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4 f Band Modulation by Spin-Orbit Coupling in Low-

Dimensional Rare Earth Catalysts†

Kabir S. Suraj,∗a J. Julio Gutiérrez Moreno,b and M. Hussein N. Assadi∗a,c

We report a �rst-principles study of Eu nano-sheets of varying thickness supported on a rutile TiO2

surface, focusing on the in�uence of spin-orbit coupling (SOC) and sheet thickness on the Eu 4 f
electronic structure and its catalytic implications. Using both collinear and non-collinear density

functional theory with on-site Coulomb corrections (DFT+U) and van der Waals dispersion, we

construct and relax interface models comprising single atoms, monolayers, bilayers, and quadruple

layers of Eu. Layer-resolved density of states (DOS) analysis reveals that SOC lifts the degeneracy

of the Eu 4 f states, broadening their spectrum and shifting the principal DOS peaks closer to the

Fermi-level. For example, in the single-atom Eu con�guration, SOC shifts the maximum 4 f DOS

peak from −0.759 eV to −0.063 eV while increasing the spectral width from 0.133 eV to 0.680
eV. A clear correlation emerges between the Eu O interfacial distance and the localisation of the

4 f states, with thicker Eu nano-sheets exhibiting sharper and more deeply bound electronic states.

These results suggest that ultra-thin Eu con�gurations with SOC-broadened 4 f states may enhance

electron transfer to adsorbed intermediates, making them promising candidates for catalytic processes

such as water splitting, hydrogen evolution, and hydrocarbon reforming.

1 Introduction

Lanthanide catalysts exhibit unique chemical characteristics that
enable highly selective and efficient transformations, establishing
these elements as pivotal materials in advanced catalytic applica-
tions1–3. The lanthanide metals exhibit strong Lewis acidity and
provide multiple accessible reaction pathways, rendering them
valuable in various selective processes, including hydrogenation,
hydrosilylation, hydroboration, enantioselective reactions4, and
dehydrogenation5. A notable feature of the lanthanide is their
strong oxophilicity, facilitating the formation of stable bonds with
oxygenated intermediates during water-splitting reactions6. Such
interactions allow for rapid water adsorption, molecular dissoci-
ation, and stabilisation of reactive intermediates—key steps for
achieving efficient oxygen and hydrogen evolution reactions7.

More specifically, given the quest for low-emission energy
sources, hydrogen stands out as a clean and versatile fuel, intensi-
fying the search for efficient production catalysts. Through nano-
engineering, lanthanide offer remarkable potential for hydrogen
production due to their tunable structural and electronic prop-
erties in reactions such as steam methane reforming and auto-

a RIKEN Center for Emergent Matter Science, 2-1 Hirosawa, Wako, 351-0198, Saitama,
Japan. E-mail: kabirsalihu.suraj@riken.jp
b Barcelona Supercomputing Center (BSC), 1-3 Plaça Eusebi Güell, 08034, Barcelona,
Spain.
c Chemistry Department, Faculty of Engineering and Natural Sciences, Istinye Univer-
sity, Sariyer, 34396, Istanbul, Türkiye. E-mail: h.assadi.2008@ieee.org

thermal reforming of hydrocarbons8,9. Furthermore, lanthanide
metals exhibit exceptional durability under extreme industrial
conditions such as high temperatures and pressures, ensuring
long-term catalyst performance with minimal maintenance10.
Their alloying capability further enhances catalytic activity; for
instance, NdTe hollow-shell nano-alloys, formed by combining Nd
and Te, show outstanding hydrogen production efficiency via al-
kaline water electrolysis11.

In practice, metal catalysts are formed by synthesising metal-
lic nano-particles on a nano-porous support. This support can
be either an oxide (silica, Titania, ceria, etc.)12, a carbon nano-
structure (graphene13 or C nano-tubes14 and nano-flakes15), or a
metal-organic framework16. However, the electronic interactions
between the metallic nano-particles and the supporting material
through orbital hybridisation are often overlooked17. This hy-
bridisation may be minimal for larger metallic nano-particles with
dimensions above ≈ 10 nm or of specific shapes, as only a small
percentage of the metallic atoms are in direct contact with the
support. However, hybridisation becomes significant for smaller
sizes and morphologies, such as nano-flakes, as a greater portion
of the metallic nano-alloy interacts with the support. As a result,
the observed catalytic performance may be equally influenced by
the orbital rearrangements in the metallic nano-particles caused
by electronic hybridisation with the supporting substrate.

