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Metal-organic frameworks (MOF)-derived carbon materials exhibit large surface area, but
dominant micropore characteristic and uncontrollable dimension. Herein, we propose a self-
sacrificial template-directed synthesis method to engineer the porous structure and dimension
of MOF-derived carbon materials. Porous zinc oxide (ZnO) nanosheets solid is selected as the
self-sacrificial template and two-dimensional (2D) nanostructure-directing agent to prepare
2D ZIF-8-derived carbon nanosheets (ZCNs). The as-prepared ZCNs materials exhibit large
surface area with hierarchical porosity. These intriguing features render ZCNs materials
advanced electrode materials for electrochemical energy-storage devices, demonstrating large
ion-accessible surface area and high ion/electron transport rate. This self-sacrificial template-
directed synthesis method offers new avenues for rational engineering the porous structure
and dimension of MOF-derived porous carbon materials, thus exploiting their full potential

for electrochemical energy-storage devices.

1. Introduction

Porous carbon materials, due to their appealing properties of large surface area, high electric

conductivity, and excellent chemical stability, show broad range of applications in
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electrochemical energy-storage devices, including supercapacitors and batteries.lY! To develop
high-performance electrode, various carbon materials with desired porous structures and
morphologies have been extensively studied over the past few decades. ¥ Recently, metal—
organic framework (MOF)-derived carbon materials have emerged as promising candidates
due to their unique characterizations.”®! MOF-derived carbon materials are prepared by direct
pyrolysis of MOFs without any additional carbon sources or further activation. Because of the
highly uniform pores and designable organic species in MOFs, MOF-derived carbon materials
usually exhibit large surface area. To date, various MOF-derived carbon materials have been
prepared from multiple types of MOFs.B*3¢4 For example, direct pyrolysis of commercially
available Zn(Melm), (ZIF-8; Melm= 2-methylimidazole) powder or ZIF-8 microcrystals
could obtain porous carbon materials with Brunauer—Emmett—Teller (BET) surface areas up
to 800-1610 m? g 2.1¥444 M \when used as the electrode material for supercapacitors, the
specific capacitance achieve 130 F g in aqueous electrolyte.*"! ZIF-8-derived carbon
materials are also potential sulfur immobilizer for lithium—sulfur (Li-S) batteries, which could
confine sulfur species to improve the specific capacity and cycling stability of sulfur
electrode. o

Although the advantages of MOF-derived carbon materials for energy-storage
applications have been highlighted a lot in previous reports, they still suffer from some
drawbacks. Firstly, as electrode materials for electrochemical energy-storage devices, carbon
materials with hierarchical porosity, typically mesopores in combination with micropores or
macropores, are highly desirable.”! MOF-derived carbon materials, however, normally
exhibit dominant micropore characteristic, which limits ion diffusion and thus lowers the
electrochemical performance, especially at high current density. Secondly, the dimension of
carbon materials is vital to the electrolyte permeability and ion/electron transport kinetics.!®!
For instance, two-dimensional (2D) carbon with high aspect ratio satisfies the requirements

and manifest superior electrochemical performance.l” In previous reports, great efforts have
2
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been devoted to synthesize MOFs microcrystals or nanocrystals precursor, but rational control
on the dimension and porous structure of MOF-derived carbon are lacked. It is still a
challenge to control the dimension of MOF-derived carbon materials, especially synthesis of
2D MOF-derived carbon. Recently, template-assistant strategy was developed to address the
challenges of MOF-derived carbon.®® Yu et al. described a tellurium nanowires-derived
templating synthesis of ZIF-8 nanofibers and ZIF-8 nanofiber-derived carbon nanofibers.
The carbon nanofibers exhibited a large specific area of 2270 m? g™ and excellent
performances for oxygen reduction reaction.*® However, the high production costs and limited
scalability of template restricts the wide application of MOF-derived carbon materials. In
addition, to confine the growth of MOFs on the surface, some templates needs further surface
modification. &

