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Two-dimensional conjugated metal—organic frameworks (2D c-MOFs) have recently emerged for potential
applications in (opto-)electronics, chemiresistive sensing, and energy storage and conversion, due to their
excellent electrical conductivity, abundant active sites, and intrinsic porous structures. However, developing
ultrathin 2D c-MOF nanosheets (NSs) for facile solution processing and integration into devices remains
a great challenge, mostly due to unscalable synthesis, low yield, limited lateral size and low crystallinity.
Here, we report a surfactant-assisted solution synthesis toward ultrathin 2D c-MOF NSs, including HHB-
Cu (HHB = hexahydroxybenzene), HHB-Ni and HHTP-Cu (HHTP = 23,6,7,10,11-
hexahydroxytriphenylene). For the first time, we achieve single-crystalline HHB-Cu(Ni) NSs featured with
a thickness of 4-5 nm (~8-10 layers) and a lateral size of 0.25-0.65 um?, as well as single-crystalline
HHTP-Cu NSs with a thickness of ~5.1 + 2.6 nm (~10 layers) and a lateral size of 0.002-0.02 pm?.
Benefiting from the ultrathin feature, the synthetic NSs allow fast ion diffusion and high utilization of

Received 7th March 2020 active sites. As a proof of concept, when serving as a cathode material for Li-ion storage, HHB-Cu NSs
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deliver a remarkable rate capability (charge within 3 min) and long-term cycling stability (90% capacity
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Introduction

Metal-organic frameworks (MOFs) represent a class of crystal-
line coordination polymers consisting of metal ions/clusters
connected by organic ligands.® Profiting from their well-
defined structures, high specific surface area and structural/
chemical diversity, MOFs have attracted great attention as
advanced materials for gas storage/separation,'®* catalysis,* and
sensors.* However, the conventional three-dimensional (3D)
MOFs showed extremely electrical conductivity
(<107'° S em™"), due to the large separation of metal centres by
multi-atom and insulating organic ligands. This led to the low
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utilization of built-in redox centres and slow reaction Kkinetics,
which significantly limited their applications in electrochemical
systems.” Recent advances disclosed that the designs of layer-
stacked two-dimensional conjugated MOFs (2D c¢-MOFs) by
employing planar organic ligands and square-planar metal-
complex linkages inducing high delocalization of w-electrons in
the 2D plane have led to improved electrical conductivity® (as
high as ~60 S cm™" in the powder form”). Besides the intrinsic
conductivity, 2D ¢-MOFs also possess inherent porosity, abun-
dant active sites, and tunable redox states, which lay the foun-
dation for their applications in electrochemical energy storage/
conversion,® such as Li-ion batteries,’ Li-sulfur batteries,' Na-
ion batteries,"* supercapacitors,” water splitting, and oxygen
reduction reactions." For instance, a nickel-hexaiminobenzene
(Ni-HIB) 2D ¢-MOF was reported to be utilized as a cathode
material in Li-ion batteries and displayed a high specific
capacity of 155 mA h g and a stable cycling performance up to
300 cycles, which are comparable to those of other commer-
cially used cathode materials in Li-ion batteries (e.g., transition-
metal compound cathodes possess a capacity of
<200 mA h g 1).o®

