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ABSTRACT (ontrol over the anisotropic assembly of small building blocks into organized

structures is considered an effective way to design organic nanosheets and atomically thick inorganic
nanosheets with nonlayered structure. However, there is still no available route so far to control the
assembly of inorganic and organic building blocks into a flattened hybrid nanosheet with atomic
thickness. Herein, we highlight for the first time a universal in-plane coassembly process for the
design and synthesis of transition-metal chalcogenide—alkylamine inorganic—organic hybrid

Inorganic-organic hybrid nanosheets

nanosheets with atomic thickness. The structure, formation mechanism, and stability of the hybrid nanosheets were investigated in detail by taking

the CogSg—oleylamine (CogSg—O0A) hybrid nanosheets as an example. Both experimental data and theoretical simulations demonstrate that the hybrid

nanosheets were formed by in-plane connection of small two-dimensional (2D) CogSg nanoplates via oleylamine molecules adsorbed at the side surface and

corner sites of the nanoplates. X-ray absorption fine structure spectroscopy study reveals the structure distortion of the small 2D CoySg nanoplates that

endows structural stability of the atomically thick Co,Sg—O0A hybrid nanosheets. The brand new atomically thick nanosheets with inorganic—organic

hybrid network nanostructure will not only enrich the family of atomically thick 2D nanosheets but also inspire more interest in their potential applications.
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elf-assembly is a common phenome-

non in nature and has long been studied

by scientists for the design of a wide
variety of complex and hierarchical struc-
tures artificially."” Understanding and con-
trolling the underlying assembly process
of small building blocks into organized
structures will be beneficial to design and
synthesize various novel structures with
practical values37® In recent years, the
self-assembly process in solution has been
well-established, during which the small
building blocks can be self-organized into
types of structures, such as wires, sheets,
and three-dimensional (3D) crystals, by bal-
ancing the attractive and repulsive forces.” ~°
For example, Tang et al. self-assembled the
zero-dimensional (OD) CdTe nanoparticles
into free-standing two-dimensional (2D)
nanosheets to simulate the assembly of
S-layer proteins experimentally.® However,
self-assembly of small building blocks into
the non-close-packed nanostructures is still
a great challenge.
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Since the discovery of graphene, great
efforts have been made to synthesize the
atomically thick free-standing 2D nano-
sheets with thickness under 1 nm, which
can effectively combine novel microscopic
electronic structures with macroscopic ul-
trathin, transparent, and flexible devices
and are considered as the prototype mate-
rials for the study of the intrinsic 2D con-
finement effect.'"'? The graphene and
inorganic graphene analogues (IGA) with
intrinsic layered structure can be easily ob-
tained by exfoliation or peeling off process
from their bulk counterparts.”>~'® Because
of the lack of intrinsic driving force for 2D
anisotropic growth, controlling assembly of
small building blocks is considered to be an
effective way to obtain the atomically thick
nanosheets of the nonlayered structural inor-
ganic materials and organic polymers.'”'®

Recently, our group has successfully syn-
thesized a series of free-standing inorganic
nanosheets with atomic thickness, such
as single-unit-cell-thick ZnSe'® and SnS,%°
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Figure 1. Schematic illustration of the in-plane coassembly route to the inorganic—organic hybrid nanosheets with atomic
thickness in the presence of long-chain alkylamine. Here we used the word “nanoplate” to name the small 2D nanostructure.

nanosheets, as well as half-unit-cell-thick CogSeg nano-
sheets.' Their unique structures were studied by X-ray
absorption fine structure spectroscopy (XAFS) and
theoretical calculation. Thanks to the recent develop-
ment of organic synthesis, a few atomically thick
organic nanosheets have also been successfully
prepared.?>** However, to the best of our knowledge,
inorganic—organic hybrid nanosheets with atomic
thickness have never been reported so far, although
they are expected to show the synergy effect or totally
new properties beyond the single inorganic and or-
ganic nanosheets.

To date, it is still a great challenge to prepare the
atomically thick inorganic—organic hybrid nanosheets
due to the lack of executable synthesis and assembly
strategies. Previously, inorganic—organic hybrid nano-
sheets are generally attained by the layer-by-layer
alternate assembly of the inorganic nanosheets and
organic components, thus the thicknesses of the hy-
brid nanosheets are up to at least several nano-
meters.'”?* It seems only possible to synthesize atom-
ically thick inorganic—organic hybrid nanosheets by
alternately connecting the inorganic and organic parts
in a confined 2D space, due to the reduced surface
energy and excellent structural stability in such a
unique connecting way.