An alternative strategy is self-sacrificing template method which fabricates desired
nanostructure through sacrificing template themselves and initiating the growth process
without any surface modification.!® Inspired by this, a self-sacrificial template-directed
synthesis method was proposed to engineer the porous structure and dimension of MOF-
derived carbon material. In this work, for the convenience of concept demonstration, porous
zinc oxide (ZnO) nanosheets solid was selected as the self-sacrificial template and 2D
nanostructure-directing agent to prepare 2D ZIF-8 derived carbon nanosheets (ZCNs). The as-
prepared carbon nanosheets exhibit graphene-like morphology, large surface area with
hierarchical porosity. ZCNs with these unique characterizations exhibits advanced
performance as electrode materials for supercapacitors and Li-S batteries.

2. Results and Discussion

Our method to control the porous structure and dimension of ZIF-8 derived carbon material is
based on the self-sacrificing template synthesis. As schematically presented in Figure 1a,
porous ZnO nanosheets was used as the self-sacrificial template and 2D nanostructure-

directing agent. Firstly, with the assistance of solvents and Melm, Zn** was released from

3
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ZnO and then initiates the in situ growth of ZIF-8 on the surface of ZnO. ZIF-8@ZnO core-

shell nanostructure was produced in this procedure. During the subsequent carbonization
process, pyrolysis of ZIF-8 shell leaves microporous carbon wall. Simultaneously,
carbothermal reduction of ZnO core and vaporization of Zn metal created dense mesopores,
thus obtaining 2D carbon nanosheets with hierarchically porous nanostructure. In particular,
the thickness of carbon wall and the size of mesopores could be adjusted by controlling the
growth time of ZIF-8 shell. The ZIF-8 derived carbon nanosheets are denoted as ZCNs-n,
where n represents the growth time of ZIF-8 (4 and 12 h).

To track the formation process of the hierarchical porous 2D carbon nanosheets, time-
dependent reactions were carried out and the structures and morphologies of products were
characterized. The successful preparation of ZnO@ZIF-8 precursor was firstly confirmed by
powder X-ray diffraction (XRD). The XRD patterns reveal that ZnO@ZIF-8 precursors
prepared with different reaction time are the composites of ZnO and ZIF-8 (Figure 1b). The
main peaks and relative intensity agree well with those of ZnO and simulated ZIF-8. As
highlighted in the right column, compared with ZnO template, the (101) peaks of ZnO in
ZnO@ZIF-8 precursors are lower in intensity and wider in the full width at half maximum.
These changes indicate that the content and size of ZnO nanoparticles decreased. Scanning
electron microscopy (SEM) images display that the ZnO nanosheets are composed of inter-
connected nanoparticles with size of 40-50 nm (Figure c, d). The thickness is approximately
15 nm. After growth for 4 h, the inter-particle pores were completely occupied by ZIF-8 and
the nanosheets became thicker (Figure S1). With prolonged growth time to 12 h, the
nanosheets became much thicker and tended to aggregate. In the SEM images, ZIF-8
polyhedrons were not observed, verifying the directed-growth of ZIF-8 along the surface of
ZnO nanosheets. Transmission electron microscopy (TEM) and high-resolution TEM

(HRTEM) images confirm the core—shell structure of ZnO@ZIF-8 (Figure 1e, f). ZnO
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nanoparticles were completely embedded in the ZIF-8 and the size of ZnO nanoparticles
decreases to 10~15 nm. Moreover, the ZIF-8 was quite compact and no cracks were observed.

