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ABSTRACT

Functional modification and structural design of carbon electrode materials are considered as a
cost-effective method to Improve their electrochemical performance. In this study, a solvothermal
method is/ applieds to realize self-assembly of the metal-organic framework. After simple
carbonization ‘andracid treatment, carbon nanosheets with 2D adjustable defective sub-units are
successfully prepared for the first time. It is found that carbonization temperature has a significant

effect onithe carbon skeleton structure. The optimal nanostructures with large specific surface area
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and appropriate pore size distribution make self-assembled carbon nanosheets having excellent
Li/Na- ion storage properties. In addition, the adjustable carbon skeleton structure can effectively
avoid irreversible damage when charge-discharge cycles. For Li-ion batteries, a specific_capacity of
825 mAh g is achieved after 100 cycles at 100 mA-g~, while for Na-ion batteries a specific
capacity of 193 mAh g* is observed after 100 cycles at 100 mA-g~. Moreover, for Na-ion batteries,
even at a high rate of 1000 mA-g the material delivers a specific capacity of 109.5 mAh g after

3500 cycles.

Introduction

The technological revolution of mobile communication and electric locomotive is urgently
needed to develop high performance energy storage equipment. The next-generation battery system
is required to have features such as long cycle stabilit; high energy storage and fast
charging-discharging. In order to realize the abeve assumption, lithium ion batteries (LIBS) have
been widely studied and commercialized in“the,past.few decades. - Sodium ion batteries (SIBs)

have similar electrochemical mechanisms to the,LIBs. Meanwhile, sodium metal can be easily

extracted from sodium chloride, therefore, SIBs are regarded as a potential candidate to replace the

LIBs. [*°1 Based on the advantaBEs such as non-toxic, abundant resources and tailor-able
nanostructure, the carbon _materials with special structures and ultra-large interlayer spacing have
been widely reported initheficldof LIBs and SIBs. 7]

As a representative, /metal organic framework (MOF)-derived carbon materials have
designable pore structures and large specific surface area. Importantly, the heteroatom-doped carbon
can be easily obtained by carbonizing MOF materials. 381 Recently, super-carbon structures derived
from theé MOFs with well-designed porous channels and novel morphologies were reported. (26910111
These nnovative nanostructures avoid damage on the electrode materials caused by volume

expansionyrand the interconnected structural-networks are favorable for charge-transfer, therefore,
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the carbon-coated anode exhibiting an excellent rate performance with high-rate cycling stability.
However, the formation of these electrodes is often associated with addition of templates (39101112 op
activation processes, 61 which usually causes environmental pollution and increases the cost of
preparation.

In this study, we use the self-assembled MOFs as both template and carbon source to
synthesize carbon nanosheets with 2D sub-units. The prepared carbon nanosheets can obtain large
specific surface area and hierarchical porous structure. Furthermore, the physical-chemical
parameters of the carbon nanosheets can be effectively controlled by adjuﬁng the carbonization
temperature. In order to explore the relationship between carbon structuré and Li /Na -ion storage
capacity, the electrochemical properties of carbon nanostructures prepared at different temperatures

were systematically studied.

2. Experimental details

2.1 Sample preparation

The synthesis of SAM: 4,4-biphenyldicarboxylic acid (0.130842 g) and AI(NO3)3.9H,0
(0.2828 g) were added to a 20mL of N,N-dimehylformamide (DMF). After continuous stirring for 20
minutes, the mixture was transferred to a»50 mL Teflon-lined autoclave, which was further
autoclaved at 120 °C for 24 h. After\centrifugation, the product was washed with ethanol for three
times and dried at 80 °Cy and. finally the self-assembled Al-MOF (SAM) was obtained. In order to
highlight the superiority of our synthetic conditions, the Al-MOF synthesized at 180°C was also
prepared. Typically the .drug. was added according to the ratio of AI(NO3)3.9H.O (1.88 Q):
4,4'-biphenyldicarboxylic acid (0.8 g): DMF (60 mL). [*314 The mixed solution was heated at 180°C
for 24 h, and the obtained sample was then marked as AI-MOF (180°C).

