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ABSTRACT: CrGeTe; has recently emerged as a new class of two-dimensional
(2D) materials due to its intrinsic long-range ferromagnetic order. However, almost
all the reported synthesis methods for CrGeTe; nanosheets are based on the
conventional mechanical exfoliation from single-crystalline CrGeTe; which is
prepared by the complicated self-flux technique. Here we report a solution-processed
synthesis of CrGeTe; nanosheets from a non-van der Waals (vdW) Cr,Te; template.
This structure evolution from non-vdW to vdW is originated from the substitution of
Ge atoms on the Cr sites surrounded by fewer Te atoms in the Cr,Te; lattice due to
their smaller steric hindrance and lower energy barrier. These CrGeTe; nanosheets
present regular hexagonal structures with a diameter larger than 1 ym and excellent
stability. They exhibit soft magnetic behavior with a Curie temperature lower than
67.5 K. This non-vdW to vdW synthesis strategy promotes the development of
CrGeTe; in ferromagnetism while providing an effective route to synthesize other 2D
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1. INTRODUCTION

The lack of ferromagnetism in conventional two-dimensional
(2D) materials has limited their developments and applications
in spintronic devices.'™® The extrinsic ferromagnetism
introduced by regulating the strain, edge structure, or defects
is usually hard to control in 2D materials.”~"" It is necessary to
explore the novel 2D materials with an intrinsic long-range
ferromagnetism. CrGeTe; has recently emerged as a very
promising candidate material due to its intrinsic characteristics
of both semiconductor and ferromagnetism."'~"> CrGeTe, is a
substantially 2D layered transition-metal chalcogenide (TMD).
These layers are stacked together via the van der Waals (vdW)
interaction with an interlayer distance of 6.9 A.'°™'® The
ferromagnetic order in bilayer CrGeTe; was first found by
Gong et al. in 2017."° This study indicated that the
ferromagnetism can be inherited as the thickness is thinner
than several atomic layers; the long-range ferromagnetic
interaction can be easily achieved in CrGeTe; nanosheets.
The emergence of ferromagnetism in CrGeTe; opens vast
opportunities for 2D materials in magnetic, magnetoelectric,
and magneto-optic applications.'”~**

Driven by the fascinating properties of CrGeTe; and its
promising applications in flexible devices, great efforts have
been devoted to produce ultrathin 2D CrGeTe; nanomaterials.
The mechanical exfoliation method has been widely used to
obtain monolayer or multiple-layer CrGeTe; nanoflakes by
breaking the weak vdW interaction between the layers in
single-crystalline CrGeTe,.'>~'”* The single crystal used in
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this method is usually prepared by the self-flux techni-
que.!S1715
an ultrahigh temperature, even higher than 1000
Moreover, the yield of mechanical exfoliation is very low.

*? Such a method usually needs a long period and
0 17,19

Therefore, it is highly desirable to develop a facile and feasible
method for the preparation of 2D CrGeTe; nanosheets.

Here we propose a solution synthesis of 2D CrGeTe,
nanosheets through a chemical cation exchange method. The
first-principles calculation reveals the non-vdW Cr,Te;
template can be completely evolved to vdW CrGeTe; when
some Cr sites of the Cr,Tej lattice are exchanged with Ge sites.
The key point for this exchange is the Cr sites in the Cr,Te;
lattice surrounded by fewer Te atoms having a smaller steric
hindrance and lower energy barrier. Based on the theoretical
design, we successfully obtained the ferromagnetic CrGeTe;
nanosheets with uniform hexagonal morphology larger than 1
um. The phase structures and magnetic properties in the
synthesis process were systematically investigated through
related structural and magnetic characterizations. This non-
vdW to vdW evolution strategy is expected to be a new
method to obtain other ternary 2D materials.
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Figure 1. Schematic illustration of the theoretical simulation from non-vdW Cr,Te; to vdW CrGeTe;.

2. EXPERIMENTAL SECTION

2.1. Theoretical Simulations. The first-principles calculations
were performed to simulate the transition process from Cr,Te; to
CrGeTe;. Here, the electronic structures of Cr,Te; and Ge-
introduced Cr,Te; were calculated by using the projector augmented
wave (PAW) formalism in the Vienna ab initio simulation package
(VASP).>**® The Perdew—Burke—Ernzerhof (PBE) approximation
was used to describe the exchange and correlation functional. The
plane-wave cutoff energy was set to 400 eV. All the atoms in the
supercells were allowed to move until the Hellmann—Feynman force
on each atom was smaller than 0.01 eV/A. The gamma-centered
Monkhorst—Pack k-point meshes of 9 X 9 X S were adopted in all
calculations. The vdW correction with the Grimme (DFT-D2)
method was included in all calculations.””