2D carbon nanosheets were obtained by direct pyrolysis of ZnO@ZIF-8 precursor without
any chemical activation or template etching process. Thermogravimetric analyses (TGA) were
performed to investigate the carbonization process (Figure S2). The first step is attributed to
the pyrolysis of ZIF-8 between 500 to 600 °C, while the second step above 700 °C is
indicative for the carbothermal reduction of ZnO.""% So the carbonization process was set at
950 °C and hold for 10 h, ensuring the completely reduction of ZnO and vaporization of Zn.
XRD pattern and Raman spectra confirm that no ZnO or Zn metal impurities remained in the
as-prepared carbon (Figure S3). In the XRD pattern, two broad peaks located at around 25°
and 44° were assigned to the characteristic carbon (002) and (100) diffractions, respectively,
revealing the presence of long-range 2D ordering in the carbon matrices along with some
graphitization. The Raman spectra of ZCNs-4 present a D-band at 1359 cm ™ and a G-band
at1602 cm*, which are related to defect and graphitization, respectively. The high value of
Io/l (1.07) of ZCNs-4 indicates high graphitization degree. In addition, the shapes of the D
and 2D bands (at approximately 2765 cm™) show features of few-layered graphene.Bc! As
revealed in SEM images (Figure S4), the as-prepared carbon materials show graphene-like
morphology with abundant crumples and inter-connected macropores. We could observe that
the carbon materials are composed of thin carbon nanosheets (Figure 1e, f). Moreover, it is
worth mentioning that this synthesis method could also fabricate ZIF-8-derived carbon
materials with other unique nanostructure. By using ZnO sphere, we could prepare zero-
dimensional (OD) ZIF-8 derived hollow carbon sphere (Figure S5). On the whole, all these
results support the self-sacrificial template-directed synthesis of ZIF-8 derived carbon
materials with controllable dimension.

As shown in Figure 2a and b, TEM images clearly show that the 2D porous carbon

nanosheets show hierarchically porous nanostructure, which is constituted by microporous
5
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wall and mesoporous hollow. It is noted that a highly porous structure with thin and unbroken
carbon walls can be obtained. In addition, we could observe that the ZCNs-12 shows thicker
carbon wall and are more compact. HRTEM image shows carbon walls of less than 5 nm in
thickness and abundant disordered graphene layer in ZCNs-4 (Figure 2c). The formation of
hierarchical porosity are attributed to two factors: (1) as widely reported in previous reports,
carbonization of ZIF-8 will lead to highly microporous carbon;***! (2) the reduction of ZnO
nanoparticles by consumption of carbon atom and vaporization of Zn metal created dense
mesopores in the interior of carbon nanosheets.[**'% STEM image further confirms
hierarchically porous nanostructure distributed in the inter-connected thin carbon nanosheets.

Nitrogen adsorption experiment was further performed to examine the pore characteristics
of the 2D carbons nanosheets. The N, sorption isotherms of ZCNs-4 and ZCNs-12 both
exhibit characteristics of type I/IV (Figure 2e). The steep adsorption at low relative pressure
indicates a high amount of micropores and the hysteresis loop at high relative pressure
suggests the formation of mesoporous structure, confirming the hierarchically porous
structure of ZCNs. The BET surface area (Sget) of ZCNs-4 and ZCNs-12 are up to 1228 and
1023 m? g %, respectively. Furthermore, notable feature of high ratio of meso/macropore
volume to micropore volume (Vmeso+macro/ Vimicro) Was observed. For ZCNs-4 and ZCNs-12, the
V meso+macro/ Vmicro ratios are up to 2.46 and 2.22, respectively, which are much higher than that
of ZIF-8 derived carbon.®***2 According to the non-local density functional theory (NLDFT)
model, ZCNs-4 and ZCNs-12 show similar microporous distribution with maximum
frequencies near 0.6 and 1.3 nm (Figure 2f). However, the mesopores in ZCNs-12 are smaller
than ZCNs-4. This is because longer time growth of ZIF-8 shell leaves smaller ZnO core.

