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We report a series of highly stable metallophthalocyanine-based covalent organic frameworks (MPc-dx-
COFs) linked by robust 1,4-dioxin bonds constructed through nucleophilic aromatic substitution (SyAr)
reaction. The chemical structures and crystallinity of the COFs largely remain unchanged even after treat-
ing with boiling water (90 °C), concentrated acids (12 mol/L HCl) or bases (12 mol/L NaOH), oxidizing
(30% H,0,) or reducing agents (1 mol/L NaBH4) for three days due to their stable M-Pc building blocks
and resilient dioxin linkers. With metallated phthalocyanine active sites regularly arranged in the sta-
ble framework structures, MPc-dx-COFs can be directly used as efficient electrocatalysts for the oxygen
reduction reaction (ORR) without pyrolysis treatment that has commonly been used in previous studies.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent organic frameworks (COFs) represent a class of porous
and crystalline polymers that have been rapidly developed and
widely used for various applications, such as gas storage and sep-
aration, heterogeneous catalysis, sensing, and energy storage [1-7].
Reversible linkages such as boronic ester and imine bonds, with
self-correction mechanism enabled, have been extensively used
for COF synthesis. Because of the vulnerable nature of the re-
versible bonds, these materials usually show considerable sensitiv-
ity to moisture and acidic/basic conditions. Although some of them
could exhibit enhanced chemical stability by using bulky protec-
tive groups, tautomerization or intramolecular hydrogen bonds [8-
13], their applications under harsh conditions, particularly under
strong acidic or basic conditions, still represent a challenge. In re-
cent years, some robust irreversible linkages, such as dioxin and
phenazine, have been utilized to construct COFs, which enable high
stability of the frameworks even under harsh conditions [14-19],
offering the potential applications of these robust COFs in chemical
or electrochemical catalysis at high temperature and/or in strong
acidic or basic medium.
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In this work, we synthesized a series of dioxin-linked metal-
lated phthalocyanine based COFs (MPc-dx-COFs) and investigated
their potential applications as electrocatalysts for the oxygen re-
duction reaction (ORR). The two-dimensional planar frameworks
consisting of metallated phthalocyanine active sites and 1,4-dioxin
linkages have an average pore size of 2.0 nm. Connected by ro-
bust irreversible dioxin bonds, the COF materials are stable under
various harsh conditions including boiling water, concentrated acid
(12 mol/L HCI), base (12 mol/L NaOH), oxidative (30% H,0,) and
reductive (1 mol/L NaBH,4) solutions. The as-synthesized frame-
works also exhibit catalytic activity for ORR. They can selectively
reduce oxygen into hydroxyl ions through a four-electron pathway
upon mixing with Vulcan carbon to assist with conductivity. To the
best of our knowledge, this presents the first example of direct use
of metallophthalocyanine COFs in ORR electrocatalysis.

The CoPc-dx-COF was synthesized via nucleophilic aromatic
substitution (SyAr) between the Co(ll)-metallated octahydrox-
yphthalocyanine and tetrafluoroterephthalonitrile (TFPN) in 1,4-
dioxane at 120 °C for 3 days. Triethylamine (NEt3) was used as
the base, which deprotonates the hydroxy groups and neutralizes
the HF byproduct generated from the reaction (Scheme 1). The
product was collected and washed with deionized water, methanol,
dichloromethane, and acetone. The product was further purified
by sequentially washing in Soxhlet extractor with methanol and

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Z. Lei, EW.S. Lucas, E. Canales Moya et al.

Scheme 1. Synthesis of CoPc-dx-COF via (a) nucleophilic reaction and (b) irre-
versible dioxin exchange.

acetone. The CoPc-dx-COF was dried in a vacuum oven at 120 °C
overnight to give a dark green solid with an 81% yield. Likewise,
ZnPc-dx-COF and H,Pc-dx-COF (non-metallated) were synthesized
using the same method but different octahydroxyphthalocyanine
as the starting materials. It should be noted that the dioxin link-
ages cannot be cleaved and reformed under the applied reac-
tion condition for the COF synthesis. Even after stirring at 120 °C
for 24 h, no exchange reaction was observed, indicating the irre-
versible robust nature of the dioxin linkage (Scheme 1b, Fig. S1 in
Supporting information). This result is also consistent with the pre-
vious literature report [14].

