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Two-dimensional (2D) materials have displayed many remarkable physical properties, including
2D superconductivity, magnetism, and layer-dependent bandgaps. However, it is difficult for a
single 2D material to meet complex practical requirements. Heterostructures obtained by verti-
cally stacking different kinds of 2D materials have extensively attracted researchers’ attention
because of their rich electronic features. With heterostructures, the constraints of lattice matching
can be overcome. Meanwhile, high application potential has been explored for electronic and
optoelectronic devices, including tunneling transistors, flexible electronics, and photodetectors.
Specifically, graphene-based van der Waals heterostructures (vdWHs) by intercalation are
emerging to realize various functional heterostructures-based electronic devices. Intercalating
atoms under epitaxial graphene can efficiently decouple graphene from the substrate, and is
expected to realize rich novel electronic properties in graphene. In this study, we systematically
review the progress of the mono-element intercalation in graphene-based vdWHs, including the
intercalation mechanism, intercalation-modified electronic properties, and the practical appli-
cations of 2D intercalated heterostructures. This work would inspire edge-cutting ideas in the
scientific frontiers of 2D materials.

1. Introduction

Novel physical properties, for instance, superconductivity and ferromagnetism have been extensively studied in graphene since its
discovery [1,2]. Exploration in a wide range of 2D layered materials has promoted the rapid development of surface science. Although
high-quality and large-area graphene can be easily fabricated by epitaxial growth, the application of graphene in microelectronic
devices is still limited up to now, owing to the absent bandgap [3], negligible spin-orbit interaction (SOI) [4-6], and unavoidable
electronic coupling with the substrate [7-10]. Recently, many attempts have been done to improve the electronic properties of gra-
phene. For example, it has been demonstrated that decorating the graphene surface via chemical treatment or deposition of metal
atoms can efficiently introduce a band gap of the epitaxial graphene [11,12]. However, due to the instability of the decorated graphene
under high temperatures and additional electronic scattering induced by metal atoms, it is almost impossible for practical application
[13]. On the other hand, intercalation of the epitaxial graphene has been proven to be a promising strategy to precisely manipulate the
electronic properties of graphene [14,15]. Particularly, the intercalation of a mono-element layer between graphene and substrate is
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supposed to construct graphene-based heterostructures. In traditional systems without van der Waals force, the two monolayers have
identical crystal structures and lattice constants, which seriously limits the diversity of heterostructures. Constructing graphene-based
heterostructures by intercalation, not only can improve many properties of graphene, such as increasing the conductivity, carrier
mobility, transparency, and mechanical flexibility [16], but also may lead to new phenomena, for example, superconductivity, spin
splitting, magnetic response, thermoelectricity, and spin polarization. In addition, graphene-based vdWHs by intercalation are crucial
for both fundamental research [17,18] and practical applications [19-21]. They engender intriguing properties for easy manipulation
of the creation, confinement, and transport of charge carriers, excitons, photons, and phonons [22-25].

The geometric structures and electronic properties of graphene-based vdWHs by intercalation are determined by many factors,
such as substrate [26], temperature [27], and especially the intercalated atoms [28]. Promisingly, a vast number of diverse hetero-
structures with unique functionalities are likely to be obtained by extensive varieties of intercalated atoms [29-31]. Therefore, we
classify the elements according to the groups or functions of the intercalated atoms in this review, as illustrated in Fig. 1. For example,
alkali/alkaline earth metal intercalation induces superconductivity, lanthanide metal intercalation tunes the doping of graphene to n-
type, and magnetic metal intercalation realizes various magnetic responses. In addition, semiconductor element intercalation widens
the bandgap of graphene.

Graphene-based van der Waals heterostructures by atom intercalation
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Fig. 1. The topic of this review. The elements, which have been used for intercalation under epitaxial graphene, are marked in the periodic table of
elements and classified into several groups.
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In this review, we firstly give a brief introduction to the main intercalation mechanisms. Secondly, the novel electronic properties
that arise from vdWHs by intercalation of different atoms are discussed in detail. We primarily focus on the interfaces, defects, edges,
bandgap, Fermi velocity, and carrier mobility of the graphene-based vdWHs, using a variety of techniques of scanning tunneling
microscopy (STM), angle-resolved photoemission spectroscopy (ARPES), low-energy electron diffraction (LEED), and Raman spec-
troscopy. Next, novel applications that have been developed from these graphene-based vdWHs are introduced. Finally, a perspective
on the ability of graphene-based vdWHs is promoted for the development of fundamental research and practical applications.

2. Intercalation mechanisms by atoms

Intercalation behavior can be affected by various factors, and especially the intercalated atoms play a significant role in tuning the
electronic properties of the graphene-based heterostructures [32]. Although intercalation has been widely investigated both theo-
retically and experimentally [33,34], its precise mechanism has not been clear yet. Here, we introduce four main types of intercalation
mechanisms: (1) diffusion through edges [35], (2) penetration through layer [36,37], (3) intercalation through pre-existing defects or
metal atom-aided defect [38,39], and (4) exchange mechanism [40,41].

Fig. 2(a) depicts the diffusion process of intercalation through graphene edges. Gas-phase precursors, such as Hy, Oz, Fo, can
achieve intercalation in this way [42,43]. For example, Ma et al. found that oxygen molecules could be easily adsorbed and dissociate
into radical pairs on bare Cu(111) or Ni(111) surfaces at near or below room temperature [44]. The precursor atoms subsequently
diffuse on the substrate surface and attach to the edges of graphene. Atoms continually pass through the edges, and gradually grow into
a monolayer. Graphene is simultaneously decoupled from the substrate and its intrinsic electronic properties are restored. Several
opinions regarding the diffusion positions of atoms have been reported. Bignardi et al. reported that the regions of graphene unaligned
with the substrate were prioritized during intercalation at 470 K, and those regions retained atoms during the deintercalation [35].
Carlos et al. thought that atomic intercalation started from the metal step edges at ~ 550 K, which were covered by graphene [45]. To
conclude, atoms intercalation by diffusion occurs through either zigzag or armchair graphene edges by overcoming a small energy
barrier.