Recent studies have demonstrated that low-dimensional rare-
earth catalysts, including single-atom18 and nano-sheet struc-
tures, can exhibit enhanced catalytic activity due to strong metal-
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support interactions and modified 4 f electronic states. Rare-earth
nano-materials supported on oxides have been explored for hy-
drogen evolution, oxygen evolution, hydrocarbon reforming, and
water splitting reactions, where charge transfer and orbital hy-
bridisation play critical roles in determining catalytic efficiency.
In particular, the localised nature of 4 f states and the strong spin-
orbit interaction inherent to heavy rare-earth elements provide
additional pathways for tuning adsorption strength and electron
transfer processes. Despite these developments, the influence of
spin-orbit coupling on the 4 f electronic structure of ultra-thin
rare-earth nano-sheets supported on oxide surfaces remains in-
sufficiently understood.

On a more fundamental note, the special theory of relativity
dictates that the electric field from the nucleus would appear as a
magnetic field in the electron’s reference frame. This interaction
links the electron’s orbital motion with its spin, a phenomenon
known as spin-orbit coupling (SOC). The strength of this cou-
pling increases with the fourth power of the atomic number
(Z4), making it particularly strong in heavy rare-earth elements
(Z > 56). Therefore, due to their larger atomic mass and radii,
rare-earth metals exhibit strong spin-orbit coupling, which signif-
icantly modifies their electronic structure and can greatly influ-
ence catalytic activity. This interaction is also known to cause de-
generacy in the f -states of RE elements19, therefore broadening
the spectrum. Such electronic modifications can have a profound
impact on catalytic hydrogen processes. Specifically, sharp and
deeply localised electronic states can hinder catalysis in two key
ways: they increase the energy required for electron transfer from
the catalyst to the anti-bonding orbital of the reactant—a critical
step in breaking larger hydrogen-containing molecules17,20. They
raise the likelihood that the density of states (DOS) peak falls out-
side the optimal energy window, thus stalling the reaction. As a
result, catalysts with broader and higher-energy DOS peaks are
generally preferred for efficient hydrogen-related catalysis21. In
this context, lanthanide, with their intrinsic spin-orbit coupling,
may offer a distinct advantage over catalysts that lack this fea-
ture. Recent advances in rare-earth-based electrocatalysts have
demonstrated that the unique partially occupied 4 f orbitals of RE
elements can strongly modulate catalytic activity through elec-
tronic redistribution, orbital hybridisation, and spin-dependent
interactions. In particular, RE-incorporated nano-materials and
oxide-supported catalysts have shown enhanced hydrogen evolu-
tion, oxygen evolution, and oxygen reduction performance due
to modified electronic structures and improved charge-transfer
characteristics. Recent studies have further highlighted the role
of SOC and 4 f orbital modulation in tuning adsorption energetics
and catalytic stability in low-dimensional catalytic systems. These
findings suggest that relativistic effects and 4 f electronic restruc-
turing may provide an additional pathway for engineering cat-
alytic activity in rare-earth nano-catalysts22.

Motivated by these insights, the present study investigates how
nano-scale morphology and relativistic spin-orbit coupling collec-
tively impact the electronic structure of and hence the Eu/TiO2
catalyst interfaces and their potential relevance to hydrogen-
related catalytic reactions, including water splitting and hydro-
carbon reforming. In particular, we examine how SOC-driven

modulation of the Eu 4 f states may facilitate electron transfer to
reactive intermediates through broadening and energetic shifting
of the electronic spectrum near the Fermi-level. Previous stud-
ies have shown that spin-dependent electronic modulation and
strong metal-support interactions are not unique to Eu-based sys-
tems, but also occur in other rare-earth catalysts including La- and
Gd-containing materials23,24 used in hydrogen evolution, oxy-
gen evolution, and electrocatalytic reactions. The magnitude of
spin-orbit effects is expected to vary across the rare-earth series
due to the approximate Z4 dependence of SOC strength, motivat-
ing broader future comparative studies across different rare-earth
nano-catalysts and supports.