To getrcarbon nanosheets, the SAM were annealed at 600, 700, 800, and 1000 °C for 1 h in

argon atmosphere with a heating rate of 5 °C min, respectively. In order to remove aluminum
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element, the carbonization products of the SAM was immersed in HCI (10%) via a hydrothermal
reaction at 80 °C for 2 days. According to different calcination temperatures, the obtained carbon
nanosheets were named as PCNS-n (n=600,700,800 and 1000). The carbonization temperature of

Al-MOF (180°C) was set to 700°C, and other carbonization parameters were kept same as thesSAM.

2.2 Characterizations

The Powder X-ray diffraction (XRD) patterns of the PCNS-n werg recordedsin a focused optical
path mode of Rigaku SmartLab X-ray Diffractometer, and the data were collected from 26 =15° to
80° for the PCNS-n and 5° to 60° for the precursor, respectively. Discovery TGA 55 thermal
gravimetric analyzer was used to obtain the thermo-gravimetric analysis (TGA) curves under N2
atmosphere. The ASAP 2020 HD88 system (Micromeritics Comgany, USA) was used to acquire the
specific surface area and the pore size distribution of the PCNS-n. The confocal Raman spectra of
the PCNS-n were acquired using a Renishaw inViia Raman Microscope (UK, Renishaw Company).
The scanning electron microscopy (SEM)uimagest were collected using a field emission electron
microscope (Japan, SU-70, Hitachi)s The transmission electron microscope (TEM) images were
collected using Japan Electron Qptics Laberatory (JEOL) JEM2010. A high-resolution auger
electron spectrometer (MICROLAB\350) was applied to measure X-ray photoelectron spectroscopy
(XPS), and elemental analysis using,Elementar VVario EL CUBE (Germany).
2.3 Cell fabrication and measurements

In this study, all-batteries'were prepared in MBRAUN MB-Labstar 1500/780 glove box (0.<0.1

ppm, H20<0.1 ppm). The batteries were assembled by CR2032-type coin-cells. The slurry of the
working electrode consists of three parts: active materials (80%), acetylene black (10%) and PVDF
(10%)/ The obtained slurry was blade casted onto a copper foil, and then dried at 70 °C for 900 min
under vacuum'(-0.1 mmHg). The areal loading of active substrate was about 1.5 mg cm. Different

electrolytes and diaphragm materials were used in the assembly process. For LIBs, a mixture of
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ethylene carbonate (EC) and dimethyl carbonate (DMC) (volume ratio=1) with added 1M LiPFs was
used as an electrolyte. The Celgard 2300 was served as the separator materials. For SIBs, NaClO4 (1
M) in propylene carbonate was used as the electrolyte. The GF/D glass fiber was used as. the
separator. In order to test the Li/Na ion storage mechanism of the PCNS-n, cyclic voltammetry (CV)
measurements were carried out using a Solartron Analytical 1400 cell test system (0:1 mV s%). The
charge-discharge performance was tested using a NEWARE BTS-4008 system. Electrochemical

impedance spectroscopy (EIS) data was obtained through Solartron analytical 1400 cell test system.

~

3. Results and discussion

3.1 Characterization of PCNS

The SAM and the AI-MOF(180° C) were successfully, prepared through a simple hydrothermal
synthesis process. As shown in Fig.1. (a-c) and Figure:S1, the FE.SEM images of the SAM display a
small nanoparticle-assembled flake-like morpholegy, and the‘average diameter of the SAM is about
300 nm (Fig.1.(c)). The AlI-MOF (180°C) displays a three-dimensional structure that is stacked by
two-dimensional lamellar structure. In order to:further determine the phase composition of the SAM
and AlI-MOF(180 °C), the X-ray diffraction measurements (XRD) were carried out. Although the
reactions were carried out at different reaction conditions, the peak positions of the SAM and
Al-MOF (180°C) are the,same, and the phase composition of the SAM and the AI-MOF (180°C) are
in consistent well with/the'calculated XRD patterns of the Al-MOF. M However, it is worth noting
that a broadening_phenomenon of the characteristic peak were observed in Fig.1(e) and Figure.S2,
and this phenomenon is possibly due to the smaller crystal size of the Al-MOF, 571 which futher

lead to the formation of the characteristic AI-MOF with an interlaced overlap peak.
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Fig.1. (a,b) SEM images of the SAM and (c) AI-MOF(180 °C); (d) The particle-size distribution of

the SAM; (e) X-ray diffraction patterns of caIcuIatethhe Al-MOF and SAM.