Fig. 2(b) illustrates the process of penetration intercalation. First, perfect monolayer graphene is grown on a metal surface, which is
followed by the deposition of atoms on the top of graphene through atomic evaporation. After that, annealed atoms gradually
penetrate the graphene film to form nanoislands on the metal surface, eventually growing into a monolayer. Besides above mentioned
bottom-up synthesis method, the top-down penetration method is also exploited. Meng et al. fabricated graphene/silicon(Si) layered
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Fig. 2. Mechanisms of intercalation under graphene. (a) Diffusion process. (b) Penetration process. (c) Metal atom-aided defect formation. (d)
Exchange process. (a) Reproduced with permission. [44] Copyright 2015 American Chemical Society. (c) Reproduced with permission. [39]

Copyright 2011 American Institute of Physics. (d) Reproduced with permission. [41] Copyright 2012 Tsinghua University Press and Springer-Verlag
Berlin Heidelberg.
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heterostructures on the surface of an iridium (Ir) substrate [46]. In the fabrication process, firstly the Ir substrate is pretreated by
depositing carbon atoms. Then, Si atoms are evaporated to the surface of the Ir(111) substrate. After annealing, the disordered Si
atoms become regular Si films, and carbon atoms gradually permeate through the Si film, aggregating to form monolayer graphene on
top of the Si film.

The third intercalation mechanism involves defects. Fig. 2(c) illustrates an intercalation process through atom-aided defect for-
mation. This intercalation mechanism is applicable for most metal atoms, such as noble metals, magnetic metals, IIIA group metals,
and rare earth metals [39]. This process occurs as follows: metal atoms are deposited on perfect graphene, dispersing randomly on the
graphene surface. After annealing, metal atoms locally break C-C bonds and combine with carbon atoms, creating an atomic adatom
defect in graphene. These defects serve as windows so that the metal atoms can pass through the graphene and intercalate into the
graphene/substrate interface. As a result, metal atoms gradually aggregate to form a monolayer. Finally, graphene self-heals the
damaged C-C bonds and reverts them to their original state. Zhao et al. studied single-Fe atom intercalation using density functional
theory (DFT) [47]. They found that once a single Fe atom created such an atomic defect and crossed the defect, the subsequent in-
tercalations become easier, because of the increased pore size of the defect.

The fourth one is an exchange-based mechanism, which is like atom-aided defect formation and recovery. As depicted in Fig. 2(d),
it is also an intercalation process about creating a point defect. The difference is that the intercalated atom reacts with C atoms to
produce a new compound. Defective graphene may be used to promote intercalation over large areas. Cui et al. believed that Si atoms
intercalated graphene through this mechanism [41]. In the case of Si intercalation, Si atom is situated at the graphene face-centered
cubic (FCC) site and presses C atom down. After annealing at 900 K, the Si atom overcomes the first barrier and occupies the position
where it pushes the C atom to the metal surface. Subsequently, the Si atom continues to subside, and the Si and C atoms form a
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Fig. 3. Intercalation with Si atoms. (a—c) STM images of the Si intercalated Gr/Ni(111) sample. (d, e) Size-dependent edge states of the graphene
nanoislands. (f, g) STM images of bilayer graphene (BLG)/Ru and BLG/Si/Ru. (h) Calculated band structure based on the structure of BLG/Si/Ru.
The red dots are the band projected on the BLG and the gray lines are the bands of the whole system. (i) The I-V curve of the Gr/Si/Ru hetero-
structure. (a—c) Reproduced with permission. [49] Copyright 2019 Elsevier Ltd. (d, e) Reproduced with permission. [50] Copyright 2017 Tsinghua
University Press and Springer-Verlag GmbH Germany, part of Springer Nature. (f-h) Reproduced with permission. [15] Copyright 2020 American
Chemical Society. (i) Reproduced with permission. [51] Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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metastable Si-C dimer on the substrate surface, creating a monovacancy of graphene. Finally, the C atom moves upward to repair the
monovacancy, and the Si atom intercalates the surface between graphene and substrate through a rotation of the Si-C dimer. As a
result, the graphene film is recovered although the Si atoms intercalate the interface of graphene and the substrate.

3. Two-dimensional heterostructures by non-metal atom intercalation
3.1. Intercalation with carbon group atoms

Intercalants are expected to tailor the electronic properties of graphene (Gr) to meet the specific demand for applications. Group-IV
semiconducting elements such as Si, germanium (Ge), and tin (Sn) are easily intercalated by deposition and post-annealing. Moreover,
semiconductor elements probably widen the bandgap of graphene owing to their large bandgap offsets [48].

It has been demonstrated that Si acts as a buffer layer enabling graphene to recover the intrinsic electronic structure, while after
annealing some intercalated Si atoms may react with the substrate to form strong covalent bonds [41,49]. Here, we introduce several
typical works to explore the detailed intercalation process and electrical properties of the Gr/Si heterostructures on metal substrates.

The positions of Si intercalation are studied. Meng et al. reported the fabrication of Gr/Si heterostructures on the surface of Ir(111)
after annealing at 800 K [52]. After annealing, they found that intercalation took place preferentially at the edges and the terraces. A
very recent study demonstrated that Si atoms also penetrate epitaxial graphene even at room temperature [49]. As shown in Fig. 3
(a—c), Si clusters are randomly distributed on terraces and the step edges with the same height without post-annealing, and some
defects evenly surround the Si clusters. It can be concluded that the Si intercalation starts both at the step edges and on the terraces
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Fig. 4. Intercalation of Ge and Sn under graphene. (a-d) STM images and LEED patterns for samples before and after Ge intercalation under
graphene on Ir(111). (e) ARPES results of the initial deposition and after annealing of Ge at T = 850 °C, 900 °C, and 950 °C, respectively. (f)
Schematic diagram of Gr/Ge/4H-SiC heterostructure device and the dimension is 5 mm x 5 mm. (g, h) Rectification characteristic and visible (VIS)-
near-infrared (NIR) transmittance spectra of this device. (i, j) LEED patterns of Gr/SiC before and after Sn intercalation. (k) A triangular lattice
atomic layer of Sn model. (1) X-ray photoelectron spectroscopy (XPS) data of Sn-intercalated graphene exposure at atmosphere. (a-d) Reproduced
with permission. [58] Copyright 2019 Chinese Physical Society and IOP Publishing Ltd. (e) Reproduced with permission. [59] Copyright 2016
Elsevier Ltd. (f~h) Reproduced with permission. [60] Copyright 2020 IOP Publishing Ltd. (i-1) Reproduced with permission. [61] Copyright 2018
the Japan Society of Applied Physics.
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after annealing.