2 Computational Settings

Both collinear and non-collinear density functional theory (DFT)
calculations were performed with VASP25, using PAW pseudo-
potentials26,27 with the following valence configurations: Ti
(3d34s1), O (2s22p4), and Eu (4 f 76s2, with [Kr]4d10 treated as
core). To enhance the description of systems with strongly cor-
related d states, an effective on-site Coulomb term U , within the
Dudarev formalism28, was applied to the 3d electron. The U
value was 4.5 eV, which has been proven to improve TiO2’s band
structure description29–31.

To further examine the role of on-site electronic correlations in
the Eu 4 f states, additional test calculations including a Hubbard
correction (U = 7.0 eV) on Eu were performed (Supporting In-
formation, Figures S1). The inclusion of UEu strongly shifts the
occupied 4 f states of the thinner Eu configurations to lower ener-
gies and significantly enhances their localisation. Such behaviour
is more characteristic of fully oxidised rare-earth compounds with
strong oxygen coordination. In contrast, the Eu nano-sheets con-
sidered here retain substantial metallic character, with Eu atoms
only partially coordinated by oxygen at the interface. Conse-
quently, applying a uniform Hubbard correction to all Eu atoms
tends to artificially overlocalise the 4 f electrons and suppress the
metallic and interfacial hybridisation effects central to the present
study. By comparison, the thicker Eu configurations, which dis-
play more bulk-like metallic behaviour, are considerably less sen-
sitive to UEu.

The van der Waals dispersion effects were accounted for using
the corrections formulated by Grimme and colleagues32. The en-
ergy and force thresholds were set to be 10−5 eV and 0.01 eV/Å.
A dense 13×13×1 k-point mesh generated using the Monkhorst-
Pack scheme33 was used for Brillouin zone sampling to optimize
the structure. Higher density meshes (17×17×17) with tetra-
hedron smearing were used for DOS calculations. The Lobster
code34 and the Bader Charge Analysis code35–38 were used to
analyse the orbital molecules and charges, respectively.

The models studied here comprised a [001] TiO2 surface with
six symmetric and stoichiometric atomic layers as a support.
Metallic Eu was then mounted on the top of this surface. To
ensure successful interface simulation pertaining to catalysis, an
ample vacuum slab of at least 20 Å was used in all simulations.
Four different arrangements (single atom, uni-layered, bi-layered,
quadruple layered Eu) of the Eu/TiO2, both with and without
spin-orbit coupling, were examined. The structures presented
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here, which were also the most symmetric, were found to be the
most stable. It should be mentioned that no symmetry constraints
were imposed during the geometry optimisation process to guar-
antee relaxation to the lowest energy geometry. Furthermore, all
atomic internal coordinates and the basal lattice vectors were al-
lowed to relax. Nonetheless, the optimised structures were still
symmetric under eight different operations except for the config-
uration with a single Eu atom, which exhibited symmetry under
only two operations. Eu’s lattice parameter is 4.578 Å, while for
Titania, a = b = 4.593 Å, resulting in a highly insignificant basal
lattice mismatch of 0.32 % when Eu and TiO2 were cleaved along
the [001] direction. Such a minor lattice mismatch allows the
construction of realistic models, as a negligible mismatch between
the catalyst and the support ensures ease of epitaxial interface
synthesis.

3 Results and Discussion

In the computational design of catalytic nano-metals and nano-
alloys with d electrons, the d-band theory is often utilised as a
guiding principle. The d-band theory correlates the energy of a
metal catalyst’s d-band centre of gravity with the adsorption, acti-
vation, and dissociation energies of the catalysed molecules39,40.
Accordingly, modifying the d-band density of states influences the
adsorption strength and catalytic activity of a metal surface. The
theory is based on interactions between electrons occupying d or-
bitals of the metal and those of the adsorbate40. In particular,
the d-band centre serves as a descriptor for d-band electrons; a
stronger interaction occurs if the d band centre shifts toward the
Fermi-level, and a weaker interaction occurs when it shifts away
deeper in the valence band41.