,/");}JAI-MOF ‘ MOF-derived carbon Li*or Na*

Discharge o

Carbonization

Acid treatment
N

Scheme 1. Preparation process of the PCNS-n and charge -discharge processes.

As illustrated in Scheme 1, the PCNS-n was successfully prepared through a single-step
carbonization followed by acid treatment. The morphology and microstructure of the PCNS-n were
examined by FESEM and TEM Fig.2(a-c). It was found that the PCNS can maintain the layer
alignment to their parent with orderly arrangements in the temperature range of 600-800 °C.
However, as the temperature further rises to 1000 °C, a large number of cracks/voids were formed
after the calcination followed by acid treatment, and this phenomenon is likely caused by the
decomposition of the ligand molecules, 821 which was further confirmed by TGA analysis.

Compared to the SAM, a weight loss of ~68 wt % was confirmed when the temperature increases
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from room temperature to 800°C (Figure.S3).

TEM technique was employed to characterize the detailed microstructure of the PCNS-700.
Low-resolution transmission electron microscopy (LR-TEM) shows that the ultrasthiny,.carbon
structure has an non-uniform surface with tightly interconnected lamellar particles (Fig.3 (a,b)),
which was further observed by a high-resolution transmission electron microscopy (HR-TEM). A
circular-like building block material with hierarchical porous structure was observed, and that
sub-unit structure was derived from the pyrolysis of small nanoparticle-assembled Al-MOF.
Simultaneously, no obvious graphitization fringes were observed in“Fig. 3(c,d). This phenomenon
further proves that the PCNS-n material mainly presents anramorphous carbon structure, which is

similar to AI-MOF(180 °C)-derived carbon materials (Figure.S4).

Fig.4 (a) shows XRD patterns of the PCNS-n: The charagteristic peaks of y-Al.O3 were not
observed (JCPDS NO.10-425) (Figure.S5), instead.two broad diffraction peaks at around 26= 25°
and 43° were observed in the XRD patterns, which, corresponds to the (0 0 2) and (1 0 0) planes of
amorphous carbon, respectively. The contents of ‘carbon, hydrogen, nitrogen and sulfur in the
PCNS-n were confirmed by elemental analysis. It'is shown that the main component of the PCNS-n
is carbon. With the increase of carbonization temperature, the carbon content increases gradually in
the PCNS-n (Table.1), and the similakphenomena have been observed in the carbonization processes
of other Al-based MOF. 2! This phenomenon may be caused by more carbon basal planes that are
formed by the decomposition.of the organic components . [%?]

In order to further analyze the thermogravimetric process of the SAM, the thermo-gravimetric
analysis (TGA) wasremployed. As shown in Figure.S3, when the temperature rises to 350 °C, there is
about 19.1% weightlessness, which corresponds to the removal of water and solvent molecules in the
SAM. A rapid thermal weightlessness process was observed during the stabilization and
carbonization stages (450-600°C), and this process corresponds to the swelling of matrix, and
removal of the guest molecules. Additionally, compared with the AI-MOF (180°C)-derived carbon
materials,***! the carbonized product of the SAM has a higher carbon content (Table.S1 and

Table.1), and this result suggests that the synthesis conditions also have a significant effects on the
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carbon content in the Al-based MOF derived carbon materials. The sample synthesized under 180 °C

only exhibits a lower carbon content (58.2%), which is not benefited for improving the conductivity

of carbon electrode materials. 2!

