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Abstract: Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) have
have been extensively investigated during the last two decades. More recently, a family of hybrid
materials, i.e., MOF@COF has emerged as particularly appealing for gas separation and storage,
catalysis, sensing and drug delivery. MOF@COF hybrids combine the unique characteristics of
both MOF and COF components and exhibit peculiar properties including high porosity and large
surface area. In this work, we show that the infiltration of redox-active 7.,7,8,8-
tetracyanoquinodimethane (TCNQ) molecules into the pores of MOF@COF greatly improves the
characteristics of the latter thereby attaining high-performance in energy storage devices. Density
functional theory (DFT) calculations were employed to guide the design of a MOF@COF-TCNQ
hybrid with the TCNQ functional units incorporated in the pores of MOF@COF. To demonstrate
potential application of our hybrids, the as-synthesized MOF@COF-TCNQ hybrid has been
employed as active material in supercapacitors. Electrochemical energy storage analysis revealed
outstanding supercapacitor performance as evidenced by a specific areal capacitance of 78.36 mF
cm? and a high stack volumetric energy density of 4.46 F cm?, with a capacitance retention of
86.4% after 2000 cycles completed at 0.2 A cm™. DFT calculations result strongly indicate that
the high capacitance of MOF@COF-TCNQ has a quantum capacitance origin. Our liquid-phase
infiltration protocol of MOF@COF hybrids with redox-active molecules represents a efficacious

approach to design functional porous hybrids.

KEYWORDS: molecular-infiltration, metal-organic frameworks, covalent organic frameworks,

quantum-capacitance, supercapacitors



The ever-increasing energy demands have pushed worldwide research efforts towards the
development of renewable energy technologies.! Supercapacitors are extremely powerful energy
storage devices that combine an eco-friendly nature, cost-effectiveness, high durability, high
power, and moderate energy density.>3 During the last few years, substantial attention has been
paid to the synthesis of different materials for supercapacitor electrodes,** mainly relying on
pseudo-capacitance and electrical double layer capacitance (EDLC). Nevertheless, quantum
capacitance, being one of the physical mechanisms giving rise to interfacial capacitance, is little
exploited and not yet fully understood. Xia et al. and S. Ilani et al. reported that the quantum
capacitance of graphene and carbon nanotubes may be the origin of the increased interfacial
capacitance in particular carbon-based devices.”!° Subsequently, Zhang et al.!! and Song et al.'?
further investigated this concept by introducing nitrogen or oxygen-containing (hydroxyl and
epoxy) groups in graphene, which was found to be advantageous for the enhancement of the
quantum capacitance. Besides the aforementioned examples, the quantum capacitance mechanism
has not been explored in materials employed as supercapacitor electrodes.

In the last two decades, the tremendous effort devoted to the generation of highly porous
materials has laid the groundwork for functional systems, which find their application in our daily
life. Among such emerging porous metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) crystalline architectures gained overgrowing interest since their properties can
be tailored also in large-scale processes. On the one hand, MOFs are typically assembled through
the non-covalent interactions between metallic species and multidentate ligands.!* On the other
hand, COFs are thoroughly formed by covalent bonds, such as imines, nitroborates, boronyls, and
C=C." Notably, MOFs and COFs are considered as propitious electrode materials for leading edge

energy storage devices due to their crystalline porous structures featuring high specific surface



area, and the presence of numerous functional redox-active sites.!’>> Nonetheless, traditional
MOFs and COFs suffer from low electrical conductivities, resulting from the insulating nature of
the organic ligands used for their assembly, and 5t-d orbital overlap between organic ligands metal
ions, which limits their electro-chemical performance in energy storage application.?! Therefore,
the porous structure in MOFs and redox-active sites in COFs cannot be fully exploited,
Jjeopardizing their practical applications in supercapacitors. A viable solution to enhance MOFs
and COFs capacitance as supercapacitor electrode consists in the incorporation of conductive
materials like carbon nanotubes,”? graphene,”?* and conducting polymers*2 in their porous
structure.