However, the currently developed 2D c-MOFs are generally
synthesized in a bulk powder form by the solvothermal method.
Accordingly, a large number of active sites are buried and
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inaccessible for charge carriers in these powder samples,
leading to sluggish ion diffusion and low utilization of active
sites. The apparent electrochemical performance of bulk 2D c-
MOFs has been therefore limited compared with the theoret-
ical values (for example, the theoretical specific capacity of Ni-
HIB can reach ~312 mA h g ').** In contrast, ultrathin nano-
sheets (NSs, <10 nm in thickness) possess a range of fascinating
attributes including higher surface areas and sufficient acces-
sible active sites,” and their nanoscale thicknesses provide
a short ion/electron migration length owing to the quantum
confinement effect.’® As a result, the development of ultrathin
2D ¢-MOF NSs is an attractive avenue for enhancing the elec-
trochemical energy storage/conversion performance. To date,
a great effort has been dedicated to synthesizing ultrathin non-
conjugated 2D MOF NSs, including top-down physical and
chemical delamination of 2D layered bulk crystals,>'” as well as
bottom-up interface-assisted synthesis*” and template-assisted
synthesis.*®”**  Particularly, surfactant-assisted solution
synthesis has been regarded as an efficient bottom-up method
to prepare ultrathin MOF NSs.***' Compared with the role of
the interface and other templates, the surfactant (e.g., poly-
vinylpyrrolidone (PVP)**® and hexadecyltrimethylammonium
bromide (CTAB)?) can not only restrict the growth of the MOFs
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along the layer-stacking direction but also help to stabilize the
as-synthesized MOF NSs in solution for facile processing.
Nevertheless, despite the above progress of non-conjugated
MOF materials, the synthesis of 2D c¢-MOF NSs by scalable
solution processing or even the exfoliation of a layer-stacked
bulk 2D c-MOF into NSs has been unexplored considering the
strong interlayer m-7 stacking interaction. Thus, the large-
sized, ultrathin 2D ¢-MOF single-crystalline NSs remain an
appealing synthetic target.

Herein, we report a surfactant-assisted solution synthesis of
ultrathin 2D ¢-MOF NSs (>500 mg, 80-90% yield) (Table S17).
The resultant 2D c-MOF NSs are single-crystalline; the HHB-
Cu(Ni) NSs have a thickness of 4-5 nm (8-10 layers) and
a lateral size of 0.25-0.65 um?, while the HHTP-Cu NSs possess
a thickness of ~5.1 £+ 2.6 nm (~10 layers) and a lateral size of
0.002-0.02 pm>. As one typical example, few-layered HHB-Cu
NSs present a Brunauer-Emmett-Teller (BET) surface area
(385 m”> g™ '), much higher than that of the corresponding bulk
particles (119 m* g~ '). To this end, HHB-Cu NSs are utilized as
a cathode material for Li-ion batteries and present a specific
capacity of 153 mA h g~ in the potential window of 1.3-2.6 V
(the specific capacity reached 400 mA h g~' in the potential
window of 1.3-4.0 V) and exhibit high rate capability (charge
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(A) Synthetic scheme of ultrathin HHB-Cu NSs using a surfactant-assisted solution synthesis method. Inset: SEM image of HHB-Cu NSs

and Tyndall effect of a diluent colloidal suspension. (B) Reaction scheme for the synthesis of HHB-Cu and HHB-Ni NSs. (C) PXRD patterns of
HHB-Cu NSs, HHB-Ni NSs, and bulk HHB-Cu particles. (D) The unit-cell structures of HHB-Cu derived using AB slipped-parallel stacking models.
Grey, red, and white spheres represent Cu, O and C atoms, respectively. Na* counter-ions are omitted for clarity. (E) Reaction scheme for the
synthesis of HHTP-Cu NSs. (F) PXRD patterns of HHTP-Cu NSs. (G) The unit-cell structures of HHTP-Cu derived using AA stacking models. Grey,
red, and white spheres represent Cu, O and C atoms, respectively.
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within 3 min, 81%, 1.0Ag " vs. 0.1 Ag ') and long-term cycling
stability (90% capacity retention after 1000 cycles), which are
superior to those of its bulk powder sample (capacity,
40 mA h g%, rate capability, 25%, 1.0 Ag "' vs. 0.1 Ag ', and
cycling stability, 65% capacity retention after 50 cycles) and the
thus-far reported MOF cathodes (Table S2). Our work paves the
way to develop conductive 2D c-MOF NSs by scalable synthesis
that enhances the electrochemical performance and allows
future facile solution-processing and integration into electronic
devices.