Table.1. The elemental analysis results of the PCNS-n

samples N [wt%] C [wt%] H [wt%] S[wt%]
PCNS-600 0.14 81.71 1918 0.133
PCNS-700 0 88.20 1.799 (0.669
PCNS-800 0 89.15 1.540 10.102
PCNS-1000 0 90.85 «1:656 1,.0.121

The Raman spectrum of the PCNS-n shows twor€arben characteristic peaks at 1350 cm™ and
o

1586 cm 1, which corresponds to D and G bands, respectively. The intensity ratio of the G band to D

band (Ip/lg) is generally employed to evaluate the extent of structural disorder for the carbon

materials. Y With the increase of carbonizationstemperature, an increasing trend in the Ip/lg ratio

was observed. It was estimated that the intensity ratios (Io/lg) for PCNS-600, PCNS-700, PCNS-800,

and PCNS-1000 were 0.7568, 0.831, 0.991.and 1.047, respectively. The skeleton structure of the

PCNS-1000 has the highest lp/lc rﬁio, indicating that the high-temperature carbonization of the

SAM will lead to more.defects .and’ disorder in the PCNS framework, and these results were

confirmed by SEM analysis:(Fig.2).
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PCNS-n,*and this conclusion was further confirmed by DFT analysis (Fig.4. (d)). The data of the
surface area, total pore volume and average pore size of the PCNS-n are listed in Table.2."Comparing
with the PCNS-1000, the other samples have a larger specific surface area and pore volume, which
are regarded as an excellent way to ameliorate the electrolyte infiltration and tosavoid thexvolume
expansion of electrode materials.l?%1 With the increase of carbonization temperature, the specific
surface area and pore volume of the PCNS-1000 decrease obviously. Meanwhile, the width of the
average pore size increases sharply, and these variations in structure and behaﬁor could be related to
the formation of extended defects in the carbon matrix. This conclusion. is in consistent with the

observations from the SEM, Raman, and XRD data (Fig.2, Fig.4(ab))-

A

Table S2. Textural parameters of the PCNS-n

S BET V total Average
Sample

(mdgt) “(em*g™) (nm)
PCNS-600 1321.0 1.55 4.71
PCNS-700 N 1571.4 1.78 4.54
PCNS-800 1305.6 1.53 4.69
PCNS-1000 465.1 0.90 7.76

In previous reports, 0Xygen-rich functional groups on the surface of carbon substrates were
thought to benefit thevabsorption and release of Li*/Na* ion. 2521 |n order further to identify the
surface functional groups of the PCNS, X-ray photoelectron spectra (XPS) was carried out. Typically,
the characteristic peaks of C1s and O1s are displayed in Fig.4 (e, f). The peaks of C1s can be further

decomposed into three characteristic peaks, corresponding to C-C at 284.1eV, C-O at 284.9 eV and
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correspond to the C-O-C and C=0, respectively, which agree well with the results from C1s.

1 a) ©02)
(100)
13 \‘N‘m 1000, 1,/1,=0.991

MA

800.

O
~

800.

1,/1,=0.847 700.

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

700.

1,/1,=0.7568
600, ol
19

20 10 20 30 40 50 60 70 80 560 1d00 ]E'&) 2000
Raman shift(cm™)

£ 204

=oe
o wu
N :

o
o
;

N
N
Quantity Adsorbed(cm’® g* STP)

1 2 25 50 80 120
32 Relative Pressure(P/P) Pore width(nm)

00 02 04 06 08 10

Diffirential pore volume(ci
o
(43}

=

C-0-C .
— Raw 53230V \
— Fitted

—— Background

Raw
— Fitted
—— Background

w

N

D
~

c-c
284.1eV

Cc-0

284.9eV carboxylic
groups
C=0 534 eV

285.6 eV

w

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

43 292 290 .288. 286,284 282 280 540 538 536 534 532 530 528 526
Binding Energy(eV) Binding Energy(eV)

Fig.4. XRD curve (a), Raman spectra (b), N2 adsorption—desorption isotherms (c) and pore size
50 distribution (d); XPS spectrum Cl1s (e) and O1s (f) of the PCNS-700.

53 Based on the characterization and analysis of the SAM and their thermal treatment products,
55 formation of the"SAM is given in Scheme 1, the small nanoparticles are used as block materials to

58 assemble larger nanostructures. In order to ensure the stable existence of the self-assembled structure,
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the self-assembly process needs to satisfy the minimization of Gibbs free energy.l*8) Compared with
some other reports, [1%!!the self-assembled SAM does not require templates and structure<directing
agents. Besides, it was found that the SAM-derived carbon structures can be effectively controlled
through adjusting the carbonization temperature, and this provides favorable conditions for different
electrochemical systems. In order to further investigate the relationship between.nanostructures and

Li/Na-ion storage, the PCNS-n was applied as anode materials for the LIBs and SIBs.

