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Abstract

Unprecedented two-dimensional (2D) metal chloride structures were grown between
sheets of bilayer graphene through intercalation of metal and chlorine atoms. Numerous
spatially confined 2D phases of AICI3 and CuCl, distinct from their typical bulk forms
were found, and the transformations between these new phases under the electron beam
were directly observed by in sifu scanning transmission electron microscopy (STEM).
Our density functional theory calculations confirmed the metastability of the atomic
structures derived from the STEM experiments and provided insights into the electronic
properties of the phases, which range from insulators to semimetals. Additionally, the co-
intercalation of different metal chlorides was found to create completely new hybrid
systems; in-plane quasi-1D AICl3/CuCl; heterostructures were obtained. The existence of
polymorphic phases hints at the unique possibilities for fabricating new types of 2D

materials with diverse electronic properties confined between graphene sheets.
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Low-dimensional materials have attracted considerable research interest because of
their intriguing properties as well as their integration-based flexibility for fabricating
unconventional heterogeneous structures!!!. Growth and transfer techniques!?3! have been
employed to design planar*”], verticall®, and even core—shelll®! complex materials with
unique characteristics such as ultra-high mobility, electronic properties dependent on
atomic reconstructions induced by the inter-layer interaction!'?!, superconductivity!'!],
magnetism!!'>13] strain-engineered  luminescence!'¥,  and  angle-dependent
excitonic/plasmonic!! properties that are distinct from those of their isolated components.
Additionally, new classes of low-dimensional composites can be realized by loading
materials into the tubular space of nanotubes!'®! or the van der Waals (vdW) gaps of
layered materials!'”!, and the physical and chemical properties of the host materials are
known to be drastically altered by the intercalants!'3-2%],

The planar carbon allotrope, graphite, which features robust in-plane covalent
bonding and weak vdW interactions between adjacent layers, is the most widely studied
material in the context of intercalation. Extensive investigations on the intercalation
chemistry of graphite since the 1920s[2!-23 have laid the foundation for the development
of rechargeable metal-ion (Li, Na, K) batteries!**?3], and hinted at the possibility of
realizing superconductivity in K, Ca, and Yb-intercalated graphitic compounds 12621, For
the metal chloride intercalation, FeCl; have shown great potential in transparent
electrodes!**3!1 with unique magnetic properties!!>!3l, while AICl; have been reported as

a low-cost, high-capacity ultrafast rechargeable battery with low flammability!*>-33], This



compound is believed to switch between AICls~ monomers and AlCl;~ dimers during
the charge and discharge states. The phase transformations of metal chlorides are
expected to occur within the vdW gap in graphite and bilayer graphene (BLG), but it has
never been directly observed.

At the same time, chemically inert and mechanically robust graphene sheets can
assist in not only stabilizing the intercalated compounds, but also in getting insight into
their structure and properties. Thanks to the recent developments in transmission electron
microscopy, obtaining the atomic-resolution images of the intercalants inside the
graphene layers became recently possible**33], As the intercalation chemistry in BLG and
in graphite is still not fully understood yet, the STEM data may be extremely useful in
that context.

Here, using state-of-the art STEM, we study the intercalation of metal and Cl atoms
into BLG and demonstrate the possibility of using gaps in BLG to grow new 2D materials.
We observe formations of new 2D phases of AICl3 and CuCl,, as well as the
transformations between the phases, and appearance of alloy structures. By combining
the experiments with first-principles calculations, we further get insight into the

properties of these novel materials.

A large-area (~5 x 5 ¢m?) and uniform BLG grown on a Cu-Ni alloy catalyst by
chemical vapor deposition (CVD)P%37] was employed for growing 2D materials in the
vdW gaps (Fig. 1a). The as-grown BLG was transferred to a TEM grid, which was
subsequently placed in a vacuum-sealed glass tube to facilitate metal chloride (AICl3 and
CuCly) intercalation via chemical vapor transport!*8]. Generally, bulk metal chlorides have

the chemical formula MCl,, where each metal (M) atom is coordinated with six chlorine



(Cl) atoms in an octahedral geometry; however, the compounds have distinct crystal
structures depending on the stoichiometric amount of Cl. The ideal atomic structures of
single-layer MCl, compounds (x = 2—5) expected from the bulk system are shown in Fig.
1b-1e; more than 40 types of metal chlorides have been reported in studies on graphite

intercalation compounds (GICs)B3%,
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Fig. 1. Metal chloride intercalation in bilayer graphene (BLG). (a) Schematic of the
steps involved in the intercalation of metal chlorides into BLG. Ideal atomic models of
single-layer metal chlorides MCl (b), MCl3 (¢), MCls (d), and MCls (e). Both MCl, and
MCI; are octahedral layered crystals, where the metal atoms occupy a hexagonally closet-
packed lattice plane in MCl,, but the MCl3 possess one-third of the octahedral vacancies
at the M sites. The MCly is a layered monoclinic crystal consisting of infinite edge-shared
zigzag octahedral chains, while the MCls is dimerized and features an orthorhombic

crystal.