A factor in the d theory’s success is the strong interaction of
d electrons with the crystal field, which leads to the removal of
d orbital degeneracy, resulting in a relatively broad d-band that
is malleable to fine-tuning. However, unlike the d-band theory
developed for transition metals, there is no equivalent theoreti-
cal framework for 4 f electrons, as they are highly localised and
largely shielded from crystal field effects. Nonetheless, in rare
earth elements, due to larger mass, the spin-orbit becomes more
significant. The spin-orbit interaction removes the 4 f degeneracy
by coupling each 4 f electron’s spin to the orbital angular momen-
tum, broadening the 4 f band. Here, we examine the extent to
which the SOC broadens the 4 f and how it affects the bonding
of the rare earth catalyst, Eu in this case, to its substrate, TiO2
in this case. Here, four Eu/TiO2 interface configurations were in-
vestigated, each with and without spin-orbit coupling. The struc-
ture shown in Fig. 1A contains one Eu atom supported on a TiO2
substrate. The density of states of the Eu’s 4 f and topmost oxy-
gen’s 2p orbitals are shown in Fig. 1B and C for collinear and
non-collinear spin alignments, respectively. It can be observed
that the interface distance is not affected by spin-orbit coupling
as δ1 = 1.944 in both the collinear and non-collinear cases. Very
importantly, the position of the maximum peak denoted by PMax

shifts closer to the Fermi-level when spin-orbit coupling is in-
cluded. For instance, in the single Eu configuration, SOC shifts
PMax by approximately 0.70 eV toward the Fermi-level while in-
creasing ∆4 f by more than a factor of five, quantitatively demon-

strating significant SOC-induced broadening and delocalisation of
the Eu 4 f states. Additionally, the width of the spectrum, which is
represented by ∆4 f expands as a result of spin-orbit coupling. The
DOS is presented in arbitrary units because the different Eu/TiO2
configurations were calculated using simulation cells of different
sizes. In particular, the single-Eu configuration employed a larger
supercell to minimise artificial interactions between periodic im-
ages of the isolated Eu atom. Consequently, direct comparison of
absolute DOS intensities between configurations is not physically
meaningful. The analysis therefore focuses primarily on the ener-
getic position, broadening, and overall distribution of the Eu 4 f
states rather than on absolute DOS magnitude.

In Fig. 1D, the structure of a single layer of Eu supported on
a TiO2 is shown. Without spin-orbit coupling, δ1 is the same as
in the single atom case; however, when spin-orbit coupling is in-
cluded, the distance is slightly lowered. Turning to the density of
states (Fig. 1E and F), without spin-orbit coupling, the position of
the maximum peak is significantly shifted closer to the Fermi-level
and the spread is also increased compared to the single atom case.
Here too, PMax shifts closer to the Fermi-level and ∆4 f expands as
a result of spin-orbit coupling.

Fig. 2A, depicts the bilayer Eu which was supported on a TiO2.
For the collinear case, δ1 is less than in the previous cases. How-
ever, the spin-orbit coupling case shows an improved δ1 over the
collinear case. The distance between the layers, δ2 was very
slightly reduced when spin-orbit coupling was included. Turning
to the density of states, we observe that the topmost layers have
their PMax values shifted deeper into the valence band in both the
collinear (Fig. 2B) and non-collinear (Fig. 2C) cases. Addition-
ally, the ∆4 f values reduce in the topmost layers in both cases.
Interestingly, PMax shifts closer to the Fermi-level when spin-orbit
coupling is included, and ∆4 f expands as a result of spin-orbit
coupling, as in the previous cases.

In Fig. 2D, the structure of a quadruple layered Eu is shown.
Just like in the bilayer case, δ1 it is reduced as a result of more
Eu layers added on top of the oxide support, and the spin-orbit
coupling case shows an improved δ1 over the collinear case. The
distances between layers, δ2 and δ4 are generally similar while δ3

is larger and probably closer to a bulk-like structure. Turning to
the density of states in Fig. 2E and F, we observe that the PMax

values shift away from the Fermi-level the further we go away
from the oxide support in both collinear and non-collinear cases.
Except for the topmost layer, the ∆4 f values decrease with an in-
crease in layer accent in both collinear and non-collinear cases.
Interestingly, PMax shifts closer to the Fermi-level when spin-orbit
coupling is included, and ∆4 f expands as a result of spin-orbit
coupling, as in the previous cases.