~

3.2 Lithium storage performance

The rate performance of the PCNS-n electrode is shown in:Fig.5:(a). The PCNS-700 electrode

exhibits an impressive rate capability with average speeific capacities of 1126, 748, 728, 702, 668,
©

489, 246 and 244 mAh g ! at 100, 200, 500, 1000, 2000, 5000, 10000 and 20000 (mA-g1),
respectively. In addition, it is worth noting that most of the specific capacity can be recovered at 100
mA-g even after rate test. During subsequent cycles, the specific capacity of the PCNS-700 slightly
increases, and this phenomenon is fully proved that the PCNS-700 electrode has an excellent
reversibility. In sharp contrast to the\PCNS-?OO, the PCNS-1000 exhibits the worst rate performance
among all the carbon nanostructures, and this indicates that the carbon nanosheets with
over-dispersed 2D sub-units and lewer specific surface area might have a negative effect on their
Li/Na-ion storage performance.

The cycling performance of the PCNS-n is shown in Fig.5 (b). The PCNS-700 displays a better
cycling ability than‘the other samples. Besides, it worth noticing that the specific capacities of the

PCNS:n exhibit an upward trend, which is resulted from the formation of solid electrolyte

inter-phase (SEI) films on the surface of the electrode materials. [*2272% After 100 cycles at 100
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mA-g1, a relatively high specific capacity of 825 mAh-g* was observed, and this value is obviously
superior to the previous reports on porous carbon electrodes in related fields. 61829301
The charge-discharge curves of the PCNS-700 at 100 mA-g* current rate are shown in Fig.5 (c).
A large discharge platform with a slope was observed in the first discharge process, the platform is
considered to be deintercalation of Li* in the first discharge, while the slope reflects the capacitance
characteristics of the electrode materials. It is noteworthy that a high initial charge capacity of 2048
mAh-g ! at 100 mA-g* were observed, and this value is mainly contributed\by the physic-sorption
and chemisorption of Li *into the porous carbon, and the redox reaction between Li-ion and surface
functional groups.! Furthermore, it is worth noting that the’coulombic efficiency is only about 40%,
which is resulted from the irreversibility capacity that causesl by a large surface area of the
PCNS-700.31 After two cycles of the charge-discharge curves for the PCNS-700 can be overlapped
well, and the coulombic efficiency of 100 % can be achieved, which fully demonstrates the existence
of stable SEI films on the electrode surface. #4%2
The CV measurements were_performed over the potential range from 0.01 V to 3 V for the
LIBs at a scan rate of 0.1 mV s As,shown in Fig. 5 (d), during the process of first cathodic scan,
the reduction peaks at 0,58,V'and 0.10 V correspond to the formation of SEI film on the electrode
surface and the insertionrof.Li-ion.in carbon materials, respectively. 193334351 The peak at ~ 2.43 V is
believed to be caused by the gxtraction of Li * from porous carbon materials, ! and these results

from CV analysis aré in consistent with the phenomena observed in the charge-discharge curves.
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Fig.5 (a) Rate performances of the PCNS, (b) Cycleperformance of the PCNS-700 at
@

100 mA-g* for the Li battery, (c) Charge/discharge curves of the PCNS at 100 mA-g for the

1st, 2nd, 3rd, 50th and 100th cycles, respectively, and (d) CV curve of the PCNS-700 for Li

3.3 Sodium storage performance

battery.

The optimized carbon nanosheets exhibit excellent Li-ion storage performance, in order to

further test their Na-ion storage performance, the SIBs were assembled by employing the PCNS-n as

anode materials.
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Fig.6 (a) Rate performance of the PCNS-n for Na battery,.(b) Cycle performance of the
PCNS-n at 100 mA-g, (c) Cycle performance of the PCNS-700 at 1000 mA-g, (d) CV curves
of the PCNS-700 and the inset showing dischargel/eharge curves of the PCNS-700 at 100
mA-g=for Na battery.

