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Easy Access to Nitrogen-Doped Mesoporous Interlinked
Carbon/NiO Nanosheet for application in lithium-ion batteries
and supercapacitors

Yuan Xia,” Beibei Wang,” Gang Wang,” and Hui Wang®*

We report a simple route to synthesis nitrogen-doped mesoporous interlinked carbon/NiO nanosheet that consist of
carbon nanosheets and monodisperse NiO nanoparticles embedded in them homogeneously. The nitrogen-doped
mesoporous interlinked carbon/NiO nanosheet with carbon content of 46% was obtained through directly low
temperature heat treatment of Ni-ZIF-8 with a rapid heating rate (5 °C min™). During the heat treatment, a large number
of mesoporous were formed in the product with the evaporation (or thermal decomposition) of the organic ligand. When
tested as an anode for lithium ion batteries (LIBs), the unique structure of the mesoporous carbon/NiO nanosheet not only
shortened electro- and iron-transport path-ways but also accommodated the volume change during Li* intercalation and
deintercalation process, resulting in a reversible capacity of 627 mAh g'1 at 0.5 A g'1 after 300 cycles. Moreover, the as-
assembled carbon/NiO nanosheet supercapacitor can also exhibit an excellent cycling performance (414 F g'1 at5 A g'l)
with 92.2% specific capacitance retention after 3000 cycles by combined the pseudocapacitive behavior of the NiO

nanoparticles with the electric double-layer capacitors (EDLCs) of the nitrogen-doped mesoporous carbon.

Introduction

Transition metal oxides (TMOs) are a well-known class of
materials mainly used for catalysis, energy storage and conversion
due to their unique properties.l'3 In the last few years with
continuous development of synthetic technique, which allow
accessing these materials with low-cost under the conditions of
eco-friendly, the interest toward those materials has been greatly
increased, especially in the field of energy storage, such as lithium
ion battery and supercapacitor.“’5 However, there are still several
challenges associated with the TMO electrode materials for using in
lithium store or electronic reserves, such as volume change, poor
electronic and ionic conductivity, and severe aggregation.e'8 To
address those problems, many efforts have been devoted to obtain
various TMOs with porous or nano- structures, which can
significantly influence their cycling stability and long cycle lifetime.”
™ Of these methods, carbon-modified, which included carbon-
coated”™ and (:arbon—supported,ls’16 is recognized as a very
effective and commonly used way for improving the electronic
conductivity and thus the electrochemical performance of TMOs.
The conventional carbon-supported approach involves the use of
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some expensive carbon materials, like carbon cIoth,16 graphene17 or
carbon nanotube®®. And the formation of carbon-coated TMOs
were mainly performed via a pyrolysis of sugar or polymer,l‘q'21 ora
chemical vapor depositionmethod.zz’23 Unavoidably, both of the
two methods eventually need a high temperature treatment
process.

Metal-organic frameworks (MOFs) synthesized by assembling
metal ions with organic ligands are a new class of hybrid
nanoporous materials.2*%

sacrificial templates or precursors to synthesis porous metal
27,28

It can be considered as effective
oxide. After annealing, the metal ions in the MOFs can be
converted to metal oxides, and the organic ligands are carbonized
to form mesoporous carbon, which inherits the porous morphology
to the nanoscale MOF precursors. As modified materials, the
mesoporous carbon material combines the advantages of many
kinds of materials, such as large specific surface, high porosity, and

abundant active site.”*°

The composites with mesoporous carbon
as their template or support can effectively enhance the property of
the materials and make the materials possess various functions. In
addition, if the organic ligands heteroatoms, the
corresponding mesoporous carbon material would be modified by

31-34 such

contain

atomic or molecular. Doping elements in carbon materials,
as phosphorus, boron and nitrogen elements, can significantly
improve the electrochemical performance by changing the form of
carbon’s hybrid orbit. Among numerous doping elements, N-doped
can change the distribution of electrostatic potential and
strengthen the electric effect of its surrounding system.35 This is for
the reason that the nitrogen atom can influence its surrounding
carbon atoms to establish a positive electrostatic potential area

(PEPA). However, without the doping elements, the electrostatic
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Fig. 1 SEM and corresponding EDX-mapping images of carbon/NiO
nanosheet.