Deeper and sharper electronic states can harm the catalytic
hydrogen process in two ways. First, more energy is required
to facilitate electron transfer from the catalyst to the catalysed
molecule’s anti-bonding state, a step critical for breaking larger
hydrogen-bearing molecules17,20. Moreover, there is a higher
chance that the entire DOS peak will fall outside the optimal en-
ergy range, thereby halting the catalytic reaction. These are the
reasons why metals with broader DOS and higher-energy peaks
are more desirable for catalysis21.
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Fig. 1 (A) Optimised structure of the single Eu atom supported on TiO2. (B) The 4 f partial density of states for Eu together with that of the

inter-facial oxygen 2p states without and with (C) spin-orbit coupling for the single atom Eu con�guration. Inter-facial oxygens are those atoms

directly coordinating Eu. PMax denotes the maximum 4 f DOS peak, while ∆4 f denotes its full width. (D) Optimised structure of the single Eu layer

supported on TiO2. (E) The 4 f partial density of states for the Eu layer together with that of the inter-facial oxygen's 2p states without and with

(F) spin-orbit coupling for the one-layered Eu con�guration. The corresponding PMax and ∆4 f values are indicated directly within each DOS panel for

quantitative comparison.

Figures S2–S5 show the Ti d-projected DOS of the TiO2 sub-
strate for the four Eu configurations: single Eu atom (Fig. S2),
one-layer Eu (Fig. S3), two-layer Eu (Fig. S4), and four-layer Eu
(Fig. S5), each presented without and with SOC. For all configu-
rations, the Ti d states remain predominantly located away from
the Fermi-level, indicating that the intrinsic semiconducting char-
acter of TiO2 is preserved upon Eu adsorption. Inclusion of SOC
leads to only minor reshaping and smoothing of the Ti d features,
with no substantial SOC-induced states appearing at the Fermi-
level. We also observe a weak Ti3+-like contribution near the
Fermi-level for low Eu coverage, indicating partial reduction of
inter-facial Ti driven by charge transfer from Eu. We also ob-
serve a weak Ti3+-like contribution near the Fermi-level for low
Eu coverage, indicating partial reduction of interfacial Ti driven
by charge transfer from the Eu overlayer. This interfacial charge
redistribution is closely connected to the Eu 4 f electronic struc-
ture, particularly the states located near the Fermi-level. Inclu-
sion of SOC broadens the Eu 4 f spectrum and shifts the princi-
pal DOS peaks (PMax) closer to the Fermi-level, thereby increas-
ing the lability of the 4 f electrons and facilitating charge trans-
fer to the TiO2 support. As the Eu thickness increases, the Ti d
weight near the Fermi-level progressively diminishes, reflecting
enhanced electronic screening within the Eu overlayer together
with the development of more localised and bulk-like 4 f states.

Consequently, the interfacial Ti gradually recovers a more Ti4+-
like electronic character in thicker Eu configurations.

As the Eu thickness increases, this Ti d weight progressively
diminishes, reflecting enhanced charge screening within the Eu
overlayer and a recovery of bulk-like Ti4+ electronic character in
the TiO2 support.

To probe the nature of Eu O bonding at the interface, we cal-
culated the electronic localisation function (η) and the charge
density (ρ) along the Eu O bond for the four configurations as
shown in Fig. S6-S8. Both ρ and η profiles reach their minimum
at the middle of the bond for all the configurations, indicating
an ionic interaction, especially since the Eu O bond is relatively
short (≤ 2.20 Å). For comparison, the Eu O bond in EuO, an ox-
ide with more of a covalent nature, is longer at 2.542 Å. For the
metallic nano-sheet, the distance between Eu layers varied be-
tween 3.481 Å and 3.890 Å, being more prominent than the bulk
Eu values of 2.289 Å.