The rate capability of the PCNS-n. is shown in Fig.6 (a). To examine the potential of the
PCNS-700 as the anode, the cycle performance of the PCNS-700 at different current densities were
measured. When it was cycled at.20, 40, 100, 200, 400, 1000, 2000, 4000, 10000 and 20000 mA-g 1,
the corresponding specific.capacities were 841, 287, 257, 244.82, 244, 233, 221, 212, 198, 179 and
161 mAh.g?, respectively. It'is noteworthy that after the rate test, the PCNS-700 electrode can
recover most of the specific capacity quickly and run smoothly even at 20 mA-g?, and this
phenomenon suggests that the PCNS-700 electrode has an excellent rate capability.

The cyclic performance of the PCNS-n at different currents is shown in Fig.6 (b). After 100

eyeles at 100 mA-g2, a high specific capacity of 193 mAh.g* was achieved for the PCNS-700 with
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a coulombic efficiency of 100 %. Even after 3500 cycles at 1000 mA-g* (Fig.6 (c)), the SIBs
assembled by the PCNS-700 still have a remarkable specific capacity of 109.5 mAh-g? with a
coulombic efficiency as high as 100 %, indicating the excellent cycle stability of the PCNS-700
electrode.

The charge-discharge curves are shown in the inset of Fig.6 (d). Far first galvanostatic
discharge-cycle at 100 mA-g, the PCNS-700 displays a large discharge voltage platform, which is
mainly due to the formation of SEI film on the surface of the anode materiam] Cyclic voltammetry
(CV) curve was employed to study the mechanism of intercalation and.removal of Na-ion in the
PCNS-700. As shown in Fig.6 (d), three significant reduction peaks were observed at 0.84 V, 0.47 V
and 0.05 V, and those peaks correspond to the reaction‘of:Na* v.vith oxygen-rich functional groups,
the formation of SEI film, and insertion ,of Na® into the carbon layer of the PCNS-700,
respectivelyl18:36.37],

During the subsequent cycle, the peak- intensity at 0.05 V become weaken, while the peak at
0.84 V disappears, and the subsequent. CV curves overlap with each other. This phenomenon
correlates to the stable and reversible Na-ion insertion and deinsertion into/from the anode
material.[*®! In addition, the peak.at 2.1 V/ was observed during the following cycles, and this process
is closely related to Na-iomde-insertion from the PCNS-700. [

The optimized PCNS-700 electrodes have unique carbon nanostructures, which is an ideal
model for studying.the storage of Li/Na-ion in carbon electrodes. As shown in the Scheme 1, the
larger specific surface area of the PCNS-700 ensures that the electrolyte penetrates into the electrode
completely. The hierarchical porous structure of the PCNS-700 shortens the diffusion path of solid

jons. and accelerates the ion-transport. The large pore volume of the PCNS-700 alleviates volume
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expansion and the irreversible damage of electrode can be then effectively suppressed.

4. Conclusions

In this study, we designed carbon nanosheets with adjustable defect subunits, and their physical

and chemical properties were effectively controlled through adjusting carbonization temperature.
The optimized carbon nanostructure can effectively solve the volume expansion problem of the
electrode materials. In addition, the hierarchical porous structure of the PCNS-700 provides pore
channels for rapid ion-diffusion. When the PCNS-700 is used as an anode material for the SIBs and
LIBs, the excellent electrochemical performance was obtained. For LIBs, a specific capacity of 825
mAh g was achieved after 100 cycles at 100 mA-g, while foriNa-ion batteries a specific capacity
of 193 mAh g was obtained after 100 cycles at 100 mA-g*. Moreover, for Na-ion batteries, even at
a high rate of 1000 mA-g?, the material delivers a specific cap’acity of 109.5 mAh g after 3500
cycles. This study opens a new window for controllable synthesis of self-assembled MOF-derived
carbon structures, which will provide abundant alternative electrode resources for super-capacitors,

Li/Na-ion batteries or lithium sulfur/selenium battery systems, for example.
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