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Introduction

Thiol-decorated covalent organic frameworks as
multifunctional materials for high-performance
supercapacitors and heterogeneous catalysisT

Dawid Pakulski, & *2® Verénica Montes-Garcia, & ¢ Adam Gorczynski, © ¢
Wtodzimierz Czepa,®®° Tomasz Chudziak,”® Paolo Samori & *¢
and Artur Ciesielski & *P¢

Tunable physicochemical properties combined with the high chemical and thermal stabilities of covalent
organic frameworks (COFs) make them ideal candidates for the next generation of energy storage
systems. The integration of redox-active moieties (e.g., thiols) in COFs imparts them a pseudocapacitive
characteristic and represents an efficient strategy to boost their performance as electrochemical
supercapacitors (SCs). We report the synthesis of two thiol-decorated COFs (SH-COF-1 and SH-COF-2)
via the condensation between 2,5-diaminobenzene-1,4-dithiol (DABDT) and benzene-1,3,5-
tricarboxaldehyde (TBA), or 1,2,4,5-tetrakis-(4-formylphenyllbenzene (TFPB), respectively. SH-COF-1,
which possesses a higher number of thiol groups per structural repeat unit compared to SH-COF-2,
exhibits a higher surface area (227 m? g~!) and enhanced electrochemical performance (areal
capacitance of 118 mF cm™2 and a capacitance retention >95% after 1000 cycles), being superior to
previously reported COFs missing redox-active units in their scaffolds. Moreover, to demonstrate the
multifunctionality resulting from the presence of thiol groups, AuNPs were in situ grown using SH-COFs
as templates. By taking advantage of the strength of the bonding between the AuNPs and the SH-COFs,
Au-SH-COF hybrids were used as heterogeneous catalysts for the reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP), showing an excellent catalytic activity kops, of .01 min~t and 0.71 min~ for Au-
SH-COF-1 and Au-SH-COF-2, respectively, and long-term performance (4-NP to 4-AP conversion
above 95% after 10 catalytic cycles). This work highlights the importance of COFs' molecular design
towards the development of highly efficient (multi)functional materials.

novel nanostructured electrode materials, including oxides,
sulphides, metal organic frameworks and/or covalent organic

Supercapacitors (SCs) are energy storage devices that exhibit
cyclabilities and charge-discharge rates exceeding those of
market-dominating technologies, i.e., batteries and conven-
tional capacitors." These features make them effective in
applications where short power bursts are needed, e.g., in
transportation, consumer electronics or memory backup
systems.> However, SCs suffer from a major drawback: their
typical energy densities are lower compared to those of batteries
(>100 W h kg™ "). This limitation can be overcome by developing
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frameworks (COFs).>® The latter ones constitute an emerging
and rapidly growing class of crystalline organic polymeric
materials,’ which combine numerous unique features
including the tuneability of their well-defined chemical struc-
tures, extraordinary thermal and chemical stabilities, high
porosity, and large internal surface areas. COFs have been
successfully used in gas storage and separation,™ catalysis,*?
sensors,”® and drug delivery."* Moreover, COFs display low
solubility, minimal volumetric changes during -charge-
discharge, and can be electrochemically tuned, rendering them
ideal candidates when integrated in energy storage systems
(ESSs).** COFs (i.e., B-keto-enamine-linked COFs) were first used
in 2013 as a supercapacitor electrode, with a specific capaci-
tance of 48 F g ' (at 1 A g ' current density). Since then,
numerous attempts to improve the electrochemical perfor-
mance of COFs in SCs have been reported.*

In general, COFs are pseudocapacitive materials capable of
storing energy through two well-known mechanisms: (i) an
electrical double layer (EDL) mechanism via ion adsorption and
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swapping of co-ions for counter-ions at the electrode/electrolyte
interface, and (ii) through faradaic electron charge transfer with
redox reactions, also known as a pseudocapacitive mechanism.
While the EDL is promoted by long-range ordered surfaces that
facilitate ionic mobility at the electrolyte/electrode interface,
chemical functionalization of the active materials incorporating
numerous redox-active groups can be employed to introduce
pseudocapacitance, which can substantially improve the overall
capacitance and energy densities of ESSs.'® Therefore, COFs
featuring redox-active groups hold enormous potential for the
construction of next-generation high-performance SCs."”
Preliminary studies have shown that the integration of different
redox-active organic moieties such as benzoquinone,'® anthra-
quinone,'** orthoquinone,” or N-atom rich groups (porphy-
rins, porphyrinoids,” hexaazaphenylenes (HATs),** and
triazines®”) in COF skeletons leads to an increased capacitance
when compared to those of non-redox-active COFs. The delib-
erate incorporation of heteroatoms (e.g., N, B, P, S, and O) into
the COF skeleton is also an effective method to positively
influence the EDL and pseudocapacitive mechanism. For
instance, Li et al., reported the synthesis of a benzobisthiazole-
linked COF involving strong intramolecular hydrogen bonds,
which in addition to thiazole moieties stabilize the ordered
porous structure of the COF. Its application as an electrode
material for SCs showed an astonishing capacitance value of
724 F g ' and an energy density of 69 W h kg~ '.2® Among the
heteroatom dopants, sulfur exhibits a high electronegativity
(2.58) compared to that of carbon (2.55), and as a result, the
addition of sulfur atoms to a carbon-based material's lattice
improves not only its electrical conductivity but also the specific
capacitance due to the redox activity of sulfur-based functional
groups.”” For instance, a S-doped graphene aerogel reported by
Yu et al. delivered a high specific capacitance of 445.6 Fg~ ' in 1
M H,S0,, which is four-fold greater than that of graphene aer-
ogel without S-doping.*® There are very few examples involving
the post-synthetic grafting of sulfur atoms as pendant groups in
COF backbones.>?*® In these examples, the introduction of
sulfur moieties increased the electrochemical performance of
COFs used as cathode materials in Li-S batteries.>*** Redox
moieties can be post synthetically grafted in the COFs' struc-
ture, or simply, they can be structurally embedded in their
molecular building blocks. Although COFs based on thioether-
functionalized monomers have been extensively used for effi-
cient removal of Hg”* from water,’®*"2 to the best of our
knowledge, their application as electrodes in SCs remains
unexplored.

