertical positions of anions and cations Zg —Z¢)
and by the average rotation of MOj entities
¢ = Z(M' — M — O) projected on the surface
plane, Fig. 1.

Adhesion energies between the oxide mono-
layers and the metal substrates F,q,(Me) were
calculated from energy differences between the
constituted oxide/metal system E°*de/Me and
its separated components (bare metal substrate
EMe and freestanding oxide ML at its equilib-
rium lattice parameter Fo¥%):

Eadh(Me) — EMe + Eomide _ an:ide/Me (1)
With this definition, adhesion energies are pos-
itive if adhesion is favored.

Formation or mixing energies FE,,; of both



211

212

freestanding and supported MM’O3 monolayers 213
were calculated from energy differences between

the mixed oxide EMM'Os and the average of the o
two corresponding parents (EM20s  EM:0s) /2:

216
(2) 217

218

M>Os3 M, O3
pMM0s _ pumros _ E + BT
mix 2

With this definition, mixing energies are nega- 21
tive if mixing is favored. 220

221

Table 1: Main Characteristics of Free- ,,
standing and Me-supported (Me = Ag, »;
Au and Pt) M,0; MLs (M = Ti, V, Cr, s
and Fe): Film Rumpling R (A), In-Plane »:
Rotation ¢ (°), Bader Charges on Cations s
Qv (e) and Oxygen Atoms Qo (e), Total ,x
Charge of Metal Substrate Q. (e/M303 25
f.u.), and Cation Magnetic Moments (i 20

(MB)- 230
Tig 03 VQOg CI‘Q 03 Feg 03 Z:
freestanding s
Qv 178 1.69 1.62 1.64 .
Qo -1.19 -1.13 -1.08 -1.10 -
15y, 0.9 2.1 3.1 3.9 -
Ag-supported -
R 0.60 0.41 0.09 0.09 -
0] 14 17 10 19 2o
Qv 192 1.72 1.55 1.44 o
Qo -1.06 -1.04 -1.08 -1.07 ot
157 0.0 1.4/1.5 3.0 3.8 oo
Qag -0.67 -033 +0.15 +0.33 s
Au-supported »
R 0.68 0.68 0.54 0.23 s
0] 10 1 14 20

246

Qv 2.00 183 165 153
Qo -1.02 -096 -096 -1.01 »
pa 0.0 1.2 27 38 »
Qaw -094 077  -042 -0.02 »
Pt-supported

R 070 075 047  0.29
¢ 19 11 17 24
Qv 200 187 165 150
Qo -101  -092 -096 -0.98
pa 0.0 0.5 25 3.8
Qpe -098 -098 -044 -0.06

258

251

252

259

3 Results supported
M,03; monolayers

on

We first present the computational results for
the M3O3 HC monolayers (M = Ti, V, Cr, and
Fe) supported on the three Me(111) substrates
(Me = Ag, Au and Pt). Table 1 and Figure
2 report their main structural, electronic, and
magnetic characteristics.. The comprehensive
set of results, is given in SI, Tabs. S1 and S2.
HSEO03 results for the MyO3/Au system (M =
Ti, V, Cr, and Fe) are given in Tab. S7 and Fig.
S1. In the following, the notation A will re-
fer to differences between quantities (positions,
distances, charges, etc) in the supported and
freestanding films

Fully relaxed freestanding oxide MLs system-
atically adopt a symmetric nearly planar geom-
etry (R ~ 0 and ¢ ~ 0). The only exception
is the freestanding Cr,O3 monolayer, for which
we find a non-vanishing rumpling (R = 0.06
A). The interaction with the metal substrates
and the in-plane compression associated to the
lattice mismatch between the oxide films and
metal surfaces (arno, > ane, SI, Tab. S1) in-
duce film distortion, which consists of in-plane
rotations ¢ of the MOj entities and of rumpling
R. We will show in the discussion that the pos-
itive sign of R (the average outward displace-
ment of the oxygen atoms with respect to the
cations), its decrease from Ti to Fe (for each
substrate), and its increase from Ag to Pt (for
each oxide) are principally driven by the behav-
ior of the interface charge transfer @),;.. Beyond
the effect of film rumpling, the in-plane rota-
tions ¢ of the MOj entities allow a further re-
duction of the in-plane oxide lattice parameters
such that, despite substantial lattice mismatch,
the cation-oxygen distances dj;_o remain in all
cases close to the corresponding values in the
freestanding MLs (|Ady—o/dy—-o| < 2%, Tab.
S1).

From an electronic point of view, the interac-
tion of the oxide layers with the metallic sub-
strates is characterized by an electron exchange
between them, leading in most cases to a neg-
ative charging of the Me substrates (negative
total substrate charge per MsOs unit, Q).
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Figure 2: Local densities of states of freestanding and metal-supported MoO3 HC MLs (M = Ti,
V, Cr, and Fe) projected on cations (red), oxygen atoms (blue), and substrates (golden shading).
A broadening of 0.2 eV has been systematically applied. The vertical dashed lines indicate the

positions of the Fermi levels.