In order to gain further insight into the bonding and anti-
bonding characteristics of the Eu electrons in the compounds
studied above, we calculated the crystal orbital Hamilton pop-
ulation (COHP) for the four configurations, which we present in
Fig. 3. For the single-atom Eu case (Fig. 3a), the interactions be-
tween the Eu atom and the topmost oxygen atoms arise predom-
inantly from anti-bonding states located very close to the Fermi-
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Fig. 2 (A) Optimised structure of the bilayer Eu supported on TiO2. (B) Layer-resolved 4 f partial density of states for the Eu layer together with

that of the inter-facial oxygen 2p states without and with (C) spin-orbit coupling for the two-layered Eu con�guration. (D) Optimised structure of

the four-layered Eu supported on TiO2. (E) Layer-resolved 4 f partial density of states for the Eu layer together with that of the inter-facial oxygen 2p
states without and with (F) spin-orbit coupling for the four-layered Eu con�guration.Corresponding PMax and ∆4 f values are indicated directly within

each DOS panel for quantitative comparison.

level, indicating a pronounced instability of the Eu O bond. In
the one-layered Eu configuration (Fig. 3b), the Eu O interactions
likewise result from anti-bonding states; however, these peaks
appear to be slightly weaker and are shifted further away from
the Fermi-level compared to the single-atom case. This shift ac-
counts for the broader ∆4 f and the centre of charge (PMax) ob-
served closer to the Fermi-level in the single-layered structure
versus the single atom in Figs. 1A-C and 1D-F. In the bilayer and

quadruple-layered Eu configurations (Figs. 3c and d), the Eu O
anti-bonding peaks are markedly more intense than the Eu Eu
interlayer anti-bonding interactions. Furthermore, in the bilayer
system, the anti-bonding peaks lie closer to the Fermi-level than
in the quadruple-layered case, indicating that the Eu O bond is
more unstable in the bilayer than in the quadruple-layered struc-
ture.

Finally, we evaluated the formation energies of the four

Journal Name, [year], [vol.],1�8 | 5

Page 5 of 9 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 5
:1

4:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NR00211K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00211k


−6.00

−4.00

−2.00

0.00

C
O

H
P

 Eu - O

(a) (b)

(c) (d)

−3.00

−2.00

−1.00

0.00

 1st Eu Layer - O

−3 −2 −1 0 1

−1.00

−0.50

0.00

 1st Eu Layer - O

C
O

H
P

E − EF (eV) E − EF (eV)

−0.01

0.00

0.01

 1st Eu Layer - 2nd Eu Layer 

−0.10

0.10

 3rd Eu Layer - 4th Eu Layer 

−0.06

0.06

 2nd Eu Layer - 3rd Eu Layer 

−0.15

0.15  1st Eu Layer - 2nd Eu Layer 

−3 −2 −1 0 1

−1.00

0.00
 1st Eu Layer - O

Fig. 3 COHP of the Eu O and Eu Eu layers for (a)single Eu atom (b) uni-layer Eu (c) bilayer Eu (d) quadruple Eu con�gurations

Eu/TiO2 configurations using

∆H = EDFT(Eu/TiO2)−EDFT(Eu)−EDFT(TiO2). (1)

Here, EDFT(Eu) = −10.7718 which is the total energy contri-
bution stemming from all Eu atoms and EDFT(TiO2) = −7.3087,
while the corresponding values of EDFT(Eu/TiO2) and ∆H for
each configuration are listed in Table 1. As anticipated, SOC does
not significantly affect the formation energies of any of the four
configurations. Notably, the results indicate that stability reduces
with increase in the number of Eu layers.

Table 1 The formation energies of the four Eu/TiO2 con�gurations (∆H).

Compound ∆H without SOC (eV) ∆H with SOC (eV)
Single Eu atom Eu/TiO2 −14.1242 −14.1302

One-layer Eu/TiO2 −4.2615 −4.2666
Two-layer Eu/TiO2 −2.2167 −1.9198
Four-layer Eu/TiO2 −1.2999 −1.2870

To provide a more direct connection between the SOC-induced
electronic structure modulation and catalytic behaviour, we addi-
tionally calculated the adsorption energy of CO on the monolayer
Eu/TiO2 configuration (structure shown in Figure S9) both with-
out and with SOC. The adsorption energy was evaluated using

Eads = EDFT(Eu/TiO2+CO)−EDFT(Eu/TiO2)−EDFT(CO). (2)

The calculated adsorption energies are −1.190 eV without SOC
and −1.401 eV with SOC, indicating favourable adsorption in both
cases. The stronger adsorption obtained with SOC is consistent
with the SOC-induced broadening and energetic shifting of the
Eu 4 f states toward the Fermi-level, which enhances electron la-
bility and strengthens the interaction between the catalyst sur-

face and the adsorbed molecule. These results therefore provide
direct evidence that SOC-driven electronic modulation influences
the interaction of the Eu nano-sheet with catalytically relevant
intermediates.