A suitable incorporation of chemically programmed building
blocks opens new perspectives toward the formation of novel 2D
or 3D crystalline (multi)functional architectures. For example,
thiol-decorated COFs have been successfully used as supports of
catalysts such as metal nanoparticles (NPs) (e.g., gold,*® palla-
dium* or platinum?* NPs) with their incomparable advantages:
(i) the strong interaction of metal NPs with thiol groups mini-
mizes the migration/coalescence of the AuNPs in the catalytic
process, guaranteeing a high recyclability, (ii) the narrow size
distribution of metal NPs, whose growth is pore-size driven,
guarantees a high catalytic activity.
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Herein, we report the synthesis of two redox-active COFs via
solvothermal condensation of 2,5-diaminobenzene-1,4-dithiol
(DABDT) with benzene-1,3,5-tricarboxaldehyde (TBA), (SH-COF-
1) or with 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB) (SH-
COF-2), respectively. Two different aldehydes were selected as
monomers for the generation of two distinct COF skeletons, i.e.,
hexagonal SH-COF-1 and rhomboidal SH-COF-2. The applica-
tion of SH-COFs as SC electrodes was explored in three and two-
electrode systems using 1 M tetraethylammonium tetra-
fluoroborate in acetonitrile as an electrolyte. Both SH-COFs
exhibited an excellent chemical stability as well as a high areal
capacitance (118 mF cm ™2 for SH-COF-1 and 74 mF cm™ > for
SH-COF-2) at current 0.5 mA cm ™ 2, which are the highest values
ever achieved in pristine COF based SCs and comparable to
those of other porous carbon-based electrode materials (see
Table S2+). Moreover, to demonstrate the multifunctionality of
thiol-COFs, we have performed the in situ growth of gold
nanoparticles (AuNPs) in the presence of SH-COF templates
(Au-SH-COF-1 and Au-SH-COF-2) and studied their catalytic
activities in the reduction of 4-nitrophenol. AuNPs with narrow
size distribution (10.6 + 2.8 nm and 13.7 £ 3.2 nm for Au-SH-
COF-1 and Au-SH-COF-2, respectively), high density and
homogeneous spatial distribution have been successfully
prepared, and both Au-SH-COFs showed excellent catalytic
activity and recyclability.

Results and discussion
Synthesis and structural characterization

Two different aldehydes are selected as precursors in this study
to construct COFs with different skeleton structures and to
evaluate the effect of appended thiol groups on multi-
functionality of the obtained systems. Specifically, the overall
SH-group density per amount of the aldehyde carbon atoms will
be the crucial variable observed herein responsible for radical
differences in the observed performance. The synthesis of thiol-
decorated SH-COF-1 and SH-COF-2 is accomplished by the
conventional solvothermal strategy®® illustrated in Fig. 1 (see
the Experimental section for details). A condensation between
2,5-diaminobenzene-1,4-dithiol (DABDT) with benzene-1,3,5-
tricarboxaldehyde (TBA), or 1,2,4,5-tetrakis-(4-formylphenyl)
benzene (TFPB) is performed in 3 :2 (DABDT : TBA) and 2: 1
(DABDT : TFBP) molar ratios to account for the exhaustive
imine formation. Specifically, the system is heated at 120 °C for
3 days in the n-butyl alcohol/1,2-dichlorobenzene/6 M AcOH
solvent mixture (5 : 5 : 1 volume ratio) to ensure that the cycli-
zation of the thiol group to form benzothiazole rings does not
occur.”® Acetic acid is responsible for the pH control and is
routinely used for the imine condensation reactions.** Attempts
to perform the reactions using other known solvent mixtures
such as DMF/AcOH or mesitylene/dioxane® are unsuccessful
i.e. non-uniform mixtures of products with different colors and
poor crystallinity are obtained (see Fig. S17).

The solid-state nuclear magnetic resonance (NMR) analysis
of SH-COFs is performed on the basis of classical *C cross-
polarization magic angle spinning (CP-MAS) experiments. In
the *C CP-MAS NMR spectra of SH-COF-1 and -2 (Fig. 2), the

This journal is © The Royal Society of Chemistry 2022
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Fig.2 *C solid-state NMR spectra of SH-COF-1 (black curve) and SH-
COF-2 (red curve).

chemical shift at ~150 ppm is assigned to the carbon atoms in
imine groups (-C=N),*” and the chemical shift at ~170 ppm is
assigned to the carbon atoms functionalized with thiol groups

This journal is © The Royal Society of Chemistry 2022
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(C-SH).** Other peaks present in both SH-COFs (chemical shifts
115-145 ppm) are related to the aromatic structure of each SH-
COF.” Importantly, the signals of the CHO subunits (chemical
shift 185 nm) from the starting monomers are absent, which
confirm the quantitative and successful generation of COF
structures.*

The Fourier transform infrared (FT-IR) spectra of SH-COF-1
and SH-COF-2 (Fig. S27) reveal signals at ~1600 and ~1240
em™ !, corresponding to C=C stretching vibrations and C-N
stretch moieties, respectively, which provides the evidence for
the successful COF formation.**** The characteristic C=N
bond stretching vibration bands at around ~1620 cm ™" are also
observed.*' Noteworthily, the band at ~2570 cm ™" observed in
the FT-IR spectra of COF-SH-1 and SH-COF-2 indicates the
presence of sulfthydryl groups, which further confirms the
successful synthesis of SH-COFs.** Moreover, the FT-IR spectra
of SH-COF-1 and SH-COF-2 show the absence of the ~-CHO
stretching band at ~1690 em™", which indicates the complete
consumption of the starting materials (Fig. S31).