Small positive Qe are found only for CroOg 284
and Fe,O3 MLs deposited on the Ag substrate. 2ss
In the case of Ag and Au surfaces, where the 2ss
Fermi level is positioned relatively high in the 2
valence sp band, the substrate d states con- s
tribute only little to the interfacial hybridiza- 2s
tion and the electrons transferred from the ox- 20
ide film mainly populate the substrate s and 20
p orbitals. Conversely, since the Fermi level of 20
the Pt substrate falls in its 4d band, the Pt d 20
states hybridize strongly with those of the ox- 20
ide film and become populated by the interfa- 2o
cial charge transfer. Finally the Ag electrons 2o
transferred towards the CryO3 and FeyO3 films 207
populate principally the cation d states at the 20
bottom of the oxide conduction band. As ex- 2
pected, |@ne| tends to decrease monotonically s
from Ti to Fe (for each substrate), following so
the increase of cation electronegativity, and in- s
creases from Ag to Pt (for each oxide), following s
the increase of the substrate surface work func- sos
tions (calculated values are 4.8 eV, 5.6 eV, and s
6.1 eV for Ag, Au, and Pt, respectively). The 30
negative (). result from a cooperative effect of s

charge modifications on the oxide cations and
oxygen atoms, (), increasing (except Qp.) and
|Qo| decreasing when in contact with a sup-
port. The relative contributions of the oxygen
atoms to |Q | increase from Ti to Fe. Positive
Qe are principally associated with a reduction
of cation charges, the effect being particularly
strong in the Fe;O3/Ag case.

Associated to this interfacial electron trans-
fer, the oxide local densities of states (LDOS)
are substantially modified. As seen in Figure 2,
whatever the substrate, the modifications are
particularly strong at the beginning of the se-
ries, in the Mott-Hubbard oxides Ti,Os and
V503, where filled Ti and V 3d states close
to the Fermi level get totally or partially de-
pleted. At variance, due to the mixed oxygen-
cation character of their states at the band gap
edges, the band structures of CroO3 and FeyO3
are much less impacted by the interaction with
the metallic substrates.? For each oxide, the in-
crease of the metal work function from Ag to
Pt shifts the substrate Fermi level progressively
downwards on the energy scale. As a conse-
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quence, in TiyO3 which has a nearly pure Mott- ss
Hubbard character, the Fermi level Er moves sss
from the bottom of the Ti-like conduction band sse
(CB) on Ag towards the oxide mid-gap on Pt. so
The single valence d electron characteristic of se
the freestanding Ti,O3 ML is in all cases delo- s
calized towards the underlying metal, which is s
consistent with the substantial increase of Qr; 36
and the systematic quenching of pp;, Tab. 1. 36
These major modifications of the TisO3 elec- 36
tronic structure suggest that a change of oxi- ser
dation state takes place upon deposition. On ses
general grounds, at variance with the unques- seo
tionable 3+ cation valence in freestanding MLs, 370
changes of oxidation states in systems with de- sn
localized electrons cannot be assessed merely
from Bader charges. It is the concomitant mod-
ifications of the LDOS and magnetic moments 37
pr; which can be tentatively rationalized by a
Ti 4+ oxidation state on the three substrates.
Similarly, in the case of the Mott-Hubbard ox- 5,
ide V503, the progressive downward shift of the s
Fermi level within the majority vanadium band s
explains the increase of )y and the decrease of 5;;
puy along the Ag, Au, Pt series. These results s
are consistent with a progressive increase of the 5,
vanadium oxidation state in V503 monolayer s
supported on the three metal substrates. How- 5,
ever, changes of V-O hybridization induced by s,
film distortions and the hybridization between s
cation and substrate states (particularly strong s,
in case of Pt) impede a robust and fully reli- ss
able assignment of oxidation states in the three s
cases. 387
Finally, in Cr,O3 and Fe;O3 the shape of the s
oxide LDOS in the vicinity of the Fermi level s
is very similar on the three substrates. Consis- s
tently, changes of @y, and py; with respect to 5
the freestanding references are similarly small s,
on the three substrates and suggest that the s
cation 34 oxidation states are essentially not s,
altered. 395
To summarize, the interaction with the metal s
substrates induces structural distortions of the o,
oxide MLs and an electron transfer from the s
oxides towards the metal, which both increase s,
from Ag to Pt and decrease from Ti to Fe. 4
Only when CryO3 and FeysO3 are deposited on 4
Ag a small amount of electrons is transferred ,,

from the substrate towards the oxide film. The
substrate-induced change of oxide electronic
and magnetic characteristics is particularly pro-
nounced in Ti;O3 and V503, where it can be as-
sociated to an increase of cation oxidation state.
If the single Ti valence electron tends to be sys-
tematically transferred to the metal substrate,
the cation charge of supported VO3 increases
progressively from Ag to Pt. Conversely, the
much weaker electronic modifications found for
Cry03 and FeyO3 suggest the preservation of
the cation 3+ oxidation state characteristic of
the freestanding MLs. These conclusions are
well supported by the HSE03 results (SI, Tab.
S7).

4 Results
MM’O3; monolayers

on supported

DFT+U results for the main structural, elec-
tronic and magnetic characteristics of free-
standing and Me-supported mixed MM’O3 HC
MLs (M, M’ = Ti, V, Cr, and Fe; Me = Ag,
Au, Pt) are given in Table 2 and Figures 3 and
4. The complete set of results can be found in
SI, Tabs. S4 and S5, in which the symbols §
denote the mixing-induced differences between
quantities (positions, distances, charges, etc) in
the supported mixed oxides and their parents.
HSEO03 results for mixed MLs on the Au sub-
strate are reported in SI, Tab. S8 and Fig. S2.