To evaluate the chemical identities of the heteroatoms in the ZCNs materials, X-ray
photoelectron spectroscopy (XPS) and X-ray absorption near edge structure (XANES)
measurements were carried out. The XPS confirmed that ZCNs-4 exhibits a predominant peak

at 284.7 eV corresponding to C 1s, 531.4 eV to O 1s, and 399.5 eV to N 1s (Figure S6). The
6
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atomic concentration of N in ZCNs-4 is up to 4.64%. The high resolution C 1s spectrum of
ZCNs-4 can be deconvoluted into three individual component peaks, corresponding to C=C
sp’ (284.6eV), C-C sp® (285.7eV) and C-O/C-N (286.6 eV) (Figure 3a).l*! The ratio of
C=C/C-C was up to 96%, indicating high graphitization degree. The N 1s spectrum (Figure3b)
can be fitted by three peaks located at 400.8, 399.7 and 398.2 eV, which are attributed to
quaternary (N-Q), pyrrolic (N-5), and pyridinic (N-6) nitrogen, respectively.E*? As shown in
the C-K edge XANES, peaks Cland C2 at around 285 and 292.4 eV were due to C-C n*
(ring) and C-C o™ (ring) transitions, respectively (Figure 3c).[13] The high intensity of C1
peak further confirms the high graphitization degree of ZCNs-4. The adsorptions in the 286—
290 eV region correspond to carbon atoms that are attached to either oxygen or nitrogen
atoms. In the N-K XANES spectra, three well resolved resonance peaks located at N1
(~397.9eV), N2 (~400.7eV), and N3 (~406.8eV), respectively, are observed. Peak N1 and N3
are attributed to the pyridinic (C=N =*) and graphitic type nitrogen species, respectively.
Peak N2 is assigned to general transitions from the N 1s core level to C—N s* states.™! The
XPS and XANES results proved that the carbon materials prepared by this self-sacrificial
template-directed synthesis show a high graphitization degree and high-level nitrogen doping.
The unique 2D nanostructure, high-level nitrogen doping, and expected large surface
area with hierarchical porosity render ZCNs advanced electrode materials for supercapacitor,
which showcase significant advantages of high power density and long cycling life.®! Figure
4 shows the electrochemical characterization results of ZCNs electrode in 6M KOH aqueous
electrolyte with a symmetrical two-electrode system. Rectangular cyclic voltammetry (CV)
curves of ZCNs-4 were presented in Figure 4a. It can be seen that the CV curves display a
nearly rectangular shape even at 200 mV s *, highlighting the typical supercapacitive
behaviors. The galvanostatic charge/discharge curves of ZCNs-4 at different current densities

exhibit a symmetric triangle feature without obvious potential drop, (Figure 4b), further

This article is protected by copyright. All rights reserved



WILEY-VCH

indicting very efficient charge transfer within the ZCNs-4 electrode. Figure 4c compares the
calculated specific capacitances of the ZCNs-4 and ZCNs-12 electrodes at different current
densities. At a current density of 0.5 A g%, the specific capacitances of ZCNs-4 and ZCNs-12
are up to 220 and 208 F g %, respectively. The high specific capacitances may be attributed to
the large ion-accessible surface area for forming electrical double layer and pseudocapacitive
contribution of the nitrogen-containing functional groups.!*®** With increasing current
density, ZCNs-4 electrode manifests higher specific capacitance than ZCNs-12. At 20 A g,
ZCNs-4 still exhibit a specific capacitance of 177 F g%, exhibiting excellent rate capability.
Supercapacitive performance of ZCNs-4 was further analyzed by electrochemical
impedance spectroscopy (EIS) technique. ZCNs-4 obviously shows smaller charge transfer
resistance and ion transport resistance (Figure S7a). In addition, ZCNs-4 device shows
smaller time constant 1o of (1.28 s) than that of ZCNs-12 electrode (2.94 s) (Figure S7b). The
lower time constant clearly demonstrates the crucial role of thinner carbon wall in greatly
promoting the ion kinetics in the interior of the electrodes. Significantly, in term of specific
capacitance and rate capability, the ZCNs-4 shows greatly improved performances than of
ZIF-8 microcrystal-derived carbon materials and are comparable with other advanced 2D
carbon materials.'2*% All these results indicate that ZCNs-4 shows greatly improved
performances, which could be attributed to its unique 2D porous nanostructure and high-level
nitrogen doping. This nanostructure not only ensures the fast ion diffusion by shortening the
diffusion pathways, but also provides continuous electron pathways. In addition, the nitrogen
doping improves the electrical conductivity and wettability, and thus further enhances the ion
transfer efficiency. ZCNs-4 with higher Vmeso+macro/ Vimicro VOlume ratio and thinner nanosheets
structures offers faster ion transport channels, resulting in the higher capacitance retention at
high current density. Furthermore, ZCNs-4 also exhibits excellent cycling performance,
possessing a high capacitance retention over 97% after 5000 galvanostatic charge/discharge