To gain insight into the chemical composition of SH-COFs,
X-ray photoelectron spectroscopy (XPS) analysis is performed
(Fig. S4 and S57). The analysis of the C 1s (Fig. S5a and bt), N 1s
(Fig. S5c and dt) and S 2p (Fig. S5e and ft) spectra of SH-COF-1
(left panels) and SH-COF-2 (right panels) shows similar results
for both SH-COFs. The analysis of C 1s spectra reveals the
presence of three peaks at 285, 2859 and 287.6, eV

J. Mater. Chem. A, 2022, 10, 16685-16696 | 16687
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corresponding to the chemical bonds C=C, C-S and C-N,
respectively.* On the other hand, N 1s spectra display a peak at
~400 eV corresponding to the chemical bond C=N respectively,
thereby indicating the formation of imine bonds.**

The elemental analysis from energy-dispersive X-ray (EDX)
spectroscopy (Fig. S6, S7 and Table S1t) indicates that the ratios
of C/S are 7 and 19 for SH-COF-1 and SH-COF-2, respectively.
These ratios are in full agreement with the ratio of C/S of each
COF unit for SH-COF-1 and SH-COF-2 and with the results ob-
tained from XPS analysis. Importantly, the C, N and S elements
are homogeneously distributed on both SH-COFs (Fig. S6 and
S7t).

The crystalline structures of both SH-COFs are characterized
by powder X-ray diffraction (PXRD) (Fig. S81). SH-COF-1 and SH-
COF-2 exhibit a broad band in the region from 3-15° due to the
thiol group modification,* as well as an intense diffraction peak
at 20 = 28°, which originates from the spacing between the
layers (100 plane), as previously reported for other COF-SHs.**
This suggests that both SH-COFs have a layered and poly-
crystalline nature. The d values corresponding to the (100) and
(001) planes of SH-COF-1 and SH-COF-2 are calculated to be 3.2
A and 5.9 A, respectively.

The thermal stability of SH-COFs is investigated using ther-
mogravimetric analysis (TGA) (Fig. S91). SH-COF-1 and SH-COF-
2 show an extraordinary thermal stability, with values Tq1
(thermal decomposition of 10% weight) of approximately 413
and 407 °C, respectively. Noteworthily, the thermal
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decomposition of SH-COF-1 and SH-COF-2 is observed from 600
°C, which is related to the rupture of the imine bonds and the
decomposition of COFs into oligomers and combustion
products.*

The morphology and microstructure of the as-prepared SH-
COF materials are evaluated by means of scanning electron
microscopy (SEM) (Fig. 3a and b). The SEM images of SH-COF-1
(Fig. 3a) and SH-COF-2 (Fig. 3b) show the presence of spherical
particles with a diameter of ~200 nm. The porosity of SH-COF-1
and SH-COF-2 is evaluated by acquiring N, adsorption-
desorption isotherms at 77 K (Fig. 3c) in their completely acti-
vated state, i.e., after treating the samples under vacuum (<1
torr pressure) and heating at 100 °C for 12 h. The adsorption
isotherms of the two SH-COFs exhibit Type-I sorption
isotherms, with steep increases appearing at low relative pres-
sure and also Type-IV sorption features with adsorption/
desorption hysteresis at higher pressure. The calculated Bru-
nauer-Emmett-Teller (BET) surface areas of SH-COF-1 and SH-
COF-2 amount to 227 m* g * and 93 m* g7, respectively. The
pore size distribution (Fig. 3d) shows the dominance of
micropores with typical sizes of 1.9 nm and 2.2 nm for SH-COF-
1 and SH-COF-2, respectively.

Electrochemical analysis

Both SH-COFs are then used for the preparation of working
and

electrodes, their electrochemical performance is

b)

- —e— SH-COF-1
008 ~@— SH-COF-2

T T T T r T T T
0 5 10 15 20
Pore width [nm]

(a and b) SEM images of (a) SH-COF-1 and (b) SH-COF-2; (c) BET surface area of SH-COF-1 (black curve) and SH-COF-2 (red curve). (d)

Pore size distribution of SH-COF-1 (black curve) and SH-COF-2 (red curve).
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investigated using a three-electrode configuration (Fig. 4). This
system includes SH-COF-1 or SH-COF-2 as the working elec-
trode, a platinum wire as the counter electrode, and a reference
electrode (Hg/Hg,Cl, electrode) in tetraethylammonium tetra-
fluoroborate in acetonitrile electrolyte. Fig. 4a and b display the
cyclic voltammograms of (a) SH-COF-1 and (b) SH-COF-2
between —1.8 and 2.2 V at scan rates from 1 to 1000 mV s~ *. A
comparison of the CV profiles of SH-COF-1 and SH-COF-2
reveals a greater contribution of the pseudocapacitive mecha-
nism in the case of SH-COF-1 as evidenced by the appearance of
multiple redox peaks. On the other hand, the quasi-rectangular
shape suggests that the EDL-type energy storage mechanism is
dominant for SH-COF-2, whose sulfur content is lower when
compared to SH-COF-1 (see Fig. S4 and Table S17). The rate
capability is also an important feature for supercapacitors. The
cyclic voltammograms maintain box-like shapes with a little
deviation at lower potentials, even when the scan rate increases
to 1000 mV s, implying a quick charge propagation capability
of both the EDL and pseudocapacitance mechanism and hence
a good rate capability in both cases.