Results and discussion

The synthesis of ultrathin HHB-Cu NSs by a surfactant-assisted
solution synthesis method is illustrated in Fig. 1A. For the first
time, the anionic surfactant sodium dodecyl sulfate (SDS) was
employed to produce uniform ultrathin 2D ¢-MOF nanosheets.
In a typical synthesis, HHB-Cu NSs were obtained through the
preparation of Cu(OAc), salts and SDS aqueous solution (1.7
mM) (Fig. 1B), followed by the addition of tetrahydroxy-1,4-
quinone (THQ) ligands and then sonication of the mixture at
50 °C for 30 minutes (see the ESI for experimental detailst). The
negatively charged hydrophilic tail of the SDS molecules will
preferentially anchor onto the surface of MOFs through elec-
trostatic interaction.® Thus, the adsorbed SDS molecules can
serve as structure directing agents to significantly alleviate the
layer stacking, thus leading to the anisotropic growth of the
MOFs in the 2D direction and consequently the formation of
ultrathin and large-sized nanosheets. In addition, the hydro-
phobic chains of SDS could not only weaken the interactions of
interlayers and disassemble to form ultrathin nanosheets
during the sonication treatment but also help to stabilize the as-
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synthesized HHB-Cu MOF NSs in solution to prevent further
agglomeration.>*** The solid product was collected and washed
with water and ethanol in an ultrasonic ice bath for 30 min.
Then, the upper colloidal suspension was collected and dried
under vacuum for 12 h at 80 °C to afford dark samples. The
diluent colloidal suspension of the obtained HHB-Cu NSs
exhibited a Tyndall effect (inset in Fig. 1A); and due to their
ultrathin nature, the colloid possessed excellent stability in the
aqueous solution for at least 6 months.

Powder X-ray diffraction (PXRD) patterns in Fig. 1C exhibit
strong reflections at 26 = 7.8°, 15.7°, and 27.5°, which can be
indexed to the (100), (200) and (300) crystallographic planes of
the HHB-Cu structure, respectively. This result reveals that the
obtained product is highly crystalline with hexagonal packing in
ab planes (@ = b = 1.2 nm).* The peak at 26 = 30.2°, corre-
sponding to the (001) reflection, suggests an ordered stacking
with an interlayer spacing of ~2.88 A. Thus, an AB slipped-
parallel model is built according to the PXRD results,* as
shown in Fig. 1D. In Fig. 24, the atomic force microscopy (AFM)
image demonstrates a sheet structure and smooth surface (the
arithmetic average roughness (R,) is about 0.23 nm) for HHB-Cu
NSs. The thickness of the NSs was determined to be 4.2 +
1.1 nm and the lateral size was 0.30-0.65 pm? (Fig. 2B and S17).
SEM images also show an inherent sheet structure of HHB-Cu
NSs, which is consistent with the AFM observation (Fig. S2+t).

The EDX mapping and spectrum (Fig. S3 and S4t) demon-
strate a uniform distribution of C, Cu, O, and Na in the achieved
HHB-Cu NSs. A Cu : O ratio of 1.2 : 4 was determined, which is
consistent with X-ray photoelectron spectroscopy (XPS) charac-
terization (1.1:4) and very close to the calculated value for
CuO, units (1 : 4) (Fig. S5T). The XPS Cu 2p;,, peak at 933 eV and
the satellite peaks at 932 and 943 eV indicate that Cu exhibits
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Fig. 2 Morphology and crystal structural characterization of HHB-Cu NSs. (A) AFM image of HHB-Cu NSs and the height profile along the
marked lines in the image. (B) HHB-Cu NS thickness and size distributions as determined by AFM. (C) TEM image of HHB-Cu NSs. Inset: SAED
pattern of HHB-Cu NSs. Scale bar: 1.85 nm™. (D) AC-HRTEM image of HHB-Cu NSs. Inset: corresponding FFT image with reflections up to 4.6
nm~! (i.e., image resolution 0.22 nm). (E) Enlarged image of (D) with the structure model overlaid.
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two oxidation states of +2 and +1 with a Cu®>*/Cu" ratio of about
9.44. As shown in Fig. S6A,t the Cu K-edge of X-ray absorption
near-edge structure (XANES) in HHB-Cu NSs is completely
different from those of CuO and Cu foil. The pre-edge feature in
HHB-Cu NSs originates from the transition of 1s core electrons
to hybridized orbitals of 3d. In addition, it can be seen that the
white-line intensity of HHB-Cu NSs is slightly lower than that of
CuO, indicating that Cu species are in two oxidation forms in
HHB-Cu NSs, consistent with the XPS results. Accordingly, the
framework of HHB-Cu NSs possesses several redox states with
up to two electron transfers per CuO, unit (Scheme S27), which
act as active sites for a promising energy storage function. The
recorded extended X-ray absorption fine structure (EXAFS)
spectra show that there is one prominent peak at ~1.52 A from
the Cu-O contribution in HHB-Cu NSs (Fig. S6Bf), while
another sample CuO clearly exhibits two different predominant
peaks at ~1.56 A and ~2.49 A, which arise from Cu-O and Cu-
Cu bonds, respectively. These results provide strong proof for
the formation of square planar complexes via the coordination
of THQ and Cu ions and confirm the absence of metal oxides
such as CuO and Cu foil in the HHB-Cu NSs.