From a structural point of view, the metal-
supported mixed oxide films are qualitatively
similar to their supported parents.  They
systematically display a substantial (positive)
rumpling and in-plane rotations of MOj3 entities
which enable an accommodation of the inter-
face lattice mismatch without strong modifica-
tions of the cation-oxygen distances dy;_o and
dyr—o (|AdM—O/dM—O| < 4%, Tab. 84) Con-
trary to the parent systems, in the mixed films
the two cations are systematically not coplanar.
Cationic mixing produces a quite substantial
rumpling enhancement (§R ~ 0.15 - 0.25 A) in
VCrO3/Ag, VFeO3/Pt, and CrFeOs3/Pt, but in
TiFeO3/Ag, TiCrO3/Au, and VCrO3z/Au, R is
reduced (6R ~ -0.10 A), Tab. S4. We will show
in the discussion that the positive sign and the



Table 2: Main Characteristics of Metal (Ag, Au, and Pt)-Supported Mixed MM’O; HC
Monolayers (M, M’ = Ti, V, Cr, and Fe): Film Rumpling R (A), In-Plane Rotation ¢
(°), Bader Charges on Cations Q,/, )}, (e) and Oxygen Atoms Q) (e), Metal Substrate
Charge Q). (€/MM’0O; f.u.), and Cation Magnetic Moments iy, par (ps)-

TiVO; TiCrO; TiFeO; VCrO; VFeO; CrFeO;

freestanding
Own, Qur 175,169 1.80,1.55 2.09, 1.33 1.84, 1.47 1.87, 1.35 1.67, 1.60
Qo -1.15 -1.12 -1.14 -1.10 -1.08 -1.09

tars o 10,20 09,32 01,36 14,36 13,36 2.7, 4.0
Ag-supported

R 0.50 0.41 0.23 0.47 0.35 0.06
o) 15 19 19 18 19 18
Qn, Qn 191,173 1.93,1.58 1.95,1.38 1.81,1.46 1.82,1.35 1.60,1.37
Qo -1.05 -1.06 -1.09 -1.00 -1.01 -1.08
WALy Mg 0.2,1.4 0.2,2.9 0.1,3.7 0.7,3.4 0.,3.7 2.6,3.7
Qg -0.47 -0.33 -0.05 -0.27 -0.15 0.27
Au-supported

R 0.69 0.52 0.45 0.49 0.50 0.35
o) 5 16 19 16 16 20
Qwn, Qu 1.99,1.86 2.01,1.67 2.01,1.54 1.93,1.51 1.94,1.42 1.69,1.51
Qo -0.99 -1.02 -1.03 -0.98 -0.96 -1.00
WAL, g 0.1,0.9 0.1,2.8 0.1,3.9 0.5,3.4 0.0,3.7 2.2,3.9
Q A -0.88 -0.60 -0.45 -0.50 -0.48 -0.21
Pt-supported

R 0.74 0.61 0.52 0.68 0.67 0.62

) 15 20 24 18 18 19
Qn, Qu 197,191 1.98,1.69 2.00,1.55 1.94,1.62 1.96,1.49 1.75,1.47
Qo -0.95 -0.97 -1.00 -0.92 -0.91 -0.89
WAL, s 0.0,0.0 0.1,2.3 0.1,4.0 0.3,2.8 0.1,3.9 1.3,3.9
@pt -1.04 -0.76 -0.54 -0.80 -0.70 -0.55



Figure 3: Local densities of states in freestanding and Me-supported mixed TiM’O3 honeycomb
monolayers (M’ = V| Cr, Fe) projected on Ti (red), M’ (green), O atoms (blue), and substrate
atoms (gold shading). A broadening of 0.2 eV has been systematically applied. Vertical dashed

LDOS (arbitrary pnits)

freestanding
1 s
M

 Ag-supported

~ Au-supported

lines indicate the position of the Fermi level.

Figure 4: Local densities of states in freestanding and Me-supported mixed MM’O3 honeycomb
monolayers (M = V, Cr; M’ = Cr, Fe) projected on M (red), M’ (green), O atoms (blue), and
substrate atoms (gold shading). A broadening of 0.2 eV has been systematically applied. Vertical

LDOS (arbitrary units)

freestanding

Ag-supported

Au-supported

dashed lines indicate the position of the Fermi level.
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amplitude of R are mainly driven by the behav- s
ior of the interface charge transfer Q.. 453
Similarly to most supported MsO3 parents, s
the interaction of the mixed films with the s
metallic substrates gives rise to a systematic ase
electron transfer from the oxide towards the as
substrate (Qare < 0), but in CrFeO3/Ag where 45
electrons are transferred towards the oxide film aso
(Qume > 0). Both cations and anions contribute 4o
to the interface charge transfer and the per- s
centage weight of oxygen contributions progres- s
sively increases along the oxide series. At each a3
of the three substrates |Q .| decreases follow- se
ing the increasing average electronegativity of s
the two cations (TiVO3 < TiCrOz < VCrOgz < 4
TiFeO3 < VFeO3 < CrFeOs). For each oxide s
it increases from Ag to Pt in line with the in- s
creasing substrate work functions. As a conse- o
quence, cation charges (s increase and oxy- o
gen charges |Qo| decrease when moving from
Ag to Pt. Only Qrp; values change particularly sz
little from one substrate to another in all sup- a7
ported TiM’O3 compounds. ata
In our previous study on freestanding films,? s
we have pointed out that the electronic mod- a7
ifications in TiVOs3, TiCrOs, and CrFeOs due 4
to mixing are small since their cationic charges ass
and magnetic moments are close to those in the 79
corresponding freestanding parents, and their aso
LDOS differ little from a superposition of the s
parent LDOS. Conversely, in TiFeOs3, VCrOg, s
and VFeOg, a well pronounced increase of ) 4s3
and a decrease of )y, correlated with strong s
modifications of cation magnetic moments and ass
LDOS peak positions with respect to the Fermi sss
level, have been rationalized in terms of mixing- s
induced redox reactions, leading to Ti*tFe?*, s
V4 Cr?t, and V4 Fe?* oxidation states, respec- sso
tively. 490
The presence of the metal substrates visibly s
alters this picture. In contrast to the freestand- e
ing case, supported TiFeOjs displays only neg-
ligible mixing-induced electronic modifications, e
regardless of the metal support (Tab. 2 and s
1 and Fig. 2, 3 and 4). Moreover, while, s
similarly to the freestanding films, the mixing-
induced changes in VFeO3 and VCrOg3 are the
most pronounced, the underlying electron re-
distributions do not follow the same pattern

