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ABSTRACT: Two-dimensional (2D) metal—organic
framework (MOF) nanosheets are attracting increasing
research interest. Here, for the first time, we report the
facile synthesis of 2D porphyrin paddlewheel framework-3
(PPF-3) MOF nanosheets with thickness of ca. 12—43 nm.
Through the simultaneous sulfidation and carbonization of
PPF-3 MOF nanosheets, we have prepared the 2D
nanocomposite of CoS;gy; nanoparticles (NPs) and
nitrogen-doped carbon, referred to as CoSNC, in which
the CoS, 97 NPs with size of ca. 10 nm are embedded in
the nitrogen-doped carbon matrix. As a proof-of-concept
application, the obtained 2D CoSNC nanocomposite is
used as an electrode material for a supercapacitor, which
exhibits a specific capacitance of 360.1 F g™' at a current
density of 1.5 A g~'. Moreover, the composite electrode
also shows high rate capability. Its specific capacitance
delivered at a current density of 30.0 A g~ retains 56.8%
of the value at 1.5 A g™".

our recently developed surfactant-assisted synthesis which
allows for the high-yield synthesis of MOF nanosheets with
thickness of less than 10 nm.”

As known, MOFs can be easily converted to metal oxides,
highly porous carbon, and metal oxides/carbon, metal
phosphides/carbon, or metal sulfides/carbon hybrid materials
after the thermal treatment.'®™*° In this Communication, for
the first time, we demonstrate the preparation of 2D porphyrin
paddlewheel framework-3 (PPF-3) MOF nanosheets by using
our recently developed surfactant-assisted synthetic method.”
Through the simultaneous sulfidation and carbonization of
PPF-3 MOF nanosheets, the 2D nanocomposite of CoS; g,
nanoparticles (NPs) and nitrogen-doped carbon, referred to as
CoSNC, is obtained. As a proof-of-concept application, the
prepared 2D CoSNC nanocomposite is used as an electrode
material for supercapacitors.

The synthesis of 2D PPF-3 nanosheets with controlled
thickness is schematically shown in Figure la. During the

wo-dimensional (2D) materials have attracted tremen-
dous research attention in recent years due to their unique
physical and chemical properties."~* Their high aspect ratio,
originating from their large lateral dimension and nanometer
thickness, makes them ideal for various applications in

~3 Typical 2D

. . 1
electronics, energy storage, and gas separation.
-3

nanomaterials with promising properties, such as graphene1
and transition metal dichalcogenides,” have been intensively
investigated. As a newly developed material, the 2D metal—
organic framework (MOF) nanosheet, a new member of the
2D material family, has attracted increasing research interest.”~’
As known, MOFs are crystalline porous architectures
constructed by coordination of metal ions or clusters with
polytopic organic ligands.”~"" Compared to three-dimensional
(3D) bulk MOF crystals with highly ordered pores, the 2D
MOF nanosheets exhibit some advantages, such as larger
surface area and more accessible active sites on their surfaces
due to their specific 2D morphology.s_7 Conventionally, MOF
nanosheets are prepared by the exfoliation of bulk MOF
materials”'>'® or by direct bottom-up synthesis, 1nclud1ng
three-layer synthesis strategy,® layer-by-layer growth,'*'* and
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Figure 1. (a) Schematic illustration of the synthesis process of PPF-3
nanosheets. (b) SEM image of PPF-3 nanosheets. (c) AFM image of
PPF-3 nanosheets. Inset: Statistical analysis of the thickness of 75 PPF-
3 nanosheets measured in AFM images. (d) TEM image of PPF-3
nanosheets. Inset: SAED pattern of PPF-3 nanosheets.
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experiment, the surfactant molecule, polyvinylpyrrolidone
(PVP), was selectively attached onto the surface of PPF-3
MOFs, which controlled the vertical growth of PPF-3 MOF
crystals, resulting in the formation of 2D PPF-3 nanosheets
(see experimental details in the Supporting Information (SI)).
In the obtained PPF-3 nanosheet, one $,10,15,20-tetrakis(4-
carboxylphenyl)porphyrin (TCPP) ligand is metalated by one
cobalt ion and linked by four Co,(COO), paddlewheel metal
nodes to form a “checkerboard-like” layered structure, which is
further pillared by 4,4'-bipyridine (BPY) molecules in an AB
stacking pattern to form the final structure with space group of
14/mmm (Figure S1).*!

Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and
powder X-ray diffraction (XRD) were used to characterize the
synthesized PPF-3 nanosheets. The square-like sheet structure
of obtained PPF-3 MOF with lateral size of 1.5 + 0.3 ym
(Figure 1b and Figure S2) and thickness of 42.7 + 8.4 nm
(Figure 1c) was obtained. The selected-area electron diffraction
(SAED) pattern collected along the [001] axis gives diffraction
spots (inset in Figure 1d) which are attributed to the (110),
(220), and (200) planes of PPE-3 nanosheets, confirming the
crystal structure. In addition, the typical peaks of PPF-3
nanosheets in the XRD spectrum (Figure S3a) match well with
those of bulk PPF-3 MOFs (Figure S3ab), indicating the
tetragonal structure of PPF-3 nanosheets with good crystal-
linity. Importantly, the thickness of PPF-3 nanosheets can be
tuned (see experimental details in SI); when the concentration
of starting materials was decreased, 2D square-like ultrathin
PPF-3 nanosheets were obtained (Figure S4). The SAED
pattern collected along the [001] axis gives diffraction spots
(inset in Figure S4b) confirming the crystal structure of these
ultrathin PPF-3 nanosheets. The AFM measurement confirms
that the thickness of ultrathin PPF-3 nanosheets is 11.9 + 4.2
nm (Figure S4c,d).

