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a b s t r a c t

The first-principles calculations demonstrate that covalently bonded (cb) heterojunction and van der

Waals (vdW) heterojunction can coexist in silicene/CeO2 heterojunctions, due to the different stacking

patterns. Especially, the cb heterojunction with band gap of 1.97 eV, forms a type-II heterojunction, ex-

hibits good redox performance and has high-effective optical absorption spectra, thus it is a promising

photocatalyst for overall water splitting. Besides, for the vdW heterojunction, the Dirac cone of silicene

is well kept on CeO2 semiconducting substrate, with a considerable energy gap of 0.43 eV, which can be

an ideal material in building silicene-based electronic device. These results may open a new gateway in

both of nanoelectronic device and energy conversion for silicene/CeO2 nanocomposites.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent decades, lots of studies have devoted themselves to

searching high-performance photocatalysts to split water into clean

energy hydrogen (H2) [1–5]. Stimulated by the graphene boom,

a large number of two-dimensional (2D) catalytic materials have

been studied [6–13]. As an element of the same group as C, Si is an

important carrier in the electronic semiconductor industry. And its

two-dimensional morphological structure, named silicene (the sili-

con counterpart of graphene but with a slightly buckling of about

0.44 Å) also has been theoretically investigated and experimentally

synthesized [14–18]. Silicene shares many of the intriguing elec-

tronic properties in graphene, such as Dirac cone, high Fermi ve-

locity and carrier mobility [19–22]. Considering the advantages of

being inherently compatible with ubiquitous silicon-based semi-

conductor technology and facile tunability of the energy gap, in

addition to constructing microelectronic devices, it may even be a

good candidate for photocatalytic materials. The key lies in how to

effectively adjust its band gap to obtain good photocatalytic perfor-

mance, or opening without destroying its inherent Dirac Fermion

characteristics for next-generation electronic-device application.
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With the successional synthesis of various non-toxic and cheap

nanostructured CeO2, rational design of nano-CeO2 supporting sub-

strates or CeO2-based nanocomposites are considered as a promi-

nent approach to realize better reaction activities and catalytic per-

formance [23–29]. The rapid formation and elimination of oxy-

gen vacancies in CeO2, such as the reversible phase transition be-

tween CeO2 and Ce2O3, endow it with high oxygen storage ca-

pacity and chemical activity, which plays an important role in the

catalytic oxidation reactivity of the cerium oxide surface [30,31].

Inspired by the significantly enhanced performance in our previ-

ous work of SiH/CeO2 heterojunction [32] and graphene/CeO2 het-

erojunction [26]. We consider combining silicene with CeO2 bulk

material to form silicene/CeO2 heterojunctions is very likely to ob-

tain more intriguing properties than the two individuals, and even

than graphene/CeO2 heterojunction. In this paper, based on state-

of-the-art hybrid density functional theory (the calculation details

are in Supporting information), clearly studing the electronic prop-

erties of bulk Si/CeO2 and silicene/CeO2 heterojunctions. Our works

not only find a superior semiconducting substrate material to grow

or integrate Si/silicene, but also provide a promising visible-light

photocatalyst for hydrogen production, or a promising electronic-

device.

We firstly explore the Si/CeO2 heterojunctions. As shown in

Figs. 1a and b, Si and CeO2 nanocrystals are both cubic crystal

structures and share an approximate bulk lattice constant a, which
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Fig. 1. The unit cell of (a) Si in a diamond cubic crystal structure and (b) CeO2 in

a fluorite structure. (c) The geometric structure and 3D charge density difference of

Si/CeO2 nanocomposite with an isovalue of 0.001 e/Å3. Green and purple isosurfaces

represent charge accumulation and depletion, respectively. (d) Band structures (left

panel) and PDOS (right panel) of Si/CeO2 heterojunction. The red circles and green

squares in the left panel denote the projection to Si and CeO2 constituents, respec-

tively. (e) The electronic density distribution of CeO2
L, SiL and SiH, with an isovalue

of 0.02 e/Å3. (f) The absorption spectra of Si, CeO2 and Si/CeO2 heterojunction, and

the inset denotes the calculated dielectric function of Si/CeO2 heterojunction, in-

cluding both real and imaginary parts. Red, yellow, and blue spheres represent O,

