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Abstract

The nanoporous oxide 12Ca0O¢7Al,Os (C12A7) offers t ssibility of capturing large
concentrations of environmentally damaging extra raaew rkispecies in its nanopores.
Using density functional theory with a dispersion. co Cti§1 (DFT+D), we predict the
structures and energetics of some heavy meta (Q_Nﬂu, Zn, Cd, Hg and Pb) trapped by
the stoichiometric and electride form of C12A7. tHe-stoichiometric form, while Zn, Cd,
Hg and Pb are encapsulated weakly, Cr,“Ni a%e

ig\n.i.ﬁQt enhancement in the encapsulation of Cr,

Ni, Cu and Pb. Successive encapsu L’o§no
gétidallyfavourable.

xhibit strong encapsulation energies.

The electride form of C12A7 shows
ultiple Cr, Ni, Cu and Pb as single species in

adjacent cages of C12A7 is also gner

Q

N
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Publishing 1. Introduction

Substantial volumes of toxic heavy metals such as Cd, Pb, Cu, Zn and Cr are produced as a
by-product of rapid industrial activity including electroplating, smelting, mining operations
and battery manufacturing'-’. As heavy metals cannot be degraded or destroyed, there is
potential damage to the environment and humans when acceptable levels are exceeded. This
is because heavy metals damage human physiology directly or igdimectly. For example,
increased levels of nickel can cause kidney and lung disease?; le d?jx?g%\entral nervous

system, the kidney, liver and reproductive system?; cadmium has been identified by the US

Environmental agency as a probable human carcinogen!©. sequently, there is a necessity
to reduce the level of toxic heavy metals in the environmen —~

-~
Many technologies such as ion-exchange, solvent eXtraction, ¢eagulation and adsorption

has been devoted to remove

have been used to remove heavy metals!'-1%. Sigcﬁ;an

heavy metals from polluted water by adsorpt as"‘} is an efficient and economical

oxides and zeolites have been studied 20 Porous materials are promising

method!6. A variety of sorbents such as activated €arbon, carbon nanotubes, synthetic
N

candidates as they exhibit a high capa “tedngorporate heavy metals?'-2*,

The nanoporous complex inorganid oxide 129Ca0*7A1,05 (C12A7) is a candidate material to

incorporate large concentrationfof heayf meétals as it provides 12 subnanometer cages per
unit cell25-27, In addition, it exhibit

ich chemical and thermal stability?”. Its constituent

metal oxides (Al.Os and Ca \ah'q\highly abundant and non-toxic. The framework of
C12A7 is represented using the chémical formula [CagsAlosOss ', that is, every cage bears
a charge of +§. The itive’ charge of the framework is compensated by negative ions

occupying sozp ofitlie ca;res Ce.g. two O?” jons in stoichiometric C12A7 (C12A7:027)2526

four OH™ iofts myfully
C12A7 ( 1@7:6’)]3 %1 The extraframework O2 1ons 1n stoichiometric C12A7 are

ydrated C12A72%29, and four electrons in the electride form of

relati ely)oo bound to the framework and can be either removed or replaced with

:h aﬂ-lﬁgf) Au %2 and O,.2-338

In the pﬂfsent study, we use density functional theory (DFT) together with dispersion

“corrections (DFT+D) to investigate the thermodynamical stability of encapsulating
ase&\s heavy metals (Cr, Ni, Cu, Zn, Cd, Hg and Pb) that are present in the form of

S gaseous atoms in air as air pollutants within both the stoichiometric and electride forms of

C12A7. DFT calculations, in addition to structural information, predict electronic structure
and property values.