Apart from the process of Si intercalation, the electronic structure of Gr/Si heterostructure also has attracted much attention. Spin-
polarized edge-states are predicted to exist in graphene nanoislands (GNI) with well-defined zigzag edges [53]. However, the edge
states of GNIs on metal substrates are not observed, which might be due to the strong interaction with the substrate [54]. Very
interesting, the edge states of GNIs are observed by intercalating a Si monolayer between graphene and the metal substrate. Deniz et al.
synthesized armchair graphene nanoribbons on Au(111) and found some width-dependent edge states after Si intercalation under-
neath graphene [9]. Chen et al. also successfully recovered the edge states of graphene by intercalating Si between graphene and the Ir
(111) substrate [50]. As shown in Fig. 3(d, e), they found that the edge states of the GNI could shift to the Fermi level with increasing
size due to the quantum confinement effect.

Studies also demonstrated that Si intercalation would introduce a bandgap in bilayer graphene (BLG). BLG with Si intercalated
induces a sizeable bandgap [55,56]. As shown in Fig. 3(f-h), Guo et al. fabricated high-quality BLG and Si-intercalated BLG on Ru
(0001). The moiré pattern indicates that the BLG is rippled, but after Si intercalation, it becomes smoother. They found that the vdWHs
of Si-intercalated BLG induced a bandgap (0.2 eV), making it promising as a high-mobility channel material. They concluded that the
bandgap was caused by a cooperative effect of electron doping and rippling [15].

Gr/Si/metal heterostructures have many potential applications. For example, Li et al. explored the current-voltage (I-V) charac-
teristics of these heterostructures and found a Schottky-like rectification behavior, which is especially important for practical appli-
cation in micro/nano-electronic devices [51]. The inset of Fig. 3(i) displays the device structure and its measurement setup. These
heterostructures also show no obvious damage after air exposure up to two weeks, indicating good air stability. To enable easier
compatibility with the current Si-based microelectronic techniques, Que et al. prepared a single-crystalline Ir(111) film on a bulk Si
substrate for easy preparation of epitaxial graphene, followed by intercalation of Si atoms as a buffer layer between graphene and Ir
(111) to form Gr/Si/metal heterostructures. This method is a new strategy towards the fabrication and especially the integration of
graphene-based devices on Si-based substrate [57].

Although Si atoms can be directly intercalated into the graphene-metal interface, Si intercalation only induces n-type doping of
graphene [62]. In addition, it has been reported that Ge intercalations also happen for graphene grown both on metal and SiC sub-
strates. The Ge intercalations could even induce doping from p-type to n-type. Ge and Sn atoms are heavy than Si atoms, possessing
great potential in microelectronics technology owing to their special electronic properties, such as light trapping effect [60], and large
bandgap offsets [63].

Several heterostructures of Gr/Ge and Gr/Sn are reviewed here in detail. Fig. 4(a) illustrates the atomically resolved honeycomb
lattice of defect-free graphene on Ir(11 1). The black dashed-rhombus is used to label the corresponding unit cell of the moiré pattern of
graphene on Ir(111). Owing to the mismatched lattice between graphene and Ir(111), a few sharp spots and surrounding satellite
spots of graphene appear in LEED patterns, as shown in Fig. 4(b). This suggests that the fabricated graphene is a single crystal material
without extra diffraction. After Ge intercalation, as shown in Fig. 4(c, d), the atomically resolved honeycomb structure of graphene
appears without a moiré pattern. The corresponding diffraction spots of graphene in the LEED pattern are still clear, while the satellite
spots become blurry, revealing that the interaction of graphene with its substrate is weakened. Moreover, The new spots of Ge su-
perstructure indicate that the Ge atoms are successfully intercalated at the Gr/Ir interface [58].

Although Ge atoms successfully intercalate the Gr/metal or Gr/SiC interface, the mechanism of ambipolar doping (p-type doping
and n-type doping) is inconsistent. Fig. 4(e) displays the electronic band structure around the K™ point of the Ge intercalated graphene
Brillouin zone, which is used to describe the correlation [59]. No graphene-like = bands appear at the stage of initial 1/3 Ge buffer layer
intercalation. After 4-monolayer Ge intercalation, the n bands of graphene appear. The decoupled graphene exhibits three phases
under the influence of annealing temperature (p-type, T = 850 °C; p- and n-type, T = 900 °C; n-type, T = 950 °C). Kim et al. thought
that such a transition from p-type to n-type was associated with the strong correlation of electrons, which existed between the first and
the second Ge interfacial layers. Emtsev et al. proposed that ambipolar doping depends on the amount of intercalated Ge atoms [64].
Similarly, Konstantin et al. propounded that the ambipolar doping was due to the different thicknesses of the Ge intercalation, which
resulted from the annealing temperature [62].

The intercalation of Ge under graphene has been widely used in devices. For example, the Gr/Ge vertical heterostructure is used as
a switching device, by using the p- and n-type doping of epitaxial graphene with intercalation of Ge [65,66]. Konstantin et al. prepared
a p-n junction by Ge intercalation on SiC(0001) [62]. The Gr/Ge/SiC heterostructure, as a near-infrared absorption layer, is used to
widen the detection of the wavelength range and increase the detection sensitivity of optoelectronic devices [60]. Nano-scaled Ge
structures are sensitive to the near-infrared owing to the narrow bandgap of Ge. This photodetector was prepared on 4H-SiC by using
the molecular beam epitaxy method, as shown in Fig. 4(f). The photodetector shows excellent absorbance, which is 90% in the
500-1600 nm range, and the rectification ratio reaches 25 + 2 V due to the large carrier mobility in Ge, as illustrated in Fig. 4(g, h).