cycles at 2 A g * (Figure 4d).
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The large surface area, unique 2D nanostructure with microporous wall and mesoporous
hollow, high level nitrogen doping also make ZCNs as advanced sulfur immobilizers for Li-S
batteries, which showcase significant advantages of high energy density (1600 Wh kg ™) and
low cost.*®! As shown in SEM image (Figure 5a), the encapsulation sulfur into the ZCNs-4
induced no obvious changes in morphology. No bulk sulfur particles or aggregations were
detected on the external surface of the ZCNs-4. The TEM images in Figure 5b indicate that
the sulfur is homogeneously dispersed in the porous carbon matrix. STEM image and
corresponding element mapping also indicated the homogeneous dispersion of sulfur in the
ZCNs-4 matrix (Figure5c). Raman spectra further confirm good distribution of incorporated
sulfur (Figure S8). The absence of peak of sulfur indicates that sulfur is confined in the pores
and shows amorphous structure. The intimate contact between the sulfur and graphene layers
is critical for rapid electron transport. A sulfur loading of ca. 60 wt% was determined by TGA
(Figure S9). Meanwhile, two steps in the sulfur evaporation process are observed for ZCNs-
4/S composite, indicating that elemental sulfur is incorporated not only in the microporous
carbon wall but also in the internal mesopores.[*”

The CV profile of ZCNs-4/S electrode shows three peaks in the cathodic scan and one
peak in the anodic scan (Figure S10). According to the reported mechanisms for the reduction
and oxidation of sulfur during the charge/discharge process, the first peak at 2.4 V
corresponds to the reduction of elemental sulfur to long-chain lithium polysulfides (Li,Sy,
4<n<8). The second peak at 2.04 V corresponds to the further reduction of the long-chain
lithium polysulfides to Li,S,/Li,S. The reduction peak below 1.7 V corresponds to the
reduction of small sulfur molecule (from S,-4 to Li,S,/Li,S), which was confined in the
microporous carbon wall. The oxidation peak at 2.33V is attributed to the conversion of
Li,S/Li,S to polysulfides.l'®! At a current density of 0.5 C, after one cycle of activation, the
ZCNs-4/S electrode shows a specific capacity of 931 mAh g at the 2nd cycle (Figure 6a).

After cycling for 100 cycles, ZCNs-4/S electrode still derivers a specific capacity of 663 mAh
9
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g . Ata current density of 1 C, after 200 cycles, the specific capacity is up to 450 mAh g7,

exhibiting that 2D porous host suspend the dissolution of lithium polysulfides during
charge/discharge process (Figure 6b). Comparatively, the ZCNs-12/S electrode shows lower
specific capacity and poorer cycling performance. ZCNs-12/S electrode only derivers a
specific capacity of 412 mAh g * after 100 cycles (Figure S11a, b). This may be due to the
low surface area and more compact structure of ZCNs-12. To further investigate the roles of
2D porous carbon, capacity contributions from three discharge plateaus were distinguished
from the potential profiles of ZCNs-4/S electrode (Figure S11c, d). The extent of dissolution
of polysulfides could lead to the decay of capacity contribution from the upper discharge
plateau.l*® The capacity retention of the upper plateau of the ZCNs-4/S composite was 70%
after 100 cycles at 0.5 C. The high capacity retention can be attributed to the unbroken
microporous carbon wall and lithium polysulfide binding capability of the nitrogen functional
groups, suppressing the dissolution and shuttle of polysulfides.?” This method provide a new
possibility to prepare advanced sulfur immobilizer for long-term Li-S batteries.