To prove the key role played by the thiol groups in the elec-
trochemical behaviour of COFs, we perform a control experi-
ment where COFs without thiol units (ie.,, the 2,5-
diaminobenzene-1,4-dithiol monomer is replaced by 1,4-phe-
nylenediamine), COF-1 and COF-2, are synthesized (see the
Experimental section and Fig. S10-S127). The electrochemical
performance of COF-1 and COF-2 is assessed using a three-
electrode configuration (see Fig. S12t) in the same manner as
SH-COFs. The CV test results of COF-1 and -2 do not exhibit
obvious oxidation and reduction peaks in the same potential
range of SH-COF-1 and SH-COF-2, indicating the absence of
redox activity in COF-1 and COF-2. Besides, the maximum areal
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capacitances obtained are 59 and 31 mF cm™ > for COF-1 and
COF-2, respectively, which represent much lower values than
the ones obtained for SH-COF-1 (118 mF cm™?) and SH-COF-2
(74 mF cm™?) calculated from GCD (Fig. 4c and d). This is
unequivocal proof that the presence of redox-active groups
effectively boosts the electrochemical performance of COFs.

The type of heteroatoms, their amount and their accessibility
should be considered as the main factors influencing the COF
electrochemical performance.'®* Although imine bonds do not
actively participate in redox reactions, their presence enhances
the electrochemical performance by providing a conjugated
structure.***® On the other hand, the redox-active heteroatom-
containing groups, Le., thiols, can be easily oxidized to the
sulfonic form during electrochemical processes providing the
pseudocapacitive behaviour.*” Considering the stereochemistry
of the two SH-COFs, the thiol groups in the case of SH-COF-1
seem to be more accessible for electrolyte ions, while functional
groups of SH-COF-2 are more hindered by side aromatic chains.
Moreover, SH-COF-1 exhibits a much greater specific surface
area, a larger amount of thiol units per cavity, and an optimal
pore size for electrolyte penetration, which suggests that SH-
COF-1 as an ideal indicator for energy storage device applica-
tions.*® Finally, to investigate the electrochemical stability of
SH-COFs, galvanostatic charge-discharge cycling is performed
at a current density of 100 mA g~ * (Fig. S131). After 5000 cycles,
the capacitance decay is 5% for SH-COF-1 and 12% for SH-COF-
2, indicating that both SH-COFs have high cycle durability.

To further investigate the electrochemical performance of
the SH-COF electrodes for practical application in super-
capacitors, a symmetric supercapacitor with a single electrode
mass loading of 2 mg is assembled by using tetraethylammo-
nium tetrafluoroborate in acetonitrile as the electrolyte. Fig. 5a

c)
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E 1 — 0.5 mA/em”
s
§ 0
o]
e 4
2 T T T T
0 500 1000
Time [s]

L I L I » I
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Fig. 4 Electrochemical characterization of SH-COFs in a three-electrode configuration. CV curves at different scan rates for (a) SH-COF-1 and
(b) SH-COF-2. GCD at different current densities for (c) SH-COF-1 and (d) SH-COF-2.
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and b display the CVs of (a) SH-COF-1 and (b) SH-COF-2
between 0 and 2.5 V and 0 and 2 V, respectively, at scan rates
from 10 to 1000 mV s~ . In analogy to the measurements carried
out using a three-electrode configuration, the CV curves of SH-
COFs show a typical rectangular shape together with the pres-
ence of redox peaks. This confirms the coexistence of an EDL
and battery-type mechanism due to the pseudocapacitive
behavior of SH-COFs. The electrochemical kinetics of both
materials have been investigated by exploiting the procedure
proposed by Wu et al., (see Fig. S141).5* The relation of the peak
current (I) and scan rate (v) from CV complies with the equation
i = av’. The value of b gives a quantitative determination of the
diffusion-controlled contribution and capacitive contribution
in the charge storage mechanism, being 0.5 for pure battery-
type materials and 1 for pure electrical double layer capacitor
(EDLC) materials.” The average value of b for SH-COF-2 is 0.94,
indicating a predominantly capacitive controlled contribution
and partial diffusion contribution (see Fig. S14c7). On the other
hand, the average value of b for SH-COF-1 is 0.79, which indi-
cates a higher weight of the diffusion contribution in agreement
with the CV profiles (see Fig. S14df). At the same time, the
galvanostatic charge/discharge curves of the SH-COF symmetric
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supercapacitors (Fig. 5¢ and d) show a distorted triangular
shape due to the redox behavior of the thiol functional groups.
The absence of IR drop at the current densities from 0.5 to 3 mA
cm? indicates fast kinetics for charge-storage processes. More-
over, the SH-COF symmetric supercapacitors reach high areal
capacitances of 40 mF cm™> and 16 mF cm 2 at a current
density of 0.5 mF cm ™. The areal capacitance of our symmetric
supercapacitor is higher than those of other reported COFs with
no redox-active moieties in their structure (see Table S27).
Furthermore, the electrochemical impedance spectroscopy
data are analyzed using Nyquist plots (Fig. 5f, S15 and Tables S3,
S4+) and Bode plots (Fig. S167). As depicted in Fig. 4f, a semicircle
is observed within the high-frequency region representing the
foremost supercapacitor's resistive nature, which consists of an
electrode/electrolyte/current collector. The experimental results
are well fitted with the two indicated circuits (Fig. S157). R; is the
combined internal resistance, including the interfacial contact
resistance of the material with the current collector, the ohmic
resistance of the electrolyte and the intrinsic resistance of the
current collector, which can be obtained from the high-frequency
region of the Nyquist plot by intersection on the real axis. R is
the interfacial charge transfer resistance, corresponding to the
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diameter of the semicircle, which represents the resistance of
electrochemical reactions at the electrode surface. Furthermore,
the semicircle can also reflect a constant phase element (CPE)
due to the double-layer behavior. In the middle frequency region,
the sloping transmission line corresponds to the Warburg
element Zy, describing the transfer and diffusion of the electrons
and electrolyte ions in the pores of the electrode materials. The
nearly vertical line in the low-frequency region reflects an excel-
lent capacitive behavior of the electrodes. The fitting parameters
are reported in Tables S3 and S4.1 The magnitudes of the R; and
R for both SH-COFs are as low as ~2-25 Q. The low internal
resistance is consistent with the fact that at a scanning rate as
high as 1 Vs, the CV curve still shows a rectangular shape with
small distortion, indicating that the SH-COF samples possess
a good rate capability. Moreover, a low charge transfer resistance
is consistent with the fact that SH-COFs exhibit a good conduc-
tivity due to the thiol functional groups. The small charge
transfer resistance of SH-COF-2 is correlated with the higher
conjugation of its chemical structure resulting in a less resistive
COF. However, the presence of a higher amount of redox-active
thiol groups in SH-COF-1 allows it to outperform SH-COF-2.

