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Thermal Exfoliation of Layered Metal-Organic Frameworks
into Ultrahydrophilic Graphene Stacks and Their

Applications in Li-S Batteries

Guang-Ping Hao,* Cheng Tang, En Zhang, Peiyan Zhai, Jun Yin, Wancheng Zhu,

Qiang Zhang,* and Stefan Kaskel

2D nanocarbon-based materials with controllable pore structures and hydro-
philic surface show great potential in electrochemical energy storage systems
including lithium sulfur (Li-S) batteries. This paper reports a thermal exfo-
liation of metal-organic framework crystals with intrinsic 2D structure into
multilayer graphene stacks. This family of nanocarbon stacks is composed

of well-preserved 2D sheets with highly accessible interlayer macropores,
narrowly distributed 7 A micropores, and ever most polar pore walls. The
surface polarity is quantified both by its ultrahigh water vapor uptake of

14.3 mmol g™' at low relative pressure of P/P, = 0.4 and ultrafast water wet-
ting capability in less than 10.0 s. Based on the structural merits, this series
hydrophilic multilayer graphene stack is showcased as suitable model cathode
host for unveiling the challenging surface chemistry issue in Li-S batteries.

2D graphene/graphene-oxide based nanocarbons have great
potential as active materials in several technologies, including
electrochemical energy storage, gas adsorption and separa-
tion, and catalysis since the high-aspect-ratio of 2D nanocar-
bons endows them with exotic physicochemical features.!!l
Currently, the pore structure of 2D nanocarbon materials can
be well regulated, whereas tuning their pore surface to be
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ultrapolar/hydrophilic still needs further
efforts. However, a highly hydrophilic sur-
face is essential to achieve specific guest—
host interactions for many applications.?
A synergetic effect of pore structure and
surface chemistry is found to maximize
their performances.?*3l In addition, 2D
nanocarbon materials with tailored surface
polarity can be served as model materials
to probe the structure—performance rela-
tionship, particularly on surface chemistry
issue. For instance, in a lithium-sulfur
(Li-S) battery system, quantitative analysis
of surface polarity as well as evidencing
their influences on trapping polysulfide
intermediates are highly desired to ensure
the experimental and mechanistic under-
standing of the interfacial behavior of polysulfide species.*]
Consequently, devising strategies for new types of 2D nanocar-
bons with tunable surface polarity and tailored pore structures
still continues.

Synthesis schemes moving beyond the routine exfoliation
of graphite, chemical synthesis is an important alternative.l!
A series of amorphous and crystalline polymer precursors,
including the metal-organic frameworks (MOFs), have been
explored for fabrication of 2D nanocarbons.l?*® However, the
asynchronous anisotropic shrinkage during thermal transfor-
mation often lead to partly or even complete structural collapse.
Very recently, MOF-74 was found to be formed with unique
rod structures suitable for the fabrication of 2D nanocarbons
by Xu and co-workers,[®! who have pioneered the development
of MOF-derived carbons or carbon-based composites.” In their
strategy, MOF-74 nanorods were first transformed into carbon
nanorods, which were strongly ultrasonicated and chemi-
cally activated to obtain the graphene nanoribbons.l*) Thus,
obtained 2D nanoribbons exhibit rich micropores and high
surface area. Due to the highly developed porosity and defined
morphology, MOF-derived carbons are promising electrode
materials for electrochemical energy storage systems including
lithium-sulfur batteries.*-8%¢d However, the MOF-derived
synthesis strategies toward 2D nanocarbons still require multi-
step approaches and the pore surface polarity is yet difficult to
control.