Graphene grown epitaxially on Si-terminated SiC, exhibits reduced carrier mobility due to the strong interaction of graphene with
the substrate. Interesting, epitaxial graphene on Si-terminated SiC can be converted into quasi-free-standing monolayer graphene with
weakening interlayer interaction by Sn intercalation to form a buffer layer of SnSix [67]. It can be achieved to increase the carrier
mobility of graphene by intercalating Sn into the graphene/SiC interface [68]. Shingo et al. reported that Sn intercalation occurred at
the Gr/Si-terminated SiC interface, as shown in Fig. 4(i-1) [61]. The brightness of the diffraction spots of graphene increases, sug-
gesting that the Sn intercalation decouples the buffer layer. Meanwhile, a new type of Sn atomic layer (1 x 1) appears, which is caused
by the Sn interface structure. The Sn atoms occupied the on-top sites of Si-terminated SiC(0001), resulting in a triangular lattice and
contact with each other by in-plane Sn-Sn bonding. The Sn triangular lattice atomic layer exhibits strong resistance to oxidation. The O
1 s signal is not detected after atmospheric exposure, indicating that the Sn-intercalated interface is chemically inert, which would be
useful for device fabrication.
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In addition to the graphene/SiC interface, the intercalation of Sn into the graphene/metal interface has also been studied. Ni(111)
is considered the closest lattice match with graphene (~1.2%) of all transition metals. The separation of Ni substrate and graphene is ~
2.2 A, indicating that there is a strong interaction between Ni substrate and graphene. Addou et al. pointed out that the Sn intercalation
and Ni substrate could form an ordered surface alloy after annealing, and the surface alloy could effectively decouple graphene because
of the weak interaction between Sn and graphene. Moreover, the case of Sn intercalated graphene on Ni(111) displays excellent
stability, which is caused by the formation of Sn-Ni surface alloy [69].

3.2. Intercalation with oxygen group atoms

It is generally a challenging task to achieve free-standing graphene from the substrate because of its strong interaction [70,71].
Elements of group VIA have a stronger ability to combine with metals than carbon, so oxygen group atoms are considered as a low-
damage and reliable way to decouple graphene from Rh(111) [72]. As shown in Fig. 5(a), experimental observations provide direct
evidence for the oxygen intercalation. The areas located above the metallic steps of the substrate are considered as the active sites for
oxygen intercalation to the Gr-metal interface [45].

Oxygen group atoms could also lead to heavily p-doped graphene, which has been experimentally and theoretically confirmed [73].
Fig. 5(b) presents an intuitive insight into the electronic structure before and after oxygen intercalation. Before intercalation, the
graphene displays two banding energies due to the strong hybridization, which promotes the graphene n band to the lower binding
energy. Oxygen intercalation is performed by exposing the sample to molecular oxygen at a temperature of about 200-220 °C. The
main Dirac cone is shifted upwards, and the mini-cone feature disappears owing to the hybridization of carbon pz orbitals and cobalt
d band [74]. However, Li et al. claimed that the intercalated oxygen was molecular. The disappearance of the oxygen signal (blue
dotted line in Fig. 5(c)) indicates oxygen desorbs at 800 K. They thought it would require a much higher temperature to remove
chemisorbed oxygen atoms from the metal [75].
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Fig. 5. Intercalation with oxygen group atoms. (a) STM image of intercalated Gr/O/Rh(111) surface. (b) Momentum maps of pristine Gr/Co and
oxygen intercalated region. (c) Spectra at a scattering angle of 115° and the inset is the as-prepared Gr/O,/Ru. (d-g) STM images and corresponding
Fourier Transform (FT) images of Sulfur (S) intercalation under graphene. (h) STM topographic images of the selenium (Se) intercalation. (a)
Reproduced with permission. [45] Copyright 2018 the Owner Societies. (b) Reproduced with permission. [74] Copyright 2020 Elsevier Ltd. (c)
Reproduced with permission. [75] Copyright 2017 American Physical Society. (d-g) Reproduced with permission. [76] Copyright 2020 American
Chemical Society. (h) Reproduced with permission. [77] Copyright 2020 Tsinghua University Press and Springer-Verlag GmbH Germany, part of
Springer Nature.
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Sulfur (S) intercalation is an efficient strategy that alters the surface structures during the growth of graphene on metal [78]. Borna
et al. studied S-intercalated graphene on Ir(111) and obtained two superstructures using two kinds of precursors (HzS and FeSy), as
shown in Fig. 5(d-g) [76]. In addition to tuning the surface structure, S intercalation has other potential applications. It has been
reported that binary doping of S and N into graphene layers could enhance the electrochemical performance of supercapacitors [79].
Heterostructures of S-doped graphene can also be used as high-performance anodes for batteries [80]. In the case of Se intercalation,
Liu et al. reported that Se was intercalated under graphene on the Pt substrate without formation of PtSey, although monolayer PtSe;
can be formed on bare Pt [77], as shown in Fig. 5(h). That is, the graphene coverage prevents the selenization of Pt substrate.

3.3. Intercalation with other non-metal atoms

As a non-metallic element, boron with great flexibility is a good conductor of heat and electricity. Borophene (B), with a 2D
superlattice form of boron, has a high in-plane anisotropy, which is due to its different in-plane bonding. Boron is trivalent, which
enables it to take on many 2D phases that bond to substrates through van der Waals interaction without lattice matching. Therefore,
Boron can be easily integrated into various 2D heterostructures [81,82].

Kochaev et al. studied heterostructures of B/Gr by DFT and found excellent elastic properties [83]. The chemical activity of boron is
strong, resulting in the easy reaction with acids, alkalis, metals, etc. Hence, it is difficult to prepare 2D layered Boron. Fortunately,
monolayer B is prepared by intercalating boron atoms in graphene [81]. As shown in Fig. 6(a, b), Liu et al. first evaporated carbon from
a graphite rod to prepare submonolayer graphene on a single-crystal Ag(111) substrate at 750 °C. A monolayer Boron was subse-
quently prepared by electron beam evaporation of boron. In fact, there are three typical regions, that is, borophene, graphene, and
borophene-intercalated graphene. We focus on the areas of B-intercalated graphene. The more refined STM image suggests that
borophene successfully intercalates graphene, and Gr/B heterostructures are prepared. Fig. 6(c, d) reveal a continuous graphene lattice
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across the interface and a honeycomb lattice of graphene on the triangular domains, which have been marked in Fig. 6(d). Compared
with Gr/Ag(111) (red curve), the dI/dV spectra of Gr/B/Ag (blue curve) lack a high local density of states (LDOS) feature, which is the
Shockley surface state of Ag(111) [84], as shown in Fig. 6(e). This evidence suggests that Boron decouples graphene from the Ag(111)
substrate.

Hydrogen intercalation, which can generate an H-terminated Ge(1 1 0) surface, is used to control the surface reconstruction of Ge
(110) under graphene [85], as illustrated in Fig. 6(f, g). The reconstruction is a reversible process, which arose from hydrogen
intercalation or desorption. The controllable and reversible hydrogen passivation on Ge(110) provides profound information to
inspire the controllable synthesis of other hydrogen-passivated 2D materials, such as phosphorene and antimonene. Hydrogen
intercalation under graphene is a typical way to functionalize graphene. Besides, the hydrogen intercalation on Ir(111) is investigated
as a diffusion mechanism [42] and will introduce p-type doping (~0.28 eV) [88]. Moreover, it has been shown that chemical func-
tionalization with hydrogen could turn graphene into a gapped semiconductor [89].