potential of carbon materials will be uniformly distributed on each
carbon atom. Just because of the existence of the PEPA, donated
electronic abilities and electrical conductivity of the materials are
enhanced and the electrochemical active sites are increased. All of
the above principles are very helpful to the storage of lithium ion or
to the usage for supercapacitor.36

A new nanocomposite with a much larger application space and a
greater developmental potential will be produced if nanosize TMOs
are combined with nitrogen-doped mesoporous carbon materials.
In this study, we report on a novel nitrogen-doped mesoporous
interlinked carbon/NiO nanosheet fabricated using Ni-MOF-8 as
both the precursor and the self-sacrificing template. The synthesize
route includes a precipitation reaction to form MOFs at room
temperature and a subsequently thermal treatment process at 350
°C in the argon protection. Our strategy is simple in operation and
low in cost, and most important it is very applicable to large-scale
production with good controllability. In the synthesized carbon/NiO
nanosheet product, monodispersed NiO nanoparticles with an
average particle size of around 10 nm are uniformly dispersed and
embedded in mesoporous carbon. When evaluated as electrode
materials, the as-prepared carbon/NiO nanosheet can exhibit high
lithium storage capacity and excellent supercapacitive performance

Experimental
Synthesis of Nanocomposite

All reagents are of analytical reagent grade and used without
further purification. Ni-ZIF-8 was synthesized through a modified
method according to the literature.”’ Typically, 780 mg
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Ni(NO3),-6H,0 was dissolved in 20 mL of ethanol, then quickly
poured into 20 mL methanol solution of 2-methylimidazole. After
ageing overnight at room temperature, the green crystalline
precipitate of Ni-ZIF-8 was obtained by filter. In order to obtain
nitrogen-doped mesoporous interlinked carbon/NiO nanosheets
(C/NiO nanosheets), the precipitate Ni-ZIF-8 was annealed at 350 °C
for 30 min with a rapid heating rate of 5 °C min™ in the argon
protection and then naturally cooled to room temperature in air
atmosphere.

Material Characterization

The powder X-ray (XRD) diffraction pattern was measured using a
Bruker D8 ADVANCE diffractometer with high-intensity Cu Kal
irradiation (A = 1.5406 A). The morphology of the products was
examined by Field-emission scanning electron microscopy (FESEM,
JEOL JSM-6390A) and high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2100). X-ray photoelectron
spectroscopy (XPS) measurements were collected using a PHI-5400
electron spectrometer equipped with an Al anode (Al Ka = 1846.6
eV). Thermogravimetric analysis (TGA) was performed with a STA
449C thermobalance with a temperature ramp of 10 °C min™.
Nitrogen adsorption/desorption measurements (BET measurement)
were performed on a Tristar 113020 N, absorption equipment at 77
K.

Lithium lon Battery Measurement

The working electrodes were prepared by directly depressing the
C/NiO nanosheet on Ni foam at 20 MPa. Lithium ion battery
performance test were carried out using two-electrode coin cells by
using microporous polypropylene film as the separator and pure
lithium foils as counter electrodes. The electrolyte was a solution of
1 M LiPFg in a mixture of diethyl carbonate and ethylene carbonate
at a 7:3 volume ratio. The charge and discharge tests were operated
on a LAND battery program-control test system (CT 2001A) in the
voltage range of 0.005-3.0 V (vs Li/Li%). Cyclic voltammetry (CV) was
performed on electrochemical workstation (CHI 660D) at various
scanning rates of 0.2 mV s'l, respectively.