According to the previous findings,”# the morphology and
shape of crystalline precursors are thermodynamically preferred
to transform conformably to their carbonaceous products but
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with obvious dimension shrinkage (e.g., from polymer spheres,
polyhedrons to shrank carbon spheres, polyhedrons). Inspired
by the above concepts, herein, we demonstrated that MOF crys-
tals with long-range ordered 2D polymer building units via -
interactions (analogous to graphite) can indeed be thermally
exfoliated into multilayered graphene stacks, which are com-
posed of well-preserved nanocarbon sheets with well-defined
pores and ultrapolar pore walls (in the following denoted as
UHCS for ultrahydrophilic carbon stacks). Based on the struc-
tural merits, we showcase this family of ever most polar 2D
carbon stacks as suitable model materials to investigate the
rather challenging surface chemistry issue in Li-S batteries.
Our synthesis strategy is based on the formation of the
MOF crystals with well-stacked 2D layer structure. Herein, we
selected the copper 4,4’-bipyridine MOFs, which are initially
synthesized by Li and co-workers in 1990s,° forming 2D net-
works. The X-ray powder diffraction (XRD) pattern (Figure 1a)
confirms the crystalline structures of the as-made MOFs.[*1%
The 2D units stack to each other via 7—r interaction, forming
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the [Cu,Cl,CygHgNj,], crystals (Figure 1b). Their average size
(width x length X thickness) is =8 x 20 x 3 um? (Figure 1c).
The tightly packed, lamellar structure was confirmed by
close-up inspection of the crystals (Figure 1d,e). Due to the
relatively weak van der Waals interaction, these multiple
layers can be readily exfoliated by Scotch tape into 10 um
sized, nanometer-thick polymer crystals (Figure 1f,g). The
thickness of the 2D polymer monolayer is estimated to be
around 1-2 nm by the atomic force microscopy (AFM) image
(Figure 1g, area i).

Considering the complex carbonization process including a
series of successive pyrolytic reactions including dehydrogena-
tion, condensation, hydrogen transfer, and isomerization, the
2D MOF crystals were subjected to a slow heating procedure
with a temperature ramping rate of 1 °C min™! up to a constant
temperature (e.g., 500 and 900 °C), annealed at that point for
1 h, and subsequently cooled down naturally (see the Experi-
mental Section in the Supporting Information for details).
During the mild annealing, the MOF crystals with 2D units

Figure 1. Characterization of 2D MOF precursors. a) Experimental powder XRD pattern and simulated pattern, b) structure of the layered MOF crystal
and its building unit, c—e) SEM image of the MOF crystals with the 7 stacked 2D unit highlighted in cross section area, f) mechanically exfoliated
2D layers, and g) AFM topography image with corresponding height profiles of the exfoliated layers with terrace structure.
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Figure 2. Microscopic characterization of the UHCS samples. a,b) SEM images of UHCS-500, c,d) SEM images of UHCS-900, and e,f) TEM images

of UHCS-900.

transformed into 2D nanocarbon stacks (Figure 2a-d) through
gradual structural rearrangements. By contrast, no evidence
was found for the formation of such 2D layered nanocarbons
when MOF crystals with intrinsic 3D structures were used as
precursors after identical thermal treatment (Figure S1, Sup-
porting Information). This confirms the influence of the solid
precursor in preserving their original morphology.

The yield of the nanocarbon stacks with defined morphology
and uniform size (Figure 2a,c) on the basis of MOF crystals is
around 17 and 12 wt% for UHCS-500 and UHCS-900, respec-
tively. Compared with MOF crystals (Figure 1c), the estimated
linear and volume shrinkages for the carbon stacks are =37%
and 75% after thermal exfoliation at 500 °C, and 53% and 89%
after treatment at 900 °C, respectively (Figure 2b,d). The low
magnification transmission electron microscopy (TEM) image
reveals the thin layer structure, i.e., the building unit of the
carbon stacks (Figure 2e), which contains highly interconnected
micropores as observed in the high-resolution TEM image
(Figure 2f).
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The pore structure of UHCS samples was quantitatively
evaluated by nitrogen physisorption (Figure 3a). The isotherms
are intrinsically type I, revealing their microporous properties.
The abrupt adsorption uptake at P/P, > 0.95 indicates the exist-
ence of interparticular macropores, which is consistent with the
scanning electron microscopy (SEM) observation. The apparent
surface area based on Brunauer-Emmett-Teller theory (0.05 <
P/P, < 0.16) is =909 and 937 m? g~! for UHCS-500 and UHCS-
900, respectively. Their pore size distributions (PSDs, Figure 3a,
inset) based on nonlocalized density functional theory is nar-
rowly located at =7.0 A, which is distinct to the chemical vapor
deposition (CVD) graphene with >80% single layer graphene
that exhibits rich open outer surface (Figure 3a).

