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S1. Binding of other metals on h-BN.

Some studies have been performed on the binding of different metal atoms, mostly transition 
metals on h-BN. The binding energies of these adatoms is given in Table S1.1

Table S1.1. Binding energies of different metals on h-BN. The reported binding energies 
of few metal atoms on h-BN[1]. More negative values indicate stronger binding.

Metal adatom Binding energy (eV) 
[1][2]

Cu -0.14 

Ag 0.08

Au -0.03

Pt -1.51

Rh -1.03

Pd -0.94

Fe -0.52

Co -0.50
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Ir -1.23

S2. Validation against existing work.

For additional validation, the binding of rare earth element Eu on graphene was computed 
and compared with previous results[3]. Valence configuration for Eu was taken as 5p6 6s2. 
The binding energies of Eu and Yb on graphene was found to be -0.85 eV and -0.27 eV 
which is close to reported value of -0.90 eV and -0.32 eV. The slight discrepancy may be due 
to the difference in the exact nature of pseudopotentials used.

S3. Selection of Hubbard parameter, U.

The effect of U level on the nature of interaction between the adatom and the planar substrate 
can be found from the partial density of states of the constituent atoms as shown in Fig. S3.1. 
Plain GGA (with U=0 eV) calculations are known to underestimate the band gap. This is 
more pronounced for species consisting of highly localized f-electrons like transition metals 
including lanthanides. Thus, for heavy elements like cerium with highly correlated f 
electrons, the strong self-interaction terms due to localized d and f electrons are not 
sufficiently cancelled while applying plain LDA or GGA [4]. To assess the localized nature 
of these f-electrons, values of the Hubbard parameter, U on the Ce f-electrons are increased 
through 2, 3 and 5 eV. Without any Hubbard correction, the strongly correlated Ce f-
electrons are severely delocalized and indicate spuriously narrower band gaps. Table S3.2 
shows the varying band gaps as U levels are increased. As U is increased, new states 
corresponding to cerium f-orbitals start appearing. Consequently, a band gap of 0.8 eV is 
observed for Ce adsorbed on h-BN with U correction of 5 eV as compared to 0.22 eV without 
Hubbard. Indeed, the appropriate value of U is arrived at by empirical comparison with any 
particular observable like lattice parameter or formation energy or band gap or bulk modulus 
etc. [2], [5]. Thus, the choice of U is widely debated and is dictated mainly by the measured 
property. Without delving into an in-depth study, in accordance with other extensive studies 
on appropriate U values of Cerium based compounds [6], [7] we henceforth adopt a U = 5 eV 
and J = 0 eV throughout for all calculations.



3

Fig. S3.1. Partial density of states at different levels of U. This figure shows the partial 
density of states contribution of Ce d and f electrons as the Hubbard correction parameter, U 
is increased through 0, 2, 3 and 5 eV.

Table S3.2: Band gaps of Ce adsorbed h-BN at different U levels. The band gaps observed 
for Ce adsorbed h-BN as a function of U parameter.

U (eV) Band Gap (eV)

0 0.18

2 0.35

3 0.79

5 0.79
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S4. Ce on h-BN optimum structure (HC).

The optimum coordinates for cerium adsorbed on h-BN is provided in the VASP input file 
format (POSCAR):

h-BN 4x4 with Ce at HC
1.0
+8.7264000000  -5.0378800000  +0.0000000000
+8.7264000000  5.0378800000  +0.0000000000
+0.0000000000  +0.0000000000 +20.0000000000
B N Ce
16 16 1
Cartesian
+1.4543599988  +0.0000000000  +5.0221725871
+3.6360206300  +1.2595078582  +5.0221665136
+5.8151941528  +2.5236277153  +4.9824915824
+7.9963500672  +3.7828461417  +4.9824998022
+3.6360206300  -1.2595078582  +5.0221665136
+5.8101712087  +0.0000000000  +5.0250396154
+7.9875211235  +1.2797009346  +4.9882971209
+10.1845114026  +2.5253781472  +5.0250394957
+5.8151941528  -2.5236277153  +4.9824915824
+7.9875211235  -1.2797009346  +4.9882971209
+10.2041691033  +0.0000000000  +4.9882747873
+12.3676819248  +1.2592199281  +4.9824854709
+7.9963500672  -3.7828461417  +4.9824998022
+10.1845114026  -2.5253781472  +5.0250394957
+12.3676819248  -1.2592199281  +4.9824854709
+14.5440073343  +0.0000000000  +4.9771027324
+2.9087824075  +0.0000000000  +5.0348474143
+5.0900423580  +1.2603751802  +5.0130090630
+7.2633783397  +2.5338276542  +4.9596159166
+9.4529732527  +3.7791498883  +5.0130250295
+5.0900423580  -1.2603751802  +5.0130090630
+7.2719275866  +0.0000000000  +4.9890699556
+9.4536083912  +1.2595062463  +4.9890099207
+11.6361439201  +2.5187781005  +5.0130223048
+7.2633783397  -2.5338276542  +4.9596159166
+9.4536083912  -1.2595062463  +4.9890099207
+11.6523947347  +0.0000000000  +4.9596062818
+13.8173693820  +1.2584510409  +4.9804333057
+9.4529732527  -3.7791498883  +5.0130250295
+11.6361439201  -2.5187781005  +5.0130223048
+13.8173693820  -1.2584510409  +4.9804333057
+15.9972083973  +0.0000000000  +4.9804473453
+8.7265893331  +0.0000000000  +7.3212482287
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Fig. S4.1. Planar warping of h-BN. Color-mapped image of the z-axis displacement of the h-
BN substrate. Blue (dark) and green (light) circles denote boron and nitrogen atoms 
respectively. The arrow depicts the site of adsorption of Ce adatom.