Studies on nanotube encapsulation have indicated that the structure of the materials
inside nanotubes can be completely different from their 3D forms because of spatial
confinement!**#2], Indeed, in addition to the ‘conventional’ phase known from bulk AICI,
of the 2D-AICl; (n-AlCl3, Fig. Sla), we observed several new polymorphic phases of
AICI3 intercalated in BLG (AICIz@BLG). Specifically, three previously unknown new
2D-AICI; structures (Fig. 2a—2c) were found. The three phases of AICl3 emerged
simultaneously at the same growth condition. Their atomic structures were determined by
density functional theory (DFT) calculations using experimentally obtained images as
inputs.

The first new AlCI3 phase represents a trimerized form of an Al;Cly cluster (denoted
as a-AlCl; herein) where the AICl3 molecules are stabilized in a circular arrangement, as
shown in Fig. 2a. The corresponding atomic model is presented in Fig. 2d. The second
unique 2D-AICI3 structure exhibits orthorhombic symmetry (denoted as B-AICl3), with
arrays of “eye-mask” icositetragons (24-sided polygons) surrounded by rhombus-shaped
octagons, as shown in Fig. 2b; the corresponding atomic structure is depicted in Fig. 2e.
The ADF contrast of the two isolated AICI3 units in the eye-mask-shaped icositetragon is
presumably a superposition of two translational swap configurations, as shown in Fig. S2.
The third new 2D-AICI3 phase (y-AlCl3) has a ladder-like structure, as shown in Fig. 2c.
The y-AlCl; polymorph exhibits orthogonal symmetry and consists of parallel rows of
hexadecagons separated by parallel rows of rhombus-shaped octagons, as shown in the
corresponding atomic model in Fig. 2f. The a-, -, and y-AlCl; structures are completely

different from each other and also distinct from the n-AlCls, as evident from by the



detailed comparison of their crystallinities presented in Fig. S1. n-AlCls and the three new
phases (a-, B-, y-AlICl3) are different in terms of the bonding configuration. An Al atom
in the n-AlCl; phase is bonded to six Cl atoms, whereas the coordination number of Al is
three in the a-phase and four in the - and y-AlCl3 phases. EELS fine structure analysis
indicates that the Al L-edge reflects the nearest-neighbor bonding characteristics or its
coordination numbers!*}). Figure S3 suggests that the Al L-edge of the a-, B-, and y-AICl3
phases exhibits similar features, with an intense peak at 76.0 eV and another lower-
intensity peak at 77.3 eV, indicating similar three-bond and four-bond Al configurations.
However, the n-AlCl; phase with six-bond Al exhibits red shift of the first intense peak
(75.6 eV) and does not feature a second peak in the Al L-edge. Quantitative contrast
comparison between the experimental and simulated ADF images are presented in Fig.
S4. The thickness of the polymorphic phases of AICl3 intercalation in BLG is quantitively
estimated by Fourier-log analysis. The log-ratio formula is expressed as t/A*= In(Ii/Io)
where t is the specimen thickness, A* is the local inelastic mean free path, Iy is the zero-
loss intensity, and I is the total transmitted intensity under the EELS[*. Here, we list the
t/A* of vacuum = 0, BLG = 0.04, n-AlCls, a-AlCl3, B-AICls, and y-AlCl3 = 0.06 (see more
details in Table S1).