The Raman spectra of HHB-Cu NSs manifest the elimination
of OH and C=0 peaks at 3370 cm ' and 1649 cm ', respec-
tively, which confirm the efficient coordination between Cu and
O (Fig. S71). The UV/vis absorption spectra of the dispersed
HHB-Cu NSs on a quartz substrate show a broad absorption
band in the near-IR region, suggesting an absorption edge of
~1.7 eV (Fig. S8;t also see Tauc plots of (ahv)* vs. hv). Based on
low-pressure N, adsorption measurements at 77 K, the BET
surface area of HHB-Cu NSs was estimated to be as high as 385
m?* g~ ' (Fig. S91), due to the existence of more exposed surface
between layers as a result of the high crystallinity, large domain
size, and nanoscale thicknesses. Without using SDS (Fig. S107),
the contrast synthesis under the same conditions resulted in
layer-stacked HHB-Cu powders with lower crystallinity and
smaller domain size (Fig. S117), in which the surface was deeply
buried, leading to a lower accessible surface area (BET surface
area, 119 m? g~ ') (Fig. S91).

To gain insight into the crystallinity of the resultant HHB-
Cu NSs, we performed selected-area electron diffraction
(SAED) and aberration-corrected high-resolution trans-
mission electron microscopy (AC-HRTEM) imaging. The SAED
pattern reveals a hexagonal symmetry with sharp diffraction
spots (Fig. 2C). The first-order reflections were found at 0.93

nm !

, corresponding to a hexagonal unit cell with a side
length of 1.24 nm (inset in Fig. 2C), agreeing with the lattice
parameters of HHB-Cu.® The SAED patterns acquired on iso-
lated HHB-Cu NSs manifest single crystallographic orienta-
tion (Fig. S12t), revealing the single-crystalline nature of the
HHB-Cu NSs. Furthermore, AC-HRTEM imaging unambigu-
ously illustrates the highly ordered hexagonal MOF network
with a near-atomic resolution of 0.22 nm. Strikingly, no point
or line defects have been observed within the field-of-view,
further evidencing the high crystallinity of the HHB-Cu NSs
(Fig. 2D). The measured pore size on the magnified AC-
HRTEM image was 1.2 nm, which is in perfect agreement
with the structural model (Fig. 2E).
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The versatility of the surfactant-assisted solution synthesis
method using SDS was investigated through the preparation of
a variety of 2D ¢-MOF NSs including HHB-Ni NSs and HHTP-Cu
NSs (HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene). Struc-
tural and morphological characterization by PXRD, TEM, SAED,
and AFM measurements revealed that the synthetic HHB-Ni
presented single-crystalline ultrathin NSs with a lateral size of
0.25-0.56 um” and a thickness of 4.5 + 1.4 nm (~9 layers)
(Fig. 1C and S13t). In addition, the obtained HHTP-Cu NSs
synthesized with the surfactant show a single-crystalline feature
with a lateral size of 0.002-0.02 pm? and a thickness of 5.1 +
2.6 nm (~10 layers) (Fig. 1E and F and S14%), whereas bulk
powder with a rod like morphology was achieved in the absence
of the surfactant.