2. Computational Methods
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Publishing All calculations were carried out using the spin-polarized mode of DFT as implemented in

the VASP?+35 package. The exchange-correlation term was modelled using the generalized
gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE)?.
The C12A7 lattice is cubic with the lattice constant of 11.99 A. Stoichiometric and electride
forms of" supercell contained 118 and 116 atoms respectively. In all cases, we have used a

plane-wave basis set with a cut-oft value of 500 eV and a 2x2x2 horst-Pack?"k-point
e@Sted 1

mesh, which yields 8 k-points. Further increase in the k-points a total energy

difference of only 0.6 meV per atom. The density of plots (DOSs) were plotted using a

alijns ere ‘performed using a
ére“ebtained via the Hellman-

4x4x4 Monkhorst-Pack k-point mesh. Structural optimi

conjugate gradient algorithm?® and the forces on the atom

—~
Feynmann theorem, including Pulay corrections. In all optirglz structures, forces on the

atoms were smaller than 0.001 eV/A and all the Cies theatomic stress tensor were less

than 0.002 GPa. We define the normalised encap latidh)energy per atom to encapsulate n
number of heavy metal atoms inside empty cagesof the electride form of C12A7 through
the following equation:

Epne = [EMHM-C12A7:¢7) — E(CmAv‘\g\\r#{M)j /n (1)
where E (C12A7:e7) is the total enérgy for'gulk C12A7:e-, E (nHM-C12A7:¢") is the total
energy of n number of heavy etal%mhtcupying the cages, E(HM) is the total energy
of an isolated heavy metal atom eference state) and n is the number of heavy metal
atoms considered in the proce

The inclusion of va da%Naals (vdW) interactions is particularly important for the

incorporation of poldrizable heavy metal atoms. Here, semi-empirical dispersion

correction has be€n in¢ludedsas implemented by Grimme et al3° [DFT-D3 (zero)] in VASP.

‘aéulations depend on whether are carried out at isobaric (P=const)

Since the results of t
or at isoc riv(V: nst) conditions**- for example, the energy depends on pressure, e.g.,

see refere 41- we clarify that all calculations have been performed here at isobaric

condftigns/thus 11e further thermodynamical corrections are needed.

3{ Resul
3. 1. tru;ural modelling of C12A7:0°" and C12A7:e".

CIQ.§7 exhibits a cubic crystallographic structure with space group 143d and lattice

\ constant of 11.99 A26. The unit cell is composed of two 12Ca0*7A1:05 molecules (118

T,
atoms) with twelve cages. Each empty cage has an inner free space of approximately 4 A
radius and contains 16 O ions, 8 Al ions and 6 Ca ions. The chemical composition of the unit

cell can be expressed as [CagsAlesOss|*T¢(0?7)e, where [CaosAlesOss|*™ is a positively
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Publishing charged framework (see Figure 1a) with two extra-framework oxide ions occupying two of

the cages (see Figure 1b). The electride form of C12A7 [CagsAlesOes]*+e(e7)s ] replaces the

two extra-framework oxygen ions by four electrons; the four electrons are localized in
. . . 1
twelve equivalent cages with the average occupation number of 3 electrons per cage.

The starting point of the present study was to reproduce the ex?mental structure of
C12A7:0% to enable an assessment of the quality and efficacy of the pseudopotentials and
basis set used in this study. The calculated equilibrium latti @ameters (a=12.04 A,

b=c=12.01 A, a=90.02°, B=89.95° and y=89.93°) are in “excellent agreement with

=B= y=90:0°)26. In the relaxed
89 y=500°)

g

experimental lattice parameters (a=b=c=11.99 A and
structure of stoichiometric C12A7, the extra-frameyork O“~jon occupies an “off-centre”

site. This is due to the strong perturbation between extbl—framework O?” ion and the

cage wall (see Figure 1b). This perturbation int ducesj small distortion in the calculated
lattice parameters. In the real material the extra-framework O?" are disordered across the

material leading to an average cubic sy M e simulation an ordering is imposed.
Nevertheless, the distortion from cu x try is so small that this is an acceptable

—

%ﬁ? m lattice parameters for C12AT:e” were

approximation. The calculated

a=b=c=12.06 A and a=B=y=

‘C12A%:0 and C12A7:e"

iaﬂ.y%escri e the electronic structures of the stoichiometric and

his, the lattice volume of C12A7: e is only slightly

greater than that of C12A7:

3.2. Electronic properties o

In this section, we

electride forms of 4. The calculated DOS for C12A7:0% is shown in Figure 2a and is

consistent with A#:02 bBeing an insulator. The top of the valence band, formed by the

oxide ions, is at approximately 1.3 eV, agreeing well with the

2p states of/ 16WO
previous ea;t;c}(udy‘m. The two peaks at 2.8 eV correspond to the 2p states of extra-

framework oxide ions. The lower energy peak corresponds to the 2p states interacting with

td the bo g direction (i.e. non-bonded). The partial distribution of the charge density

lated’ with two extra-framework oxide ions localised within the cages is shown in
e 2b shows the calculated DOS for C12A7:e". The localised extra-framework electrons
-

within the cages results in the system being metallic. The partial distribution of the charge

density associated with the extra-framework localised electrons is shown in Figure 2d. The
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: 1
surfaces (with an average of ~electrons per cage).

3.3. Encapsulation of single heavy metal atoms in a cage of C12A7:0*"

A single metal atom was incorporated into one of the ten empty cages in stoichiometic

C12A7 to investigate the stability of heavy metals inside C12A7:OQ_€416 relaxed structures
n

of the cage containing different metals atom are shown in Figure capsulation energies

on metal atoms, are

ch as the Hirshfeld

calculated using a single atom reference state, and the Bader ¢har
reported in Table 1. There are different charge analysis methgds
charge analysis*® available. In many cases, sum of th ca:lbllate artial atomic Bader

~—
charges of molecules are not equal to the total chargé-ef thegnolecule. At any rate, some

methods work better than others. Nevertheless, th articylar analysis throughout the

system would provide the right trend. The degr ¢ of interdction between the heavy metals

and cage wall ions are dipicted in Table 2 in tefms o bfil. distances.

Zn, Cd and Hg occupy the centre of the caé!b.Qnslh weak bonds with cage wall Ca?* ions
1S

. Fhis is reflected in the very low negative

7

and no significant bonds with Al** or,O?
encapsulation energies (mainly due to the van“der Waals interaction) and small Bader

charge (refer to Table 1). As the j??c&e ctronic configuration (d'°s?) of these three

metals is complete and stable,%}i er to maintain their unaltered valence electronic
configurations. The slight%v urable encapsulation energy for Zn is due to its

smaller size compared to Cd an . Encapsulation of these three metals distorts the Ca-Ca

cross cage distance ( o% A) as defined in Figure 3. The smaller distortion for Zn (see
Table 2) is due tofts S}na ze.

Pb exhibits a g@ak CapS}ﬂation energy commensurate with its smaller Bader charge. This
e

Wa tion between Pb and O in the cage wall (see Figure 3). The larger
size of Py ‘@i ces the larger distortion in the Ca-Ca cage pole.
ro

is due to the
Nickel is ? trapped exhibiting an encapsulation energy of —1.70 eV. This is because
ofsthe streng ,'tflteraction of Ni with O and Ca ions (refer to bond distances in Table 2) as
e ’dence(ﬁ by the slightly off-centred position of Ni in the relaxed structure. The reactivity
“of N1 wi

veryimall Bader charge on Ni (+0.02) is due to the balance of its interaction with cations

the cage wall is due to its open-shell valence electronic configuration (&*s?). The

\ an anions.

The negative encapsulation energy for Cr (—1.53 eV) reveals that it is more stable inside the
cage than as an isolated atom. As with Ni there is a slight displacement of Cr towards the

cage wall with Cr-O bond formation as evidenced by the Bader charge on Cr (+0.24).
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Publishing The encapsulation energy for copper is also negative (—1.20 eV), again reflecting the greater

bonding aftforded by the incomplete valence electronic configuration of Cu (d“s’). The
energy is, however, not quite as favourable as for Ni and Cr and this is reflected in the
almost zero Bader charge. Nevertheless strong Cu-O interactions give rise to the short
bond distances reported in Table 2.

Next we considered up to 3 metal atoms (Cr, Ni and Cu) occupyingg arate adjacent cages
(i.e. two of the ten initially empty cages contain a single metal toﬁ)a%en three of the
ten cages contain a metal atom). Figure 4 depicts relaxed adjacent,cages each containing

single metal atoms.