Lately, MOFs@CQFs hybrid structures containing traits of both MOFs and COFs have stand
out as a family of porous hybrids exhibiting advantages of individual components, to enable to
harvest the performance in gas separation,?’ (photo)catalysis,?®2? sensors,*® bacterial inhibition*'and
lithium-ion batteries.*? Typically, MOFs@COFs are generated through the condensation of amine-
functionalized MOFs and amine-based COFs, yielding in imine formation at the interface between
the two components. The number of reports dealing with MOFs@COFs hybrid porous
nanomaterials has rapidly increased, most of which target taking full advantage of the properties
that go beyond the simple sum of those exhibited by the pristine MOFs and COFs. For instance,
Fu et al. introduced the COF-300@ZIF-8 hybrid that was employed as membrane material and
displayed increased separation selectivity towards H,/CO, gas mixtures when compared with
membranes generated from the single MOF or COF components.?” Subsequently, various
MOFs@COFs including NH,-MIL-68-MOF@COF,** NH,-UIO-66@COF-TpPa,*NH,-MIL-
125@COF-LZU1,” and UIO-66-NH,@COF-TAPB-BTCA were successfully explored in (photo-

)catalysis. Nevertheless, excluding the specific case of Mn-MOF@COF*? described by Wang et



al., and aza-MOF@COF-LZU]1 reported by our group, the utilization of MOFs@COFs hybrids
remains to a great extent unchartered in energy storage.

In order to unravel the potential of MOFs@COFs in energy storage application, an alternative
approach consists of the use of the MOF or COF pores as platforms for modulating the electrical
transport properties. Since Talin et al. described the example of tuning the electrical conductivity
in MOFs via the incorporation of redox-active 7,7,8,8-tetracyanoquinodimethane (TCNQ) within
the pores of Cu;BTC, (also called HKUST-1; BTC= 1,3,5-benzenetricarboxylate),’! a series of
structural and computational studies were undertaken to explore the influence of the electron-
acceptor guest TCNQ on the electron-donor host MOFs or COFs 338 Noteworthy, Feng et al. have
demonstrated the electronic doping of MOF with TCNQ by employing TCNQ@Cu3(BTC), as an
active material micro-supercapacitors.*® Hitherto, the infiltration of TCNQ into MOFs@COFs and
their application in energy storage is still unexplored. We envision that the infiltration of TCNQ
into the pores of MOFs@COFs hybrid could harness their performance as supercapacitor
electrodes.

Here we report a MOF@COF-TCNQ hybrid formed through a liquid-phase infiltration of
TCNQ into the MOF@COF pore channels. As a proof-of-concept application, MOF@COF-
TCNQ hybrid has been employed as a supercapacitor electrode, which exhibited a high specific
areal capacitance of 78.36 mF cm™? accompanied by a high stack capacitance of 4.46 F cm?,
outperforming the majority of state-of-the-art MOFs@COFs hybrids. Moreover, by combining the
experimental results with DFT calculations we introduce the concept of quantum capacitance to

MOF@COF hybrids.



RESULTS AND DISCUSSION

Structural and Morphological Characterization. The general strategy leading to the
production of MOF@COF-TCNQ has been portrayed in Figure 1. MOF-UIO-66-NH,
([ZrO4(OH)4-(ATA) 2] (ATA:2-aminoterephthalate)), was synthesized according to the protocol
reported in Ref.,** with the slight alteration being the use of surfactant (polyvinylpyrrolidone
(PVP)), to enhance the dispersibility of MOF-UIO-66-NH, which enables successful nucleation
of enamine-linked COF on its surface (see the Methods for the experimental details). An enamine-
linked COF-TpPa*' has been chosen to generate the core-shell hybrid since it exhibits high
chemical (acid/base) stability and good electrochemical properties that were previously explored
in energy storage,’* batteries, and supercapacitor electrodes.***> The MOF@COF-TCNQ hybrid
material was generated through on-surface condensation of the MOF-UIO-66-NH, with 1,3,5-
triformylphloroglucinol (Tp), which yields in MOF-UIO-66-NH, (Tp). Subsequently, the COF
shell was generated on MOF-UIO-66-NH, (Tp) via the condensation with p-phenylenediamine.
Lastly, liquid-phase infiltration of electron acceptors TCNQ yielding the MOF@COF-TCNQ

hybrids was employed.
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Figure 1. The schematic of a synthesis route for MOF@COF-TCNQ hybrids.