3. Conclusion

A self-sacrificial template-directed synthesis method was developed for controlling the porous
structure and dimension of ZIF-8-derived carbon materials. By using porous ZnO nanosheets
as the self-sacrificial template and 2D nanostructure-directing agent, 2D ZIF-8 derived carbon
nanosheets could be obtained by direct pyrolysis of core—shell nanostructured ZnO@ZIF-8
precursor. The as-prepared 2D ZCNs materials exhibit high graphitization degree, large
surface area, and unique hierarchical porosity, showing promising potential for
electrochemical energy-storage devices. When used as the electrode for supercapacitors,
ZCNs-4 electrode exhibits an outstanding specific capacity of 220 F g*at 0.5 A g, and still
remain 177 F g™ at 20 A g *. Meanwhile, the unique properties make ZCNs advanced sulfur
immobilizer for improving the electron/ion transport and suppressing the dissolution and

shuttle of polysulfides. We believe that the 0D and 2D nanostructures, achieved by using
10
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porous ZnO sphere and ZnO nanosheets, can be extended to other nanostructures by using
other templates, such as ZnO film, ZnO nanowires array and cobalt oxide nanowires array.
This versatile synthetic method enables MOF-derived porous carbon to exploit its full

potential in energy-storage applications.

4. Experimental Section

Synthesis of ZCNs materials. In a typical synthesis, 204 mg ZnO nanosheets was added to 80
mL N,N-dimethylformamide/H,O mixed solvent (v/v ratio of 3:1) and stirred for 1 h. Then
206 mg 2-methylimidazole (MelM) was added to the dispersion under magnetic stirring.
After stirring for 5 min, the homogeneous dispersion was added to Teflon-lined stainless-steel
autoclave (100 mL). The autoclave was transferred to an oven. After the mixture reacted for 4
and 12 h at 70 °C, the white product was collected by centrifugation and washed by fresh
DMF and ethanol for five times. The as-prepared ZnO@ZIF-8 composite was put into a
crucible and transferred into a temperature-programmed furnace, then heated to 200 °C for 6
h at a heating rate of 5 °C min . The further pyrolysis treatment was performed at 950 °C for
10 h at a heating rate of 2 °C min™.

Preparation of ZCNs-4/S composite. The ZCNs-4/S composite was prepared through a melt-
diffusion strategy. Typically, ZCNs-4 and elemental sulfur were mixed together and placed in
a crucible, and then the mixture was heated to 155 °C and kept at the temperature for 20 h.
Characterization. X-ray diffraction (XRD) was studied by Bruker D8 Advance X-ray
diffractometer using Cu Ka radiation. The morphologies were characterized by scanning
electron microscope (Hitachi 4800) and transmission electron microscopy (Tecnai G2 F20).
Raman spectra were conducted on the HORIBA Scientific LabRAM HR Raman spectrometer
system with a 532.4 nm laser. Thermogravimetric analysis was conducted on a TG-DSC
instrument (NETZSCH STA 409 PC) under nitrogen protection. The X-ray photoelectron

spectroscopy analysis was performed on a Perkin-Elmer PHI 550 spectrometer with Al Ka
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(1486.6 eV) as the X-ray source. X-ray absorption near edge structure (XANES) at the C K-

edge and N K-edge were collected on the beamline 08U at the Shanghai Synchrotron
Radiation Facility (SSRF). The N, adsorption-desorption isotherms of the samples were
conducted by a Micromeritics BK122T-Banalyzer. The specific surface area was calculated
using the Brunauer—-Emmett-Teller method. The total pore volume and pore size distribution
were obtained from non-local density functional theory (NLDFT) model.