Besides the reduced surface energy and stabilized
structure arising from the alkylamine adsorption on the
metal atoms of nanoclusters, the adsorption energy
between alkylamines and metal-compound nanoclusters
heavily relies on the adsorption sites. > %’ These facts give
us inspiration that the alkylamine and metal compound
nanoclusters could be assembled into the 2D inorganic—
organic nanosheets by effectively controlling the kinds of
alkylamine and metal-compound nanoclusters.

Herein, we highlight a universal pathway for the
controlled synthesis of ultrathin transition-metal chal-
cogenide—alkylamine inorganic—organic hybrid na-
nosheets with atomic thickness by a unique in-plane
coassembly strategy between small 2D transition-
metal chalcogenide nanoplates and alkylamines with
different lengths. As illustrated in Figure 1, long-chain
alkylamine (C,H,,,,xNH, with n > 12) can stabilize the
small 2D nanoplates by adsorbing on the corner sites
and side surface sites and then connect with each other
in-plane to randomly assemble into the atomically
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thick inorganic—organic hybrid nanosheets in a con-
fined 2D space. However, if a short-chain alkylamine
(C,H2nxNH, with n < 8) is used instead of the long-
chain alkylamines during the reaction process, the
small 2D nanoplates cannot be effectively stabilized
and would aggregate to form a 3D nanostructure
ultimately. Numerous experiments show that different
kinds of transition-metal chalcogenide—alkylamine
(M,T,—alkylamine, M = Co, Ni, Fe; T =S, Se) hybrid nano-
sheets could be successfully obtained by in-plane coas-
sembly of small 2D nanoplates and long-chain alkylamine
(such as oleylamine, 1-octadecylamine, 1-hexadecyla-
mine, 1-tetradecylamine, 1-dodecylamine, etc.). How-
ever, only the 3D transition-metal chalcogenide nano-
structures could be obtained during the same reaction
condition while the long-chain alkylamine was re-
placed with short-chain alkylamine (such as 1-octana-
mine, butylamine, propylamine, etc.) (see details in
Supporting Information S3—S6). All of the results in-
dicate that the in-plane coassembly strategy is a uni-
versal method for the preparation of transition-metal
chalcogenide—alkylamine inorganic—organic hybrid
nanosheets with atomic thickness by controlling
the species of inorganic and organic components.
The structure, formation mechanism, and stability of
the hybrid nanosheets will be investigated in detail
for the first time by taking the CogSg—oleylamine
(CogSg—OA) hybrid nanosheets as an example.

RESULTS AND DISCUSSION

The composition of the as-synthesized nanosheets
was first investigated by Fourier transform infrared
(FT-IR) spectra and thermogravimetric (TG) analysis
(Figure S1). The IR spectra analysis indicates the ex-
istence of oleylamine molecules in the synthetic nano-
sheets, and detailed TG analysis indicates that the
weight content of oleylamine in the nanosheets is as
high as 41.7%. To go further, the inorganic component
of the synthetic nanosheets was studied by the energy-
dispersive spectroscopy (EDS) spectra (Figure S2)
and X-ray photoelectron spectroscopy (XPS) spectra
(Figure S3). It is shown that the synthetic nanosheets
are composed of Co and S, with the Co/S molar ratio
of about 1.10 yielded from EDS and 1.13 from XPS,
respectively, both close to the stoichiometric ratio
(1.12) of CoySg. The peak of N element in the XPS can
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Figure 2. (a) TEM image of the ultrathin CogSg—OA hybrid nanosheets. (b) Tapping-mode AFM image of the CogSg—OA
ultrathin nanosheets, showing the single layer of only about 0.5 nm in thickness. (c,d) HRTEM images of the CogSg—OA
nanosheet with different magnification. Inset of (d) is the HRTEM image of a typical 2D CogSg nanoplate.

be ascribed to the presence of oleylamine in the
synthetic nanosheets.