Supercapacitor Measurement

The electrochemical performance of supercapacitor was studied
using a three-electrode test system with C/NiO nanosheet as the
working electrode, platinum foil as the counter electrode, Ag/AgCl
as the reference electrode, and 0.5 M K,SO, aqueous solution as
electrolyte. The working electrode was prepared by loading a slurry
consisting of 80 wt % C/NiO nanosheet, 10 wt % acetylene black,
and 10 wt % polyvinylidene fluoride (PVDF) on a nickel foam. Then
the electrode was dried at 80 °C for 12 h under vacuum, and
subsequently pressed at a pressure of 20 MPa. The loading mass of
C/NiO nanosheet coated onto nickel foam was about 1.0 mg, and
area was 1.0 cm”. Cyclic voltammograms (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance studies (EIS) were
carried out on a CHI 660D electrochemical workstation. CV curves
were collected in the potential range of 0.00-0.75 V vs. Ag/AgCl at
varying the scan rate from 10 to 100 mV s. GCD measurements
were conducted at 5-25 A g'1 in potential range of 0.00-1.00 V vs.
Ag/AgCl. EIS measurements were obtained in the 0.01 Hz and 100
kHz at the open circuit voltage with an alternate current amplitude
of 5mV.

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

The photographs of the precursor and the product after annealing
process are shown in Figure S1. All the diffraction peaks of
precursor (Figure S2a) can be assigned to XRD pattern of ZIF-8,
which had been reported in the previous literature.’” On the other
hand, it can be clearly seen that the volume of annealed product
was expanded for several times. As seen from the TGA curve (Figure
S2b), Ni-ZIF-8 has an obvious weight loss from 175 to 300 °C, which
can be ascribe to the collapse of the structure of MOFs and the
evaporation (or thermal decomposition) of 2-methylimidazole.

Our experiment has taken a rapid heating method. Huge
amounts of gas generated from the evaporation (or thermal
decomposition) of the 2-methylimidazole play a role of pore
former. Figure 1la and f show SEM images of the product after
annealing process. It is observed that the foam-like products are
constructed of plenty of interlinked nanosheets. The nanosheets
have uniform thicknesses (less than 100 nm) and the surfaces are
quite smooth. Figure 1b-e show elemental mapping of SEM images
in Figure 1a denote the presence of carbon, nitrogen, nickle and
oxygen elements, which are uniform distributed in the nanosheets.
Figure 2a shows the XRD pattern of the nanosheet in a range from
20 = 20 to 80 °. The diffraction peaks around 37.2, 43.3, 62.9 and
75.4 ° can separately be assigned to (111), (200), (220) and (311)
planes of crystallised cubic NiO phase (JCPDS 47-1049), and the
intensive broad peak between 20 and 30 ° can be attributed to the
nitrogen-doped carbon. Figure 2b shows TGA curve of C/NiO
nanosheet from 100 °C to 800 °C with a ramp of 5 °C min™. It is
clearly to see that C/NiO nanosheet underwent significantly weight
loss of 46.2 % when heated to 400 °C in air atmosphere. This weight
loss can be ascribed to the combustion of carbon part.
Correspondingly, the content of NiO in C/NiO nanosheet can be
determined to 53.8 %.
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Fig. 2 (a) XRD pattern and (b) TG analysis of carbon/NiO nanosheet
in air atmosphere.

Moreover, the structural features of C/NiO nanosheet were
investigated by TEM and HRTEM (Figure 3a, b and c). In the
sonication process of sample preparation, foam structure of
products has been destroyed. The corresponding TEM images in
Figure 3a and b clearly reveal that numerous nickel oxides
nanoparticles are homogeneous distributed and embedded in the
carbon nanosheet. The nanoparticles size of major nickel oxides is
less than 10 nm (Figure 3b). Figure 3c shows a magnified HRTEM
image of the nickel oxides nanoparticles. The lattice fringes with an
interplanar spacings of 2.43 A are well corresponded to the lattice

This journal is © The Royal Society of Chemistry 20xx
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fringe of the (111) crystal planes of NiO, which is also consistent
with the 20 = 37.2 ° peaks in the XRD pattern. It is worth noticing
that there are pores and crevices between the nanoparticles. To
further investigate the porosity of the C/NiO nanosheet, BET
measurement is carried out. N, sorption isotherm of C/NiO
nanosheet and corresponding pore size distribution is shown in
Figure 3d. Through calculating, the specific surface area of C/NiO
nanosheet is determined to be 138 m” g'l. The pore size distribution
(Figure 3d inset) derived from N, adsorption shows an intensive
peak at around 9 nm and a small half-peak in the range of less than

4 nm, which can be attributed to the particle size of NiO and the
pores (or crevices) between them, respectively.