on the three substrates. Indeed, on Ag and
Au substrates, the changes mostly consist of
an electron exchange between the two cations
(0Qv ~ —0Qcr e, Tab. S5), and are associ-
ated with opposite shifts of the V and Cr/Fe
states in the vicinity of the Fermi level (see Fig.
4). In these mixed oxides also the modifications
of oxygen charges 0()p provide a non-negligible
contribution to 0Q .. Conversely, on the Pt
substrate the largest modifications concern only
vanadium cations, which points toward an in-
crease of the vanadium oxidation state stabi-
lized by an electron transfer towards the metal
substrate 0Q) p;. These different behaviors illus-
trate the competition between electron trans-
fer between the two cations and from a cation
to the substrate, governed by the availability
and nature of the oxide electronic states in the
vicinity of the Fermi level. At variance with
the above, the electronic characteristics of sup-
ported TiVO3; and TiCrOs films remain rela-
tively close to those of their supported parents,
as was the case for their freestanding counter-
parts. Finally, CrFeO3 displays an intermediate
behavior. On Ag and Au, mixing-induced mod-
ifications are relatively weak, but on Pt, e, is
visibly reduced. These changes, together with
the complex DOS modifications (see Fig. 4) do
not allow a clear assignment of a change of ox-
idation state.

To summarize, the structural (R) and elec-
tronic (@) characteristics of the supported
pure and mixed oxide films follow qualitatively
similar trends. The electronic characteristics of
TiVOs3, TiCrOgs, and TiFeOg3 correspond closely
to a superposition of those of their parents.
Conversely, in Ag- and Au- supported VCrOs
and VFeO3 mixing induces an electron transfer
from V to either Cr or Fe. It is much stronger
in VFeO3 and can be tentatively interpreted as
a redox reaction. Interestingly, on the Pt sub-
strate, the electrons are rather transferred from
V to the metal substrate. These conclusions
are well supported by HSEO3 results given in
SI, Tab. S8 and Fig. S2.
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5 Discussion

In this section, we first discuss the mechanisms
which govern the electronic and structural char-
acteristics of metal-supported HC oxides upon
interaction with the substrate (Section 5.1) and
upon cation mixing (Section 5.2). Then we ana-
lyze the evolution of the oxide adhesion (Section
5.3) and mixing (Section 5.4) energies.

5.1 Electron redistribution at
the oxide/metal interface

In our recent study on the Au-supported pure
M,03 monolayers,? we have shown that the
interfacial charge transfer ()4, and its conse-
quences on the electronic characteristics of the
deposited oxide films may be reliably inferred
from the offset between the point of zero charge
of the freestanding oxide films Ezcp (approxi-
mated by the energy at mid-gap position) with
respect to the Fermi level of the bare Au sur-
face Er(Au) and from the character of the oxide
gap edges. We have shown that the decrease of
|Q 4| along the series of transition metal ox-
ides is due to the progressive lowering of the
point of zero charge, mainly due to the increase
of the cation electronegativity. This argument
is generalized in Figure 5 to the parents and
mixed oxide MLs deposited on the three sub-
strates. Corresponding results from hybrid cal-
culations on Au-supported M,O3 and MM’Os3
compounds are reported in SI, Fig. S3.

In agreement with the results of Ref.,” we
find that, for each substrate and regardless of
the pure or mixed oxide character, the interface
charge transfer correlates well with Er(Me) —
Ezcp. As a consequence, (). is systemati-
cally the most negative for MyO3 oxides with
the least electronegative cations (Ti, V), and
for mixed oxides with the smallest average
cation electronegativity (TiVOs, TiCrOg, and
VCrOs3). Conversely, small positive Qs val-
ues are found for CryOs, FesOz and CrFeOs.
Moreover, for each oxide, the substrate charge
becomes more negative along the Ag, Au, and
Pt series, following the increase of the work
functions of the metal surfaces (4.8 eV, 5.6 eV,
and 6.1 eV, respectively). Such quasi-linear be-
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Figure 5: Interface charge transfer @y,

(e/M203 or MM'O3 f.u.) as a function of the
offset Er(Me)— Ezcp (eV) between the Fermi
level of the bare metal surface and the point of
zero charge of the freestanding pure (squares)
and mixed (circles) oxide monolayers. Results
for Ag, Au, and Pt substrates are plotted with
blue, red, and green symbols, respectively. Line
is drawn to guide the eye.

haviour of the interface charge transfer as a
function of the band offset agrees well with the
predictions of the Metal-Induced Gap States
(MIGS) model at metal/semiconductor inter-
faces.36:37
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Figure 6: Average rumpling R (A) in supported
pure MyO3 (squares) and mixed MM’Oj (cir-
cles) MLs as a function of the electron transfer
Qnre (6/My03 or MM’O3 fu.) Results for Me
= Ag, Au, and Pt substrates are represented in
blue, red, and green, respectively. Line is drawn
to guide the eye.