Importantly, the synthesized 2D PPF-3 nanosheets can be
converted to 2D CoSNC nanocomposites through the
simultaneous sulfidation and carbonization process (Figure
2a; see experimental details in SI). The composition of the 2D
CoSNC nanocomposite is confirmed by the XRD pattern
(Figure 2b), in which all peaks can be indexed to a broad
diffraction peak (002) of carbon and the CoS,yy; consistent
with those of the f-CoS, 4y; phase (JCPDS No. 19-366) with
hexagonal structure.””

Note that the thickness of PPF-3 MOFs, used as precursors,
is critically important for the synthesis of CoOSNC composites
for further supercapacitor application. In a control experiment,
if bulk PPF-3 MOFs were used as the precursor, the obtained
bulk CoSNC composites (Figure S5) would hinder the
electron/ion transport, leading to the poor electrochemical
performance. On the other hand, after the thermal treatment of
ultrathin PPF-3 nanosheets with thickness of 11.9 + 4.2 nm,
the 2D nanostructures were destroyed (Figure S6). Fortunately,
when PPF-3 nanosheets with thickness of 42.7 + 8.4 nm were
used as precursors, the obtained CoSNC nanocomposites can
still keep the 2D square-like morphology with lateral size of 1.4
+ 0.3 um (Figure S7) and thickness of 24.5 + 6.4 nm (Figure
2¢). Compared to the original PPF-3 nanosheets (Figure 1c),
the thickness of 2D CoSNC nanocomposites (Figure 2c)
decreased, which might arise from the carbonization of PPF-3
nanosheets. Furthermore, the 2D CoSNC nanocomposite was
characterized by TEM (Figure 2d,e) and high-angle dark-field
scanning TEM (HAADF-STEM) (Figure 2f). An enlarged
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Figure 2. (a) Schematic illustration for the synthesis process of 2D
CoSNC nanocomposites. (b) XRD pattern of 2D CoSNC nano-
composites. (c¢) AFM image of 2D CoSNC nanocomposites. Inset:
Statistical analysis of the thickness of 75 2D CoSNC nanocomposites
measured in AFM images. (d) TEM image of a typical 2D CoSNC
nanocomposite. Top inset: TEM image taken from the white square in
the main panel. Bottom inset: SAED pattern of 2D CoSNC
nanocomposites. () HRTEM image of 2D CoSNC nanocomposites.
(f) Annual dark-field TEM image of 2D CoSNC nanocomposites and
the corresponding EDX elemental mapping images of elements C, Co,
S, and N.

TEM image taken from the edge of 2D CoSNC nanocomposite
(top inset in Figure 2d) confirms the existence of NPs with size
of 9.9 + 2.7 nm embedded in the 2D carbon matrix (Figure
S8a,b). The SAED pattern (bottom inset in Figure 2d) matches
well with that of typical CoS;g9;.”> In addition, the HRTEM
image (Figure 2e) gives very clear crystalline planes with a d-
spacing of 0.25 nm, which can be ascribed to the (220) plane of
CoS g97, further confirming that highly crystalline CoS, oo; NPs
were obtained.”” A typical HAADF-STEM image of 2D
CoSNC nanocomposite shows uniform dispersion of the C,
Co, S, and N elements in the whole nanocomposite (Figure 2f),
suggesting the distribution of CoS,g; NPs in the nitrogen-
doped carbon matrix. The presence of these elements can be
further confirmed by the energy-dispersive X-ray (EDX)
spectra (Figure S8c). Therefore, during the thermal process,
the cobalt ions in the PPF-3 nanosheets have been converted to
CoS;007 NPs, while the nitrogen-rich organic ligands (TCPP
and BPY), which contain both carbon and nitrogen, were in situ
carbonized to form the nitrogen-doped carbon matrix. Since
cobalt ions are uniformly distributed in the PPF-3 nanosheets
and ligands are linked by cobalt paddlewheel metal nodes, a
uniform dispersion of CoS,g; NPs in the nitrogen-doped
carbon matrix with strong adsorption is achieved after the
simultaneous carbonization of the frameworks and sulfidation
of cobalt ions in the PPF-3 nanosheets with thermal annealing.