Calculations reveal that the encapsulation energies of theésgécondwatom (M:MC12A7:0%")

and the third atom (M:2MC12A7:0%") are negative :ﬁ cages (see Table 38). The second

and third atom incorporation energies for Cr ar¢fless negative than the first incorporation
(et

more favourably than the first. This is in pa‘td{ th‘é"'charge distribution among multiple

energy (refer to Table 3). Conversely, the segon ird Ni and Cu atoms incorporate

atoms encapsulated.

The net charge of C12A7:0% crystal Strictuse is zero as it is the stoichiometric form of
C12A7. The Bader charges on thé\Nwand atoms in C12A7:0?7are almost zero. This

indicates that both Ni and Cu afoms p er?) be neutral. The encapsulation energies for the
second Ni and Cu atoms ar —2& —2.70 eV respectively and these values are highly
negative compared to the respegtive first encapsulation energy values. According to the
Bader charge analysisfit 1s elear that net charge on two Ni or two Cu atoms is almost zero
and atoms becomefpolarised (Cu: +0.51, —0.57 Ni: +0.26, —0.26) with equal opposite charge
distribution. ?@éﬁ%polarisation in Cu is greater than in Ni. This polarisation makes

e'stable. Thus, the second atom encapsulation is more favoured compared to

the lattice mér
its first e Cél@lation iving more negative encapsulation energy. There is a decrease in the

“Fhusithe €ncapsulation energy of third atom is lower than the second encapsulation energy.

In tl& case of Cr, the situation is different due to its charges on Cr atoms being different

\ than those on Cu or Ni in the encapsulated structures. The encapsulation energy for the

.
first Cr is —1.53 eV and Cr forms a +0.27 charge. Once the second Cr is encapsulated, the

net charge on two Cr atoms is expected to be +0.54. This is achieved by one Cr atom

forming +0.81 and the other one forming —0.26. This unequal distribution of charges makes
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Publishing the system less stable. Therefore, the second encapsulation energy is lower than compared

to its first encapsulation energy. The third encapsulation energy of Cr then becomes more
negative compared to the second encapsulation energy. This is due to the three Cr atoms
almost hold the same amount of positive charges as a single Cr atom does in the case of first

encapsulation.

3.4. Encapsulation of single metal atoms in C12A7:e” /
The relaxed configurations of single heavy metal atoms occupyj g})% C12A7:e” are

shown in Figure 5. All the atoms occupy positions close to t% of the cage (between
chaxge

two Ca ions in the cage wall). Encapsulation energies and Ba s on metal atoms are

1ed“eage with the unoccupied

reported in Table 4. To compare the deformation of the oc
-

cage, Ca-Ca distances (as defined in Figure 5) for relaxed strustu s are reported in Table 5;
the distance in the unoccupied cage is 5.70 A. -

The electride form of C12A7 encapsulates all tal‘)toms more favourably than the
stoichiometric form. Significant enhancement in eﬁﬁgy is predicted for Cr, Ni, Cu and
Pb. Notably, in all cases there is no signifigantiinteraction between cage wall ions (Al** or

0%7) except the two Ca?* ions at the cage peles, This is due to the electron transfer which

enables the metals to occupy the nt%o e cage and to from an attractive interaction
-

with those two Ca®* ions.
Zn, Cd and Hg exhibit the Qulation energies in C12A7:e” due to their complete

valence electronic configuration:

—0.20 |e|) (see Tab ~“Lhis is further supported by the longer Ca-Ca distances as
reported in Table %sequence all three atoms exhibit only a weak electrostatic
a3
icula

are only able to accommodate a very small change (<

attraction w?a e 912 ions.

Ni exhibits p?l\ high encapsulation energy (see Table 4). This is reflected in the
shortest a—ta and Ni-Ca distances (see Table 5) but also the largest (negative) Bader

chargef The ®harge on Ni is commensurate with part filling its open d-shell, which is short

e secoi ost negative encapsulation energy is predicted for Cu (see Table 4). Again
~eharge can be accommodated in the partly occupied valance orbitals, Cu (d'%s!) to form the

stabl‘g Cu™ (d'°s?) ion. This is reflected in the Bader charge analysis; approximately —0.60

S le] is gained by the Cu.
e

There is also a strong driving energy for Pb encapsulation, again mediated by the
accommodation of charge from the C12A7:e™ host lattice. The Bader charge analysis shows

that 1.80 electrons are transferred to Pb. Since the valence electronic configuration of Pb is
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open shell configuration, further electron transfer is not observed, presumably because of

electron repulsion.