Fig. S4.2. Atomic displacement and bond stretching. Visual representation of xy-plane 
projected atomic displacement and bond elongation/shrinkages after Ce adsorption on h-BN. 
The thick black arrows are the displacement vectors scaled by a factor of 40. The dotted 
circles are a visual guide to mark the first, second and third shell of atoms closest to the HC 
site.
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S5. Effect of Ce adsorption on charge distribution and interatomic 
distances.

Adsorption of Ce at the HC site brings about both structural and electronic changes in h-BN 
which are summarized in Figs. S5.1-5.3.

Fig S5.1. Bader charge analysis of Ce adsorbed on h-BN. Distribution of all atoms of Ce 
decorated h-BN according to electronic charge lost/gained. The red star symbols mark the 
excess charge on all B and N atoms in pristine h-BN without metal decoration.

Fig S5.2. Displacement of atoms from HC. xy-plane projected displacement of atoms from 
the central HC site.
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Fig S5.3. Displacement of atoms from h-BN plane. The z-axis displacement of B, N atoms 
from the pristine h-BN basal plane after Ce adsorption.

A quantitative representation of the charge transfers as calculated by the Bader charge analysis 
is shown in Fig. S5.1. Overall, all B atoms continue losing charge to nearby N atoms. The sole 
Ce atom gives up about 0.58 electrons to the h-BN substrate. This excess charge is mostly taken 
up by the adjacent B and N atoms in the first neighboring shell (atoms labelled B1-3, N1-3 in 
Fig. S5.1). Compared to the charge uptake of B and N atoms in pristine h-BN (red star symbols 
in Fig. S5.1), charge transfer from Ce causes N atoms to become more negative and B atoms 
less positive. Adsorption of Ce over h-BN causes a few interesting structural changes in the 
substrate as well. Figures S5.2 and S5.3 depict the xy-plane projected and z-axis displacement 
of all B and N atoms.

Overall, the Ce adatom has excess positive charge and so do the nearest B atoms in first shell 
(B1-3 in Fig. S5.1). Contrarily, the nearest N atoms in the first shell (N1-3 in Fig. S5.1) have 
excess negative charge. Since Ce settles at the HC site, one expects the strain due to its addition 
to be uniformly distributed radially. However, the first shell N atoms do not shift as much as 
the first shell B atoms (N1-3 and B1-3 in Fig. S5.2). Therefore, one can rationally conclude, 
that the strain has two different origins: mechanical and electrostatic. Both mechanical strain 
and electronic repulsion between positively charged Ce and the adjacent B atoms add up and 
cause the first shell B atoms to be pushed out notably in xy-plane and slightly downwards (B1-3 
in Fig S5.2 and S5.3). However, electronic attraction between oppositely charged Ce and N 
overcomes some of the structural strain and as a result, the nearest N atoms are only pushed 
downwards slightly (N1-3 in Fig. S5.3) with much less noticeable displacement in the xy-plane 
(N1-3 in Fig. S5.2). As a result of first shell B atoms’ large displacement in xy-plane, the 
second shell N atoms witness a large push outwards (N4-6 in Fig. S5.2) as well as downwards 
(N4-6 in Fig. S5.3). The second shell B atoms (B4-6 in Fig. S5.3) attached to the first shell N 
atoms are pushed upwards. Thus, there is some warping of the h-BN substrate due to adsorption 
of a heavy element like Ce. Expectedly, B-N bonds closest to the HC site are elongated by 
~0.8% (Fig. S4.2).
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S6. Charge density difference on hydrogen adsorption.

Charge density difference isosurfaces are drawn for n hydrogen adsorbed Ce decorated h-BN. 

Fig S6.1. Charge density difference after hydrogen adsorption. Charge density difference 
distributions for n= 1-8 hydrogen molecules (a-h) adsorbed on Ce/h-BN. The isosurface level 
is set at 0.0045 electrons/Bohr3. The red and cyan regions denote regions of charge 
accumulation and depletion respectively
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