Moreover, X-ray photoelectron spectroscopy (XPS) was used
to characterize the obtained 2D CoSNC nanocomposites
(Figure 3). The C 1s core level peak can be resolved into three
components centered at 284.4, 285.0, and 288.4 eV,
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Figure 3. High-resolution (a) C 1s, (b) N 1s, (c) S 2p, and (d) Co 2p
XPS spectra of 2D CoSNC nanocomposites.

corresponding to the C—C, C—N, and C=O bonds,
respectively (Figure 3a).”~>” The existence of C—N bond
further confirmed the nitrogen-doping in the carbon matrix.””
The N 1s XPS spectrum can be deconvoluted into three peaks
centered at 398.2, 399.0, and 400.4 eV (Figure 3b), which are
consistent with the pyridinic, pyrrolic and graphitic nitrogen
atoms doped in the carbon matrix.”*~>” Obviously, doping
nitrogen into the carbon matrix originates from the nitrogen
atoms existing in the ligands of PPF-3 nanosheets.””” As
shown in Figure 3¢, the deconvolution of the S 2p peak
illustrated the presence of S 2p;;, and S 2p,;, spin—orbit
doublet.”® Another peak centered at 161.4 eV could be assigned
to Co-deficient nonstoichiometric sulfides.” In Figure 3d, the
Co 2p spectrum showed two characteristic peaks, correspond-
ing to 2p;/, and 2p, ,.”* Moreover, the Raman spectrum of 2D
CoSNC nanocomposites shows the intensive G band (Figure
$8d), indicating the presence of graphitic carbon.”

Due to the unique 2D morphology and the CoS; 4, NPs
dispersing in the nitrogen-doped carbon matrix, the 2D
CoSNC nanocomposites (Figure 2) might have good super-
capacitive performance. As shown in Figure 4a, all the cyclic
voltammetry (CV) curves of 2D CoSNC nanocomposite
electrode exhibited rectangular-like shapes with distinct redox
peaks, which indicates the capacitance characteristics are
governed by both Faradaic redox reactions and electric
double-layer capacitor (EDLC).””** Meanwhile, its galvano-
static charge/discharge curves exhibited approximately sym-
metric shapes with small plateaus (Figure 4b). It is worth
noting that even though the 2D CoSNC nanocomposite
contains only 21.0 wt% of CoS 49, based on thermogravimetric
analysis (TGA) (Figure S9), it delivered much higher specific
capacitance (C,) than the bulk composite electrode (Figure 4c).
For example, the 2D CoSNC nanocomposite electrode gave a
C, value as high as 360.1 F g™' at the current density of 1.5 A
g~', which is almost 34 times that of the bulk CoSNC
composite electrode (10.6 F g™'). This result clearly
demonstrates the structural advantage of the 2D CoSNC
nanocomposite, which provided more active sites as compared
to its bulk counterpart. Importantly, the 2D CoSNC nano-
composite also exhibited good rate capability (Figure 4c). The
C, values at relatively high current densities of 6.0, 12.0, and
15.0 A g™" were 87.9%, 77.7%, and 74.3% of that at 1.5 A g™/,
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Figure 4. (a) CV and (b) galvanostatic charge/discharge curves of the
2D CoSNC nanocomposite electrode measured in 2.0 M KOH. (c)
Specific capacitance of 2D CoSNC nanocomposite and bulk CoSNC
composite as a function of current density. (d) Cycling stability of 2D
CoSNC nanocomposite electrode measured at 12.0 A g in 2.0 M
KOH.

respectively. Even at a very high current density of 30.0 A g™/,
the C, still maintains a value 56.8% of that at 1.5 A g
Moreover, a C, retention of ~90% was achieved for the 2D
CoSNC nanocomposite electrode after 2000 charge/discharge
cycles at a current density of 12.0 A g™, indicating good cycling
performance (Figure 4d). Compared to the previous reported
electrode materials, including MOF-derived nanomaterials and
cobalt sulfide-based materials, our 2D CoSNC nanocomposite
electrode possessed comparable or even better performance
(Table S1), especially showing an excellent high-rate perform-
ance.

The aforementioned excellent performance of the 2D
CoSNC nanocomposite electrode may arise from two reasons.
First, the ultrathin 2D CoSNC nanocomposite with thickness
of 24.5 + 6.4 nm (Figure 2c) effectively shortened the diffusion
path of electrolyte ions, provided a fast ion/electron transport
way, and increased the density of active sites for the redox
reaction. Second, the nitrogen-doped carbon matrix served as a
conductive path for the rapid electron transport between the
2D CoSNC nanocomposite and current collector, which
enhanced the electrochemical kinetics. Therefore, our 2D
CoSNC nanocomposite with unique 2D hybrid structure and
highly synergistic energy-storage properties led to excellent
supercapacitive performance.

In summary, by using our recently developed surfactant-
assisted synthetic approach, 2D PPF-3 nanosheets have been
synthesized. The 2D CoSNC nanocomposites were obtained
through the simultaneous sulfidation and carbonization of PPE-
3 nanosheets. As a proof-of-concept application, the obtained
2D CoSNC nanocomposite was successfully used as an
electrode for a supercapacitor, which showed high capacitance,
high rate, and long cycling performance. Our work indicates
that the MOF nanosheets can be used to prepare various 2D
functional hybrid materials due to their unique structure and
functionalizable nature.
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Detailed methods and further characterizations, Figures
$1-S9, and Table S1 (PDF)
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