2.2. Chemicals. Hexacarbonyl chromium (Cr(CO)s 99%),
tellurium powder (Te, 200 mesh, 99.999%), and germanium(IV)
chloride (Gel,, 99.9999%) were purchased from Alfa Aesar.
Oleylamine (OLA, 80—90%, boiling point 350 °C) and trioctylphos-
phine (TOP, 90%) were obtained from Aladdin and Energy
Chemical, respectively. Hexane (99.5%) and ethanol (99.7%) were
purchased from Tianjin Kermel and Guangfu. All the chemicals were
used as received, without further purification.

2.3. Synthesis. The CrGeTe; nanostructure was obtained by a
two-step synthesis procedure. First, a Cr,Te; binary template was
synthesized by a modified organic-solvent-phase chemical decom-
position method.”® The source ratio of Cr:Te was 1:1.8. Second, the
ternary CrGeTe; was prepared by injecting a Ge source into a binary
Cr,Te; seed crystal using the cation exchange method.

The Cr,Te; seed crystal suspension (1 mmol) was dispersed in a
flask with 30 mL of OLA. The system was then pumped down with a
flow of nitrogen at room temperature for 30 min to remove the low-
boiling-point solvent and oxygen. The clear colorless solution of 1
mmol of Gel, dissolved in § mL of OLA was injected into the mixture
solution dropwise at 100 °C under vigorous stirring. Subsequently,
when the temperature went to the reflux temperature of 330 °C at a
heating rate of 5 °C/min, the reaction mixture was stirred for 2 h at
this temperature. After the reaction, the solution was rapidly cooled to
room temperature, and the extraction purification procedure was
similar to that of Cr,Te;. The CrGeTe; nanostructure could be
dispersed in hexane.

2.4. Characterization. The phase structures and element valences
were characterized by powder X-ray diffraction (XRD) with a Cu Ka
radiation source (4 = 0.154 nm) and an X-ray photoelectron
spectrometer (XPS). The morphologies were obtained using
transmission electron microscopy (TEM). High-resolution TEM

4439

(HRTEM) images, high-angle annular dark field scanning TEM
(HAADF-STEM) images, high-resolution scanning TEM (HR-
STEM) images, and selected area electron diffraction (SAED)
patterns were collected using scanning TEM equipped with spherical
aberration correctors on the image. The magnetic measurements
including the magnetic hysteresis (M—H) loops and magnetization—
temperature (M—T) curves were performed using a physical property
measurement system. The thickness of the nanosheets was
characterized by scanning electron microscope (SEM) and atomic
force microscope (AFM). The composition of the solution was
characterized by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The organic ligands were investigated by
using a Fourier transform infrared spectrometer (FT-IR).

3. RESULTS AND DISCUSSION

We begin with a comparison of the crystal lattices of Cr,Te;
and CrGeTe;. Cr,Te; is a three-dimensional hexagonal
structure with a P31¢ (No. 163) space group (a = 6.82 A, ¢
= 12.08 A) (Figure $1).>® In this nonlayered Cr,Te; unit cell,
there are three types of Cr atoms: one-quarter of the Cr atoms
occupy the Cr; site, one-half occupy the Cry; site, and others
occupy the Cryy site. In contrast, the CrGeTe; is a substantial
2D layered lattice with a large interlayer gap (d, = 6.9 A),
which has a similar hexagonal structure with an R3 (No. 148)
space group (a = 6.83 A, ¢ = 20.56 A).'®'” Based on the above
comparison, we took the view that the conversion from
nonlayered binary Cr,Te; to layered ternary CrGeTe; may be
easy to realize if all of the Cry; and one-half of the Cry sites in
Cr,Te; are substituted with Ge atoms by breaking the
interlayer Cr—Te ionic bonds (Figure S1).

First-principles calculations were then performed to reveal
the probability of the evolution from non-vdW Cr,Te; to vdW
CrGeTe; through transformation energy. The total energies of
Ge-introduced Cr,Te; with different configurations were
systematically investigated. Several configurations were con-
sidered for each Ge-introduced Cr,Te; system in our
calculations (Figure S2), and the most stable configurations
are displayed in Figure 1. The substitution process can be well
understood by the following steps: (i) when one Ge atom is
introduced to the primitive Cr,Te; (Figure S2), the Ge atom
tends to replace the Cry site (E = —119.114 eV) rather than
the Cryy site (E = —118.898 eV). This can be attributed to the

https://dx.doi.org/10.1021/jacs.9b13492
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Figure 2. (a) XRD patterns and (b) M—H loops (measured at 5 K) of Ge-doped Cr,Te; samples with different Ge contents.
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Figure 3. M—T curves of Ge-doped Cr,Te; samples with different Ge contents (H,

according to the Curie—Weiss law.