Heterogeneous catalysis

In addition to improving the electrochemical properties of
COFs, the presence of thiol groups in the scaffold imparts other
properties to the material, thereby widening the functional
complexity of COFs and making them suitable for other appli-
cations. Due to the high affinity for metal surfaces, including Au
and Ag, thiol-derived molecules have been widely employed to
chemically stabilize metal NPs for their use in different appli-
cations.* Gold is well-known for its chemical inertness and for
its high catalytic activity.”* Although the stability of pristine
AuNPs is usually compromised during the catalytic processes,
this weakness can be overcome when AuNPs are effectively
anchored on a solid support.***® Inspired by a recent study by
Zhang et al.*® using a thiol-decorated COF as a support for gold
nanoparticle (AuNP) growth, and considering that our SH-COFs
possess a much higher surface area, we have predicted a higher
catalytic activity of the hybrid comprising Au and our SH-COFs.

AuNPs are grown in situ in the presence of SH-COF templates
by following a reported procedure.*

The transmission electron microscopy (TEM) images of Au-
SH-COF-1 and Au-SH-COF-2 (Fig. S171) portray Au spheres with
a narrow size distribution of 10.6 £+ 2.8 nm and 13.7 + 3.2 nm
for Au-SH-COF-1 and Au-SH-COF-2, respectively (see histograms
in Fig. S187). High-resolution TEM (HR-TEM) imaging of Au-SH-
COFs reveals that the AuNPs are anchored on the COF structure
with an interplanar spacing of 0.20 nm, corresponding to the
plane of a typical Au face-centered cubic (fcc) structure
(Fig. S171). Moreover, the corresponding selected area electron
diffraction (SAED) pattern displays the polycrystalline nature of
AuNPs (Fig. S17f7).

The PXRD peaks in Fig. S197 located at 26 of 38.3°, 44.2,
64.7° and 77.7° are ascribed to the 111, 200, 220 and 311 crys-
tallographic planes of the face-centered cubic gold crystals,
respectively, which agrees with the reported values.”” The (111)
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peak has the highest intensity, indicating that (111) is the
preferred orientation.

XPS measurements (Fig. S20 and S217) show that the Au/C
ratio is higher in Au-SH-COF-1, meaning that Au content is
higher. This result is in accordance with the higher surface area
of SH-COF-1. Fig. S127 displays the high-resolution spectrum of
the Au 4f core level, characterized by a pair of peaks due to Au
4f,,, and Au 4f;,, spin-orbit coupling (binding energies of 84
and 87.68 eV), which is related to elemental gold (Au®).*® XPS
measurements of S 2p in Au-SH-COFs exhibit an energy red shift
compared with S 2p in SH-COF, which could be ascribed to the
metal-ligand interactions.*

The porosity of Au-SH-COF-1 and Au-SH-COF-2 is evaluated
by acquiring N, adsorption-desorption isotherms at 77 K
(Fig. S227) in their completely activated state, i.e., after treating
the samples under vacuum (<1 torr pressure) and heating at 100
°C for 12 h. Analogously to the SH-COFs, the adsorption
isotherms of the two Au-SH-COFs exhibit Type-I sorption
isotherms, with steep increases appearing at low relative pres-
sure and also Type-IV sorption features with adsorption/
desorption hysteresis at higher pressure. The calculated BET
surface areas of Au-SH-COF-1 and Au-SH-COF-2 (Fig. S22at)
decrease remarkably to 3.29 + 0.02 m* g~ ' and 8.65 + 0.04 m*>
g™, respectively, as compared to those of SH-COFs. This huge
decrease in the surface area is expected as AuNPs are formed
both on the surface and inside the SH-COF pores. The pore size
distribution (Fig. S22bt) shows the dominance of micropores
and mesopores.