The structures of the investigated hybrids were firstly examined with Fourier transform infrared
(FTIR) spectroscopy and powder X-ray diffraction (PXRD). The patterns of the MOF-UIO-66-
NH, (Figure S1 and S2) resulted to be in good accordance with those previously reported.?® The
growth of COF-TpPa on the surface of MOF-UIO-66-NH, and subsequent liquid-phase infiltration
with TCNQ yielding MOF@COF-TCNQ were inspected by various analytical techniques. The
existence of a diffraction peak at 4.7°, originating from the (1 0 0 ) plane of COF-TpPa (Figure
2a), highlights the formation of COF-TpPa on the MOF@COF.*! Note that the PXRD patterns of
the as-synthesized MOF@COF after TCNQ infiltration remained unchanged, which proves that
the crystalline structure of MOF@COF is unaffected throughout the infiltration process.
Conversely, major differences in the PXRD patterns of MOF-UIO-66-NH, were observed after
embedding the TCNQ (Figure S3) which also yields in a major color change from light yellow to

dark green (Figure 2a). Such observations confirmed the superior stability of MOF@COF structure



over MOF-UIO-66-NH, during the infiltration process. The comparison of FTIR spectra of
MOF@COF-TCNQ with MOF-UIO-66-NH, and MOF@COF evidenced the existence of a band
at about 2212 cm!, that is ascribed to the C=N stretch mode of TCNQ (Figure S4).#¢ The UV-vis
absorption spectroscopy of MOF@COF-TCNQ compared with MOF-UIO-66-NH, and
MOF@COF showed a broad red-shift, demonstrating that the infiltrated TCNQ is effective in
imparting s-conjugation over the MOF@COF skeleton than the pristine MOF-UIO-66-NH,
(Figure 2¢).’

X-ray photoelectron spectroscopy (XPS) has been employed to shed light on the nature and the
electronic states of the N atoms in MOF@COF-TCNQ after TCNQ infiltration. The examination
of N 1s spectra of MOF-UIO-66-NH, provided evidence for the existence of a feature at 399.5 eV
which can be ascribed to primary amines (-NH,). The peak appearing at 401.6 eV can be ascribed
to -NH moieties of the organic linkers in pure UIO-66-NH,.** MOF@COF N 1s spectra displayed
two new peaks at 400.08 eV and 403.34 eV, indicating the formation of enamine (C-NH-C) bond
and mt-it* satellite peak, being in line with previous reports.* Upon post-synthetic modification of
infiltrating TCNQ, a fraction of N1s appeared at higher binding energies, i.e. 400.4 eV (Figure 2f),

corresponding to the nitrile (-C=N) in TCNQ moieties.*® High-resolution C1s spectra depicted in

Figure S5 also display a peak of -C=N groups,’! and serves as a further indication for the presence

of TCNQ in the doped MOF@COF.
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Figure 2. MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ. (a) Optical image of all the
synthesized materials. (b) XRD patterns of MOF-UIO-66-NH,, MOF@COF, and MOF@COF-
TCNQ. (c) UV-vis absorption spectra of MOF-UIO-66-NH,, MOF@COF, and MOF@CQOF-
TCNQ. (d-f) XPS spectra of MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ,

respectively.