Figure 2a is the TEM image of the as-obtained
CogSg—OA hybrid nanosheets, from which the large-
area free-standing nanosheets with length up to 1 um
and width of about 500 nm are clearly visible. More-
over, the nearly transparent feature of the nanosheets
indicates their ultrathin thickness. Seen from Figure 23,
besides the free-standing nanosheets, there are also
tiny amounts of large nanoparticles, but up to 95% of
the small 2D CogSg nanoplates are assembled into
nanosheets as estimated from the TEM image. The
as-prepared hybrid nanosheets can be dispersed
in cyclohexane to form a stable suspension without
any aggregation for several weeks. The ultrathin nano-
sheets possess a certain degree of physical integrity
and remain the sheet morphology even after strong
ultrasound treatment for several hours and can be
easily assembled into large-area films by vacuum filtra-
tion with tunable thickness, structure integrity, and
flexibility for further practical applications (Figure S15).

It is well-known that tapping-mode atomic force
microscopy (AFM) is the most important and direct
tool for measuring the height of 2D graphene and
graphene analogues with atomic thickness. As shown
in the AFM image (Figure 2b), two randomly measured
as-obtained hybrid nanosheets have nearly the same
thickness of only about 0.5 nm, which is just a half-unit-
cell-thick CogSg crystal structure (Figure S16). To further
study the microscopic structure of the hybrid nano-
sheet, high-resolution TEM (HRTEM) measurements of
a typical hybrid nanosheet were carried out. It can be
clearly seen that the nanosheets are made up of
randomly arranged small 2D CooSg nanoplates, which
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should be connected with each other by oleylamine
molecules (Figure 2c,d and Figure S5). HRTEM images
of further large magnification show the small nano-
plates with diameters ranging from 1 to 2 nm and the
same exposed surface plane. As can be clearly seen
from the inset of Figure 2d, the lattice fringes of
0.22 nm correspond to the {420} lattice plane of the
CooSg crystal structure and suggest the exposure of the
XY plane in the 2D nanoplates. The HRTEM image of a
typical large nanoparticle generated during the fabri-
cation process, as shown in Figure S4, reveals its single-
crystalline nature and shows the same {420} lattice
plane as in the small 2D Co,Sg nanoplate. This provides
evidence that the bulk nanoparticles are formed by the
oriented attachment of the small 2D nanoplates. The
Raman spectra (Figure S6) of the synthetic nanosheets
show a blue shift of about 7 cm™" with respect to the
spectra of CogSg bulk samples, indicating a phonon
confinement effect in the CogSg—OA hybrid nano-
sheets due to their unique half-unit-cell-thick CooSg
crystal structure.?®

All of the above results demonstrate that the atom-
ically thick CogSg—OA inorganic—organic hybrid nano-
sheets have been successfully obtained. However,
there is still a question unresolved: How does the see-
mingly isolated small 2D CogSg nanoplates and oleyl-
amine make up the ultrathin nanosheets with flattened
morphology and atomic thickness?

In order to answer this question, we carried out
theoretical simulations to understand the underlying
formation mechanism of the free-standing CogSg—OA
hybrid nanosheets. On the basis of the size and thick-
ness of the CoySg 2D nanoplates obtained from the
experimental data, we built a 2 x 2 two-dimensional
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Figure 3. (a) Table of calculated adsorption energy of oleylamine molecules adsorbed on different sites of CogSg nanoplate. T,
top surface sites; S, side surface sites; C, corner sites; 1 and 2, different adsorption cases. (b) Schematic illustration of the

different Co atom sites in a four-atom thick CosSg nanoplate.

unit cell containing eight atoms per plane to mimic the
2D CogSg nanoplate that was four atoms thick.

In this model, the Co sites of the four-atom thick CooSg
nanoplate can be mainly divided into three types: top
surface sites (T), side surface sites (S), and corner sites (C),
and each Co site can be further divided into two types for
their different coordinations (Figure 3b). We calculated the
adsorption energy between the connection of three
different Co sites and oleylamine molecules to estimate
the most stable connection model. The adsorption energy
AE, s is defined as follows:

AEags = Eiot(NP + OA) — Eior(NP) — Eiot(OA)