300

— ()
= :
o M
E 02| ! \
O c ]
So200te, |1\
B SN J
£ wld Im—

: S /
d(111)=0.24 nm 2 400l P
< e
e

S @Mm
=] [ n L L " L
> 00 02 04 06 08 1.0

Relative Pressure (p/p,)

Fig.3 (a,b) TEM and (c) HRTEM of the prepared C/NiO nanosheet.
(d) N2 sorption isotherms of C/NiO nanosheet with inset showing
pore size distributions.

The elementary compositions of nanosheet were further
analyzed through EDS. The EDS data in Figure 4a confirm that the
nanosheet is composed of amorphous C, N, O and Ni elements (the
Cu signal comes from the holey copper TEM grid). The results shows
the C, N, O and Ni atomic ratio are 66.21% : 5.76% : 14.24% :
13.79%. Depending on EDS to calculate, the mass fraction of NiO
embed in nanocomposite is 54.22%. This fraction is very close to
the result of TG analysis.
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Fig. 4 (a,b) EDS images of the carbon/NiO nanosheet.
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XPS is carried out to investigate the elemental composition and
bonding configuration in the C/NiO nanosheet. The survey
spectrum (Figure 5a) confirms the existence of carbon (C 1s),
nitrogen (N 1s), oxygen (O 1s) and nickel (2p and 3p) elements in
the sample. The C 1s XPS spectra spectrum (Figure 5b) can be fitted
into three components: the sp2-hybridized carbon bond (sp2 C-sp2
C), sp2-hybridized C-N and sp3-hybridized C-N which are located at
284.7, 285.5 and 286.6 eV, respectively.38 The XPS spectra of N 1s
(Figure 5c) can be fixed into with two peaks at 398.5 and 400.6 eV
for pyridinic N and pyrrolic N, respectively.ag‘40 The Ni 2p spectrum
can be mainly fitted with the doublet of Ni®* with a 2p3/2 binding
energy of 229.7 eV and the doublet of Ni** at the lower energy
(Figure 5d)41‘42 The results can be certainly identified and further
demonstrated the formation of the N-doped carbon, and the N/C
atomic ratios in the C/NiO nanosheet are 11.34%, which are very
agreement with the result of EDS. N-doped will offer abundant
active site and reduce the polarization for electrochemical reaction,
and thus improve the electrochemical performance of the material.
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Fig. 5 XPS spectra of (a) survey spectrum, (b) C 1s, (c) N 1s, and (d)
Ni 2p for C/NiO nanosheet.

The lithium store performance of the C/NiO nanosheet was
investigated by CV. Figure 6a showsthe CV curves of the C/NiO
nanosheet in the first three cycles. During the first cathodic
scanning, the C/NiO nanosheet electrode exhibits two reduction
peaks at around 0.75 and 0.15 V, which can be mainly attributed to
lithium intercalation into NiO nanoparticles along with the
formation of surface electrolyte interphase (SEl) film and the
reduction of LixNiO to Ni with the formation of Li,0O, respectively.43
The related electrochemical reaction equations are believed to be
as follows:

NiO + xLi* + xe” = Li,NiO
Li,NiO + (2-x)Li* + (2-x)e- = Li,O + Ni
Because carbon content is high in the C/NiO nanosheet, the
reduction peaks of NiO is covered up by the slope of Li*
intercalation on carbon and become not evidence. Identically, two
oxidation peaks located at around 1.75 and 2.29 V can be observed

4| J. Name., 2012, 00, 1-3

in the first anodic scanning, correspond to the Li* deintercalation of
carbon accompanying with partial decomposition of the SEI film
andthe oxidation of metallic Ni to form Li,0, respectively.‘m‘45 In the
subsequent cycles, the lithium ion insertion/extraction reactions of
the C/NiO nanosheet are similar and the electrochemical redox
reactions become more reversible, involving that the reduction
peak shift to 0.87 V and the oxidation peaks occurs at 1.87 and 2.29
V.
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Fig. 6 Electrochemical lithium-storage performances of C/NiO
nanosheet electrode: (a) CV curves for the first three cycles; (b)
charge and discharge profiles for the 1st, 2nd, 20th, 50th and 100th
cycles at a current density of 0.5 A g'l; (c) cycling performance at a
current density of 0.5 A g'1 and (d) rate performance at various
current densities.