Metal-supported oxide monolayers undergo
structural distortions in response to the electro-
static dipole produced by the interface charge
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transfer Qpr..%%3 Based on a simple electro- e
static argument, a negatively charged substrate co:
(Qume < 0) repels the anions and thus tends to eo
produce a positive rumpling (R > 0) whereas e
a negative rumpling is expected for a positive o
charging of the substrate. The induced struc- eos
tural dipole of the oxide film which results from eos
such electrostatic coupling between charge and eor
structure has been baptized induced polarity.3® e
In agreement with this argument, we find that,
for each substrate and regardless of the pure "
or mixed oxide character, the film rumpling R
correlates very well with the interface charge **°
transfer QQp.. As a consequence, R is system- .,
atically the largest for oxides which transfer the ,,
largest number of electrons to the metal sub- ,
strates (Ti,03, V203, TiVO3). Conversely, the g,
smallest film rumpling is systematically found ,,
for Fe;O3, Cry0O3 and CrFeOs. Moreover, rum-
pling of each oxide film increases when moving ,,
from Ag to Pt, following the corresponding in-
crease of the electron transfer. We stress that g,
such an excellent unique R o< @y, relationship ,,
obtained for a variety of oxide films on various ,,
metal substrates is likely due to a negligible ef- ,,
fect of lattice mismatch on R, the latter being ,,
rather accommodated by in-plane rotations.
At this point it is worth noting that the mono-
tonic decrease of R is associated with more com- g,
plex film structure. Indeed, while large rum- ,,
pling values (large negative Q) are systemat- g,
ically associated to an outward relaxation of the ,,
three oxygen atoms (per f.u.) with respect to 4,
the cation planes, in Fe;O3, CryOg3, and CrFeOs ,,
on Ag (the smallest R and positive Qs values), o,
although R remains positive, two oxygen atoms g,
are located below the average cation positions g,
(SI Tables S1 and S4). In case of oxides which
display the smallest negative Qe (Fe2O3 on Au
and Pt, TiFeO3/Ag), only one oxygen atom is 4,
located below the cation plane or two oxygen g,
atoms are nearly coplanar with the cations.
To summarize, we have shown that the elec- ,,
tron transfer between the oxides and the metal ,,
substrate is mainly driven by the offset between ,,
the oxide band structure (point of zero charge) ,,
and the substrate Fermi level. As a conse- ,
quence, the strongest electron redistributions
(large negative @ys.) are found in oxides with g,
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the least electronegative cations (Ti and V) de-
posited on metal substrates with the largest
work functions (Au, Pt). Moreover, we find
that the interface electron transfer determines
the behavior of the substrate-induced film po-
larization (rumpling) and is responsible for
its progressive decrease from the least (TiyOs,
V5,03, TiVO3) to the most (Fe;O3, CryO3, and
CrFeO3) electronegative compounds.

5.2 Electron redistribution upon
cationic mixing

While the previous section dealt with the mod-
ifications of the oxide ML atomic and elec-
tronic structure due to their interaction with
the metallic substrates, here we focus on those
which take place upon cationic mixing.

In the past we have successfully rational-
ized the electronic characteristics of mixed bulk
MM’O3 materials,?® freestanding MM’O5 hon-
eycomb monolayers,® and M,O3/M’,03 inter-
faces, 26 from the band offsets between the corre-
sponding parent MyO3 and M’503 materials. In
the present case, a similar analysis can be based
on a comparison between the LDOS of the four
metal-supported parents on an energy scale de-
fined by their common vacuum level, Fig. 7.
As a reference, the corresponding results for
the freestanding HC MLs are recalled. Corre-
sponding HSE03 results on M2O3/Au HCs are
reported in SI, Figure S4.

The band offset between any couple of par-
ents is quantified by the difference of positions
of their Fermi levels AEp = Ep(MyO3/Me) —
Er(M5035/Me), such that positive and neg-
ative values of AFEr indicate an initial bias
for MoO3/Me — M’503/Me and M’,03/Me —
M503/Me electron transfers, respectively. Be-
yond the relative positions of the Fermi levels
AFEF, the actual possibility of the charge trans-
fer as well as the precise origin and destination
of the transferred electrons also depend on the
character of the occupied and empty states in
the vicinity of the Fermi level.

While the ordering of Fermi level positions in
the freestanding parents was qualitatively de-
termined by the cation electronegativity differ-
ence, in the supported ones, it is rather due
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to the change in metal work function induced esr
by the deposition of an oxide film AW. Cal- es
culated AW for the four parents are given in eso
Table 3. We note that, since at each substrate e
the largest values are systematically found for e
Fe;O3 and the smallest ones for V,Os, the re- e
sulting ordering of Fermi level positions is not e
strongly modified compared to that found in e
the freestanding films.

695

6

Table 3: Change of the Metal Work Func- Z;
tion AW (eV) upon Deposition of Pure
HC Monolayers.