Cell fabrication and measurements for supercapacitors. The supercapacitor performances
were carried out by a symmetric sandwich-type two-electrode system in 6 M KOH electrolyte.
The electrodes were prepared by pressing a slurry of porous carbon nanosheets, carbon black
and polytetrafluoroethylene (PTFE) in the ratio of 80:15:5 onto a nickel foam current

collector (1< 1 cm?) and then dried at 110 °C for 12 h. The active material mass loading for

each electrode is about 2.5 mg cm 2. A sandwich-type supercapacitor consisting of two
similar sample electrodes was assembled. The cyclic voltammetry (CV), galvanostatic
charge/discharge, and electrochemical impedance spectroscopy (EIS) tests were executed
using a CHI 660E electrochemical workstation. EIS was conducted at in the frequency range
of 10° Hz to 102 Hz with the amplitude of 5 mV. Galvanostatical charge/discharge cycling
was performed on a CT2001A cell test instrument (LAND Electronic Co.) The gravimetric

capacitance(C) was calculated based on the following equation, C = (41At)/(mAV) where | is

the constant discharge current, at is the discharge time, m is the total mass of two electrode
materials and AV represents voltage range (excluding the IR drop).

Cell fabrication and measurements for Li—S batteries. The ZCNs-4/S electrodes were
prepared at a slurry coating procedure. The slurry consisted of ZCNs-4/S composite,
acetylene black and polyvinylidene fluoride (PVDF) at a weight ratio of 70:20:10 in N-methyl
pyrrolidinone, and was uniformly spread on an aluminium foil current collector and then was

dried at 60 °C for 12 h. The active material loading was in the range of 0.6~0.8 mg cm™.

12
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CR2016-type coin cell cells were assembled in an argon-filled glove box. Lithium foil was
used as the counter electrode and the separator was Celgard 2400. The electrolyte was
composed of 1 M Bis-(trifluoromethane) sulfonimide lithium (LiTFSI) salt and 0.1 M LiNO3
additive dissolved in a mixed solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1:1 by volume). CV was performed on a CHI 660E electrochemical workstation.
Galvanostatic charge/discharge cycling was performed on a CT2001A cell test instrument
(LAND Electronic Co.).
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Figure 1. (a) Schematic illustration of self-sacrificial template-directed synthesis of ZCNs,
where ZnO act as both Zn®* resource for initial growth of ZIF-8 and self-sacrificial template
for formation of mesopores. ZCNs show porous structure combined with microspores and
mesopores. (b) XRD patterns of ZnO nanosheets and ZnO@ZIF-8 composites, the peaks
corresponding to ZnO (101) reflections are highlighted in the right column. (c, d) SEM
images of ZnO nanosheets template. (e) TEM and (f) HRTEM images of ZnO@ZIF-8
composite. (g) SEM image and (h) TEM image of ZCNs-4.
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Figure 2. Structural and porous characterizations of ZCNs-4 and ZCNs-12: TEM images of
(@) ZCNs-4 and (b) ZCNs-12. (c) HRTEM image and (d) STEM image of ZCNs-4. (e) N,
sorption isotherms and (f) corresponding pore size distribution curves of ZCNs-4 and ZCNs-
12.
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Figure 3. (a) High resolution C 1s and (b) N 1s XPS spectra of ZCNs-4. (c) C-K edge and (d)
N-K edge XANES spectra of ZCNs-4.
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Figure 4. Electrochemical performance of ZCNs electrodes: (a) CV curves of ZCNs-4 at
various scanning rates. (b) Galvanostatic charge/discharge curves under various current
densities for ZCNs-4. (c) Specific capacitance dependence on current density of ZCNs-4 and
ZCNs-12. (d) Long-term cycle stability of ZCNs-4 at current density of 2 A g ™.
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Figure 5. Structural characterizations of ZCNs-4/S composite: (a) SEM |mages (b) TEM
images. (c) STEM image and corresponding elemental mapping.
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Figure 6. Cycling performance of ZCNs-4/S electrodes at (a) 0.5 and (b) 1 C.
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A self-sacrificial template-directed synthesis method is proposed to engineer the porosity
and dimension of MOF-derived carbon materials. By using porous nanosheets solid as the
self-sacrificial template and two-dimensional (2D) nanostructure-directing agent, 2D ZIF-8
derived carbon nanosheets are prepared, which exhibit large ion-accessible surface area and
rapid ion transport as the electrode materials for electrochemical energy-storage devices.