The chemical composition of MOF@COF and the content of the infiltrated TCNQ were further
investigated by means of matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
mass spectra in combination with thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Figure S6 displays the MALDI-TOF mass spectra which does not show any
chemical changes that could be expected from the infiltration of TCNQ into MOF@COF. The
TGA and DSC spectra depicted in Figure S7 reveal ca. 19% mass loss lower than 150 °C which
can be attributed to the elimination of the solvent molecules present inside the pores of pristine

MOF-UIO-66-NH,. After coating of MOF-UIO-66-NH, with COF and subsequent infiltration with



TCNQ, the amounts of solvent molecules were found to be much lower and amounted to ca. 11%
and ca. 8% for MOF@COF and MOF@COF-TCNQ), respectively. The main mass loss observed
in the temperature range 150 and 700 °C can be attributed to the degradation of the framework and
thermal decomposition of TCNQ (280-500 °C),>? which is determined to be ca. 42 %, 53 %, and
59% for MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ), respectively. Based on such
observations, we could roughly estimate the content of TCNQ in MOF@COF-TCNQ, which
amounts to ca. 6% .N, adsorption and desorption isotherms experiments were performed to

quantify the porosity, and all isotherms were found to follow the type IV curve.>® Not surprisingly,

a reduction of Brunauer-Emmett-Teller (BET) surface areas is monitored, from 526 m? g ! for
MOF@COF to 265 m? g ! for MOF@COF-TCNQ, compared with pristine MOF-UIO-66-NH,
about 585 m? g'! (Figure S8). Pore size distribution quantification based on Barrett-Joyner-Halenda
(BJH) studies revealed an increase of pore sizes from 0.6 nm to 1.6 nm upon growing COF layer
on MOF-UIO-66-NH, and a slight reduction to ca. 0.9 nm after infiltrating of TCNQ (Figure S9),
which provides further confirmation for the inclusion of the TCNQ molecules inside the
MOF@COF framework.

The morphologies of all hybrid materials have been investigated with field-emission scanning
electron microscopy (FS-SEM) and high-resolution transmission electron microscopy (HR-TEM)
. MOF-UIO-66-NH, octahedral particles possessing a mean diameter of ~200 nm are displayed in
Figure 4a. When their surface is modified with COF, the particles maintain the overall
morphology, yet, their diameter increases by ~20 nm as depicted in Figure 3d. Notably, upon
TCNQ infiltration, the surface of MOF@COF-TCNQ particles exhibits increased roughness and
a ~10 nm enhancement of the particles’ diameter (~230 nm, Figure 3g). The High Resolution -

Transmission Electron Microscopy images of MOF@COF particles shown in Figure 3f reveal the
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existence of a ~20 nm thick layer of COF-TpPa at the edge of pristine MOF-UIO-66-NH,.
Noteworthy, the TCNQ infiltration, the MOF@COF-TCNQ particles exhibit apparent defects in
the COF-TpPa lattice layer in Figure 31, which can be attributed to the added TCNQ molecules.
By combining the results of HR-TEM and pore size distribution, we can further confirm the

existence of TCNQ molecules within the MOF@COF pores.

400®@40IN ZHN-99-0IN-40N

ONOL-400@40IN

Figure 3. The SEM (left) images, TEM (middle) and HR-TEM (right) of (a)-(c) of MOF-UIO-

66-NH,, (d)-(f) MOF@COF and (g)-(1) MOF@COF-TCNQ.

Electrochemical Properties. All hybrid materials were subsequently employed as electrodes in
both two- and three-electrode symmetric solid-state supercapacitors (as detailed in Methods and

