
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 8
:4

6:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
One-step solutio
aSchool of Chemistry and Chemical Engine

Technology, Wuhan, 430074, P. R. China. E
bInstitute of Physics, Chinese Academy of Scie

lhbao@iphy.ac.cn
cInstitute of Chemistry, Chinese Academy of
dDepartment of Materials Science, Fudan Un
eCollege of Chemistry and Molecular Science

R. China

† Electronic supplementary information (
additional data. See DOI: 10.1039/c9ra058

‡ These authors are contributed equally t

Cite this: RSC Adv., 2019, 9, 29327

Received 26th July 2019
Accepted 2nd September 2019

DOI: 10.1039/c9ra05806k

rsc.li/rsc-advances

This journal is © The Royal Society of C
n synthesis of a two-dimensional
semiconducting covalent organometallic
nanosheet via the condensation of boronic acid†

Qijun Wang,‡a Jiahao Yan,‡b Mingchao Xiao,‡ac Devaraj Manoj,‡a Cheng Zhong,e

Qiying Lv, a Lite Yang,a Liangmei Wu,b Zhuoping Wang,a Lihong Bao, *b

Hongjun Gao, b Fei Xiao,a Lang Jiang c and Shuai Wang *ad

In this work, a 2D covalent organometallic nanosheet (COMS) was designed and successfully synthesized

through the one-step conjunction of a terpyridine–metal–terpyridine (TMT) sandwich coordinate motif

with borate ester covalent heterocyclic (B3O3) linkage via the condensation of boronic acid. The

obtained 2D COMS with a cobalt coordination center (2D COMS-Co) showed promising p-type

semiconducting properties.
Two-dimensional (2D) metal–organic frameworks (MOFs) ob-
tained by using the strong bonding effects between metal ions
and organic molecule species have aroused great interest;1–8

these include coordination nanosheets, which are a class of 2D
materials featuring metal complex motifs.9–12 Covalent bonds
are considered to be an effective way to fabricate covalent
organic frameworks (COFs) such as COF-1, which is mainly
constructed by a phenyl ring and borate ester to form covalent
heterocyclic (B3O3) linkage.13–15 Based on the synergistic effects
of metal coordination and covalent interactions, Jiang and co-
workers demonstrated the important role of central metals in
controlling p-electronic functions through Mpc-COF.16 Never-
theless, the coordination bond forms spontaneously within the
ring of the porphyrin heterocycle and not as the linkage
between organic components. In addition, the connections
made between metal ions and ligand motifs cannot facilitate
the proper tuning of the physicochemical properties of the
structure.17 Combining the covalent and coordinate features
may provide an opportunity to design new 2D materials and
thus, the synergetic enhancement in many unique properties
can be achieved. As far as we know, the fabrication of 2D sem-
iconducting materials that combine the covalent heterocyclic
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linkage and coordinate linkage has not been reported. There-
fore, it is a pressing need to construct a functional 2D organic
framework through a one-step synthesis strategy, which would
be a more attractive approach.

Herein, we rst proposed an efficient one-step strategy to
synthesize a 2D material by the synergy of covalent and organ-
ometallic interactions; it was named as a covalent organome-
tallic nanosheet (2D COMS-M, M ¼ cobalt (Co)). The as-
proposed 2D COMS-Co was constructed by linking the borate
ester covalent heterocyclic (B3O3) structure and terpyridine (tpy)
metal coordination motif (TMT) (Fig. 1).
Fig. 1 (a) Synthesis route of the semiconducting 2D COMS. (b) Design
principles of COMS via the condensation of boronic acid. (c) The
calculated cross-sectional view of 2D COMS-Co.
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In order to explore the extended construction of 2D COMS,
the self-condensation ligand 4-phenylborate-2,20; 60,200-terpyr-
idine (L1) integrated with CoCl2 as the Co2+ carrier was
employed through an anhydrous and oxygen-free hydrothermal
reaction at 120 �C under argon, and the typical synthesis
process is depicted in Fig. 1a (for details, please see ESI†).
Starting from the condensation reaction of boronic acid
(Fig. 1b), H2O could be generated and played a key role in dis-
solving CoCl2 and further releasing Co2+ ions (CoCl2 is practi-
cally insoluble in mesitylene and dioxane). This was followed by
coordination between the terpyridine motifs and the released
Co2+ ions to obtain 2D COMS. This novel strategy could achieve
crystalline 2D materials by self-controlling the release of Co2+