Encapsulation energy of Cr is —1.94 eV. The amount of charge transferred to Cr is only

—0.33 |e|. This is due to the stable valence electronic conﬁguratiju of Cr (das'). Bader
t

charge analysis on Cr indicates that in C12A7:e”, Cr retains almo ch electronic
configuration. Thus, there is no significant increase in the char a@encap lation energy
tha

compared to the values calculated in C12A7:02". Also, we no 1e electron affinity of

Cr (0.666) is lower than that of Ni (1.156) and Cu (1.22 443){)})0 ing further to this he
—~—

present observation.
-

Successive encapsulation was considered for up to 5%atomsof Cr, Ni, Cu and Pb inside

-

separate unoccupied cages of C12A7:e™. In the cage ofgj our atoms can be accommodated

with almost no change in favourable encapsula energy. This reflects the four conduction

electrons available in the repeat unit latt'ce_w? er analysis shows that each Cu gains
i th

similar charge up to four successive atems. alence electronic configuration of Cu is

d'°s', this reflects that each Cu atem is egmpleting its valence shell to form stable d'°s
configuration. While the fifth coppe Mso attracts only slightly less charge, there is a
significant reduction in the ena& ation energy. This is because there are no more free
electrons left. However, th atoms share equally almost the same total amount of
Bader charge that is gained by four Cu atoms. As a consequence, with the 4 Cu atom, there
is a significant Fermi e\)f-ehjft to the top of the valence band for the encapsulation of four
Cu atoms and thefsystem*hecomes insulating (see Figure 6a). This is further illustrated in
Figure 6b, whith shQws yow the charge density localisation within the unit cell changes

with the addition'f 1, 2, 3 and 4 Cu atoms. In 4CuC12A7:e” almost all electrons have been

trapped bysthe# Cu atoms.
Cr mta}'ns almost the same favourable encapsulation energy for successive atoms up to 4

el ab 6)/The Bader charge analysis shows that each atom attracts a similar charge.

ere is §reduction in the encapsulation energy for the fifth Cr atom and the Bader charge
uced by —0.10|e| on each Cr atom (i.e. the total charge hardly changes but it is

is ali)
ow distributed on 5 rather than 4 Cr atoms).

S Kar Ni, the encapsulation energy and the Bader charge for the second atom are almost the

same as calculated for the first (see Table 6), however, the energy decreases with further
encapsulation. This is accompanied by successively lower charge transfer to individual Ni

atoms. Bader analysis shows that almost the same total amount of charge, ~2 |e|, is gained
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For Pb, there is a reduction in the encapsulation energy for the second incorporation and
then for further additions. This is accompanied by a reduction in the charge on each Pb

atom. In fact, the sum of the Bader charges on Pb atoms remains roughly constant at —1.5

electrons (see Table 6)
We predict that the encapsulation process should take place via thA‘faﬁof the C12A7.
Vv 0

This will also involve kinetic barrier of encapsulation. The comple e structure of

C12A7 lattice and the lack of experimental data available on'the surface structure,
constitutes the modelling of surface structures very diftic X\stomhiometric and the
electride form of C12A7. One of the barriers to model m C‘?-Q.A7 surfaces is that this
complex structure has no obvious cleavage planes. The dlsta ces between atomic planes in
C12A7 are much smaller and do not exceed appr Simately 0.6A for any combination of the

Miller indices. In future work, we will make re 5[9 model structures for surfaces of

both stoichiometric and electride forms of C‘{ -
4. Conclusion \
DEFT+D simulations have been e ployg\mtﬁdy the capacity of C12A7 to encapsulate

key environmentally toxic heavy m %B@h the stoichiometric C12A7:0%” and C12A7:e”

forms were studied. While Zn,

Ni and Cu exhibit strong Wi

considered so that multiple cageSwwvithin a unit cell are occupied by single atom species.