Keyword: two-dimensional carbon, hierarchical porosity, metal-organic frameworks, self-
sacrificial template, electrochemistry
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Experiment Sections

Preparation of ZnO spheres. ZnO spheres were synthesized through hydrolysis of zinc acetate
dihydrate in diethylene glycol as described in previous report.™ Typically, 1.97 g of zinc
acetate dihydrate was added in 90 mL of diethylene glycol. The mixture was heated to 160 °C
at a rapid heating of about 10 °C min™ and then reflux at this temperature for 16 h. The
product was collected by centrifuged and washed by ethanol several times. Then the white
product was annealed at 400 °C for 1 h in air.

Preparation of hollow ZIF-8 derived carbon sphere. 204 mg ZnO nanosheets was added to 80
mL N,N-dimethylformamide/H,O mixed solvent (v/v ratio of 3:1) and stirred for 1 h. Then
206 mg 2-methylimidazole (MelM) was added to the dispersion under magnetic stirring.
After 10 min stirring, the homogeneous dispersion was added to Teflon-lined stainless-steel
autoclave (100 mL). The autoclave was transferred to an oven preheated to 70 °C. After the
mixture reacted for 12 h, the white product was collected by centrifugation and washed by
fresh DMF and ethanol for five times. The as-prepared ZnO@ZIF-8 composite was put into a
ceramic boat and transferred into a temperature-programmed furnace, then heated to 200 °C
for 6 h at a heating rate of 5 °C min™. The further pyrolysis treatment was performed at

950 °C for 10 h.
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Figure S1. SEM images of ZnO@ZIF-8 composites prepared with (a) 4 h and (b) 12 h.
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Figure S2. TGA curve of ZnO@ZIF-8 composite under N, conditions at a heating rate of
5 °C min* (ZnO@ZIF-8 composite was prepared at 4 h).
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Figure S3. (a) XRD pattern and (b) Raman spectrum of ZCNs-4.
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Figure S4. SEM images of (a, b) ZCNs-4 and (c, d) ZCNs-12.
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Figure S5. SEM images of (a, b) ZnO sphere, (c, d) core-shell nanostructured ZnO@ZIF-8
composite and (e, f) ZIF-8-derived hollow carbon sphere.
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Figure S6. Typical survey scanned XPS spectrum of ZCNs-4.
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Figure S7. (a) Nyquist plots and (b) bode plots of ZCNs-4 and ZCNs-12-based cell.

3 ZCN-4/S
8

2

7]

c

o

= S

1000 2000 3000 4000
Raman shift (cm'1)

Figure S8. Raman spectra of elemental sulfur and ZCNs-4/S composite.
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Figure S9. TG curves of elemental sulfur and ZCNs-4/S composite.
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Figure S10. CV curve of ZCNs-4/S electrode.
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Figure S11. (a) Cycling performance and (b) potential profiles of ZCNs-12/S electrode at 0.5
C. (c) Potential profiles of ZCNs-4/S electrode at 0.5 C. (d) Capacity contribution from higher

plateau, lower plateau and small sulfur molecule of ZCNs-4/S electrode.

Table S1. Porous characterizations of ZCNs-4 and ZCNs-12.

Micro
SgeT Micro-SSA  Pore volume 3 Meso+Macro
Samples , 1 - - volume (cm® ——
(m“g”) (m“g”) (cm”g~) 1 Micro
g7)
ZCNs-4 1228 639 0.80 0.26 2.46
ZCNs-12 1023 565 0.74 0.23 2.22
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