The hydrophilicity of a porous solid is directly relevant to
its surface polarity,®*11) which can be reflected by a signifi-
cant water uptake in the water adsorption isotherm before
the relative pressure of P/P, = 0.4. A sharp water uptake
from the starting point to a pressure of P/Py = 0.4 was
observed on UHCS samples (Figure 3b). This is different

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Pore structure and surface polarity characterizations of the UHCS materials. a) Nitrogen adsorption isotherms, with the isotherm of CVD
graphene with >80% single layer graphene for comparison. b) Water vapor adsorption isotherm, the isotherm of hydrophilic zeolite (13X), activated
carbon Norit super, mesoporous carbon CMK-3, and CNTs shown as benchmark. c) Dynamic contact angle measurements, d) Raman spectra, and

e) N1s XPS spectra on the ultrahydrophilic carbon stacks.

from common carbon materials (e.g., activated carbon
(Figure S2, Supporting Information), mesoporous carbon
CMK-3, and CNTs) that can hardly adsorb water vapor before
P/Py, = 0.4 (Figure 3b). The water adsorption uptakes at
P/Py = 0.4 on UHCS (=14.3 mmol g!) are even higher than
that of the most hydrophilic zeolite (=12.7 mmol g~! for zeo-
lite 13X, Figure 3b), and comparable to that of state-of-the-art
MOFs (e.g., =14.8 mmol g~! for MOF-801-P).l'2l Remarkably,
both samples can be completely wetted in less than 10.0 s
(Figure 3c), which confirms the ultrafast water wetting capa-
bility by the polar pore surface, coinciding with the water
vapor adsorption results.

Adv. Mater. 2017, 1702829
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To understand the origin of such high hydrophilicity of
unique carbon stacks herein, both Raman spectra and X-ray
photoelectron spectroscopy (XPS) spectroscopy were col-
lected. In the Raman spectra (Figure 3d), the signal of D
band reflects the defects of carbon structures. We quantified
the areal intensity ratio (Ip/Ig, see Table S1 of the Supporting
Information for fitting details) of the two samples. Their
high Ip/Ig value (2.13 and 1.78) indicates the amorphous
nature with high density of topological defects, particularly
for UHCS-500. Their surface heterogeneity was analyzed
by XPS spectra, which illustrated a high heteroatom-doping
(N and O) up to around 30 and 24 at% for UHCS-500 and
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UHCS-900, respectively (Figure S3 top, Supporting Informa-
tion). Increasing temperature from 500 to 900 °C, the edge
N-containing groups (e.g., pyridine-N) was found to convert
into more stable graphitic-N (Figure 3e; Figure S3 bottom,
Supporting Information), which also explained the slightly
different polarity.

In short, both the narrowly distributed 7.0 A micropores
and the molecular level dispersed heteroatom sites work syn-
ergistically, inducing a very high hydrophilicity of the UHCS.
The highly dispersed polar sites act as “anchors” for the first
arrived water molecules at very low humidity (P/P, < 0.2),
forming sub-nanometer-sized water clusters. The narrow PSDs
of micropores favor the bridging of adjacent water clusters
when increasing the humidity to P/P, = 0.4, resulting in filling
of micropore in UHCS. Kinetically, their highly assessable, thin
layer structure further boosts the diffusion of water molecules
into the pores. The water adsorption behavior captured the
salient interactions between the ultrapolar pore walls and the
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water molecules, confirming the remarkable surface polarity of
this series of multilayer graphene stacks.