Figure S10). Hybrid materials as well as neat components have been employed as electrodes and
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tested in a three-electrode system in 1M solution of H,SO,. Cyclic voltammograms (CV) were
recorded in a 10 to 1000 mV s scan range from with the potential values swept in a range of the
cut-off values (0<E<0.8). Such protocol allows for the capacitance performance, where all the
device components, i.e., the substrate, the separator and a pair of active materials are taken into
account> (Figure 4 a-c). The CV voltammograms of the MOF@COF-based electrode exhibit an
evident pair of redox peaks compared with MOF-UIO-66-NH,, indicating the existence of a redox
reaction in MOF@COF and revealing that the obtained capacitance consists of both pseudo-
capacitance and electric double-layer capacitance. The position of the redox peak did not shift
when the scanning rate was increased, indicating that electron transfer between electrolyte and the
MOF@COF electrode is rapid and reversible.”> MOF@COF-TCNQ based electrodes displayed a
more rectangular-like shape and are characterized by greater current values when compared to
MOF@COF, substantiating the enhanced electrochemical capacitance and the stability of the
material 3657 Specific capacitance estimated from the CV curves recorded at variable scan rates and
charge/discharge profiles in Figure S10-12 in the Supporting Information was employed to
evaluate the charge storage capacitance at different current densities of the supercapacitors. The
areal capacitance of MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ were quantified as
8.21, 54.02, and 78.36 mF cm?, respectively (Figure 4d). The related stack capacitance was
estimated as 0.46, 3.12, and 4.46 F cm?, respectively. The measured capacitance of MOF@COF-
TCNQ is a factor of two greater than the one of the neat MOF-UIO-66-NH, and MOF@COF. It is
worth noting that such capacitance is also higher than those of activated carbon, graphene and
considerably greater than other previously investigated systems (i.e. MOFs and COFs based)
(Supporting Information, Table S1). Moreover, the MOF@COF-TCNQ cell displays good cycling

stability with capacitance retention of 86.4% when benchmarked with MOF-UIO-66-NH,(64.5%)
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and MOF@COF (76.2%) after 2000 cycles executed with a current density of 0.2 A cm? (Figure
4e). The electrochemical kinetics of all hybrid materials have been investigated by exploiting the
procedure proposed by Dunn and co-workers.”® The relation of the peak current I and scan rate v
from CV complies with the equation i=av®. The average value of b for MOF@COF-TCNQ
compared with MOF@COF and MOF-UIO-66-NH, are near to 1(Figure S14), indicating a
predominantly capacitor-controlled process and denoting simple reaction kinetics. The excellent
capacitance of MOF@COF-TCNQ can be ascribed to the uniform pores that facilitate the diffusion
of ions and the redox behavior of doped -keto-enamine linked COF on MOF which can provide
extra pseudocapacitance. On the other hand, the highly crystalline structure and well-defined
porous structure forming channels allow fast transport of ions, and the redox-active TCNQs
embedded in the framework of MOF@COQOF ensure the fast electron transfer during the charge-
discharge process in the supercapacitor devices.

Electrochemical impedance spectroscopy (EIS) characterizations were carried out in order to
estimate the internal resistance in the process of charge transfer within the samples. As depicted
in Figure 4f, a fairly minor semicircle observed within the high-frequency region signifies the
foremost supercapacitor’s resistive nature, which consists of electrode/electrolyte/current
collector. The initial part of the semicircle line can be ascribed to the resistance (Rs) of the
electrolyte in contact with the current collector and the electrode. The final part of the semicircle
line is doverned by the internal resistance (R,) of the electrode materials. The Rp-Rs semicircle
diameter links to the equivalent series resistance (ESR) 3° which amount to 212.6, 185.2, and 74.5
Q cm! for MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ), respectively. The ESR
findings endorse our claims that the TCNQ infiltration into the MOF@COF yields enhanced

electrical conductivity of the latter. On the other hand, from the EIS curves it is possible to
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calculate the Warburg resistance (Z,,) , with Z,, characterizing the diffusion resistance of electrolyte
ions through the electrode, and its value mainly depends on the straight-line slope in the low-
frequency region. An enhanced slope was observed for the linear part of the EIS curve of
MOF@COF-TCNQ when benchmarked to that of neat MOF-UIO-66-NH, and MOF@COF,
implying amplified ion and electron transports yielding improved capacitance. To broaden our
assessement of the TCNQ doping, symmetrical supercapacitors consisting of a two-electrodes
were built by using MOF-UIO-66-NH,, MOF@COF, and MOF@COF-TCNQ as the electrodes
and an aprotic electrolyte 1M tetraecthylammonium tetrafluoroborate (TEABF,) in acetonitrile
(AN) as electrolyte. The devices exhibit similar capacitance increases for TCNQ-doped
MOF@COF-TCNQ electrodes when examined in aprotic electrolytes (Figure S15). These findings
encouraged us to unveil the mechanism(s) for the capacitance enhancement resulting from the
TCNQ doping of MOF@COF. Noteworthy, to explore the content of TCNQ for the contribution
of supercapacitors performance, we mixed the TCNQ with MOF@COF to construct
supercapacitor devices, and the devices were short-circuited because the mixed TCNQ moieties