Though the buffer layer on SiC possesses some novel properties, it inevitably limits the carrier mobility of graphene. Hydrogen
intercalation is considered an effective method for decoupling the buffer layer on SiC, since the formation of Si-H bonds is more
energetically favorable than Si-C bonds [90]. Shtepliuk et al. successfully converted the buffer layer to a quasi-free-standing monolayer
on SiC via hydrogen intercalation [91].

The intercalation of hydrogen into SiC could also be used to store hydrogen [86]. As shown in Fig. 6(h, i), some hydrogen atoms
combine with Si and C, and some hydrogen molecules remain in the buffer layer. The bandgap gradually increases with the longer
hydrogen-exposure time, and almost saturate at 240 s. It suggests that there is a correlation between the two essential physical
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parameters (hydrogen-exposure time and bandgap of graphene), which might be beneficial for hydrogen-storage studies.

Fluorinated graphene is the thinnest insulator. It is stable at high temperatures and has excellent mechanical properties, owing to
the strong interaction between Fluorine (F) and C [92]. Fluorine intercalation is an inexpensive and continuous method to prepare
fluorinated graphene with a direct gas—solid reaction. Fan et al. successfully prepared fluorinated graphene with an ultrahigh interlayer
distance by fluorine intercalation, and the fluorinated graphene showed excellent self-lubricating ability [93]. Fluorine intercalation
could also convert the buffer layer on an intrinsic Si-terminated SiC substrate to p-type single-layer graphene (p-SLG) [87]. This
structure of p-SLG/SiC can be used as a complementary SiC Schottky diode. As shown in Fig. 6(j), there are two diode structures:
metal/SiC and p-SLG/SiC. Two [-V characteristics suggest that both diodes can be turned on, resulting from carrier injection from the
metal or p-SLG to the SiC substrate.

4. Two-dimensional heterostructures by metal atom intercalation
4.1. Intercalation with alkali/alkaline earth metal atoms

Lithium (Li) is a popular element in alkali earth metals used for intercalations. Moreover, Li intercalation could induce an inter-
esting geometric structure and create a pronounced effect on the electronic structure of graphene. As depicted in Fig. 7(a, b), there are
two high-resolution STM images of Li intercalated graphene to study the influence of Li coverage. The insufficient number of Li atoms
causes this regular line arrangement, leaving the dark lines not affected [94]. It was found that the anisotropic strain in graphene
determines the adsorption geometry of the Li atoms, which creates the preferred intercalation regions. Halle et al. found that the
intercalated region under low Li coverage would facilitate further intercalation, because the previous intercalation position of dots and
stripes started to coalesce with increasing Li coverage.

It has been reported that intercalation alkali/alkaline earth metals can effectively tune the charge-carrier density of the graphene
[95]. As shown in Fig. 7(c-e), three different electronic states of graphene before and after cesium (Cs) intercalation are revealed.
Intercalation of Cs atoms could also induce two characteristic areas (y-phase and a-phase). As shown in Fig. 7(f-h), Petrovic et al. found
that intercalation preferentially occurred in the defects of graphene wrinkles at the Ir(11 1) step edge, and was regulated by the weak
van der Waals interaction [96]. The more detailed STM characterizations of the two phases clearly show the graphene unit and weak
moiré superstructures. These clear STM images indicate that graphene wrinkle defects serve as penetration sites for intercalating
atoms.

As a typical example of tuning electronic states, superconductivity induced by alkali/alkaline earth metal intercalation has
attracted great attention. In 2012, Profeta et al. theoretically proposed that the decoration of graphene with alkali atoms could induce
superconductivity [99]. In the same year, Kanetani et al. successfully intercalated Ca into bilayer graphene grown on 6H-SiC. They
thought that Ca atoms were situated at the center of C honeycomb lattice, and predicted the superconductivity of this structure, as
shown in Fig. 7(i) [97]. Until 2015, Ludbrook et al. experimentally proved that a Li-decorated graphene monolayer was super-
conducting, with Tc ~ 5.9 K [100]. Soon after, Tiwari et al. also observed superconductivity (Tc ~ 7.4 K) in Li-intercalated few-layer-
graphene [101]. Subsequently, more possible superconductivity with other alkali/alkaline earth metal intercalation was explored. In
2016, Ichinokura et al. observed a zero-resistance state at Ca-intercalated bilayer graphene on SiC (Tc ~ 2 K) [102]. As shown in Fig. 7
(j), the resistance drops steeply at 4 K and reaches zero at 2.2 K. The atomic structure of superconducting Ca-intercalated bilayer
graphene is investigated to identify the relationship between superconductivity and Ca atomic arrangement. Endo et al. conformed that
Ca atoms intercalated into the interface of graphene bilayer and SiC substrate, rather than between two graphene layers [98].

Alkali metal intercalation can also induce regioselective chemical reactivity [103]. Mitchell et al. investigated the intercalation of
three kinds of alkali metal atoms (Li, Na, and K) on the same metal surface and found that the extent of regioselective chemical
reactivity is related to the size of the alkali atom (K > Na > Li). Moreover, heterostructures with alkali metal intercalation can be used
as energy storage, especially in alkali metal batteries [104,105]. In the case of batteries, alkali metal ions enter the heterostructures
through intercalation, and the excellent performance of battery is because of its large specific surface areas. Shi et al. proposed a
heterostructure of graphene and Si for lithium/sodium-ion batteries [106]. This structure contains a large specific surface area, which
can provide a large reaction interface to store alkali atoms and transmit electrons, and exhibits high mechanical stiffness to the main
structural integrity.

4.2. Intercalation with magnetic metal atoms

Ferromagnets are the primary materials for ultra-high-density magnetic memories. However, the availability of high-quality
monolayer films could greatly improve their development. An ideal solution to achieve this is to deposit ferromagnets at the inter-
face between graphene and the substrate to create monolayer film [107]. Here, we review several intercalations of magnetic atoms to
investigate their magnetic responses in detail.