through the one-step condensation reaction of boronic acid.
The calculated cross-sectional view of 2D COMS-Co indicates
that the thickness of the monolayer 2D COMS-Co is 0.69 nm
(Fig. 1c). The dual synergistic connecting effects of covalence
and coordination in 2D COMS-Co provided nanosheet-like
morphology with signicant improvement in the semi-
conducting performance. The hole mobility of the 2D COMS-
Co-based FET device could reach to 5.7 � 10�5 cm2 V�1 s�1

with an ON–OFF ratio of 221, which demonstrated the potential
application of 2D COMS-Co in semiconducting devices.

The scanning electron microscopy (SEM) image (Fig. 2a)
reveals that 2D COMS-Co has a uniform micron-sized
nanosheet-like structure. Furthermore, the transmission elec-
tron microscopy (TEM) image indicates that the as-synthesized
2D COMS-Co consists of few multi-layers. Fig. 2c shows an
enlarged image of the selected area visualized with high-
resolution TEM (HRTEM), where the section enclosed by
white lines depicts lattice fringes. Moreover, the selected area
electron diffraction (SAED, inset of Fig. 2c) image shows
a circular ring pattern that reveals the well-dened crystalline
structure of 2D COMS-Co; these results are in agreement with
our X-ray diffraction data (Fig. S2, ESI†). Most interestingly, the
atomic force microscopy (AFM) image (Fig. 2d) clearly demon-
strates that the selected thickness of 2D COMS-Co is 2.07 nm,
Fig. 2 Morphological characterization of 2DCOMS-Co. (a) SEM image
of powder. (b) TEM image. (c) HRTEM image (d) AFM image. (e) HAADF
image. (f–k) STEM elemental mapping. (l) STM image.

29328 | RSC Adv., 2019, 9, 29327–29330
and the resultant thickness is three times less than the calcu-
lated value of 0.69 nm (Fig. 1c), indicating its uniform three-
layer stacked structure. The above results collectively provide
strong evidence of typical 2D features for COMS-Co. Moreover,
the high-angle annular dark-eld (HAADF) image and the
scanning transmission electron microscopy (STEM) elemental
mapping further revealed that the C (red), B (cyan), N (green), O
(blue) and Co (pink) elements are homogeneously distributed
on the selected area of 2D COMS-Co (Fig. 2e–k). The electronic
structure of 2D COMS-Co was further characterized by four-
probe scanning tunnel microscopy (STM) (please see details
in ESI†). The high-resolution STM imaging revealed that the 2D
COMS-Co ake has a layered ake structure with uniformly
distributed hexagonal hole morphology and the resultant holes
have a diameter of 4.72 nm (Fig. 2l); this observation is in
accordance with the proposed structure of 2D COMS-Co
(Fig. S8, ESI†).

Due to the covalence and coordination effects, the absorp-
tion peak of 2D COMS-Co obtained from the UV-vis measure-
ments (Fig. 3a) is red-shied in comparison to that for ligand
L1, and the optical band gap is calculated to be 1.85 eV.
Furthermore, density functional theory (DFT) calculations
revealed that the highest occupied molecular orbital (HOMO) of
2D COMS-Co was dominated by the p orbital of the B3O3

linkage and the phenyl ring, whereas the p* orbital of TMT was
responsible for the lowest unoccupied molecular orbital
(LUMO). Additionally, the calculated electronic band gap of 2D
COMS-Co was 1.89 eV, which was in accordance with the optical
band gap, conrming the successful synthesis of 2D COMS-Co.
Fig. 3b displays the X-ray photoelectron spectroscopy (XPS)
spectrum of 2D COMS-Co, in which the appearance of the
binding energy peak at 192.2 eV is signicantly different from
that for L1 (191.1 eV), which can be ascribed to the –C–B–O2
Fig. 3 (a) UV-vis spectra of L1 and 2D COMS-Co (left), electron
distribution on HOMO/LUMO and the orbital energy gap (right). (b) XPS
B 1s and N 1s spectra of L1 and 2D COMS-Co. (c) FT-IR spectra of L1

and 2D COMS-Co. (d) N2 adsorption and desorption isotherms of 2D
COMS-Co (inset: stacking porous view).