The nitrophenol reduction to aminophenol is presently
considered as the benchmark reaction to evaluate the catalytic
activity of metal-nanoparticles.>»* The catalytic activities of Au-
SH-COF-1 and Au-SH-COF-2 are evaluated by the reduction of 4-
nitrophenol (4-NP) in water in the presence of NaBH, by ultra-
violet-visible (UV-vis) spectroscopy. The typical UV-vis spectrum
of 4-NP shows a broad band centered at 400 nm (Fig. 6a and b),
whose intensity is proportional to the 4-NP concentration.
When the reduction to 4-aminophenol (4-AP) takes place, the
band at 400 nm decreases, and a new band at 300 nm appears,
corresponding to the formation of 4-AP (Fig. 6a and b).*® When
no catalyst is added, i.e., only NaBH, (Fig. S23at) or a mixture of
NaBH, with SH-COF-1 (Fig. S23bt) or SH-COF-2 (Fig. S23ct), the
absorption band of 4-NP remains stable, even after 150 min.
This indicates the lack of catalytic activity of pristine SH-COFs.
However, when the heterogeneous catalyst Au-SH-COF-1 or Au-
SH-COF-2 is added to the mixture of 4-NP and NaBH, in water,
the reduction is initiated immediately (Fig. 6a and b). As can be
seen in Fig. 6¢, the 4-NP band completely disappears after 4 and
5 min for the catalysts Au-SH-COF-1 and Au-SH-COF-2, respec-
tively. The kinetics of the catalytic process (Fig. S247) are fitted
to a pseudo-first-order reaction, and the calculated observed
pseudo-first-order rate constant, kops, amounts to 1.01 min ™" for
Au-SH-COF-1 and 0.71 min~ " for Au-SH-COF-2. Compared with
other heterogeneous catalytic systems based on metal NPs, Au-
SH-COFs exhibit higher catalytic activity (Table S5t). The only
example that exhibits better catalytic activity than our Au-SH-
COFs is based on Ag NPs,** whose tendency to oxidation
hampers their wider applicability, and hence, the higher
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chemical stability of AuNPs is preferred. Besides, the higher
catalytic activity of Au-SH-COF-1 is related to the higher content
of SH groups in the SH-COF structures, as demonstrated by XPS.

Apart from the catalytic activity, recyclability is another key
characteristic that heterogeneous catalysts should possess for
practical applications. To test the cyclability of Au-SH-COFs,
after the first catalytic cycle, the second addition of 4-NP and
NaBH, is performed, and the reduction reaction is monitored
again by UV-vis spectroscopy. This protocol was repeated ten
times, and as can be seen in Fig. 6d, the conversion of 4-NP to 4-
AP still exceeds 95%, after ten catalytic cycles for both SH-COFs,
indicating the excellent stability of Au-SH-COFs under the
reaction conditions. Moreover, the STEM analysis after the ten
cycles (Fig. S251) confirms the high stability of the AuNPs
strongly anchored on the SH-COF supports, as no morpholog-
ical changes are observed after the catalytic process.

Conclusions

In summary, we have synthesized two unique COFs decorated
with redox-active thiol moieties to boost the electrochemical
performance of pristine COFs. Two different aldehydes were
used to explore and correlate their chemical structure with
electrochemical performance. Both SH-COFs were successfully
synthesized based on the Schiff-base reactions by a sol-
vothermal solution-suspension method. We explored their
application as supercapacitors in a three-electrode configura-
tion obtaining a maximum areal capacitance of 118 and 74mF
cm ™ ? for SH-COF-1 and SH-COF-2, respectively, at a current of 0/
5 A cm ™2, Interestingly, we demonstrated the pseudocapacitive
nature of both SH-COFs by cyclic voltammetry. We obtained
a good rate capability up to 1000 mV s~ " scan rate and excellent
stability (capacitance retention 95% and 88% after 5000 cycles
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for SH-COF-1 and SH-COF-2, respectively). In a symmetric
supercapacitor configuration, SH-COF-1 and SH-COF-2 exhibi-
ted high areal capacitances of 40 and 16 mF cm ™2 at a current
density of 0.5 mF cm™?, largely exceeding the analogous
performance indicators of COFs lacking redox groups in their
structures. Our findings provide evidence for the exceptional
potential of designing efficient redox-active COFs to be used as
supercapacitors in energy storage applications. Importantly, the
post-modification of SH-COFs with AuNPs showcases the
multifunctional COFs which can be used as catalyst supports.
Au-SH-COFs exhibited a high catalytic activity (kops, of 1.01
min~! and 0.71 min~' for Au-SH-COF-1 and Au-SH-COF-2,
respectively) and high recyclability after ten catalytic cycles
(conversion of 4-NP to 4-AP above 95%). Overall, this work
highlights the importance of rational molecular design of COFs
to render them a multifunctional nature and to maximize their
catalytic and electrochemical performances.

Experimental section
Materials

All reagents including organic compounds and solvents were
purchased from Merck Chemical Company and used without
further purification. Tetraethylammonium tetrafluoroborate,
acetonitrile (electronic grade), Whatman® glass microfiber
filters as separators, the binder poly(tetrafluoroethylene) (PTFE)
and 1-methyl-2-pyrrolidinone were purchased from Sigma
Aldrich. Conductive Carbon Black Super P (H30253) was
acquired from Alfa Aesar, and the carbon AvCarb P75 substrate
was purchased from FuelCellStore. Gold chloride trihydrate
(HAuCl,-3H,0) and sodium borohydride (NaBH,)
purchased from Sigma Aldrich.

were

This journal is © The Royal Society of Chemistry 2022
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Characterization

Fourier transform infrared spectroscopy. Infrared spectra
were obtained within the mid-IR range (400-3500 cm™') by
using a FT-IR-4700 Fourier Transform Infrared Spectrometer
(JASCO) with an ATR Diamond attachment.