can cross over the separator into the electrolyte.
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Figure 4. CV curves of a) MOF-UIO-66-NH,, b) MOF@COF, ¢) MOF@COF-TCNQ, d) areal

capacitance, e) capacitance retention, and f) Nyquist electrochemical impedance spectra.

Density Functional Theory (DFT) Calculations. In order to attain a greater understanding on
the significant capacitance increase of MOF@COF after infiltration with TCNQ molecules, we
performed DFT calculations and investigated the electronic properties and quantum capacitance,
which is conducive to enhance the total electrochemical performances. As previously reported, the
total capacity of the supercapacitors can be regarded as a series combination of double-layer
capacitance and quantum capacitance when there is no consideration of pseudocapacitance. The
quantum capacitance was calculated by considering the electronic structure of employed hybrids,
i.e., the DOS near the Fermi level ¢! Therefore, we first built and optimized the models of MOF-
UIO-66-NH, and COF-TpPa, then calculated their partial densities of states (PDOS) and local
densities of states (LDOS), respectively (Figure S16-17). Based on PDOS and LDOS analyses of
the MOF-UIO-66-NH, and COF-TpPa, we calculated the theoretical surface areas of the MOF-
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UIO-66-NH, monolayer (Figure 5a and 5b). The heterostructure of MOF@COF was also built
based on the MOF-UIO-66-NH, monolayer and COF-TpPa structure (Figure 5c-d). Further, we
simulated the MOF@COF-TCNQ structure by adding the TCNQ molecules in the pores of COF-

TpPa to simulate the TCNQ incorporated MOF@COF-TCNQ hybrid materials (Figure Se and 5f).

?HN-99-0IN-40N

400@40N

DNOL-400@40N

Figure 5. Top-view and side-view of model structures and iso-surfaces of (a-b) MOF-UIO-66-
NH,-monolayer structure; (c-d) MOF@COF structure; (e-f) MOF@COF-TCNQ structure. For

clarity, H atoms are not displayed.

The DOS of MOF-UIO-66-NH,-monolayer, MOF@COF heterostructure, and MOF@COF-
TCNQ were investigated to calculate their quantum capacitance (Figure 6a). The quantum
capacitance (Cq) can be obtained from the density of states from the equation®2:

2 co
Co = :7 " D(E)F; (E — w)dE (1)

where u represents the electrochemical potential, F{E) is the thermal broadening function
[=(4kT)'sech®(E/2kT)], D(E) is the electron density of states, , in our case, T = 300K, E is the

relative energy with respect to the Fermi level Er, e is the elementary charge,® and S is the
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calculated theoretical monolayer surface area (Table S2). The calculated quantum capacitance
results demonstrate that MOF-UIO-66-NH,-monolayer exhibits a highest value of 86 yF cm?
compared with COF-TpPa of 67 puF cm?2. The quantum capacitance of the MOF@COF
heterostructure resulted 26 yF cm? lower than MOF-UIO-66-NH,-monolayer. However, after
doping the MOF@COF with TCNQ molecules (~5 wt%, to be consistent with the experiment

results), the MOF@COF-TCNQ delivers obvious increased Cq with a maximum value of 218 yF

cm? (Figure 6b).
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Figure 6. Calculated density of states (DOS) of (a) MOF-UIO-66-NH,, (b) MOF@COF, (c)

MOF@COF-TCNQ~5%. (d) Calculated potential-dependent quantum capacitances.