Pacilé et al. studied the changes in structural and electronic properties by intercalating magnetic elements (a Ni monolayer) into the
graphene/Ir(111) interface, creating a lattice-mismatched Gr/Ni/Ir(111) heterostructure [110]. The electronic structure of graphene
is converted from nearly undisturbed to a strongly hybridized graphene n-band. Li et al. studied the mechanism of Ni intercalation and
found that Ni intercalation on Ru(0001) was dominated by an exchange of Ni and C atoms [111].

Intercalation of Co atoms under graphene on Ir(111) can generate a Co film with adjustable magnetic direction. The Gr/Co
interface possesses a strong interface magnetic anisotropy, which is sensitive to laser illumination, external electric field, or current
lines [112]. Decker et al. also studied this heterostructure and observed an out-of-plane easy axis and a site-dependent spin polarization
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[107]. Fig. 8(a) depicts the STM of Co-intercalated graphene and reveals that Co preferentially intercalates at the Ir(111) step edges.
They observed a site-dependent variation of the graphene local effective spin polarization, which had a ferromagnetic coupling at the
top sites and antiferromagnetic coupling at the fcc/hep sites, as shown in Fig. 8(b, c). They claimed that the variation was caused by
site-dependent magnetization of the graphene.

The capping graphene layer not only prevents oxidation of the Co, but also increases the upper limit for the perpendicular magnetic
anisotropy (PMA), as shown in Fig. 8(d, e) [108]. Carlomagno et al. found that local-scale anisotropy and out-of-plane magnetic re-
sponses were enhanced in the thin film (5 monolayers), but not in the thick film (10 monolayers) after thermal treatment. These
findings suggest that there is a close connection between the local structure of Co and the magnetic response, which was regulated by
interface effects.

Magnetic responses of iron (Fe) intercalation under graphene are also interesting. Decker et al. studied the energy dependence of
the dI/dV spectra and the giant tunnel magnetoresistance (TMR) of Fe-intercalated graphene, as shown in Fig. 8(f, g) [109]. They
found that the spin-resolved dI/dV signals demonstrated a difference at valleys. In contrast, the signals exhibited hardly any difference
at hills, and the TMR at valleys was higher, reaching 80%. They inferred that the various responses could be caused by the different
conductivities of valleys and hills. When the thickness does not exceed a few nanometers, it is an effective way to tune magnetic
responses of the intercalated magnetic layer by controlling the film thickness. This makes it possible to form controllable spin po-
larization of electrons by Fe intercalation.

4.3. Intercalation with transition metal atoms

As mentioned above, the intercalation of magnetic atoms introduces novel magic responses. Intercalation with transition metal
atoms could also introduce other novel properties of graphene, such as spin—orbit splitting [113,114]. Besides, intercalation of metal
atoms to the graphene/metal interface is a promising approach for preventing the degradation of intercalated metal film [108].

The Gr/Copper (Cu)/Ir heterostructure is a good candidate for new concept devices, because it preserves a linear energy dispersion
at the Dirac point, which results from the decoupling of Gr from Cu [115]. Intercalation with Cu underneath graphene has many novel
properties. For example, it has been reported that superconductors can be synthesized by intercalating Cu into a topological insulator
heterostructure [116]. Fig. 9(a) presents the STM image of a Cu intercalated island on Ir(111). Fig. 9(b, c) depict the electronic
structure of Gr/Ir and Gr/Cu/Ir by ARPES. Before intercalation, there is a clear linear dispersion of the graphene p states, corre-
sponding to a slight p-doping. After intercalation, the valence band of the graphene layer becomes n-doped. Although a linear
dispersion of the graphene n band still exists, the 2-4 eV binding energy region becomes complicated due to hybridization between the
graphene p and Cu 3d states [117].

It has been reported that gold(Au) has exhibited the potential to induce n-type or p-type doping of graphene, which is related to the
amount of Au [118]. Hybridization with Au 5d states can induce strong SOI in graphene. Marchenko et al. considered that the splitting
of energy band was induced by graphene p-band hybridization with the Au d-states [119]. Moreover, Au intercalation could reduce the

Magnetic Metals

Gr/Collr

e 0.15

1 T T T, T " ©® -
-(d) _(e) (f) 'é’ﬁ%&m / (g) TMR= Gy-(1/Gy - 1/Gyy)
Gri10ML-Collr G @03 350
x| r/SML-Co/Ir = 2 o
g - T -0.50.0 0.5 0
= g2 o
f 5 | GriFellr Z el
21 alleys
Thick film Thin film || || 2 _\Valley —Oy | -0.6 —Hills
—pristine ——pnstlne ° Oy
-1 —annealed —annealed
" 7500 0 500 ' -500 500 || -1.0 _-05 10 1.0 05 00 05 10
H (Oe) H (Oe) Sample b|as (V) Sample bias (V)

Fig. 8. Intercalation with magnetic metal atoms. (a) The topography of the Gr/ cobalt (Co)/Ir surface. (b, c¢) Local effective spin polarization and
corresponding spin asymmetry map of the intercalated graphene layer. (d, e) Out-of-plane magneto-optical Kerr effect signals collected on the thin
(d) and thick (e) film. (f) The dI/dV signals of Gr/Fe/Ir at valley and hill. (g) Energy dependence of the tunnel magnetoresistance (TMR). (a—c)
Reproduced with permission. [107] Copyright 2013 American Physical Society. (d, e) Reproduced with permission. [108] Copyright 2020 Elsevier
B.V. (f, 8) Reproduced with permission [109]. Copyright 2014 IOP Publishing Ltd.

11



S. Wu et al. Progress in Surface Science 96 (2021) 100637

Other Transition Metals

—_
(=)
~—
m
m

31 31
> >
5 2 S
o o
C’JS (@)]
£ £
© T
£4 £
m m

by

Gr/Au/SIC "\

16 12 08 04 00
@ 0 0@ 0 0.8 000 .0 .0 000 .0 0 0 L L - .
.0 0 0 -: = ,.: " ) -: ,.: ..: .‘: 9.0 ..: -9 .0 0 Blndlng energy (ev)

Intensity (arb. units)

: .
(g)moooﬂﬂi%ﬂlwMoooooeooooaoooooo
000688080000900390880090000008008880000

(i)Top contact (D1) Edge contact (D2)

(m) 240 eV
Ti/Au Ti/Au

Pt 4f
1200 °C

Ti/Au . hBN. TiAu  TifAup hBN  TilAu

eseese veveses

b P
& - s
£ d (0]
56| (k) ot 2 l700-c
S |electrons fj\fu/\} = |
X2 o og_
= D2/\ =50
g 600 °C
[} og
o) “‘/ | p P1
= \f\o 5 holes |Pt deposi
I 1 1 1 1 1