Si, and Ce atoms, respectively.

is 5.43 Å and 5.41 Å [33,34], respectively, and the lattice con-

stants of their (111) surfaces are even closer, as given in Table S1

(Supporting information). Therefore, a 1 × 1 stoichiometric cubic

CeO2(111) surface slab with 9 layers is used to match an approx-

imate 1 × 1 supercell for Si(111) plane with 8 layers, realizing a

negligible lattice mismatch of only 0.16% in their nanocomposite,

the details are listed in Table S1. Our calculations clearly demon-

strate that the Si/CeO2 nanocomposite is a covalently bonded (cb)

heterojunction with a typical cb equilibrium spacing of 1.69 Å

(Fig. 1c). And the inapparent electron transfer at interface further

confirms the formation of covalently-linked interface in Si/CeO2

heterojunction. Although the Si/CeO2 heterojunction is a gapless

metal, there may be a sizable optical band gap for Si/CeO2 het-

erojunction (Fig. 1d). The band width between the lowest unoc-

cupied molecular orbital (LUMO) and highest occupied molecular

orbital (HOMO) corresponding to the isolated Si (SiL and SiH) is

1.17 eV, this value exactly equals to the band gap of isolated bulk

Si [33], as illustrated in Fig. S1b (Supporting information). Mean-

while, the band width between LUMO of CeO2 and the HOMO of

Si (CeO2
L and SiH) is 3.23 eV, and this value approximates to the

energy gap of freestanding CeO2 nanocrystals (Fig. S2b and c in

Supporting information) [35]. The electronic density distributions

of CeO2
L, SiL and SiH have been plotted in Fig. 1e, which confirms

our observations and analyses. Subsequently, the optical absorption

spectra of Si/CeO2 heterojunction and its constituents are given in

Fig. 1f. Si/CeO2 composite shows a similar absorption curve with

that of CeO2, except that the former is much stronger especially

in the long wave region of visible light. In addition, to further ver-

ify our calculations, the electronic structure and optical properties

of isolated Si, Si(111), CeO2, CeO2(111) are also given (Figs. S1 and

S2 in Supporting information), and these results are found to be

in excellent agreement with others [33–38]. Although Si/CeO2 het-

erojunction is not a promising photocatalyst, its optical band gap

is very interesting and remains to be explored.

Combining CeO2 with Si to form Si/CeO2 heterojunction cannot

significantly improve the photocatalytic performance of CeO2, so

Fig. 2. Projected band structures (left panel) and PDOS (right panel) for (a) Si-c, (b)

Si-v, (c) Si-v’. Their side views of HOMO and LUMO with an isovalue of 0.02 e/Å3

are given in (d). The red circles and green squares in the left panels represent the

projection to CeO2(111) and silicene constituents, respectively. The Fermi level is set

to zero.