699

700

‘ TigOg V203 CI'QOQ, F€203

AWy, | 062 038 045 1.15
AWy, | 036 044 080 095
AWp, | 0.75 015 017  0.89

704

We recall that AW is determined by the 7
dipole moment of the oxide/metal inter- 7
face, which consists of three main contribu- 77
tions. 384041 The first one comes from the re- 708
duction of the substrate surface dipole caused 7
by the compression of the spilled-out metal elec- 70
trons by the deposited oxide monolayer. The ™
second one is induced by the electron exchange 72
Qe between the oxide film and the metallic 73
substrate. The third one is due to the struc- ™
tural film polarization (rumpling) R. While the 7
first effect produces a negative contribution to 76
AW and while a positive film rumpling (R > ™7
0) tends to increase R, the contribution due 7
to electron exchange at the interface either de- 7°
creases (negative (Qp.) or increases (positive 7
Qre) the substrate work function. 721

In the present case, the systematically pos- 722
itive signs of AW, Tab. 3, suggest that the 723
rumpling contribution is dominant, aided by 7
the charge transfer term in the few cases where 7
Qe is positive. However, since the largest AW 72
values (Fe;O3 on the three substrates) system- 77
atically correspond to the smallest rumplings 78
R, the behavior of AW along the series of ox- ™
ides is clearly not rumpling-driven. The largest 73
AW, responsible for the most pronounced band 7
offsets between parent materials, rather corre- 72
spond to positive or small negative values of 733
the charge transfer contribution. It should be 7
noted that in-plane rotation ¢ may also play 7
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a role since the largest values in Tab. 3 also
correspond to the largest rotations.

Solely from the signs of AEg, Fig. 7, one de-
duces that an electron transfer may systemati-
cally occur from TipO3/Me or V,03/Me toward
FesO3/Me (Me = Ag, Au and Pt) or CryO3/Au,
and from CryO3/Me toward Fe,O3/Me (Me =
Ag and Pt). No electron exchange is expected
between TiyO3/Me and V,03/Me except on
Pt, where an electron transfer from V503 to
TisO3 could be anticipated. If additionally
the character and the density of states at the
Fermi level are taken into account, it becomes
clear that supported Ti,O3 is unlikely to pro-
vide electrons to Cr or Fe upon mixing be-
cause it has no available occupied cationic d
states. Also the electron transfer from V503
to Ti,O3 on Pt is impeded by the absence
of empty Ti d states in the energy range be-
tween the two Fermi levels. As a consequence,
no significant mixing-induced charge redistri-
bution is expected in all Ti-containing com-
pounds. Conversely, since a significant num-
ber of occupied cationic states just below the
Fermi level exist in V,O3/Me, an electron trans-
fer from V,03/Me towards FesO3/Me is sys-
tematically to be expected, as well as a transfer
from V,03/Au towards CryOs/Au. We note
that the absence of empty Fe,O3 states in the
direct vicinity of the Fermi level may produce
an electron transfer toward the metal substrate
rather than toward the Fe cations. Finally, the
limited number of occupied (empty) states at
Er in CryO3/Me (FeoO3/Me) may hinder elec-
tron redistribution in CrFeOz/Me. These pre-
dictions correlate very well with the results of
the full calculations, Sec. 4.

To summarize, the relative positions of the
Fermi levels in the supported parents provide a
good guide for understanding the electronic re-
distributions in the mixed compounds. While
the ordering of Fermi levels in the series of
parent oxides is not strongly modified by the
metal substrate, we have pointed out that the
character of the oxide states in the vicinity
of the Fermi level is. For the series of sup-
ported MM’O3 HC MLs, the offsets between
the parent band structures and the absence
of Ti d states in the the Fermi level vicinity
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in supported TiyO3 explain why any signifi- 73
cant mixing-induced electronic structure mod- s
ifications are limited to the VFeOs/Me and s
VCrOz/Me compounds only. The strong in- 7s
crease of vanadium oxidation state suggests an s
enhanced reactivity of the supported vanadate s
films, which could thus be of interest in vari- 7s
ous catalytic reactions, in the same way as the 700
oxygen-rich V505 oxide is the most important re:
industrial vanadium compound, used as a cat- 70
alyst. 793

794

795

5.3 Adhesion at the HC/Me in-
terfaces

796

797

Table 4 summarizes the adhesion energies E, g, 7%
(Eq. 1) of pure and mixed oxide monolay- 7%
ers supported on the three metal substrates so
as well as the misfits between the freestand- o
ing layers and metal substrate. Adhesion en- 82
ergies are found to be always positive (favor- 83
able to adhesion) and to span a large set of val- 84
ues ranging from about 1.1 eV (CryO3/Au and #0s
CrFeO3/Au) to more than 4.5 eV (TiyO3/Pt g0
and TiVO3/Pt) per formula unit. At each sub- &7
strate, the adhesion of pure monolayers is sys- 80
tematically stronger for oxides films from the 8o
beginning of the series and, for each oxide, 8w
it tends to increase from Ag to Pt. FE,g, of 81
most mixed compounds are smaller than the &2
average values of their parents (§Fqq, < 0 in &2
SI, Tab. S6) — the reduction being particu- 8+
larly large for TiFeO3/Me —, but in the case of &s
TiVO3/Pt for which mixing enhances the adhe- s
sion (0 E,q, > 0).
Since E,q, is calculated with respect to the s
corresponding freestanding oxide films at their 8w
equilibrium lattice parameters, it consists of 82
two contributions of different nature. The first
one is associated to the elastic strain of the free-
standing ML necessary to match its in-plane
lattice parameter with the metal substrate (Ta- 82
ble 4) and is always unfavorable to adhesion. In 3
the parent series, aside CryO3 which displays a 8
non-zero rumpling when freestanding and thus %
a reduced lateral lattice parameter, the mis- 8¢
fit decreases from the left to the right of the 7
series (for a given substrate) and from Pt to
Ag (for a given oxide) and ranges from about #°