Figure 6b shows the discharge and charge profiles of the C/NiO
nanosheet for the 1st, 2nd, 20th, 50th and 100th cycles at a
current density of 0.5 A g'l. The first discharge and charge capacities
of the C/NiO nanosheet electrode are 1236 and 942 mA h g'l,
respectively, accompanying with a coulombic efficiency of about
76.2%. The initial loss is mainly caused by the formation of SEI film
and other irreversible reaction during the first cycle.44 In the second
cycle, the discharge capacity of the C/NiO nanosheet electrode is
decreased to 926 mAh g'1 followed by charge capacity of 882 mAh
g'l, giving rise to a high coulombic efficiency of about 95.2 %.
Subsequently, the discharge capacities are delivered about 735,
702, and 681 mAh g'1 after 20, 50 and 100 cycles at a current rate of
0.5A g'l, respectively. Remarkably, a reversible capacity of 627 mAh
g'1 can be retained after 300 cycles, with coulombic efficiency very
closed to 100 % (Figure 6c). In addition, the structural features of
monodisperse NiO embedded in carbon nanosheet can still be
maintained after 300 cycles (Figure S3) although the NiO
nanoparticles become a bit larger, suggested that the C/NiO
nanosheet has outstanding lithium storage reversibility. The rate
performance of the C/NiO nanosheet is evaluated at various current
densities in a ranging from 0.5to 8 A g'l. As shown in Figure 6d, the
C/NiO nanosheet electrode exhibits average reversible capacities of
690, 624, 550, 453, 360 mAh g'1 at current densities of 0.5, 1, 2, 4
and 8 A g'l, respectively. And when the current density is got back
to 0.5 A g'1 after 65 cycles, the reversible capacity of the C/NiO

This journal is © The Royal Society of Chemistry 20xx
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nanosheet electrode rapid return to about 650 mAh g'l, indicating
the excellent LIBs rate performance. And the well performance of
the assembled lithium ion batteries can be attributed to the unique
structure of the mesoporous carbon/NiO nanosheet, which not only
shortened the electro- and iron-transport path-ways but also
accommodated the volume change during Li* intercalation and
deintercalation process.

To investigate the supercapacitive performance, the as-prepared
C/NiO nanosheet is measured in a three electrode system. Figure 7a
shows the typical CV curves of C/NiO nanosheet electrode with
different scan rates, ranging from 10 to 100 mV s™. As shown in the
figure, all the CV curves have a pair of redox peaks, which
represents pseudocapacitive behavior of the NiO nanoparticles in
the C/NiO nanosheet.* In addition, the part of CV curves without
redox peaks show quasi-rectangular shapes, which can be ascribed
as the typical performance of electric double-layer capacitors
(EDLCs) of the nitrogen-doped mesoporous carbon.”*® All the
above results demonstrate that the energy storage mechanism of
the C/NiO nanosheet electrode mainly included faradaic redox
reactions and electrostatic mechanism. Moreover, despite the
slightly shift of redox peaks, the shape of the CV curves is not
significantly changed at different scan rates ranged from 10 to 100
mV s'l, indicating good electrochemical reversibility of the C/NiO
nanosheet electrode.
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Fig. 7 Supercapacitive performances of the as-prepared C/NiO
nanosheet electrode: (a) CV curves at various rates; (b) Charge and
discharge curves at different current densities; (c) Cycling
performance a current density of 0.5 A g'1 with the corresponding
capacitive retention. The inset shows the charge and discharge
curves of the first firve cycles; (d) Nyquist plots after the 1st and
2000th cycles.

The potential-time profiles of the C/NiO nanosheet at different
current densities ranged from 5 to 25 A g'1 are shown in Figure 7b.
The plateaus in each charge or discharge curves represent the
redox reaction derived capacitance, which reveals pseudocapacitive
behavior of the C/NiO nanosheet. It is matched well with the CV
curves. The specific capacitance of the C/NiO nanosheet electrode
is calculated from the following formula:

C=1It/(AVm)

This journal is © The Royal Society of Chemistry 20xx

where C (F g) is specific capacitance, / (A) represents the current
density, At (s), AV (V) and m designate the discharge time, the
voltage range and the mass of active materials, respectively.
Therefore, the specific capacitance of NiO can be calculated up to
449 F g'1 at 5 A g'1 (Figure 5b). Even at 25 A g'l, the specific
capacitance is still as high as about 390 F g'l, suggesting that the
mass transportation and electron conduction was greatly improved
by the special morphology of C/NiO nanosheet.