ppl = 5 kKOe). The 1/ = T curves (blue solid lines) are fitted

large steric hindrance and high energy barrier for the
substitution of the Cry; site, which is surrounded by six Te
atoms. (ii) When another Ge atom is introduced, it favors the
replacement of the Cryy site, subsequently forming a chemical
bond between the two Ge atoms (E = —113.479 eV). The
substitution of the Cry; site would break the connection
between the layers, resulting in the delamination phenomenon
and the evolution from non-vdW Cr,Te; to vdW CrGeTe;.
Hence, the incomplete Ge substitution in the Cr,Te; lattice
would lead to the separate existence of Cr,Te; and CrGeTe,
phases. This means that it is impossible to form the transition
state of Cr,_,Ge Te; in the reaction process. (iii) Similarly, if
more Ge atoms are introduced, steps (I) and (II) will be
repeated. Finally, when half of the Cr atoms are substituted by
Ge atoms, the Ge-doped Cr,Te; will become CrGeTe;.

To evaluate this cation exchange strategy from experiment,
we first prepared the Cr,Te; template according to previous
work. The cation exchange reaction is usually used to
synthesize multiple nanostructures or heterojunctions.”” "
This process was then precisely regulated through the content
of the Gel, precursor with the Cr,Te; template. The XRD
patterns of the samples with different Ge contents (0<x<1
mmol) are shown in Figure 2a. When x = 0 mmol, all the
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diffraction peaks are consistent with the Cr,Te; standard
pattern (JCPDS: 29-0458), indicating the pure phase of the
Cr,Te; template. Note that the CrGeTe; crystal phase appears
in the sample of x = 0.2 mmol. The (003), (006), and (113)
diffraction peaks of CrGeTe; begin to be observed at 20 =
12.91°,25.99°, and 29.20°, while the main peaks of Cr,Te; still
exist. This shows that Cr,Te; and CrGeTe; coexist in the
system by a partial replacement of Cr** with Ge*'. The main
peaks of CrGeTe; become stronger with an increasing content
of Ge source. The pure CrGeTe; phase (JCPDS: 50-0928)
without any other impurities is acquired when x = 1.0 mmol.
This reveals that half of the Cr** cations in Cr,Te; have been
completely substituted by Ge** to form CrGeTe,. Briefly, the
XRD results show that the binary Cr,Te; can be successfully
transformed to ternary CrGeTe; through the cation exchange
process, agreeing well with our calculation results.

Now we further investigate the cation exchange process
through the characterization of magnetic behavior. It has been
reported that Cr,Te; shows hard magnetic behavior,”® while
CrGeTe; exhibits soft magnetic behavior.!>'® The soft/hard
exchange coupled interaction should exist if the phases of
Cr,Te; and CrGeTe; coexist during the cation exchange
process. Figure 2b shows the magnetic hysteresis loops (M—H,

https://dx.doi.org/10.1021/jacs.9b13492
J. Am. Chem. Soc. 2020, 142, 4438—4444



Journal of the American Chemical Society

pubs.acs.org/JACS

200nm

Intensity(a.u)
Intensity(a.u)

Intensity(a.u)

585

S80 575
Bind Energy(eV)

590 585 570 590

Bind Energy(eV)

32 30
Bind Energy(eV)

34 28

Figure 4. Typical TEM elemental mapping of Cr, Te, and Ge in samples of x = 0.4 mmol (a—c) and x = 1.0 mmol (e—g), HR-STEM image and
SAED pattern of regions C and D (d, h), and high-resolution XPS survey of Cr 2p, Te 3d, and Ge 3d for the CrGeTe; nanosheets (i—k).

S K) of samples with different Ge contents. The coercivity
(H,) of the pure Cr,Te; reaches 13 kOe, exhibiting a hard
magnetic behavior. When x = 0.2 mmol, H, decreases to 8.6
kOe, and a clear kink appears close to the zero field. It
indicates that there exists a soft magnetic CrGeTe; phase in
the sample in addition to the hard magnetic Cr,Te; in
agreement with the XRD results (Figure 2a). A similar result
can be found in the case of x = 0.4 mmol. Nevertheless, only
the soft magnetic behaviors are observed in the samples of 0.6
mmol < x < 1 mmol, and the saturation magnetization (M)
gradually increases as the Gel, precursor increases. An M, of
25.6 emu/g is obtained for the pure-phase CrGeTe; (x=1.0
mmol), close to the values reported previously.'” The H, value
is only 155 Oe for pure CrGeTe;, indicating an obvious soft
magnetic behavior. The enhancement of the CrGeTe; main
phase results in the decrease of the Cr,Te; hard magnetic
phase. The transformation from hard to soft is related closely
with this chemical reaction process from Cr,Te; to CrGeTe;,
confirming our XRD results.