This journal is © The Royal Society of Chemistry 2019
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structure.18,19 Compared to the observation for L1, the N 1s peak
for 2D COMS-Co shied to a higher binding energy value
(399.2 eV for COMS-Co and 397.5 eV for L1). The skewing of the
peaks toward higher binding energy was induced by the
contribution of N atoms in terpyridine to the metal center.
Therefore, the XPS results clearly provide evidence of the exis-
tence of both covalent and coordination effects in the as-
prepared 2D COMS-Co. The Fourier transform infrared (FT-IR)
spectra in Fig. 3c show that the –B(OH)2 bands (around
3500 cm�1) of the ligand L1 are signicantly attenuated
compared to that observed for 2D COMS-Co. In addition, the
B–O stretching vibrations at 1351 cm�1 can be observed for 2D
COMS-Co but not for L1.13,20–22 Thus, the above results show that
the expected B3O3 rings for 2D COMS-Co have indeed been
formed. Notably, the nitrogen adsorption–desorption isotherms
reveal that the Brunauer–Emmett–Teller (BET) specic surface
area of 2D COMS-Co is as high as 598 m2 g�1 (Fig. 3d); it
surpasses those of other layered materials, including the re-
ported graphene oxide paper (10 m2 g�1), clays (10 to 100 m2

g�1), and pillared clays (50 to 300 m2 g�1), and is in the range of
the values of the most porous zeolites and many porous
carbons.13,23 This drastic enhancement can be assigned to the
uniform porous structure of the as-synthesized 2D COMS-Co.

The above results show that the 2D COMS-Co units arranged
in periodic strips can provide conducting pathways for charge
carrier transport through TMT and central cobalt ions. 2D
COMS-Co was employed to function as the active semi-
conducting channel in a eld-effect transistor (FET) device. As
shown in Fig. 4a, the individual 2D COMS-Co sample is
deposited on an Si wafer as the semiconducting layer to
construct the FET device. The 2D COMS-Co-based FET device
delivered hole mobility of 5.7 � 10�5 cm2 V�1 S�1 and an ON/
OFF ratio of 221, which were comparable with those of previ-
ously reported 2D MOFs (Table S1†). Therefore, these results
collectively demonstrate the potential application of 2D COMS-
Co in semiconducting devices.

In summary, a novel two-dimensional covalent organome-
tallic nanosheet (COMS) was designed and successfully
synthesized through the strategy of one-step conjunction of
a TMT sandwich coordinate motif with B3O3 linkage. This facile
strategy could achieve crystalline 2D COMS-Co by self-
controlling the release of Co2+ through a one-step condensa-
tion reaction of boronic acid. The systematic characterization
demonstrated the successful preparation of porous and
Fig. 4 (a) Schematic of the FET device employing 2D COMS-Co as the
semiconducting layer. (b) Transfer curve of the 2D COMS-Co-based
FET device with the inset showing an optical andmodel diagram of the
device; VG is the gate-source voltage and ID is the drain current.

This journal is © The Royal Society of Chemistry 2019
crystalline 2D COMS-Co. Particularly, the as-prepared 2D
COMS-Co-based FET device presented hole mobility of 5.7 �
10�5 cm2 V�1 S�1 and an ON/OFF ratio of 221, which demon-
strated the potential application of 2D COMS-Co in semi-
conducting devices. Therefore, we envision that this work will
open a new avenue for the synthesis of two-dimensional semi-
conducting covalent organometallic materials by using cova-
lence and coordination dual synergistic connection effects via
a one-step facile strategy.
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