While successive e %n is energetically favourable, the encapsulation energy of
se

d Pb show weak encapsulation in C12A7:027, Cr,

. Successive encapsulation of Cr, Ni and Cu was

successive atoms ecrga adually with further additions. C12A7:e” shows a significant
enhancement(é enc sulA:ion energies over C12A7:02” due to the availability of extra-

framewor

%‘%\Zn, Cd and Hg show weak encapsulation due to their complete
t

valencey elegtronic configurations. Cr, Ni, Cu and Pb show strong encapsulation by

accomjinodatingextra-framework electrons in the open-shell electronic configurations that

thésewato e{ﬁibit. Successive encapsulation is also energetically favourable, but the degree

to fhichdeitional species will be stable, and hence the loading that might be attained is

depe, t on the specific valence electronic configuration. In this context Cr shows
rtSular promise.
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Publishing Table 1. Encapsulation energies (calculated using the metal atom as the reference state)
and Bader charges on encapsulated metal atoms in C12A7:0%",
Heavy metals
Cr Ni Cu Zn Cd Hg Pb
Encapsulation /
—1.53 —1.69 —1.20 —0.41 —0.16 | —0.28 —0.34
energy (eV
gy (eV) o~ \
Bader charge (le|) | 0.27 0.02 | 0.004 003 | | 5/ —oo0s 0.18
\\
Q\
(ﬁ
(.’/)
\\b
i\
\5 .~
/Q&/
£
=
U
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Publishing Table 2. Ca-Ca cross cage distance and bond distances between heavy metals and the cage

wall ions in relaxed configurations.

Ca-Ca (A) Ca-HM (A) Al-HM (A) HM-O (A)
Cr 5.79 2.88 2.99 p 2.25
Ni 5.71 2.76 2.88, Q.Qé\ 2.16

Vi
Cu 5.65 2.84 2.78653) N 2.17,2.20
Zn 5.88 2.98, 2.97 4‘\ —
Cd 5.95 2.97, 8.00 —\ ) —
H 5.94 2.97, 2.98 ():“‘ —
& ’ ’ /"\\
Pb 6.02 3.00 — 2.80
3
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Publishing Table 3. Encapsulation energies to add a 2"! and then 3" heavy metal atom into separate

cages in C12A7:0%" . Bader charges are also reported.

Properties Heavy metal M M:MC12A7:0%" M:2MC12A7:02~
Encapsulation energy Cr —0.45 eV \ —1.34 eV
pd
(eV/atom) with respect Ni —2.57 eV Ly 79 eV
to atom Cu 070V S | —1.45 eV
PN
Cr —0.26, 0.89 1025, +0.28, +0.45
Bader charge |e| Ni -0 ﬁo.%\ —0.29, +0.11, +0.16
4
Cu —0.5\(0.5) —0.57,-0.01, +0.52
—
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AlPP

Publishing Table 4. Encapsulation energies of heavy metal atoms calculated using the metal atom as
the reference state and Bader charges on encapsulated metal atoms in C12A7:e".
Heavy metals
Cr Ni Cu Zn Cd Hg Pb
Encapsulation 3(‘
—1.94 —3.94 —3.29 —0.66 —0.38 & —0.52 —2.38
energy (eV
gy (eV) ~ \
Bader charge (le|) | —0.33 | —0.98 | —0.61 —0.20 < 4l | —0.29 —1.38
\\
Q\
(ﬁ
(_’/)
Q:._
i\
\S T~
/Q&/
£
=
U
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Publishing Table 5. Cage pole Ca-Ca and Ca-HM distances observed in the relaxed structures.

17

Atom Ca-Ca (A) Ca-HM (A)
Cr 5.88 2.9%
Ni 5.38 Q?
Cu 5.69 ’183\
Zn 5.89 (Q N
Cd 5.97 \)Q{
Hg 5.96 8
Pb 5.87 I( Q’% 94
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Publishing Table 6. Encapsulation energies and Bader charges for the successive encapsulation of Cr,

Ni, Cu and Pb in C12A7:¢".