Charge transfer is expected to occur during the intercalation of BLG. The calculated
charge transfer from BLG to the a-AlCls, B-AlICl;, and y-AICl; phases is depicted in the
charge density difference plots shown in Fig. 2g—21, respectively. Based on the electron
excess (yellow areas) and depletion (cyan areas) plot, the redistribution of the electronic
charge upon intercalation is complex, and as the intercalated structures are not symmetric,
the gain/loss for the graphene sheets can be different. Overall, electrons appear to be

transferred to the a-AlCl3 and B-AlCl3 layers, and the opposite is true for the y-AlCls



layers, see Table S2.
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Fig. 2. Polymorphic phases of 2D-AICls. (a—c) ADF images of the three different phases

of 2D-AICI; (a, B, and ). (d—f) Corresponding 2D-AICl3 atomic models with top and side

view. DFT-calculated electron transfer isosurfaces are superimposed on the side views of

corresponding models. The two AICI; units in the B-AICl3 “eye mask™ cage have two

meta stable configurations allowing for translational swap. The isosurface value is set to



1.3x10™* e/A3, and the yellow and cyan areas represent an excess and depletion of
electrons, respectively. (g—1) Charge density difference averaged in the x-y plane vs. the

z-coordinate.

After analyzing the polymorphic phases of AICl3;, which included the newly
discovered phases, their phase transformations under the electron beam were examined
by in situ STEM. Figure 3a—-3d shows consecutive ADF images of a large-area phase
transformation of a-AlICls3 to B-AlCI3 (see Movie 1). The entire scanning area of the o-
AICl; phase (8 x 8 nm?) transforms into the B-AICl3; phase within 3 min. This
transformation is irreversible under e-beam irradiation, which suggests that B-AlCls is a
chlorine-deficient phase (AlCls.x, Al¢Cli7 from the DFT calculations). During e-beam
scanning, the a-AlClz phase begins to reassemble its structure to form rhombus-shaped
octagons, and a combination of octagons constructs the framework surrounding the eye-
mask-shaped icositetragons of the B-AlCl; phase, as shown in Fig. S4. Figure 3e shows a
comparison of the formation energies of the 2D-AICI3 phases. The calculations indicate
that they are metastable, with a higher (negatively defined) energy than that of n-AlCl3
by 0.12-0.23 eV/atom (Table S3). Among them, a-AlCl; has a highest formation energy
and tends to transform into the relatively stable -AICl; phase. Notably, the a-to-y-AlCl3
phase transformation was not observed in the in situ STEM experiment. The B-AlICl; and
v-AlCl3 phases possess geometrically similar structures with comparable formation
energies, and the y-AlClz phase is also chlorine-deficient (AlsCli4 from the DFT
calculations). These two phases share the rhombus-shaped octagon rows to form seamless

domain boundaries as shown in Fig. S5. All these 2D-AICl; structures were found to be



present and even co-exist, as evident from the low-magnification STEM images in Fig.
S6. The newly discovered a-, B-, and y-AlCl; structures have never been found as the bulk
crystals. The most energetically stable phase is n-AlCl3, but we never see any structural
transformation from a-, -, and y-AlCls to n-AlCl; during the STEM observation. So, we
infer that the a-, B-, and y-phases are thermodynamically (meta-)stable with the existence
of BLG and the BLG may prevent them to transform to the most stable n-AICls phase.
Discussions about the different DFT levels and lattice dynamic stability of the 2D phases

are made in supplementary information (Fig. S7).
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Fig. 3. Phase transformations of 2D-AICls. (a—d) Consecutive ADF images of the phase
transformation of a-AlCl3 to B-AICls (green-colored regions). (¢) Comparison of the

formation energies of the four 2D-AICl; phases.

CuCl; is one of the commonly used ingredients for hybrid intercalation to assist the

intercalation of other MCl, by providing chlorine gas during the chemical vapor transport



growth process!®l. Figure 4a shows an ADF image of CuCL@BLG. The 2D-CuCl,
compound exhibits trigonal symmetry and consists of long parallel CuCl; chains, as
shown by the atomic model in the inset of Fig. 4a. This structure is different from the
standard octahedral (1T) structure of MCl, (Fig. 1b). Interestingly, 2D-CuCl, was found
to locally transform its structure into one with distorted octahedral symmetry (T’-CuCl»)
without parallel chains, as shown in Fig. S8 and Movie 2. DFT calculations indicated that
both structures are stable, with the T’ phase being higher in energy by ~0.12 eV per
formula unit (Fig. S9). Electrons appear to be transferred from BLG to 2D-CuCl; (Fig.
4b, 4c). A significantly higher density of electrons transferred to graphene 4.6 x 10
e/cm? (Table S2) was obtained from Bader analysis and integration of the electron
densities compared to that of AICl;.