Successful synthesis of the frameworks through SyAr reaction
forming 1,4-dioxine linkages was confirmed using various charac-
terization techniques. The 13C cross-polarization magic angle spin-
ning (CP-MAS) NMR spectrum of the H,Pc-dx-COF shows the peaks
around 110 ppm and ~145 ppm corresponding to the nitrile car-
bons and dioxin carbons, respectively (Fig. S2 in Supporting in-
formation). Other aromatic protons show the resonance signals at
around 130 ppm. Fourier-Transform Infrared spectroscopy (FT-IR)
spectra (Fig. S3 in Supporting information) of the purified MPc-dx-
COFs showed the characteristic dioxin C—0 asymmetric and sym-
metric stretching bands around 1270 and 1000 cm~!, which in-
dicates the formation of 1,4-dioxin bonds. The characteristic band
around 2230 cm~! indicates the presence of cyano groups. The
disappearance of O-H stretching band between 3200 cm~! and
3400 cm~! indicates the full conversion of hydroxy groups in
the phthalocyanine starting material. Scanning electron microscope
(SEM) images revealed the morphologies of the MPc-dx-COFs, all
showing anomalous particles of different sizes.

The crystallinities of CoPc-dx-COFs were characterized by pow-
der X-ray diffraction (PXRD) analysis. Fig. 1b shows an inten-
sive peak at 260 = 4.48° corresponding to (100) reflection planes,
two small peaks at 260 = 6.34° and 8.97°, and a broad peak at
20 = 25.49° correspond to (110), (200) and (001) reflection planes,
respectively. We did not observe any diffraction peaks correspond-
ing to the starting materials (Fig. S4 in Supporting information).
The structure simulation (Fig. 1a) and Pawley refinement of the
PXRD pattern profile were performed using Material Studio. A sim-
ulated AA eclipsed model was built as a 2D layered structure in a
tetragonal system. After energy minimization, the unit cell param-
eters were given as a = b = 20.33 A; ¢ = 3.44 A. Similarly, the
AB staggered model was built, which gives the same parameters
of a and b but ¢ = 6.88 A (Fig. S5b in Supporting information).
The experimental data match well with the simulated PXRD pat-
terns of eclipsed AA stacking of the COF layers. Pawley refinement
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Fig 1. Characterizations of the CoPc-dx-COF: (a) Top view and side view of CoPc-
dx-COF in simulated AA stacking mode (light blue, M; grey, C; blue, N; white, H;
red, O). (b) Experimental PXRD profile of CoPc-dx-COF (black), Pawley refined pro-
file (red), their difference (green), simulation results based on AA stacking (blue)
and its reflection (yellow). (c) Nitrogen sorption isotherm profile at 77 K and pore
size distribution of CoPc-dx-COF.

Fig 2. Stability test of CoPc-dx-COF: (a) wt% of the COFs remained after different
treatments; (b) FT-IR spectra and (c) PXRD profilesof the COF samples after different
treatments.