where E:(NP + OA), E:t(NP), and E(OA) are the total
energies of oleylamine molecules adsorbing on the CogSg
nanoplate, the CosSg nanoplate alone, and oleylamine
molecules alone, respectively. The negative value of AE, 4
implies that adsorption is exothermic; therefore, the more
negative the AE,4s is, the more stable the model will be. As
shown in Figure 3a, it is noticeable that the binding
energies of oleylamine adsorbing on the corner sites and
side surface sites of the CooSg 2D nanoplate are lower than
the value of adsorbing on the top surface sites. Specifically,
the binding energy has a positive value when oleylamine
was adsorbed on the top surface sites of the nanoplate
and turns to a negative value when adsorbed on the
corner or side surface sites. At the corner sites, the binding
energy has the most negative value. These results indicate
that oleylamine molecules energetically prefer to adsorb
on the corner sites and side surface sites of Co atoms of the
2D CoySg nanoplate, rather than to adsorb on the top
surface sites of Co atoms of the 2D nanoplate. Hence,
through oleylamine molecules, the small 2D nanoplates
with atomic thickness could be in-plane connected with
each other to form inorganic—organic hybrid nanosheets
with flattened morphology and atomic thickness. By
taking butylamine (C4H9NH,) as an example, we further
studied the adsorption energy between the small 2D
CoySg nanoplate and short-chain alkylamine by theoretical
simulations. As shown in Table S1, the adsorption energies
of butylamine at all surface sites are positive, indicating the
endothermic adsorption between butylamine and CoySg
nanoplate that prohibits the formation of inorganic—
organic hybrid nanosheets through mutual connection.
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To study the local atomic arrangements of the
synthetic ultrathin CogSg—OA hybrid nanosheets, we
conducted X-ray absorption fine structure spectros-
copy measurement, which is a powerful local structural
characterization method for its element specificity
and good sensitivity to the short-range order (typically
several A).>® The extended XAFS (EXAFS) k3y(k) func-
tions and corresponding Fourier transforms (FTs) at Co
K-edges of both the synthetic CogSg—OA nanosheets
and bulk CogSg sample are shown in Figure 4a,b.
Clearly, the k3y(k) oscillation curve for the CogSg—OA
nanosheets exhibits a slight decrease in frequency
and a remarkable reduction in amplitude between k
regions of 4—10 A~ compared with the bulk counter-
part. In the FT curves (Figure 4b), two prominent peaks
at 1.83 and 3.31 A corresponding to Co—S and Co—Co
coordinations, respectively, can be observed for bulk
CogSg. However, in the FT curve of the nanosheet, one
can find that the first peak decreases in intensity and
shifts toward a lower R position (1.75 A), although the
second peak of Co—Co coordination is almost invari-
able. It should be noted that the shift of the first peak
can be mainly due to the presence of Co—N coordina-
tion because the Co—N bond length is shorter than the
Co—S one. Quantitative curve fittings of the EXAFS
spectra were performed, and the results are summar-
ized in Table S2. For the ultrathin CoySg—OA nano-
sheets, the coordination number and bond length of
Co—N are 1.1 and 2.10 A, respectively, indicating the
presence of oleylamine adsorbed on the cobalt atoms
of the hybrid nanosheets. Further, the surface Co—S
bond length of 2.30 A for the nanosheet is contracted
compared with that (2.37 A) for bulk, while the next
nearest Co—Co bond lengths of 2.54 and 3.60 A are a
little elongated. On the basis of these structural param-
eters, the schematic structure models of the 2D CogSg
nanoplate of four atoms thick were built as shown in
Figure 4c, in which the changed bond lengths were
labeled. Clearly, both the Co—S and Co—Co distances
in the CogSg nanoplate exhibited noticeable structural
distortions as compared with the bulk sample. For the
unique half-unit-cell structure of the CogSg nanoplate,
the loss of neighbor coordinating atoms will trigger
the structure relaxation of the nanoplate to minimize
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Figure 4. (a) Co K-edge extended XAFS oscillation function k*x(k) and (b) corresponding Fourier transforms. (c) Structure
changes between the unrelaxed and relaxed 2D Co,Sg nanoplate model.

the surface energy, which consequently endows the
stability of the inorganic—organic hybrid nanostruc-
ture. In addition, the surface distortion of the CooSg
nanoplate revealed by XAFS not only stabilizes the
hybrid nanosheet structure but also influences their
electronic structure and brings on novel physical
properties.

Generally speaking, the atomically thick nanosheets
can be mainly divided into two category: inorganic
nanosheets and organic nanosheets.”>?* In recent
years, though a few inorganic—organic hybrid nano-
sheets have been reported, organic molecules in
those materials are often located among the inorganic
nanosheets to stabilize their lamellar structure and
show a thickness up to at least several nanometers.'”2*
The atomically thick inorganic—organic hybrid nano-
sheets should have inorganic and organic building
blocks alternately arranged in a confined 2D space
with stable structure. The as-obtained transition-metal
chalcogenide—alkylamine hybrid nanosheets reported
here will be the first case of artificial inorganic—organic
hybrid nanosheets with atomic thickness. In addition,
the universal in-plane coassembly strategy could
be further expanded to synthesize other kinds of
inorganic—organic hybrid nanosheets with atomic
thickness.