To further confirm the coexistence of the Cr,Te; and
CrGeTe; phases, the temperature dependence of magnet-
ization M(T) of the samples with different Ge contents was
measured under H = § kOe. A sharp transition occurs between
175 and 180 K (Figure 3a). This means that the Curie
temperature (T.) of Cr,Te, is approximately 180 K, in accord
with our reported results.”® Nevertheless, two obvious
transitions appear in Figure 3b (x = 0.2 mmol) and Figure
3¢ (x = 0.4 mmol), indicating the mixture phases coexist at
these stages. Therefore, combined with the XRD and M—H
results, the mixture phases are confirmed to be Cr,Te; and
CrGeTe; phases. The corresponding temperatures of the kinks
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are 60—70 K and 170—180 K, respectively, agreeing well with
the T, values of CrGeTe; and Cr,Te;. When x > 0.6 mol, it is
difficult to observe the two kinks in the M—T curves. It is well
known that the temperature dependence of magnetic
susceptibility y(T) is usually plotted to verify the phase
composition of a sample. The magnetic susceptibility y follows
the Curie—Weiss law: y = M/H = C/(T — T), where M is the
magnetization, H is the magnetic field strength, and C is the
Curie temperature constant of a material. There is a linear
relationship between 1/y and T for a specific material. The
corresponding temperature is T, when 1/y = 0. Clearly, there
are still two kink points between 70 and 200 K on the blue
lines for both x = 0.6 and 0.8 mmol (Figures 3d and e), which
represents two different phases. Only the fitted 1/y = T curve
of x = 1.0 mmol is close to a straight line, and the
corresponding temperature at 1/y = 0 is approximately 67.5
K, close to the T value of CrGeTe, reported by C. Petrovic."’
To conclude, the above M—T and 1/y = T curves further
confirm the coexistence of hard Cr,Te; and soft CrGeTe;
phases during the cation exchange reaction.

We then applied TEM to investigate the structural
characteristics of the transformation from the binary Cr,Te;
template to the ternary CrGeTe; nanostructure. A typical
elemental mapping of the intermediate state with x = 0.4 mmol
is shown in Figure 4a—c. In both regions A and B, the element
distributions of Cr and Te are uniform, whereas the Ge is too
sparse to be found. The atomic ratio is close to the
stoichiometry of Cr,Tes, indicating that the main phase is
Cr,Te; in regions A and B. Region C exhibits a perfect
hexagonal lattice with the distance between lines L, and L; of
0.683 nm (Figure 4d), consisting with its lattice constant (a) of

https://dx.doi.org/10.1021/jacs.9b13492
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Figure 5. Schematic illustration of the cation exchange reaction process from non-vdW Cr,Te; to vdW layered CrGeTe; nanosheets.

a CrGeTe; unit cell (inset of Figure 4d and Figure S4).
Therefore, Cr,Te; and CrGeTe; exist independently in the
different regions, rather than growing with a heterojunction
structure. Meanwhile, some Cr** cations in the Cr,Te; lattice
have been replaced by Ge*' cations to form CrGeTe,
fragments during the reaction process.

For the sample with x = 1.0 mmo], the products are mainly
uniform hexagonal nanosheets with a diameter of about 1 ym
and an average thickness of 60—70 nm (Figure SSa,b). When
the sample was ultrasonically exfoliated in hexene for different
time, the average thickness of the nanosheets was gradually
reduced (Figure SSc—f). It is about S—7 nm, which
approximately equals 7—10 layers of CrGeTe; for the
ultrasonic time of 2 h. The elements Cr, Ge, and Te are
uniformly distributed in a single hexagonal nanosheet (Figure
4e—g) with an average atomic ratio of 1:1:3 (Figure S6b), in
good agreement with the stoichiometric ratio of CrGeTe;.
Moreover, the atoms in region D (inset of Figure 4e) have a
hexagonal close-packed (hcp) structure, and the in-plane
lattice constant (a) is 0.683 nm (Figure 4h), indicating the
pure phase of CrGeTe;. Furthermore, the SAED pattern
exhibits its single-crystal characteristics of a CrGeTe; nano-
sheet.