The electrical conductivity of HHB-Cu NSs was derived to be
1.5 x 107 S cm ™" through the van der Pauw method at 300 K
(Fig. S15 and S161). The variable-temperature conductivity
measurements displayed a non-linear increase of electrical
conductivity from 243 to 310 K, indicating a typical semi-
conducting feature. As shown in Fig. S17,1 a hole concentration
of ~1.4 x 10" em ™ and charge carrier mobility of 2.4 £ 0.3 cm®
v~'s7" at 300 K were further evaluated from the Hall resistance
(Ruan) under a magnetic field (H), suggesting a p-type semi-
conducting behavior of HHB-Cu NSs. In contrast, the bulk HHB-
Cu shows a lower conductivity of 8.95 x 10°® S cm " in the
pellet form at 300 K (Fig. S1871). Benefiting from the fact that
HHB-Cu NSs possess single crystallinity, a high aspect ratio,
and electrically conductive features, this material was used as
a model system for determining the role of few-layered 2D c-
MOF NSs in improving electrochemical Li-ion storage.

The electrochemical performance of HHB-Cu NSs was then
evaluated in coin cells with Li metal as the counter electrode.
The electrolyte is 1 M LiPF¢ in ethylene carbonate (EC)/ethyl
methyl carbonate (EMC) (v/v = 1:1). The cyclic voltammetry
(CV) profiles of HHB-Cu NSs exhibit a couple of redox peaks
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Fig.3 Electrochemical performance of HHB-Cu NS electrodes. (A) CV
profiles collected at 1 mV s~ for HHB-Cu NSs. (B) Charge—discharge
curves of HHB-Cu NSs at specific current densities. (C) The rate
capability of HHB-Cu NSs at different current densities. (D) Long-term
cycling performance of HHB-Cu NSs at 1 A g™~
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within the potential window of 1.3 to 2.6 V (vs. Li/Li") (Fig. 3A
and S197), which suggest reversible transformation between the
neutral and negatively charged (reduced) states of HHB-Cu NSs
with the insertion/desertion of Li ions. In the galvanostatic
charge-discharge test at 1.3-2.6 V, the HHB-Cu NS electrode
delivers a specific capacity of 153 mA h g~' at 0.1 A g !
(Fig. S201). The charge-discharge curves present a single
charge/discharge plateau, matching very well with the CV result.
After 50 cycles at 0.1 A g, the reversible capacity could be
stabilized at 122 mA h g™ (Fig. S217). Under extended potential
windows of 1.3-3.3 V and 1.3-4.0 V, the specific capacity of the
HHB-Cu NS electrode can be pushed up to 300 and
400 mA h g7, respectively, which is superior to those of other
reported MOFs (66-155 mA h g™') (Table S2 and S227). These
capacities correspond to the full utilization of CuO, units
(Cu0,°/Cu0,*”; Scheme S31) and CuO, (Cu0,°/Cu0,>7)/Cu
center (Cu®*/Cu”).?> However, after tens of cycles, the capacity
decayed to below 200 mA h g™, corresponding to a low capacity
retention of 36.0-66.7%. The above results suggest that the
HHB-Cu NS electrode exhibits better electrochemical revers-
ibility under a one-electron redox process at 1.3-2.6 V (CuO, /
Cu0,>"; Scheme S21) than under a multi-electron process at
1.3-3.3 Vand at 1.3-4.0 V. This can be explained by the fact that
less strain will be generated in the framework of HHB-Cu NSs
under the one-electron process, thus leading to higher
structural/cycling stability.

The rate capabilities of the HHB-Cu NS electrode were
further evaluated under various current densities. Clearly,
increasing the current rate from 0.1 to 2.0 A g~ ' slightly
increases the charge-discharge polarization (Fig. 3B). Specific
capacities of 122, 111, 105, 100, 99 and 94 mA h g~ " could still
be retained at 0.1, 0.2, 0.4, 0.8, 1.0 and 2.0 A g’l, respectively
(Fig. 3C). We attribute the high rate performance of HHB-Cu
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NSs to their ultrathin morphology, which provides short path-
ways for fast ion/electron diffusion in the electrode. The long-
term cycling stability of the HHB-Cu NS electrode was also
surveyed at 1.0 A g~ * (charge in 6 min). After 1000 cycles, a high
capacity retention of 90% was achieved with 100% coulombic
efficiency (Fig. 3D), suggesting robust structural stability of
HHB-Cu NSs under the electrochemical environment and high
redox reversibility of active sites. The cycling stability of our
HHB-Cu NSs is the record performance among the reported
MOFs (Table S2, ESIt).