The UHCS materials that afford strong polar surface, abun-
dant anchoring sites, as well as intercrossed electron path-
ways and ion channels are demonstrated to be suitable polar
cathode hosts for Li-S batteries to investigate the surface
chemistry issue (Figure 4a),!'¥! with hydrophobic CNTs coun-
terpart (Figures S4 and S5, Supporting Information) as a con-
trol sample. The visualized adsorption of Li,Ss on polar UHCS
and nonpolar CNT demonstrates the quite different polysulfide
interactions between ultrapolar carbon pore and nonpolar pore
wall (Figure 4b). The Nyquist plots of electrochemical imped-
ance spectra (EIS) reveal the accelerated charge transfer of the
cell based on UHCS, particularly for UHCS-900 (Figure 4c).
The semicircle in the middle-frequency (MF) range represents
the charge-transfer process; while the semicircle in the high-
frequency range indicates the interphase contact resistance.'
The magnitude of MF semicircle of S@UHCS-900 shrank

Figure 4. Electrochemical performances of polar UHCS samples and nonpolar CNTs. a) The schematic of suitability of UHCS as host cathode materials.
b) Visualized adsorption. c) Nyquist plots of the EIS measurements. d) CV profiles of the hydrophilic carbon stacks. e) The galvanostatic charge—dis-

charge profile. f) Cycling performance and Coulombic efficiency at 1.0 C.
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dramatically as compared with the nonpolar S@CNT cathode,
though CNTs rendered a more than 50 times higher electronic
conductivity. This reveals the dominant role of polar surface in
achieving a strong interaction of carbon pore wall with poly-
sulfides, and thus enhancing the redox kinetics.

From the CV profiles for S@ UHCS-900 (Figure 4d), the
two sharp cathodic peaks at 2.31 V (I, reduction: Sg — Li,S,,
x =4-8) and 2.04 V (II, reduction: Li,S, — Li,S,/Li,S) and two
partly but clearly separated anodic peak at 2.33 V (III: oxidation
of Li,S to polysulfides) and 2.40 V (IV: oxidation of polysulfides
to sulfur) were observed, which unambiguously reflected the
multistep coupled conversion of sulfur to Li,S,/Li,S and vice
versa via polysulfide transformation. Notably, the well observed
pair of oxidation peaks, indicating the good interaction of
polar, conductive pore walls with polysulfides, were rarely seen
on nonpolar carbon hosted sulfur cathodes, such as highly
porous carbon with inverse opal structure,[”! 3D porous gra-
phitic carbon,['®) CNTs or rationally designed aligned CNTs, "]
porous graphene foams,!'® and so on. Even with polar addi-
tives, only one anodic peak was observed on nonpolar cathode
host such as graphene.’”) Though paired anodic peaks were
visible on a few polar cathodes,?% however, the polarity of con-
ductive hosts are rarely quantitatively investigated. Our quan-
tified surface polarity analysis illustrates this issue in a clear
way.

The galvanostatic charge—discharge profiles at 20th and
40th cycle (Figure 4e; Figure S6, Supporting Information) are
consistent with the finding obtained from CV profiles. The
Coulombic efficiency during cycling at 1.0 C (Figure 4f) and
0.5 C (Figure S7, Supporting Information) on the polar UHCS
cathodes is remarkably stable, no visible degradation observed
with a retention value of 99.7% after 250 cycles at 0.5 C and
99.8% after 100 cycles at 1.0 C, which is much higher than that
of nonpolar CNT cathode (=93.4 and 84.8% for 0.5 and 1.0 C
after 100 cycles, respectively) under identical conditions. Their
rate capabilities was further compared (Figure S8, Supporting
Information), which is in agreement with trends discussed
above.

In summary, a facile thermal exfoliation of MOF crystals
with intrinsic 2D building units was proven to be an effective
strategy for fabrication of multilayer graphene sheets, featuring
a highly polar carbon surface, hierarchically porous structures,
and defined uniform morphology. When these polar nano-
carbon stacks are used as model cathode hosts in Li-S batteries,
the polar pore walls attract polysulfides to a confined but highly
electron and ion accessible environment, and thus the coupled
redox reaction proceeds in a reversible manner as reflected by
well-resolved CV curves and almost 100% retained Coulombic
efficiency. More importantly, our thermal exfoliation of bulk
crystalline polymers with intrinsic 2D structures is an effective
strategy to fabricate ultrapolar nanocarbon sheets, and may also
be an inspiration to explore other 2D precursor materials such
as 2D polymer crystals in nanocarbon synthesis.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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