10 6 2 2 6 -4 o 2w 0
Gate voltage (V) Relative binding energy (eV)

Fig. 9. Intercalation with other transition metal atoms. (a) STM images of an intercalated Cu nanoisland. (b, c) Electronic structure of Gr/Ir and Gr/
Cu/Ir by ARPES. (d) STM image of the majority of Au dots intercalation Gr/SiC. () STM image of an individual Au atom intercalates between the
monolayer and the buffer layer. (f, g) Two schematics of the hollow position of the intercalated Au atom. (h) Spin- and angle-resolved photoemission
of p-type Au-intercalated graphene on SiC. (i) Schematics of top-gate structures: top contact (D1) and edge contact (D2) configurations. (j) An
optical micrograph of D1. (k) Gate-voltage dependence of Hall carrier density of D1 and D2. (1) Selected area LEED patterns of initial 1 ML graphene
sample, after platinum (Pt) deposition, after 700 °C annealing. (m) Pt 4f spectra at different temperatures. (a) Reproduced with permission [115].
Copyright 2014 AIP Publishing LLC. (b, c) Reproduced with permission [117]. Copyright 2014 Springer Nature Limited. (d—g) Reproduced with
permission. [114] Copyright 2016 American Physical Society. (h) Reproduced with permission, [121] Copyright 2016 the Authors. (i-k) Repro-

duced with permission. [118] Copyright 2020 Published by the American Physical Society. (I, m) Reproduced with permission. [122] Copyright
2014 the Authors.

restriction of out-of-plane thermal transport of graphene, which is caused by weak van der Waals interactions [120]. Thus, the het-
erostructures of Gr/Au could be used in various sensitive electronic transmissions or thermoelectric devices.

The intercalation of Au atoms under graphene on C-terminated SiC can form a dispersed phase, as shown in Fig. 9(d). This phase
decouples single-layer graphene from SiC without destroying the intrinsic n-type doping of graphene, and the Fermi velocity of
graphene is increased. These single Au atoms are free-standing and negatively charged. [114]. Fig. 9(e-g) show the STM and
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schematics of a single Au atom intercalation, demonstrating that the intercalation position is a hollow position, concerning the six-C
atoms of the monolayer graphene. The Au-intercalated p-type graphene on SiC displays a 100 meV Rashba-type spin-orbit splitting,
and this is the first time that the splitting was induced by graphene p-band hybridization with d-states of the intercalated Au layer on a
semiconductor SiC substrate, as seen in Fig. 9(h) [121].

To investigate the electrical properties of the Au-intercalated quasi-free-standing graphene, Kim et al. prepared microdevices of the
heterostructure [118]. Fig. 9(i, j) present two schematic structures of the top-gated devices (D1 and D2) and an optical micrograph of
D1. Through gate-dependent transport measurements, they confirmed that the Au-intercalated buffer layer displayed all the properties
of monolayer graphene, namely gate-tunable ambipolar transport across the Dirac point, as shown in Fig. 9(k). They claimed that they
found no observable enhancement of SOI in the graphene layer.

Although intercalation can increase the low charge carrier mobility of graphene grown on Si-face SiC [64], intercalation usually is
not stable at high temperatures. The stability of quasi-free-standing graphene at high temperatures is a requisite of graphene-based
devices. Pt intercalation provides a feasible way to increase stability at high temperatures [122]. Fig. 9(1) exhibits a typical diffrac-
tion pattern of monolayer graphene grown on Si-face SiC. This diffraction pattern contains contributions from the ordered graphene
layer, SiC substrate, and reconstructed ordered carbon buffer. After the deposition of Pt, the spots intensity from the substrate and the
buffer layer decreased but was still detectable. After annealing at 700 °C, six additional superstructure spots appeared, indicating Pt
successfully intercalated the surface between SiC and graphene.

Pt intercalation was supposed to passivate the substrate and increase the stability of the graphene at high temperatures. A series of
Pt 4f spectra in the XPS measurements of the samples were collected. The Pt 4f core-level spectra shift to higher binding energy after
annealing at temperatures higher than 600 °C, as depicted in Fig. 9(m). This demonstrates that there exist high quality and stability
quasi-free-standing bilayer graphene and an ordered Pt silicide at the interface.

4.4. Intercalation with lanthanide metal atoms

The tiny SOI (<1 peV) splitting at the Dirac point of graphene limits its development for spintronic devices. The elements in the
lanthanide (La) family can usually provide heavy electronic doping of graphene to increase the SOI of graphene[125]. For example,
Kim et al. studied intercalation of Cerium (Ce), one of the most abundant lanthanides, into Gr/SiC(0001). They found that Ce inter-
calation can increase the spin degree of freedom to the n-electrons, and thereby strongly enhance the SOI [126]. In addition, they found
that there was a temperature-dependent transition, which opened the bandgap (Eg = 0.5 eV) at 41 K, and reduced the bandgap
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(2 x 2) and (\/ 3 x \/ 3)R30° Eu layers at 10 K. (d) STM image of Terbium (Tb) intercalation under graphene on SiC, and the zoom-in image in the
inset showed all carbons in graphene lattice. (e) Scheme for Tb intercalated bilayer graphene on SiC(0001). Intercalation of Tb atoms (blue) below a
pure buffer layer (BuL, black) leads to the formation of bilayer graphene(BLG). (f) Schemes for an increase in the Fermi surface with the annealing
time. Ep; is the Dirac point of initial graphene layer, and Ep; is a Dirac point located 1.57 eV below the Fermi level, originated from the new layer of
graphene. (a—c) Reproduced with permission. [123] Copyright 2014 American Physical Society. (d, f) Reproduced with permission. [124] Copyright
2018 American Physical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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gradually to 0.36 eV with the temperature increasing to room temperature.