For comparison, the electrochemical behavior of bulk HHB-
Cu particles was also evaluated under the same conditions.
Compared to HHB-Cu NSs, the bulk HHB-Cu represented
a much smaller CV area and larger peak voltage gaps, indicating
lower capacity/active site utilization and higher polarization
(Fig. 4A). At 1.3-2.6 V (Scheme S27), the bulk HHB-Cu exhibited
a limited capacity of 40-50 mA h g~ * (Fig. $201), which could be
ascribed to the sluggish ion diffusion and low utilization
(13.4%) of active sites resulting from a long-range parallel-
stacking structure (Fig. 4B). The rate capability of bulk HHB-
Cu exhibits huge polarization upon increasing the current
density (Fig. S23At), thereby sacrificing most of the capacity. A
low capacity of 4.6 mA h g~ for bulk HHB-Cu was retained at
2.0 A g, which was only 11.5% of the value obtained at
0.1 A g ' (Fig. S23Bt).

To further understand the electrochemical performance and
to evaluate the merit of HHB-Cu NSs in ion/electron diffusion,
we performed electrochemical impedance spectroscopy (EIS)
measurements on HHB-Cu NSs and bulk HHB-Cu. The ob-
tained Nyquist plots are shown in Fig. 4C. Obviously, HHB-Cu
NSs display a much lower charge transfer resistance (R.) of
~85 Q when compared to bulk HHB-Cu (R.; = ~216 Q), and an
almost vertical low-frequency region represents a lower ionic
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states of the CuO,4 unit during the charge/discharge process.
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resistance. These results confirm the substantial contribution
of the ultrathin nature of HHB-Cu NSs in the fast charge/
discharge process and the high utilization of active sites
(Fig. 4D). Due to the open porosity and thin sheet morphology,
the Li* ion diffusion along the channels most probably domi-
nates as the main path for Li* insertion into HHB-Cu NSs rather
than diffusion between layers. In support of the redox mecha-
nism, we further compared the electrochemical properties of
HHB-Cu NSs and HHB-Ni NSs. Clearly, the CV profile of HHB-
Cu NSs is characterized by two distinct peaks at 1.64 and
1.93 V, whereas the HHB-Ni NSs have a substantially broadened
peak region in the potential range from 1.9 to 2.5 V (Fig. S247).
As a result, we highlight that the active site should be mainly
situated on the CuO, unit, which dominates the electro-
chemical behavior of HHB-Cu MOFs.® On the other hand,
detailed studies were further performed by ex situ Fourier
transform infrared (FT-IR) spectroscopy. As shown in Fig. S25,1
the peak at ~1515 cm™ ", assigned to the C=C bond from the
benzene ring, disappeared in the discharged state, suggesting
the disappearance of the conjugation of the C¢ ring.*® In addi-
tion, a reversible change of a peak at ~1068 cm ™" (attributed to
the C-O bond) during the charge and discharge processes was
observed, confirming the Li-storage activity of CuO, units. The
proposed evolution of the electronic states of the CuO, unit
during the charge/discharge process is shown in Fig. 4E.

Conclusions

In summary, we demonstrated a universal strategy through
a surfactant-assisted solution synthesis method to prepare
ultrathin 2D c-MOF nanosheets with few-layered structures,
large lateral sizes (aspect ratio exceeding 200), and single-
crystalline features on a large scale and in high yield. The
synthetic HHB-Cu NSs as a showcase were utilized as a cathode
material in Li-ion batteries, which facilitated the utilization
efficiency of redox sites and allowed faster ion/electron kinetics
due to the improved surface area and significantly shortened
ion/electron diffusion pathways compared to bulk HHB-Cu
particles. Thus, HHB-Cu NSs presented greatly improved Li-
ion storage performance with a specific capacity of
153 mA h g~ ' and exhibited high rate capability (charge within
3 min, 81%, 1.0 A g ' vs. 0.1 A g ') and long-term cycling
stability (90% capacity retention after 1000 cycles), which are
superior to those of the state-of-the-art MOFs. Our work high-
lights an approach towards solution-processible ultrathin crys-
talline nanosheets of 2D c-MOFs and paves the way for the
development of other devices, such as electronics and sensors.
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