we turn to explore the silicene/CeO2 heterojunctions. Our previous

work has proved that the silicane (SiH)/CeO2 is a type-II hetero-

junction with excellent photocatalytic performance [32]. The geo-

metric and electronic structures of silicene and silicane are quite

different. Silicene and silicane are both low buckled structures with

a buckling height of 0.43 and 0.73 Å, and their Si-Si bond lengths

are 2.25 and 2.34 Å, which are consistent with the results of pre-

vious studies [15,32,39]. Silicene is a gapless semiconductor that

is not a good candidate as photocatalyst (Fig. S3 in Supporting

information) [40], and it can be further proved by the inferior

visible-light absorption of silicene (Figs. S3d and e). Due to the

lattice constants of silicene and CeO2(111) are very close (Table

S1) [15,41]. Hence, we select a 1 × 1 silicene unit on the sur-

face of 1 × 1 CeO2(111) supercell to obtain a lattice mismatch in

their composites as low as 0.30%. For the silicene/CeO2 hetero-

junctions, there are five different stacking patterns with various

atom-alignment types, among which, two are cb heterojunctions

and three are vdW heterojunctions (Fig. S4 in Supporting informa-

tion). Based on the value of adhesive energies (Ead) (Table S1), the

leftmost configuration in Fig. S4 (Si-c), and the rightmost configu-

ration in Fig. S4 (Si-v) are selected as the representatives of cb het-

erojunctions and vdW heterojunctions, respectively. Subsequently,

the molecular dynamics simulation and phonon dispersions fur-

ther confirm their stability (Fig. S5 in Supporting information). In

addition, whether the conversion between Si-v and Si-c is easy is

also a question worth considering. Using CINEB method, we cal-

culate the energy profiles and structures of the transition states

for Si-v to Si-c. As shown in Fig. S6 (Supporting information), the

energy barrier from Si-v to Si-c is as high as 2.626 eV, indicating

that this process is not easy to occur, and also that they have rela-

tively good structural stability. To have a strict and complete study,

another case that Ce atoms locate on the outside surface also

should be considered, named CeO2(111)’. After structural optimiza-

tion, the silicene/CeO2(111)’ heterojunction with the lowest Ead is

selected for research (Fig. S7 in Supporting information, named

Si-v’).

As shown in Figs. 2a and d, Si-c forms type-II heterojunction

with a moderate energy gap of 1.97 eV. Its valence band maxi-
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Fig. 3. Three-dimensional charge density difference for the (a) Si-v, (b) Si-c and (c)

Si-v’. The purple and cyan iso-surfaces denote charge accumulation and depletion

in the space, respectively. The horizontal dash dot lines denote the central location

of each atomic layer. (d) Profile of the planar averaged charge density difference

as a function of positions in the z-direction. The positive and negative values of ρ

denote the charge accumulation and depletion, respectively.

mum (VBM) and conduction band minimum (CBM) are dominated

by two different individuals, which further confirms the formation

of type-II heterojunction, and is very conducive to the separation

of photogenerated carriers. More interesting, the Dirac cone of sil-

icene is well kept in Si-v with a dream energy gap up to 0.43 eV,

which can pave the avenue for the application of silicene-based

high-speed nanoelectronics [42,43]. There is no doubt that we have

opened a considerable band gap in silicene without damaging its

intrinsic electronic structure by combining with CeO2 nanocrystal

(Figs. 2b and d). Additionally, the Si-v’ is a metal but displays a

similar electronic structure with that of Si-v (Fig. 2c). For the Si-v’,

there is one point we should note, the Dirac cone of silicene also

has been opened, but its Fermi level shifts up and makes this sys-

tem a gapless metal. Fig. S8 (Supporting information) shows the

band structure of silicene with lattice mismatch of 0.3%, and its

Dirac cone is still not opened. Therefore, such a small lattice mis-

match hardly affects the band structure of silicene. For the pure

silicene, the difference of onsite energy between the two sublat-

tices is zero [44]. While in the formed Si-v heterojunction, this bal-

ance is broken by the interaction between silicene and substrate

CeO2. This point can also be confirmed from the charge analysis.

We can see the charge density difference (Fig. 3a), due to the ef-

fect of the substrate CeO2, the charges of the two Si atoms in the

silicene layer are obviously different. Bader calculations show that

the upper and lower Si atoms gain 0.0360 e and lose 0.0540 e, re-

spectively. This can be attributed to the formation of the built-in

electric field in the interlayer, also proves that the potential bal-

ance between the two Si atoms in the silicene layer is no longer

maintained, the symmetry between the two sublattices of silicene

is broken and the two Si atoms are no longer identical [44], so

the Dirac cone is captured in Si-v. And the Dirac cone is captured

in Si-v’ for the same reason, the upper and lower Si atoms lose

Fig. 4. (a) The optical absorption spectra of CeO2(111) and silicene individuals, as

well as Si-c, Si-v heterojunctions. (b) The comparison of absorption spectra for

CeO2(111)’ and Si-v’, and the inset denotes the calculated dielectric function of

Si/CeO2 heterojunction, including both real and imaginary parts. (c) Calculated VBM

and CBM potentials versus normal hydrogen electrode of CeO2(111), silicene, Si-c,

and Si-v. The upper and lower red dashed lines stand for the proton reduction po-

tential (H+/H2) and oxygen reduction potential (O2/H2O) for water splitting with

values of 0 and 1.23 eV, respectively. (d) Schematic diagram of photocatalytic water

splitting for Si-c, as well as the electron transfer during the photocatalytic process.