gives Ryp = 5.08% and R, = 3.82% with the eclipsed structure.
Therefore, we determined that the COFs adopt the fully eclipsed
AA stacking mode. As shown in Figs. S6a and b (Supporting in-
formation), ZnPc-dx-COF and H,Pc-dx-COF have similar lattice pa-
rameters as CoPc-dx-COF. We observed a type II nitrogen adsorp-
tion isotherm for CoPc-dx-COF. Brunauer-Emmett-Teller (BET) sur-
face area of CoPc-dx-COF was calculated to be 417 m?2/g. The pore
size distribution of the framework was estimated using nonlocal
density functional theory (NL-DFT), which shows mesopores of the
size of 21 A (Fig. 1c), consistent with the simulated AA consistent
with the simulated AA stacking model. ZnPc-dx-COF and H,Pc-
dx-COF also gave type II nitrogen adsorption isotherms but with
smaller surface area (Figs. S6¢ and d in Supporting information).
We next demonstrated the exceptionally high stability of CoPc-
dx-COF under various harsh conditions. The chemical stability of
CoPc-dx-COF was studied by soaking the material in various so-
lutions, including 30% H,0,, 1 mol/L NaBH,, hot water (90 °C),
concentrated HCl (12 mol/L), and NaOH (12 mol/L) for three days.
As shown in Fig. 2a, CoPc-dx-COFs only experienced 2 wt%-6 wt%
weight loss under such extreme conditions. Only 4 wt% of weight
loss occurred in 12 mol/L HCL In 12 mol/L NaOH and hot water, the
weight losses were 3% and 2% respectively. Under reductive and
oxidative conditions, the weight losses were 2% and 6%, respec-
tively. As shown in the FTIR spectra (Fig. 2b), the absorption sig-
nals of the samples are almost identical, only showing minor dif-
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Fig 3. Electrochemical tests of CoPc-dx-COF: (a) Cyclic voltammograms of H,Pc-dx-
COF and CoPc-dx-COF at 0.05 mg/cm? loading and a scan rate of 100 mV/s in Ar-
saturated 0.1 mol/L KOH. (b) Linear sweep voltammograms (LSV) in O,-saturated 0.1
mol/L KOH at a scan rate of 10 mV/s for different materials loading. (c) Koutecky-
Levich plots for 50 wt% CoPc-dx-COF/Vulcan catalyst (25 pg/cm?) at 0.7 and 0.4 V
vs. RHE. Inset: LSV in O,-saturated 0.1 mol/L KOH at a scan rate of 10 mV/s for
different rotation rates. (d) Stability tests for 50 wt% CoPc-dx-COF/Vulcan, loading
25 pg/cm?. R.C. stands for diffusion-limited current density.

ferences, which indicates there is negligible damage in their chem-
ical structures after the treatments. We attribute the excellent sta-
bility of CoPc-dx-COF to the robustness of the 1,4-dioxin linkages
and phthalocyanine rings. The PXRD diffraction patterns changed
noticeably after the treatments as shown in Fig. 2c. Although the
width at half height of the first two peaks does not show any ob-
vious change compared to the original sample, the intensity of the
peak around 26° increased quite a bit, which might be caused by
the re-stacking of COFs layers.

To date, although there has been significant progress in the
study of metallated phthalocyanine and porphyrin based electro-
catalysts [20-24], applications of as-synthesized COFs and cova-
lently bonded polymers with well-defined active site coordination
(for example, in catalysis) still remain limited due to the synthetic
challenges in creating these materials to simultaneously possess
both ordered structures and stabilities [25-30]. Here we have con-
sidered, as a first step toward this goal, linking the active catalytic
sites with robust bonds in order to enhance the stability of the
molecular catalyst units. Doing so in a regular, porous COF struc-
tures may in principle further permit access to all of the metal
centers, provided that the overall diffusion paths are kept short
so that internal mass transfer does not become a limitation. Given
the highly stable crystalline MPc-dx-COFs, we next evaluated these
metallated phthalocyanine COFs as electrocatalysts for oxygen re-
duction reaction (ORR).

First, the electrochemical behavior of these catalysts in the ab-
sence of O, was evaluated by cyclic voltammetry (CV) in argon-
saturated 0.1 mol/L KOH (Fig. 3a). We assign the electrochemi-
cal waves around 0.65 V to the redox activities of the metallic
centers (Co3*/Co?t) since they are absent in the CV curve of the
H,Pc-dx-COF. Initial tests at higher currents revealed conductivity
limitations, so we next mixed CoPc-dx-COF materials with Vul-
can carbon in different proportions to increase the conductivity
for investigation of the catalytic activity toward ORR under vari-
ous conditions. For clarity, we name these samples such that, for
example, 50 wt% COF of COF/Vulcan mixture with a loading of
50.0 pg/cm? indicates the catalyst layer contains 25.0 ug of the COF
per cm?. Linear sweep voltammetry (LSV) was performed using a
rotating disk electrode (RDE) in O,-saturated 0.1 mol/L KOH aque-
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ous solution for five samples with different mass loadings of the
COF alone (12.5 and 50.0 pg/cm?) and 50 wt% COF/Vulcan mix-
tures (12.5, 25.0 and 50.0 pg/cm?, ie., catalyst layers with 6.25,
12.5 and 25.0 pg/cm? of COF, Fig. S7a in Supporting information).
The diffusion-limited current densities at 0.2 V vs. RHE for 12.5
and 50.0 pg/cm? COF were much lower than that observed for
12.5 pg/cm? loading of 50 wt% COF/Vulcan (containing 6.25 pg/cm?
of the COF), indicating the conductivity is a crucial parameter for
the activity of these catalysts. It should be noted the Vulcan car-
bon alone shows a very low catalytic activity (much lower than
even the pure COF at the same mass loading). Thus, the activ-
ity enhancement for the 50 wt% COF/Vulcan is not attributable to
the electrochemical activity of Vulcan; it is due to increased con-
ductivity to active sites on the COF. In the absence of Vulcan, the
sample with the lower loading of the COF (12.5 pg/cm?) shows a
slightly higher activity compared to the higher loading of pure COF
(50.0 pg/cm?), further illustrating that resistance is a limiting fac-
tor for the pure COF.