Lanthanide atoms possess negligible paramagnetic properties at room temperature. However, at low temperatures, most of the
lanthanides are ferromagnetic, which arises from the unfilled 4f electron orbitals [127]. Studies have demonstrated that intercalation
of lanthanide under graphene could induce graphene magnetic responses that depend on the different intercalation structures [123].
Schumacher et al. demonstrated the different intercalated superstructures of an element of Europium (Eu) underneath graphene on Ir
(111), thatis, (2 x 2) and (\/ 3 x \/ 3)R30° concerning graphene, as shown in Fig. 10(a, b). The (2 x 2) superstructure exhibits obvious
linear paramagnetic behavior, as the magnetic field changes, but the (\/ 3 x \/ 3)R30° superstructure exhibits a nonlinear magnetic
response and is almost saturated at 5 T, as shown in Fig. 10(c). The authors claimed that magnetic coupling was affected by the
Ruderman-Kittel-Kasuya-Yosida interaction under graphene, which led to a paramagnetic (2 x 2) intercalation superstructure [128].

There is a complex electronic band structure for most of the metal intercalation of epitaxial graphene on the C-terminated surface of
SiC, which displays a mixture of a new linear highly n-doped dispersion and the dispersion of pristine monolayer graphene. However,
no systematic studies prove whether the new band structure results from the buffer layer or the monolayer graphene when atoms are
intercalated into SiC.

The intercalation of terbium (Tb) makes this problem clear. Terbium intercalation under the buffer layer of the C-terminated
surface of SiC(0001) can induce highly n-type doped graphene [124]. Fig. 10(d) presents the STM image of Tb intercalation on SiC, and
the inset illustrates all the carbon atoms in the graphene lattice. The disordered intercalation suggests that the (6 x 6)-SiC recon-
struction of the buffer layer has disappeared, thus the buffer layer has been completely decoupled from the substrate. Fig. 10(e)
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describes the detailed process of how Tb intercalation decouples ML graphene to BLG on SiC. The two Fermi surfaces also prove the
formation of BLG, as shown in Fig. 10(f), two dispersion curves (red and black lines) are explained by the superposition of two distinct
graphene layers. The Fermi surfaces of the new graphene monolayer increase with the annealing time, which suggests the intercalation
of Tb atoms leads to the formation of a new graphene monolayer.

4.5. Intercalation with other metal atoms

For application purposes, it is essential to control the bandgap of graphene. The bandgap depends on two fundamental appearance
mechanisms: the symmetry breaking of the sublattice and strong SOI induced by intercalation or hybridization with heavy atoms.
Graphene can be modified into a narrow-gap semiconductor or a 2D topological insulator by tuning the bandgap with heavy metal
intercalation.

It has been reported that Lead (Pb) intercalation can effectively decouple graphene [129]. As shown in Fig. 11(a, b), before Pb
intercalation, the monolayer graphene on Ru shows a periodic moiré pattern (~3 nm) due to the lattice mismatch. After Pb inter-
calation, a perfectly flat honeycomb lattice of graphene with a lattice constant (2.46 + 0.02 A) can be observed, which is consistent
with free-standing monolayer graphene. As shown in Fig. 11(c), compared with Gr/Ru, the G and 2D peaks in Raman spectra are
obvious after the Pb intercalation. This indicates that the coupling between graphene and the substrate is weak, and the intrinsic
electronic properties of graphene are restored after the Pb intercalation [130].

In the case of Gr/Pb/Ir, Calleja et al. discovered regular resonances in STS spectra. Such electronic resonances are not present in
either monolayer Pb or graphene, however, the combination of the two materials results in such resonances. They interpreted that the
Pb monolayer intercalation induced resonances by a strong and spatially modulated SOI [133].

In the case of Gr/Pb/Pt, Klimovskikh et al. studied the bandgap modifications after Pb intercalation [129]. A bandgap of ~ 200 meV
at the Dirac point of graphene was generated after Pb intercalation, as depicted in Fig. 11(d, €). They claimed that graphene was p-
doped before Pb intercalation, however, the graphene transformed to n-doping after Pb intercalation. The conversion of p-doping to n-
doping of graphene after Pb intercalation led to a partial occupation of the n* state of graphene, probably due to charge transfer from
Pb film to graphene.

Graphene-based vdWHs are possible routes for enhancing the SOI and inducing topological nontrivial gaps near the Dirac point of
graphene [134]. Afzal et al. prepared a heterostructure of a field-effect transistor by Pb intercalation into the graphene-Au interface, as
shown in Fig. 11(f). They measured the current-voltage signals and found that the spin Hall effect induced a giant current-voltage
signal, and the SOI was increased to 80 meV, as shown in Fig. 11(g) [131].

In the case of Gr/Bi/SiC, Hu et al. studied the Bi intercalation during the thermal decomposition of Si-terminated SiC [132]. The SiC
substrate is pretreated with Bi flux, and Bi atoms are subsequently incorporated into epitaxial graphene. As shown in Fig. 11(h-j), a
typically clean and smooth surface of epitaxial graphene is prepared. After Bi intercalation, there are many small protrusions and
depressions, which are caused by Bi intercalation. It is found that the Dirac point shifts away from the Fermi level, indicating that Bi
intercalation significantly enhances the n-doping property of epitaxial graphene. A calculation was performed to explore the
enhancement of n-doped behavior. In all, the intercalation of heavy atoms underneath graphene generally enhanced the SOI, making
graphene as a 2D semiconductor or topological insulator, more attractive for possible spintronic applications.

5. Summary and outlook

In this study, we have reviewed various graphene-based vdWHs intercalated by different kinds of atoms. Many vertical hetero-
structures with unique functionalities are obtained by extensive varieties of intercalated atoms. Integration of graphene into the
heterostructure by intercalation provides a strategy to introduce new electronic properties and functionalities. The intercalation not
only modifies the undulations of graphene, but also induces electronic structure changes, such as tuned bandgap by semiconductor and
non-metals, strong SOI and magnetism by magnetic atoms, enhanced superconductivity by alkali/alkaline earth metals, and even spin
Hall effect by heavily lanthanide metals.

In addition, graphene-based vdWHs by intercalation are crucial for fundamental research, for example, for easy generation and
manipulation of excitons, photons, and phonons. Evermore, some novel properties are reported although they are still unclear, like 2D
topological superconductivity, topological insulator, Majorana fermions, enhanced Mott insulator, etc. Further efforts should elucidate
the underneath mechanism for these new physical phenomena in graphene-based vdWHs. The intercalation of graphene-based vdWHs
conceive many novel physical and chemical properties and are expected to be used extensively in various fields, including sensors,
electronics, supercapacitors, and photonics. Undoubtedly, graphene-based vdWHs by intercalation opens up a new dimension for
engineering the electronic, magnetic, and optical properties of 2D materials at the atomic level and provides a new platform in the
research frontier of 2D materials.
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