0.0004 e and gain 0.3750 e, respectively. Of course, for the Si-c,

the formation of Si-O destroys the inherent electronic structure of

silicene, so Dirac cones cannot be captured and has undergone ma-

jor changes.

Among the three heterojunctions, Si-c exhibits the most effec-

tive optical absorption and Si-v owns the widest response range

in the whole UV-vis light (Fig. 4a). By comparing with the con-

stituents, we can see that the optical absorption of Si-c has been

enhanced greatly. Besides, the optical absorption spectra of Si-v’

and the CeO2(111)’ also have been plotted (Fig. 4b). Although Si-v’

is a gapless metal, it demonstrates a significantly improved UV-vis

absorption, especially around the UV ray, which implies its promis-

ing application in the field of photocatalytic. In addition, to shed

light on the potential applications of these heterojunctions in pro-

ducing hydrogen, their band edge potentials with respect to the

water redox potentials have been aligned in Fig. 4c. To be an eli-

gible photocatalyst in hydrogen production, the band gap of them

must cross the redox potential of water splitting [45–47]. Clearly,

neither the silicene nor Si-v is an adequate photocatalyst for wa-

ter splitting, because they do not have strong enough redox prop-

erties (blue block in Fig. 4c). But the CeO2 and Si-c can do well

in water splitting. Moreover, Si-c is a type-II heterojunction with

suitable band gap, which is benefit to the effective separation of

photo-excited electrons and holes. On the basis of above results

and analyses, we can conclude that the Si-c is very likely to be an

excellent water-splitting photocatalyst (Fig. 4d).

Furthermore, to have an insight into the interfacial interac-

tions and the enhanced photocatalytic performance of Si-c, their

3D charge density difference and quantitative results of charge dis-

tribution are given in Fig. 3. One thing to note here is that all the

isovalues in Figs. 3a and c and Fig. S4 are 0.001 e/Å3, while that of

Fig. 3b is 0.005 e/Å3. The more accurate Bader calculation results

are listed in Table S1. Si-c has significantly more charge transfer

from silicene to CeO2 than Si-v, due to the strong action of Si-O.

But silicene in Si-v’ gains electrons from CeO2, which should be

attributed to the exposed metal Ce atoms on the surface of CeO2.

These results can well in line with the analysis of charge density

difference. Such a good charge transfer effect of Si-c can more fully
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demonstrate its remarkable photocatalytic water splitting perfor-

mance. On the other hand, the transfer of a large amount of charge

to CeO2 accelerates the reversible phase transition between CeO2

and Ce2O3, which to a certain extent provides greater possibilities

for the enhancement of the redox properties for CeO2. To further

prove it, the charge changes of Ce atoms in the pure CeO2 and Si-c

are calculated. Results show that the charge of Ce atoms in Si-c is

0.0799 e/atom more than Ce atoms in pure CeO2, indicating that

the valence state of Ce atoms in Si-c is reduced, and a reversible

phase transition between CeO2 and Ce2O3 has occurred.

In summary, using first-principles calculations, we systemati-

cally investigate the electronic, interfacial and optical properties of

Si/CeO2 and silicene/CeO2 heterojunctions. The Si/CeO2 nanocom-

posite is neither a good photocatalyst nor electronic material due

to its unsuitable band structure, but its light absorption perfor-

mance is well interesting and worthy of further exploration. In-

terestingly, the silicene/CeO2(111) heterojunctions can stably ex-

ist in the forms of both vdW and cb heterojunctions. The Si-c,

as a type-II heterojunction with a moderate band gap of 1.97 eV,

is an excellent photocatalyst in splitting water to produce hydro-

gen. In Si-v, the Dirac cone of silicene is well kept and opened

up to 0.43 eV, this sizable energy gap over 0.4 eV without de-

grading its intrinsic Dirac Fermion characteristics is of great sig-

nificance in silicene-based high-speed nanoelectronics. In short,

this paper provides sufficient evidence supporting for designing

high-performance silicene-based electronic device and CeO2-based

water-splitting photocatalyst.
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