In addition, the supercapacitive stability of the C/NiO nanosheet
electrode is further manifested by its ultralong cycle performance.
Figure 7c shows the cycling performance of the C/NiO nanosheet
electrode over 3000 cycles. The C/NiO nanosheet can deliver a
specific capacitance of 414 F g'l, (0.414 F cm'z) at 5 A g'1
corresponding to a capacitance retention of 92.2% after 3000
cycles, that is undisputed higher than many previously reported
carbon, NiO and their hybrid materials (see Supporting Information
Table S1). This result proves that the nitrogen-doped mesoporous
interlinked carbon embedded by NiO nanoparticles largely improves
the rate capability and the cycle stability of two components.

Figure 7d displays the Nyquist plots of C/NiO nanosheet after 1
and 2000 cycles. The equivalent circuit (as shown in the inset of
Figure 7d) is used to fitting the EIS experimental results, where Rs is
the solution resistance, Rct is the charge-transfer resistance, CPE is
the interfacial capacitance and Cps represents faradaic
pseudocapacitance. The values of Rs and Rct are determined to be
0.46 and 1.34 Q for C/NiO nanosheet supercapacitor after 2000
cycles, which are smaller than the initial resistance (0.50 and 2.66
Q). This is mainly because active materials had undergone an
activation process as the test proceeds. The slopes of the
impedance plots in low frequency represent diffusion impedance or
Warburg element of the electrolytic ion in the solid phase electrode
surface. As can be seeing in the figure, there is almost no change of
the slopes after 2000 cycles, suggesting the excellent cycling
stability of the C/NiO nanosheet electrode.

Conclusions

A new nitrogen-doped mesoporous interlinked carbon/NiO
nanosheet has been synthesized through very simple method.
Based on the distribution of nickel metal ions in MOFs, the
generated monodisperse NiO nanoparticles are homogeneously
embedded in carbon nanosheet. The as-obtained carbon/NiO
nanosheet has a specific surface area as high as 138 m’ g'l. The
unique mesoporous structure of the carbon/NiO nanosheet not
only provides short transport path for electronic and ionic but also
accommodates the volume change during electrochemical reaction.
In addition, N-doped can offer abundant active site for the
carbon/NiO nanosheet electrode, resulted in the electrochemical
performance of it improved to a certain extent. Based on the
mentioned merits, the carbon/NiO nanosheet exhibits excellent
cycling stability (627 mAh g'1 after 300 cycles at 0.5 A g'lfor LIBs,
and 414 F g'1 after 3000 cycles at 5 A g'lfor supercapacitor) and high
rate performance (360 mAh g'1 at 8 A g'1 for LIBs, and 390 F g'1 at 25
A g'1 for supercapacitor) in both LIBs and supercapacitor. We
believe our results will provide an impetus to exploit easy access to
new structures and candidates for energy storage.
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Graphical Abstract:

e Argon

350 °C
5 °C min™

The precursor Ni-ZIF-8 and (b) the product after annealing process.

We report on a novel nitrogen-doped mesoporous interlinked carbon/NiO
nanosheet fabricated using Ni-MOF-8 as both the precursor and the self-sacrificing
template. The synthesize route includes a precipitation reaction to form MOFs at
room temperature and a subsequently thermal treatment process at 350 °C in the
argon protection. Our strategy is simple in operation and low in cost, and most
important it is very applicable to large-scale production with good controllability. In
the synthesized carbon/NiO nanosheet product, monodispersed NiO nanoparticles
with an average particle size of around 10 nm are uniformly dispersed and embedded
in mesoporous carbon. When evaluated as electrode materials, the as-prepared
carbon/NiO nanosheet can exhibit high lithium storage capacity and excellent

supercapacitive performance.