Composite structures can be created when several elements are simultaneously
intercalated between the BLG gaps. Figure 4D shows an ADF image of an area with co-
existing AICl3 and CuCl,. This structure can be referred to as a heterogeneous mixture
(ordered alloy) in a seamless in-plane quasi-1D y-AlCl3/CuCl,. An EELS line scan was
performed along the yellow line shown in Fig. 4d, and the corresponding EELS 2D profile
in the energy range of 900-960 eV is shown in Fig. 4E. The appearance of Cu L3-edge
white lines at 930 eV hints at the locations of CuCl, chains, which are indicated by red
triangles; the subsequent loading of the interstitial spaces with AlCl; is also confirmed
(EELS profiles in Fig. S3). The interstitial AICI3 is composed of the y-AICl; phase, which
forms a crystalline structure in the sufficiently wide space between two CuCl, lines;
otherwise, it can only exist as a partial crystalline structure in a narrow space. Another
type of AICI3/CuCl alloy, a mixture of a-AlCl; and CuCl,, features islands of CuClx

separated by a-AlCl3 domains with a more disordered arrangement, as shown in Fig. S10.



The co-doping mechanism of AIClx and CuCly is assumed to involve the intercalation of
CuCl; and subsequent replacement by AICI3*], or mixing of Cu and Al in the gas phase
where CuAl>Cls is considered as a complex species in the co-intercalation*#81. Complete
mixing of Al and Cu atoms was not clearly observed via STEM in the present study; this
presumably indicates that the intercalation occurs primarily with A1CI3 and CuCl, vapors,
or CuALxClg possibly dissociates during diffusion in the 2D nanospace. Numerous studies
on GICs have been attempted for a long time by employing effective techniques to
directly visualize the local atomic arrangements of specimens for precisely correlating
the macroscopic measurements of the properties to the real atomic structures. Various
domains of Al and Cu as well as their mixed phases, but not a unique homogeneous
structure, are clearly shown herein by utilizing large-area BLG. The obtained STEM
results of intercalated polymorphic phases provide a novel strategy for developing a

doping mechanism for co-intercalation.

EELS profiles in the low-energy range (0.2—1.5 eV) were subsequently collected
using a monochromatic electron source to detect the charge carrier plasmon, as shown in
Fig. 4f. The n-, a-, B-AlCl; phases exhibits a single peak at 0.70, 0.69, and 0.72 eV,
respectively. The y-AlClz phase exhibits a broader peak at a lower energy of 0.65 eV. The
CuCl, domain shows a peak at a higher energy (0.77 eV), and the y-AlCIl3/CuCl; alloy
essentially combines the charge carrier plasmon features of these two materials. The
plasma angular frequency can be expressed using the Drude model as follows:

wp= 2

where n, e, g, and m* represent the carrier density, electron charge, the permittivity of

free space, and effective mass of electrons, respectively. The charge carrier density



transferred from graphene to each phase of the 2D-AICl; and 2D-CuCl, compounds can
be further derived; values of 1.07—1.5 x 10'3 cm™? are obtained using the Drude model
and vdW gap of 3.5 A (Table S2). The charge carrier plasmon energy is known to shift to
lower energies with decreasing electron densities, assuming electron transfer from
graphene to the intercalants49-51],

The intercalation of AIClz and CuClz in BLG represents p-type doping, which is in
overall agreement with the DFT calculations (Figs. S11-15) and a cross-checked using a
more advanced Tkatchenko-Scheffler (TS) dispersion correction method comprising the
iterative Hirshfeld partitioning scheme (Fig. S16). Macroscopic measurements for the
metallic/semiconducting behaviors of each phase are not easy because the two graphene
layers on the surface prevent the typical 4-probe measurements. Upon the intercalation of
AICl; and CuCl,, BLG exhibits a Raman G-band shift from 1585 cm™ to 1610-1620
cm™!' (Fig. S17) and the carrier density can be estimated as ~3 x 10'3 cm™2>21 which is
consistent with the value derived using the Drude model and the DFT calculation results.
The calculations indicate that the y phase of intercalated AICl; is a semimetal, the § phase
is a semiconductor, and the molecular o—phase has insulating properties. All phases of
CuCl; are insulators. The elucidation of charge-related transformations of structures is
crucial in the context of various energy-storage-related applications and the further

development of electronic devicesl3843-33-38],
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by red triangles. (¢) EELS 2D profile scanned along the yellow line shown in (d), where

the presence of the Cu L-edge is indicated by red triangles. (f) EELS low-loss profiles

showing charge carrier plasmon peaks of the 2D-AICI3 phases, CuCl,, and the alloy.