To further probe the effect of TCNQ content with Co on MOF@COF hybrid materials, we also
explored the influence of different contents of TCNQ into MOF@COF heterostructure and
calculated the DOS and Cq, for MOF@COF-TCNQ~1% (Figure S18), MOF@COF-TCNQ~2%
(Figure S19), and MOF@COF-TCNQ~3% (Figure S20). A strong correlation between the

calculated Cq and the TCNQ concentration was observed.

CONCLUSIONS
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In conclusion, we have demonstrated a facile synthesis of a hybrid MOF@COF-TCNQ via
liquid-phase infiltration of TCNQ molecules into the MOF@COF scaffold. This hybrid
MOF@COF-TCNQ display a high specific areal capacitance of 78.36 mF cm, and an excellent
stack capacitance of 4.46 F cm?, with capacitance retention of 86.4% after 2000 cycles, which
outperforms the majority of the known MOFs@COFs hybrids. By combining experimental results
with theoretical DFT calculations, MOF@COF-TCNQ outstanding performance has been
attributed to the favorable synergistic effects of (i) the high crystallinity degree and the presence
of uniform pores facilitating the diffusion of ions; (ii) the redox behavior of doped B -keto-
enamine linked COF on MOF providing extra pseudocapacitance; and (iii) the infiltration of redox-
active TCNQ molecules into MOF@COF hybrid frameworks endowing an enhanced electrical
density of states (DOS) and quantum capacitance (CQ). Our strategy relying on post-synthetic
modification of MOFs@COFs hybrids represents an effectives route for future design of high-

performance supercapacitor electrodes and provides an efficient strategy to increase the electrical

DOS and CQ of MOF@COF hybrid materials.

EXPERIMENTAL SECTION

Synthesis of MOF-UIO-66-NH,. 2-Aminoterephthalic acid (NH,-BDC) (0.54 g, 3 mmol) and
ZrCl, (0.5g, 2 mmol) were solubilized in 40 mL of DMF and sonicated for 30 minutes. Then, 1g
PVP was added to the mixture and subsequently sonicated for 30 minutes. The mixed solution,
which become transparent, was transferred into a 100 mL round-bottom flask for the hydrothermal
treatment at 120°C for 24h. After cooling to room temperature, the resultant suspension was
centrifuged and rinsed with DMF, acetone, and ethanol for three times, and then the product was

activated with anhydrous acetone for 3 days and dried in a vacuum oven at 120°C for 12 h.
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Synthesis of MOF@COF hybrid. The MOF@COF hybrid porous material was prepared by
adding 60 mg of MOF-UIO-66-NH, powder and 16 mg of 1,3,5-triformylphloroglucinol to 4 ml
of 1,4-dioxane solution. The mixture was sonicated for 30 min and heated at 80 °C for 2 h in an
oil bath and vigorously stirred. Then, 0.5 ml of acetic acid (3 M) was gradually added to the
suspension under stirring, during which the mixture solution became brighter. 2 mL of a 1,4-
dioxane solution containing 16 mg p-phenylenediamine was dropped into the above suspension in
20 min and continued stirring for 1 h. The vial was then degassed through 3 freeze—pump—thaw
cycles and the vial was sealed and heated at 120 °C for 3 days. The resulting product was collected
at 40 °C by means of centrifugation and rinsed with acetone, tetrahydrofuran, and methanol,

respectively, and desiccated under vacuum.

Synthesis of MOF @ COF-TCNQ hybrid materials. The as-prepared MOF@COF powders have
been infiltrated with TCNQ by thermal annealing under vacuum (150 °C for 2 h) to eliminate
coordinated H,O molecules, then instantly transfer to a TCNQ saturated solution in CH,Cl,. The
infiltrated MOF@COF samples were then rinsed with EtOH and CH,Cl, solvent to eliminate
excess of non-infiltrated TCNQ, which might be physisorbed on the outer surface of MOF@COF
powder. Furthermore, samples have been processed in ambient conditions, thus exposing the host-
guest system to environmental amounts of solvent and moisture.