METHODS

Preparation of Ultrathin Co,Sg-Alkylamine/CoSe,-Alkylamine Inorganic—
Organic Hybrid Nanosheets. The ultrathin CogSg—oleylamine
(CogSg—OA) inorganic—organic hybrid nanosheets were
synthesized by a solvothermal method, in which the solvent

ZHANG ET AL.

CONCLUSION

In summary, we have developed a universal method
for the synthesis of a series of inorganic—organic
hybrid nanosheets by in-plane coassembly of small
2D transition-metal chalcogenide nanoplates and alkyl-
amines with different length. Detailed experimental results
on CoySg—OA nanosheets show that the ultrathin nano-
sheets with 2D alternately arranged inorganic—organic
hybrid network structure have been successfully synthe-
sized. In addition, the synthetic nanosheets show flattened
morphology with a thickness of about 0.5 nm, correspond-
ing to a half-unit-cell CooSg crystal structure. The formation
mechanism of the CogSg—OA nanosheets was studied by
the theoretical simulations. It is revealed that oleylamine
tends to adsorb on the corner sites and side surface sites of
the small 2D CosSg nanoplates, which favors the in-plane
coassembly strategy. Furthermore, the Co—N coordination
detected by XAFS gives direct evidence of oleylamine
adsorbed on the cobalt atoms in the hybrid nanosheets.
The surface distortion revealed by XAFS endows excellent
stability of the atomically thick CogSg nanoplate and will
generate new electronic structure for further study.
This report for the first synthesis of the atomically thick
inorganic—organic hybrid nanosheets not only offers a
universal in-plane coassembly synthetic method but
also enriches the family of atomically thick nanosheets.

was the mixture of benzyl alcohol and oleylamine. In a typical
procedure, 0.091 g of CoC,04-2H,0 (0.5 mmol) and 0.037 g of
CH5CSNH, (TAA) (0.5 mmol) were added into the mixed solvent
of benzyl alcohol (30 mL) and oleylamine (6 mL) in succession.
After strongly stirring for about 1 h, the mixed solution was
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transferred into a 45 mL Teflon cup and heated in a sealed
autoclave at 180 °C for 20 h. Upon cooling to room temperature,
the precipitate was washed with the mixed solvent of cyclohex-
ane and ethanol several times and dried under vacuum at 60 °C
for further analysis. In this reaction, if we replaced the TAA with
SeO, and kept the other reaction parameters unchanged, the
CoSe,—OA inorganic—organic hybrid nanosheets would be
obtained. To go further, if oleylamine was replaced by other
long-chain alkylamines (C,H,, . xNH, with n > 12), a series of
CogSg—alkylamine and CoSe,—alkylamine hybrid nanosheets
would be obtained. However, if only short-chain alkylamine
existed in the reaction, 3D nanostructures would be obtained.
See details in Supporting Information (S3 and S4).

Preparation of Other Transition-Metal Chalcogenide—Alkylamine
Inorganic—Organic Hybrid Nanosheets. The ultrathin FeSe,—alkylamine,
NiSe,—alkylamine, Fe—S—alkylamine, and Ni—S—alkylamine hy-
brid nanosheets can also be obtained by similar reaction condi-
tions of CogSg—alkylamine/CoSe,—alkylamine hybrid nanosheets
just with the reagent sources changed. See details in Supporting
Information (S5 and S6).

Calculation Method. The first-principles density functional the-
ory (DFT) calculations were performed using a plane wave basis
set with the projector augmented plane-wave (PAW) method 2°~32
The exchange-correlation interaction is described within the gen-
eralized gradient approximation (GGA) in the form of PW913334
The energy cutoff is set to 400 eV, and the atomic positions are
allowed to relax until the energy and force are less than 107* eV
and 1073 eV/A, respectively. We use a 2 x 2 two-dimensional unit
cell containing eight atoms per plane to mimic the 2D CooSg
nanoplate that is four atoms thick. Each 2D CooSg nanoplate model
consists of four atomic planes and is separated by a vacuum region
of 15 A. The compared calculations of bulk CosSg were performed
within a supercell constructed from a standard unit cell of CogSg
lattice.
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