817

14

2% (Cry03/Ag) to more than 15% (TiyO3/Pt).
Misfits of the mixed monolayers show a quali-
tatively similar behavior and do not exceed the
above ranges. However, since the lattice mis-
match is accommodated mainly by the in-plane
rotations and film rumpling and since the in-
volved distortions require much less energy than
bondlength compression, this contribution to
E.qn displays small variations in each oxide se-
ries (of the order of 0.2-0.3 eV/f.u.) and, for
a given oxide, its maximum variation between
the three substrates is of the order of 0.2 eV /f.u.
(SI, Tab. S3). Thus, it is clearly not responsi-
ble for the observed large differences of adhesion
energies. The second contribution is the energy
gained by bringing the strained oxide film in
contact with the metal substrate. It directly
represents the strength of direct metal-oxide in-
teraction at the interface. It is favorable to ad-
hesion in all considered cases.

While trends in adhesion may not always be
easy to rationalize because they involve en-
ergy terms of different origin, Figure 8 shows
a clear correlation between FE,4 and the in-
terfacial charge transfer |Qur|. If, in general,
a weak/strong charge exchange is indeed often
associated with weak/strong interfacial inter-
action, the present results show the existence
of a unique and nearly universal Fuqp(|Qnse|)
curve, which encompasses cases ranging from
particularly weakly (CroOs and Fe;O3 on Ag)
to particularly strongly (Ti;O3 and V5,03 on
Pt) interacting interfaces, regardless of the pre-
cise nature of the oxide and the metal substrate.
This finding clearly demonstrates the dominant
role of the direct interfacial interactions in the
energetics (second contribution), driven by the
cation electronegativity.

5.4 Energetics of mixing

Mixing energies F,,;, (Eq. 2) have been calcu-
lated for the six metal-supported mixed oxide
MLs as the energy difference between the mixed
systems and the average of the two supported
parents. Their values are reported in Table 5,
together with the corresponding results for their
freestanding counterparts from Ref.3
Depending on the oxide, we find negative or
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Table 4: Adhesion Energies E,4, (eV/f.u.) at the Interfaces Between the Oxide Mono-
layers and the Three Metal Substrates. Misfits (%) Between the Freestanding MLs
and the Underlying Substrates Are Given for Reference.

‘ TiQOg VQO;g CI’QOg F€203 ‘ TlVOg TlCYOg T1F803 VCI"Og VFGOg CI"FGOg

Ag-supported

E.an 2.52 1.41 1.19 1.64 1.99 1.64 1.61 1.21 1.33 1.32
misfit | 10.2 7.9 2.1 7.3 7.3 9.0 8.1 6.4 7.3 6.4
Au-supported
Eoan 3.31 191 1.15 1.28 2.62 2.06 1.76 1.60 1.54 1.13
misfit | 10.6 8.3 2.4 7.6 7.6 9.4 8.5 6.8 7.6 6.8
Pt-supported
E.an 4.78 3.75 2.18 2.12 4.50 3.11 2.952 2.92 2.81 1.88
misfit | 15.2 12.8 6.7 12.1 12.1 13.9 13.0 11.2 12.1 11.2
g5 Of a mixing-induced redox reactions which pro-
4> sas  duce unambiguous changes of cation oxidation
4 sar states.® The same mechanism was also shown
335 o sis  t0 be at work in bulk mixed oxides® and at ox-
3 3 . s ide/oxide interfaces.?® For the metal-supported
257 - sso MLs, this correlation is somewhat less clear,
2[ S’ m g1 partially due to the difficulty to unambiguously
1.5 -° e o a o 1 sz identify the cation oxidation states. However,
0 02 04 06 08 1 1.2 e the large negative E,,;,, systematically found
[Que | (e/fu.) ssa  for VFeOgz on the three substrates, is consistent

855
Figure 8: Adhesion energies of pure (squares) _

and mixed (circles) monolayers on metal sub- .
strates Fuq, (eV/f.u.) as a function of interface

charge transfer [Qare| (¢/M2O3 or MM'O3 fou.).
Results for Ag, Au and Pt substrates are rep- o0

resented in blue, red and green, respectively. o

862

positive mixing energies, which represent pref- s
erence for cationic mixing and phase separa- s
tion, respectively. If large negative FE,,;, ~ - 86
0.7 eV/f.u. are found for freestanding TiFeQOj ses
and VFeO3 and for metal-supported VFeOg, in s67
all other cases, the mixing energies are much sss
smaller (|Epz| < 0.4 eV/fu.). We find that, se
aside few exceptions, for each mixed oxide, the 8w
sign of E,,;, is a relatively robust feature, in- s
dependent of the substrate, but E,,;, shows no s~
clear monotonic behavior along the series of ox- &3
ides or metal substrates. 874

We recall that in the freestanding case, the 87
large negative mixing energies found for TiFeOg 87

and VFeOj3 have been assigned to the existence 877
878

15

with the enhanced oxidation of vanadium in-
duced by the electron transfer toward the metal
support and/or the Fe cation, as revealed by
the features of the interface electronic structure,
Sec. 4. Also, the strong reduction of |E,,;,| in
all TiFeO3/Me systems, with respect to their
freestanding counterparts, correlates with the
suppression of the electron transfer from Ti to
Fe when metal-supported. Indeed, the elec-
tronic structure results show that the single Ti
d electron is systematically transferred to the
metal substrate, so that there are no occupied
Ti states close to the Fermi level able to transfer
electrons to the iron cations.