Heavy
Properties metal atom | M:MC12A7:e- | M:2MC12A7:e | M:3SMC12AT:e- M:4MC12A7:e"
M N
Cr ~1.76 ~1.78 <‘)~1.7}\ ~1.18
Encapsulation Ni —3.56 292 \\y.sz —1.55
energy(eV/atom) Cu ~8.07 —3.o7< ") N 802 ~L12
Pb —1.48 — 079 —0.47
gon ~{_
Cr —0.33 (2) —0.‘1((3) S —0.30 (4) —0.20 (5)
. = N —0.42 (2), —0.48
Ni —0.90 (2) —0.7 —0.55 (4)
3
Bader charge |e]| \ 4 )
Cu —0.60 (2) 58 (3) —0.58 (4) —0.46 (5)
! y
~0.26 (3), —0.29
Pb —0.7 (Q'h\}ﬁ (2), —0.54 —0.38(4) ®)
\ — (Q)
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Publishing (a) CaZ*

2—

A|31

o
Fig 1 (a) Unit cell framework crystal str%Ca%AIQSOM]% with 12 empty cages
fr

(EC) (b) a relaxed cage containing an ex ork O*~ion in C12A7:0%" and (c) a

relaxed cage on%ectron in C12A7:e".

19


http://dx.doi.org/10.1063/1.5090119

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

AlPP

Publishing (a) JW(b)

oz

DOS (arb.unit)
DOS (arb.unit)

20


http://dx.doi.org/10.1063/1.5090119

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

AlPP

o0
=
=
5
=
=
o

21


http://dx.doi.org/10.1063/1.5090119

(a) Cu (b) Niand (c) Cr atoms.

&
S

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing| (a)

AlPP


http://dx.doi.org/10.1063/1.5090119

upied cages in C12A7:e".

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

o0
=
=
5
=
=
o

AlPP

23


http://dx.doi.org/10.1063/1.5090119

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

4Cu.C12A7:e"

Pubhshmg'[a) CuC12A7:e- 2Cu.C12AT:e- Js\;:vni.cum:e
| W W | @ [ YWoN @ | N
g g | "NE, | I g | W
}L" \ N "")I v |
{ \i U’
: : 0 1 2 3 4.5 & 7 8 2 3 4 5 & 7 8
Energy (eV) Energy (eV)
ol
Ci
u \/Tu
) &)
A —
™ N v )
Cu.C12AT7:e- 2Cu.C12AT:e- “3Cu. . 4Cu.C12A7:e-
g
L’

tively Cu, 2Cu, 3Cu and 4Cu encapsulated

Fig 6 (a) DOS plots for C12A7:e” WithQ\

atoms. The Fermi level 1s indicated yLeQ ted lines. (b) surface of the constant

charge density associated witly the sates below the Fermi energy.

<

24


http://dx.doi.org/10.1063/1.5090119

(b)

(a)

A|3-|+



http://dx.doi.org/10.1063/1.5090119

DOS (arb.unit)



http://dx.doi.org/10.1063/1.5090119



http://dx.doi.org/10.1063/1.5090119



http://dx.doi.org/10.1063/1.5090119



http://dx.doi.org/10.1063/1.5090119

: -
~ =
<L
2 —
5 -
= o
o n
<3
(hun'qie) sOA
| -
@
M~ -
<L
2 -
C.
= o
C -
D
(hun'qie) sOQq
_ i
@
[ =,
> E
N
n.v. i
nuv =
N «\r ;\ m\,
:E:.Amw\m a
{ r O
MU L
{ \/\
3 =
N~ E
= == :
N
O
= £
= CMW ;
m — (hun"que) soa
s ©
'

5

4
Energy (eV)

3

4p)

5

4
Energy (eV)

3

>
()
S
>
o
L -
[}
=
i

4Cu.C12A7:e-

2Cu.C12A7:e

3Cu.C12A7:e

Cu.C12A7:e


http://dx.doi.org/10.1063/1.5090119

	Manuscript File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