Optimization of the COF/Vulcan ratio is illustrated in Fig. S7
(Supporting information), where it was found that a 1:1 ratio best
balances the conductivity against dilution of active sites. To deter-
mine an appropriate film thickness (where diffusion into the film
is not limiting), we also varied the absolute loading (Fig. S7) from
12.5 pg/cm? to 50.0 pug/cm? and found diminishing returns beyond
25.0 pg/cm?, indicating this loading gave sufficient density of ac-
tive sites on the electrode surface while not creating diffusionally-
inaccessible regions. As shown in Fig. 3b, under the optimized
conditions, CoPc-dx-COF/Vulcan mixture shows the best reactivity
among Vulcan, CoPc-dx-COF, and H,Pc-COF/Vulcan catalysts. The
result confirms that the coordinated metallic centers are the most
active sites for ORR in these materials. In Fig. 3c, the K-L plots at
0.7 V (the region controlled by diffusion and kinetic phenomena)
and 0.4 V (the region at diffusion-controlled regime) manifested
good linearity, and the number of electrons involved in the reduc-
tion process was estimated as ~3.8 from Eq. S1, showing that the
ORR mainly follows the four-electron path, ie., O, is reduced to
OH~. This result was compared with rotating ring-disk electrode
(RRDE) experiments performed on 50 wt% CoPc-dx-COF/Vulcan, 50
wt% ZnPc-dx-COF/Vulcan, and Vulcan inks deposited on the disc
for extra evaluation of the ORR selectivity. Before ORR-RRDE ex-
periments, RRDE collection efficiency was determined, obtaining a
20% efficiency, as is shown in Fig. S9 (Supporting information). As
can be seen in Fig. S10 (Supporting information), the 2e~ path-
0, reduction to H,0, (or HO,~ ions)-contributed with only 10% of
the total current for COFs, and the average number of electrons for
these catalysts was 3.8, corroborating with K-L results. This 2e~
path background current density may be associated with the ex-
posed Vulcan sites, which showed a higher H,0, production (30%
of the total current) than the COFs (Fig. S9).

Electrochemical stability experiments (Fig. 3d and Fig. S11 in
Supporting information) showed that 50 wt% CoPc-dx-COF/Vulcan
has good stability; it was observed less than 60 mV shift in
half-wave potential (E;j,) after 100 cycles, and < 3% decrease in
diffusion-limited current density, indicating retention of selectivity
to the four-electron path. In addition, the activity losses are mainly
associated with break-in, and the polarization curve becomes very
stable after the 10™ cycle; it remains much higher than observed
for Vulcan and H,Pc-COF/Vulcan catalysts.

In conclusion, we have successfully synthesized the COF materi-
als containing metallated phthalocyanine catalytic sites connected
with robust 1,4-dioxin linkages by using nucleophilic aromatic sub-
stitution reaction. These COFs show remarkable chemical stability
even under harsh conditions, e.g., soaking in strong acid (12 mol/L
ag. Hdl), base (12 mol/L aq. NaOH), oxidizing agent (30% H,0,),
reducing agent (1 mol/L NaBH4), or hot water (90 °C) for three
days. These COFs can be directly used as electrocatalysts for the
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oxygen reduction reaction upon mixing with Vulcan without be-
ing converted to metal- and nitrogen-carbon-based (M-N-C) mate-
rials through pyrolysis as commonly used in previous studies. We
envision that stable COFs consisting of catalytically active build-
ing blocks and robust linkages could open new possibilities for de-
veloping highly efficient catalysts targeting important environment
and energy applications.
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