As to broaden the perspective, Figure 9 gives
an overview of the calculated mixing energies in
the same series of bulk sesquoxides, freestand-
ing MLs, and metal-supported MLs.*? While
a metal substrate enhances the preference for
mixing in VCrO3 and reduces it for the Ti-based
ones, two systems clearly stand out by their
strongly size and support-dependent behaviors.
On the one hand, contrary to the bulk phase,
the formation of ordered mixed VFeO3 MLs is
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Table 5: Mixing Energies E,,;, (eV/f.u.) of the Six Freestanding?® and Metal-Supported

Mixed HC MLs.

TiVO3; TiCrO3 TiFeO3 VCrOs; VFeOs; CrFeOs
Eiv +0.32  -0.16 -0.70 -0.14 -0.79 -0.16
E.iz(Ag) +0.12  +0.05 -0.23 -0.22 -0.60 -0.06
Eiz(Au)  +0.13  +0.01 -0.17 -0.39 -0.74 -0.08
E.i:(Pt) -0.09 +0.22 +0.23 -0.27 -0.67  +0.12
0.4 — = 6 Conclusion
0.21 1 87 We have used a DFT+U approach to study
0.0l Hﬂlﬂ o UI:FU | ss how the presence of a metal substrate (Me =
. g0 Ag, Au, Pt) modifies the structural, electronic
S 02 { {1 oo and magnetic characteristics of a series of pure
; oo MsO3 and mixed MM’O3 3d transition metal
o 04r 1 e oxide honeycomb monolayers (M, M’ = Ti, V,
u.lE 0.6 bulk === w3 Cr, Fe).
free os  We have identified general trends in the
0.8 Ag mmmm {1 s substrate-induced structural film polarization,
/;l; ; ws film-support electron transfer, and oxide-metal
-1.0 o7 interaction strength, and we have linked them
TiVO, TiCrO, TiFeO, VCrO; VFeO, CrFeO, o8 t0 the behavior of the offsets between the ox-

909
Figure 9: Mixing energies in the series of the six

mixed HC oxides. Results for bulk, frestand- |
ing, Ag-, Au- and Pt-supported cases are rep-
resented in gray, white, blue, red, and green
respectively.

912
’ 913
914

915

thermodynamically favored not only when free- o
standing, but also when deposited on a metallic 97
substrate. This opens a promising route for a 3
practical synthesis of this nano-compound. On °°
the other hand, in the perspective of tuning the 920
oxide mixing properties and engineering novel
oxide phases, our results show that mixed com- 922
pounds such as TiFeOs, which are stable in bulk 923
(ilmenite) and freestanding MLs, may be dra- %
matically destabilized by the strong interaction 9%
with the metal substrate. Such a strong depen- 9%
dence of mixing behavior on dimensionality and %7
substrate should impact catalytic activity orig- 928
inating from the so-called SMSI (Strong Metal 9
Support Interaction) in which, under reaction %0
conditions, metal particles are encapsulated by 9

an ultra-thin film of the supporting oxide. 932
933

934

16

ide band structure (point of zero charge) and
the substrate Fermi level. Accordingly, the
strongest interfacial effects are found in pure
and mixed oxides with the least electronega-
tive cations (Ti and V) deposited on metal sub-
strates with the largest work functions (Au,
Pt). In these cases of Mott-Hubbard oxides, the
well pronounced depletion of purely 3d Ti and
V states has been rationalized by an increase of
the cation oxidation state with respect to the
3+ reference.

We have also shown that the relative posi-
tions of the Fermi levels in the supported pure
oxides provide a good guide for understanding
the electronic redistributions in the mixed com-
pounds. However, if the ordering of Fermi lev-
els in the series of parent oxides is only little
affected by the metal substrate, the presence
of a support significantly modifies the charac-
ter of oxide states in the vicinity of the Fermi
level. As a consequence, aside the general trend
for an electron transfer from less (Ti and V) to
more (Cr and Fe) electronegative cations, valid
in both freestanding and supported monolay-
ers, the metal substrates enhance electron re-
distributions in V-based compounds and reduce
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976

them in the Ti-based ones. Indeed, the fact that o
Tiy O3 gives all its valence electrons to the metal ors
substrates limits any significant mixing-induced
electronic rearrangements to VCrOz/Me and °”
VFeOs/Me only. Depending on the Me sub- **
strate, the modifications consist of an electron
exchange between the two cations, or between
V and the metallic support. Due to the strong
modifications of their electronic structure when
deposited on metal substrates, these vanadium
mixed oxides are expected to display an en-
hanced reactivity, of possible interest in various
catalytic reactions.

These substrate-induced electronic effects
have direct consequences on the energetics of o7
cationic mixing. We have shown that, contrary
to its bulk phase, the formation of ordered
mixed VFeO3 monolayers is thermodynamically
favored and that it is not inhibited by the pres-
ence of a metal substrate. Conversely, metal ="
support dramatically destabilizes monolayers of *
TiFeOs, a mixed oxide which is stable in bulk *
(ilmenite). Thus, not only our results show
that metal substrates can indeed be used for *
engineering novel oxide phases by cationic mix- .,
ing, but they also provide well-founded general ,,,
guidelines on the link between support char- .,
acteristics, the oxide electronic structure, and
the preference for mixing or phase separation
in the supported oxide films.
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