Thermogravimetric analysis. TGA was performed on a Met-
tler Toledo TGA/SDTAS851e system in the temperature range 25—
800 °C with a heating rate of 5 °C min~' operating under
ambient conditions.

Powder X-ray diffraction. PXRD data were collected on
a Bruker ASX D8 Advance diffractometer using a Cu anode with
Ka radiation (A = 1.5418 A). Diffraction patterns were recorded
at room temperature in the scattered angular range between 2°
and 40° with an angular resolution of 0.02° per step and
a typical counting time of 4 of 10 s per step.

Surface area. The specific surface areas were measured with
a Micromeritics ASAP 2050 surface area and porosity analyzer.
Prior to the BET measurements, the samples were degassed for
12 h at 100 °C. The specific surface area was determined from
the adsorption/desorption isotherms of nitrogen at 77 K and
pressures up to 1 bar.

X-ray photoelectron spectroscopy. XPS analysis was carried
out on a Thermo Scientific KAlpha X-ray photoelectron spec-
trometer using a basic chamber pressure of ~10~° mbar and an
Al anode as the X-ray source (X-ray radiation of 1486 eV). Spot
sizes of 400 um were used, and pass energies of 200.00 eV for
wide energy scans and 10.00-20.00 eV for scans were used. ~5
mg of powder COF samples were attached to a copper film. The
C1s photoelectron binding energy was set at 284.5 + 0.2 eV and
used as the reference for calibrating the other peak positions.
For each sample, the analysis was repeated three times.

Scanning (transmission) electron microscopy. S(T)EM char-
acterization was carried out using an FEI Quanta 250 FEG
instrument. SEM samples were prepared by mounting them on
carbon conductive tabs followed by gold coating. The acceler-
ating voltage for the incident beam was 5 keV incident beam
energy. STEM samples were prepared by depositing a drop of
dispersion on a formvar/carbon on a 400 mesh copper grid. The
accelerating voltage for the incident beam was 30 keV.

Solid state nuclear magnetic resonance. >*C NMR spectra
were recorded on a Bruker Avance III HD spectrometer coupled
with an 11.7 T wide bore superconducting magnet operating at
125.76 MHz '*C Larmor frequency. All spectra were recorded at
298 K stabilized temperature using the magic-angle spinning
technique for high-resolution NMR spectroscopy in the solid
state using 4 mm rotors. The spinning frequency was 10 kHz.

Ultraviolet-visible (UV-vis) spectroscopy. UV-vis extinction
spectra were recorded with a JASCO V-650 spectrophotometer.

High resolution transmission electron microscopy. HR-TEM
was performed on a JEOL 2100 F microscope working at 200 kv,
equipped with a Cs probe corrector and a GATAN Tridiem
imaging filter. The samples were prepared by depositing a drop
of dispersion on a formvar/carbon on a 400 mesh copper grid.
Image ] was used to calculate the AuNP size from the STEM
images.

This journal is © The Royal Society of Chemistry 2022
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Electrode preparation and electrochemical measurements in
the three-electrode configuration

Electrical measurements. Cyclic voltammetry (CV) was per-
formed in the voltage range from —1.8 to 2.2 V using scan rates
ranging from 1 to 1000 mV s~ . Cyclability tests were performed
through galvanostatic charge-discharge (GCD) measurements
at 100 mA g~ ' scan rate for 5000 cycles in the same potential
window. CVs and GCD curves were recorded using an EC-LAB
VMP3 (BioLogic Science Instruments).

Fabrication of working electrodes. The working electrodes
were prepared by mixing the samples (80% wt%, 8 mg), carbon
black (10 wt%, 1 mg) and PTFE (10 wt%, 1 mg) in an agate
mortar with several drops of NMP to obtain a homogeneous
paste. The paste was then formed into a tablet with a diameter
of 1.6 cm and further dried under vacuum at 80 °C. The elec-
trode was assembled between two platinum meshes (current
collector) and investigated using Pt wire as a counter electrode
and the calomel (Hg/Hg,Cl,) reference electrode in 1 M tetrae-
thylammonium tetrafluoroborate in acetonitrile electrolyte.

Calculation of the areal capacitances in the three-electrode
system. The areal capacitance was calculated using GCD by
using the following equation:

2x I x At
C = Rvns )
where I (mA) is the response current density, A¢ (s) is the
discharge time, AV (V) is the voltage window and s is the area of

the electrode (cm?).

Electrode preparation and electrochemical measurements in
the two-electrode system

Electrical measurements. The devices were electrically
characterized by CV, GCD and electrochemical impedance
spectroscopy (EIS) employing a Metrohm Autolab PGSTAT204
potentiostat/galvanostat and an Autolab DuoCoin Cell Holder
(Metrohm AG). The frequency range for the impedance spectra
was from 0.1 Hz to 100 kHz with a sine-wave voltage signal
amplitude of 50 mV (root-mean-square, RMS). The CV and
galvanostatic charge/discharge tests were carried out between
0 and 2.5 V for SH-COF-1 and between 0 and 2 V for SH-COF-2.

Fabrication of supercapacitors. The preparation procedure
of the electrodes was as follows. First, a paste was prepared by
fully mixing 80 wt% of SH-COFs (16 mg), 10 wt% of carbon P (2
mg), 10 wt% of the polytetrafluoroethylene (PTFE) binder (2 mg)
and 800 pL of N-methyl-2-pyrrolidone (NMP) using an agate
mortar and pestle. The electrochemical performance of the SH-
COFs was measured in a two-electrode symmetric super-
capacitor system. Two electrodes were assembled in CR2032
stainless steel coin-type cells with a porous cellulose membrane
as a separator and 1 M tetraethylammonium tetrafluoroborate
((C,H5)4NBF,) in acetonitrile as an electrolyte.