Material Characterization. The structure of all hybrid materials, as well as their
composition were examined with various techniques. X-ray powder diffraction (XRD) patterns
have been aquired with Bruker D8 X-ray diffractometer. Fourier transform infrared (FT-IR)

spectra were recorded using the FT-IR 4700 Fourier Transform Infrared Spectrometer (JASCO)
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equipped with ATR Diamond. Thermogravimetric analyses (TGA) curves have been aquired
under N, atmosphere in the temperature range 25-800 °C, with a thermal step of 10 °C/min
(SDTAS851e system). Micromeritics ASAP 2050 analyzer was used to provide information on the
specific surface area of investigated materials, which were degassed at 100 °C for 10h. FEI Quanta
FEG 250 instrument S3 scanning electron microscope (SEM, FEI corporate, Hillsboro, Oregon,
USA) was used for morphology analysis. Thermo Scientific K-Alpha X-ray photoelectron
spectrometer bearing an aluminum X-ray source (energy 1.4866 keV) with X-ray beam spot fixed
at 400 ym have been employed to provide detail on binding energies between the atoms in the
samples. JEOL 2100 F transmission electron microscope operating at 200 kV, equipped with a Cs
probe corrector and a GATAN Tridiem imaging filter was used. The material was drop-cast on a
TEM grids covered by a lacey carbon membrane. MALDI-TOF mass spectrometry analysis was

performed on a Bruker MicroflexLRF mass spectrometer in positive ions.

Electrochemical Measurements. Electrochemical performance analyses were investigated in
both 2- and 3-electrode coin-type cells (CR2032) configurations. The slurry for both two- and
three-electrode was fabricated in the same way according to the previously reported method.?*
Typically, dispersions of MOF-UIO-66-NH, (70.0mg) were obtained with 53 uL of oleic acid in
5.0 mL of hexane upon ultra-sonication for 3 h. Subsequently, the mixture was separated from 1.0
mL of dispersion by centrifugation (9000 rpm, 10 min), it was re-dispersed into 1.0 mL of a hexane
solution containing 0.5 mg mL' of graphene (3.3 wt.% relative to MOF-UIO-66-NH,). For the
three-electrode cell setup, the above dispersion solution was coated on stainless steel
(1.5cmx1.5cm), Pt sheet, and saturated calomel electrode as the counter and reference electrodes,

respectively. For the two-electrode cell setup, the above dispersion solution was coated on stainless
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steel plates and drying at 80 °C under vacuum. Then the electrode was cut into several small slices
(1.6 x 1.6 cm?) before assembling the cell. Two small slices were sandwiched with a separator
(regenerated cellulose film, thickness 25 ym) in a coin-shaped cell and soaked with 1 M solution
of tetracthylammonium tetrafluoroborate (TEABF,) in acetonitrile. All electrochemical
characterizations were executed with an Autolab PGSTATI128N Potentiostat/Galvanostat
instruments with a Metrohm Autolab DuoCoin Cell Holder (Metrohm AG). The capacitance
values of two-electrode were quantified upon fitting the electrical impedance spectroscopy (EIS)
to an R(RC) equivalent circuit utilizing Nova 2.1 software (Eco Chemie) with an error below 1%.
The 3-electrode based areal capacitance (F cm?) was quantified from CV curves utilizing Formula
2, where I (A) was the response current, AV (V) corresponds to the voltage window, v (mV S) is
the scan rate and S (cm?) is the geometrical area of the electrode, stack capacitance was changed

the S (cm?) to V (cm?), the volumetric of the electrode.

C = 2)

Computational methods. Density functional theory (DFT) calculations were carried out
exploiting the Vienna ab initio package (VASP)®* with the projector-augmented wave (PAW)®
method. All calculations have been carried our emplying the identical generalized gradient
approximation (GGA) procedure with Perdew-Burke-Ernzerhof (PBE)% functional for the
exchange-correlation term. The plane wave cutoff has been defined as 400 eV. The Brillouin zone
integration was carried out with a 1x1x1 Monkhorst-Pack k-point grid in structure optimization
and electronic properties simulations. The convergence of forces and energy were set to 0.01 eV

A and 5x10°5 eV, respectively.
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