This study may have a significant impact on the understanding of GICs and the
growth of 2D materials in vdW gaps. The atomic arrangement of 2D metal chlorides in
the vdW gaps of BLG has been unveiled herein, which could be the key to answering the
fundamental questions on the property/structure relationships of GICs that have been
unresolved, in spite of a century-long research of these systems. The structural
transformations of intercalated materials and the correlated charge transfer between the
graphite layers are crucial for a better understanding of electrical conductivity and battery
characteristics. Polymorphic phase transitions that may exist in vdW gaps must be
considered because simple GIC models typically fail to explain the properties of GICs.
The in situ observation of phase-transformation-related charge transfer in the GICs herein
mimics the electrochemical reactions and deepens the understanding of the process of
intercalation. Furthermore, multiple-compound intercalation offers infinite possibilities
for the development of various novel intercalated 2D structures with unique
characteristics, and a plethora of intriguing physics and chemistry can therefore be

subsequently explored in 2D nanospaces.

Method

Material growth

A uniform BLG sheet was synthesized by ambient-pressure chemical vapor deposition
(CVD) using a Cu-Ni alloy thin film that was deposited on c-plane sapphire, as reported

previously®®. The BLG sheet was transferred onto a TEM grid by etching the Cu—Ni film



with an etching solution (aqueous solution of ammonium persulfate), followed by
thorough washing with pure water.

For co-intercalation, a method similar to that used for the intercalation of MoCls in BLG
was employed®¥!. BLG supported on a TEM grid was sealed in a Pyrex tube with FeCl;,
AICl; and CuCl, powders after evacuating the tube at ~5 x 10™* Pa for 1 h. The weight
ratio of the AICl; and CuCl, intercalants was set to be 2:1. Co-intercalation was performed
by heating both the BLG and the metal chlorides at 150 °C for 30 min. The FeCl;
intercalation was performed by heating at 250 °C for 1 hr. The Pyrex tube was opened in
a glove box, and the sample was placed on a JEOL vacuum transfer holder and then
transferred to the TEM chamber immediately to avoid possible degradation under

ambient conditions.

STEM and EELS

STEM images were acquired using an ultra-high vacuum ARM200F-based microscope
equipped with a JEOL delta corrector and a cold field emission gun operating at 60 kV. A
probe current of ~15-20 pA, and a convergence semi-angle and inner acquisition semi-
angle of 37 mrad and 76 mrad, respectively, were used. A typical ADF image was 1024 x
1024 pixels in resolution and captured using a pixel time of 38.5 ps. The EELS core-loss
profiles were recorded using a Gatan Rio CMOS camera optimized for low-voltage
operation. EELS profiles were acquired using line scans with an exposure time of 0.1
s/pixel. The EELS low-loss profiles were recorded using a delta-type aberration-corrected
JEM-ARM?200F system equipped with a Schottky field-emission gun operating at 60 kV

and a double Wien-filter monochromator. A convergence semi-angle of 43 mrad and an



inner acquisition semi-angle of 125 mrad were used. A Gatan Quantum-ERS camera
optimized at low-voltages was used for high-resolution EELS. The beam current was 8.1
pA with an energy resolution of 45 meV after inserting a 0.5 um slit. All STEM images
and EELS profiles were recorded at room temperature. Gaussian Blur filter is applied to

the STEM images by using ImageJ.

Density functional theory calculations

Spin-polarized simulations were performed using the Vienna ab-initio Simulation
Package (VASP)P%% The structures were relaxed using the Perdew—Burke-Ernzerhof
(PBE) exchange-correlation functional!®'l with a force tolerance of 0.01 eV/A (electronic
convergence criteria of 107 eV). The energy cut-off was set to 400 eV, and a 5x5x1 k-
points using Brillouin zone integration with the tetrahedron method and Blochl
corrections. Van-der-Waals interactions are taken into account using the DFT-D3
method!®?! with Becke-Jonson damping. The structures of the selected phases were also
investigated using a more advanced Tkatchenko-Scheffler (TS) dispersion correction
method!%*! comprising the iterative Hirshfeld partitioning scheme.

The 2D structures were initially relaxed without the bilayer graphene (BLG) which was
con-secutively introduced with minimal strain (<1%) imposed on the BLG. Their stability
was then checked including the BLG encapsulation. The obtained relaxed structures are
included in the supplementary information.

Charge transfer between graphene and the intercalated materials was assessed by: (i)
calculating the charge difference between the combined system and isolated components
and subsequently integrating over the corresponding areas, and (i1) using Bader analysis.

Details of the charge transfer calculations can be found elsewhere 21,
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