The chemical composition and valence of CrGeTe; (x = 1.0
mmol) are determined by high-resolution XPS survey (Figure
4i—k). The binding energies of both Cr-2p and Te-3d are very
close to each other. Actually, the peaks located at 576.2 eV
(2ps/,) and 586.5 €V (2p, ,) corresponds to Cr**, whereas the
ones located at 572.3 eV (3d;,,) and 582.6 eV (3d;/,) belong
to Te*~ > ** It is impossible for Cr’ and Te** to exist in
CrGeTe; according to our simulated results. The two peaks at
29.7 eV (3d) and 32.1 eV (3d) in Figure 4k correspond to the
binding energy of Ge’ (Ge—Ge metal bond) and Ge*" (Ge—
Te covalent bond),* respectively, in agreement with our
simulated results.

Furthermore, the reaction solutions were characterized by
ICP (Figure S8). Sample I is the original reaction solution
without any washing, and samples II-IV are the solutions after
centrifugal washing for one, two, and three times in a hexane
and ethanol mixed solvent. The concentration of Cr®" is 1.18
g/kg in sample I, indicating that Cr’* ions have been
successfully replaced by Ge*' during the reaction process.
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The concentration of Cr** in the solution decreases with the
increase of washing times. Therefore, it can be speculated that
the mechanism from non-vdW Cr,Te; to vdW layered
CrGeTe; follows the cation exchange reaction.>

The stability of 2D CrGeTe; nanosheets in ambient
conditions is very crucial for practical applications.”” We
found there was no significant change for both the sample kept
in air for 6 months and the one annealed at 300 °C for half an
hour in a vacuum according to the XRD patterns (Figure S9a).
Similar results were also observed in M—H curves (Figure
S9b), demonstrating the robust stability after exposing in air or
annealing under vacuum. Such excellent stability of 2D
CrGeTe; nanosheets can be attributed to its intrinsic
stability.15 Meanwhile, the small organic ligands wrapped
around the CrGeTe; might further enhance its oxidation
resistance.

Finally, the above combined theoretical and experimental
results allow us to present a picture for the transition from
non-vdW Cr,Te; to vdW layered CrGeTe; (Figure S). The
cation exchange reaction process can be divided into the
following steps: (i) the diffusion of Ge*" into the Cr,Te,
lattice, (i) the substitution of Cr** by Ge*, and (iii) the
emigration of Cr*". Specifically, when non-vdW Cr,Te,
nanosheets were treated with Gel, at a high temperature, the
high concentration of Ge** ions easily and rapidly diffuse into
layers with many Cr vacancies in the Cr,Te; lattice (stage 1).
Due to the lower formation energy of CrGeTe, (Figure 1),
Ge** will sequentially replace Cry; and Cryy in Cr,Te; to form
CrGeTe; according to our calculation results. Meanwhile,
these replaced Ge atoms prefer to form a Ge—Ge dimer, and
some distortion of Te atoms occurs to reach the lowest energy
and the most stable structure (stage 2). The partial
replacement of Cr** with Ge* leads to the coexistence of
the Cr,Te; phase and the CrGeTe; phase due to the
exfoliation between the layers. Finally, the substituted Cr®*
cations will move out from the CrGeTe, lattice (stage 3). After
cation exchange, the stacking mode of CrGeTe; is ABCABC,
rather than ABABAB in Cr,Te;. This is because the layered
structure makes the crystal plane slip easily. Note that this
cation exchange reaction is carried out only at approximately
350 °C, much lower than the growth temperature of CrGeTe;

https://dx.doi.org/10.1021/jacs.9b13492
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single crystals. Therefore, this is a facile bottom-up chemical
synthesis method for CrGeTe; 2D nanosheets.

4. CONCLUSIONS

In summary, high-quality 2D ferromagnetic vdW CrGeTe;
nanosheets were synthesized from the non-vdW Cr,Te;
template through a bottom-up chemical cation exchange
process. The theoretical calculation indicated that the cation
exchange in the Cr,Te; lattice is initiated from the Cr atoms
surrounded by fewer Te atoms. This was due to their smaller
steric hindrance and lower energy barrier. The Cr,Te; hard
magnetic phase can be completely transformed to the CrGeTe;
soft magnetic phase when half of the Cr’* cations were
substituted by Ge**. The hard Cr,Te; and soft CrGeTe; can
exist separately during the cation exchange process. The as-
prepared CrGeTe; nanosheets exhibited a uniform hexagon
with a diameter larger than 1 pm and displayed a robust
stability. Our work may speed up the investigation of 2D
CrGeTe; with unique intrinsic long-range ferromagnetic order,
while providing a novel approach to synthesize 2D nanosheets
from a non-vdW template.
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