The preparation procedure of the electrodes was as follows.
First, a paste was prepared by fully mixing 80 wt% of the
sample, 10 wt% of carbon P, 10 wt% of the polytetrafluoro-
ethylene (PTFE) binder and a certain amount of N-methyl-2-
pyrrolidone (NMP) using an agate mortar and pestle. The paste
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was coated over the carbon electrode, which was then subjected
to quick drying at 80 °C. The electrodes were completely dried at
80 °C in a vacuum oven for 16 h. The mass loading of the SH-
COF was ~2 mg in each electrode.

Calculation of the areal capacitances. The areal capacitance
was calculated for the device using GCD by using following
equation:

Caev = 57— (2)

where I (mA) is the response current density, At (s) is the
discharge time, AV (V) is the voltage window and s is the area of
the electrode (cm?).

Synthesis of SH-COF-1 and SH-COF-2

COFs were obtained using two types of precursor (aldehydes)
through a one-pot hydrothermal process with the Schiff-base
reaction. 0.1 mmol (17.2 mg) of 2,5-diaminobenzene-1,4-dithiol
and 0.66 mmol (10.7 mg) of benzene-1,3,5-tricarboxaldehyde
(for SH-COF-1) or 0.05 mmol (24.7 mg) of 1,2,4,5-tetrakis-(4-
formylphenyl)benzene (for SH-COF-2) were precisely weighed
and moved into a Pyrex tube. Next, the solvents (1 mL of
dichlorobenzene, 1 mL of butyl alcohol and 0.2 mL of 6 M acetic
acid) were added directly to the Pyrex tube. The mixture was
ultrasonicated for 30 min to get well dispersed homogeneous
suspensions. Then, the tube was flash frozen at 77 K in liquid
nitrogen, degassed by 3 freeze-pump-thaw cycles and sealed.
The reaction mixture was heated at 120 °C in an oven for 72 h to
obtain yellow (SH-COF-1) and yellow-brown (SH-COF-2)
precipitates. After the reaction, the products were washed with
anhydrous THF, DMF and MeOH several times to remove
unreacted substrates. Subsequently, the material was activated
by Soxhlet extraction in MeOH for 48 h. Finally, the products
referred to as SH-COF-1 and SH-COF-2 were isolated by filtra-
tion and dried in an oven at 150 °C for 12 h.

Synthesis of COF-1 and COF-2

The synthesis of control COFs (COF-1 and COF-2) was per-
formed by following a reported protocol with slight modifica-
tion.®>** Briefly, trialdehyde(1,3,5-triformylbenzene 48 mg, 0.3
mmol) or tetraldehyde(1,2,4,5-tetrakis-(4-formylphenyl)
benzene, 0.1 mmol 49.4 mg) and 1,4 phenylenediamine (0.45
mmol (48.6 mg) for trialdehyde and 0.2 mmol (21.6 mg) for
tetraldehyde) were weighed into a vial and were dissolved in 1,4-
dioxane (3 mL); then the mixture was transferred into a glass
ampoule. To the mixture, 0.6 mL of 3 M acetic acid was added.
Then the ampoule was flash frozen in a liquid nitrogen bath,
evacuated and flame sealed. The ampoules were placed in an
oven at 120 °C for 72 hours, yielding a yellow solid along the
tube. The solids were isolated by centrifugation and washed
several times with DMF, THF and MeOH and finally dried at 80
°C under vacuum for 12 hours to yield control COFs (COF-1 and
COF-2) as a yellow powder with 85-87% yield.
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Synthesis of Au-SH-COFs

The synthesis of Au-SH-COFs was performed by following a re-
ported protocol.*® Briefly, 4 mg of SH-COF-1 or SH-COF-2 were
well dispersed in 3 mL of methanol and sonicated for 30 min.
Then 2 mL of HAuCl, (1.3 x 10~ mM) were added under stir-
ring. The mixture was stirred for 48 h and then evaporated to
dryness at 80 °C under vacuum overnight. Then, 2 mL of NaBH,
methanol solution (0.25 M) was added dropwise to the above
solid, and the mixture was stirred for 48 h. Finally, the product
was collected by centrifugation, washed with water and meth-
anol three times and dried at 80 °C under vacuum overnight.

Reduction of 4-nitrophenol catalyzed by Au-SH-COFs

In a quartz cuvette, 1 mL of water, 0.3 mL of 4-nitrophenol
aqueous solution (1 x 1073 M) and 1 mL NaBH, aqueous
solution (0.5 M) were added. A well dispersed suspension of Au-
SH-COF-1 or -2 in water (0.5 mg mL ", 100 uL) was added to the
cuvette. The reaction was monitored by UV-vis spectroscopy for
10 min. For the control experiments, the concentrations of 4-NP
and NaBH, were the same, and for SH-COF-1 or -2, 100 uL of
a 0.5 mg mL™ " stock solution was used. The reaction was
monitored by UV-vis spectroscopy for 150 min.

Recyclability of Au-SH-COFs

After the first reaction was performed by using the protocol
described above, 18.5 mg of NaBH, and 0.03 mL of 1 x 10 > M
4-nitrophenol aqueous solution were added to the same reac-
tion system. The reaction was monitored by UV-vis spectroscopy
for 10 min. This procedure was repeated another 8 times. The
catalytic efficiency is the ratio of the amount of change in
ultraviolet absorption intensity at 400 nm within 10 min to the
initial ultraviolet absorption intensity. After ten cycles, the Au-
SH-COFs were collected by centrifugation, washed with ethanol
three times, and dried wunder vacuum for further
characterization.
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