4 Conclusions

Our comprehensive DFT+U investigation demonstrates that, on
rutile TiO2 supports, Eu 4 f states undergo pronounced SOC-
induced splitting and broadening, with principal DOS peaks shift-
ing closer to the Fermi-level. Crucially, the more distal Eu lay-
ers develop sharper, deeper 4 f features that are detrimental to
efficient electron transfer in hydrogen-related catalysis. The de-
creased energy alignment and increased localisation of 4 f elec-
trons in thicker nano-sheets hinder redox reactivity, favouring
configurations with broader, higher-energy DOS peaks. Accord-
ingly, we recommend the synthesis of ultra-thin Eu catalysts—
ideally monolayer or sub-monolayer films—to maximise 4 f con-
tributions near the Fermi-level and optimise catalytic perfor-
mance for water splitting and hydrocarbon reforming. These
findings, highlighting the potential role of spin-orbit coupling in
catalysis, align with the historical and emerging consensus in this
area. The early understanding of spin’s role in catalysis emerged
in the 1930s, when paramagnetic molecules, such as O2 and NO,
were observed to induce the interconversion of ortho and para-
hydrogen in the gas phase. In contrast, diamagnetic molecules
had no such effect42. This led to the development of the concept
of spin-catalysis, which encompasses phenomena where chem-
ical reactions are promoted by substances that help overcome
spin-prohibition or lower activation barriers through spin uncou-
pling induced by paramagnetic catalysts43. The initial theoretical
framework proposed by Eyring suggested that paramagnetic cat-
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alysts could induce singlet-triplet transitions through inhomoge-
neous magnetic fields; however, this mechanism was later found
to be insufficient to explain the observed effects44. Early re-
search also recognised the importance of spin-orbit coupling in
transition metal complexes, particularly in biological systems like
haemoproteins, where slight modifications of axial ligands could
induce spin crossover effects crucial for enzymatic activity43. Al-
though the present study focuses primarily on the electronic and
catalytic implications of SOC-driven 4 f modulation, the dynami-
cal and long-term thermal stability of ultra-thin Eu configurations
remain important considerations for practical applications. The
small lattice mismatch between Eu and TiO2, together with the in-
terfacial Eu O interaction, suggests favourable epitaxial stabilisa-
tion of the supported nano-sheets. Nevertheless, explicit phonon
calculations and finite-temperature investigations of sintering be-
haviour would provide further insight into the dynamical feasibil-
ity and operational stability of these low-dimensional rare-earth
catalysts, and therefore constitute an important direction for fu-
ture work.

More recent understanding has evolved significantly, recognis-
ing that spin phenomena are fundamental to catalytic processes,
particularly in energy-relevant reactions such as oxygen reduction
and evolution45,46. Three key types of spin dependence in catal-
ysis have been identified: quantum spin exchange interactions
(QSEI); direct spin-spin interactions (DSSI); and strong spin-orbit
couplings, particularly in chiral structures47. These spin inter-
actions are now known to be entangled; when DSSI or spin-
orbit coupling potentials stabilise a magnetic structure, repulsions
among spin-oriented electrons decrease due to internal QSEI.
This new understanding has particularly impacted the develop-
ment of electrocatalysts for green hydrogen production, where
spin-magnetic potentials enhance performance by 10 ∼ 50%48.
Here, we demonstrate that spin-orbit interaction can enhance
catalyst performance by modulating electron lability and metal-
support binding. By broadening the electron lability window and
altering the catalyst’s electronic structure, the predicted spin-orbit
effect is speculated to have a greater influence than either DSSI
or QSEI.
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