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Atomically dispersed metal catalysts are interesting materials for electrocatalysis. To this end, covalent
organic frameworks (COFs) offer an excellent opportunity for the periodic placement of catalytically
active single metal atoms within a porous framework. We report here a synthetic strategy to a series of
imide-linked metal-containing phthalocyanine (Pc) COFs with different metal contents. Electrocatalytic
activity of the materials towards oxygen evolution reaction was studied under alkaline conditions and
the COF prepared from NiPc showed the best performance with current density j = 10 mA cm ™2 being
reached at overpotential 719 = 410 mV and Tafel slope of b = 75 mV/dec. In addition, the material
showed excellent long-term stability during the testing time of 100 h.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Atomically precise metal catalysts feature uniform active sites
distributed throughout the material, thus bridging homogeneous
and heterogeneous catalysts [1,2]. To this end, porous organic
polymers (POPs) are interesting materials, as their porous nature
can increase catalytic activity through enhanced accessibility of the
active sites, and control of their composition and structure allows
for the realization of catalyst materials with high precision at
atomic level [3]. Among POP materials, covalent organic frame-
works (COFs) are a class of crystalline, porous materials consisting
of organic building blocks connected by covalent bonds [4,5]. Their
structural regularity, tailorable nature through the introduction of
functional molecules or moieties to the framework, and large sur-
face area render them interesting materials for electrocatalysis
[4,6—9], and, hence, COFs bearing metal-coordinating sites, such as
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E-mail addresses: yury.kolenko@inlint (Yu.V. Kolen'ko), laura.salonen@inl.int
(L.M. Salonen).
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bipyridine [10], salphen [11], or porphyrin [12], have been explored
towards this application.

Phthalocyanines (Pcs) are rigid, chemically and thermally stable
macrocyclic 18 m-electron aromatic compounds, the central cavity
of which can be metallated to yield metallophthalocyanines (MPcs)
[13]. These compounds are interesting materials for electrocatalysis
due to the possibility of incorporating a wide variety of elements to
the Pc core and their modifiable structure, which allows for precise
tailoring of the catalytically active metal sites and synergy between
them [14]. Consequently, MPc-containing materials have shown
promising results as electrocatalysts for oxygen reduction reaction
(ORR) [15], hydrogen evolution reaction (HER) [16], oxygen evolu-
tion reaction (OER) [14], CO, reduction reaction (CO2RR) [17], and
nitrogen reduction reaction (NRR) [18]. For example, Fe- and CoPc-
based materials are promising platinum-group-metal-free catalysts
for ORR [19]. Although some reports of MPc-containing COFs have
emerged with high catalytic activities, for example towards CO,RR
[20,21] and recently also NRR [18,22], the limited number of syn-
thetic strategies for MPc-containing COF materials hampers their
wider exploration for electrocatalytic reactions.

Water electrolysis powered by renewable energy would pro-
vide a source for green hydrogen, and thus finding cheap and

2468-5194/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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abundant alternatives to currently used expensive and rare
platinum-group-metal electrocatalysts (Pt, RuO,, IrO;) is of
utmost importance to allow for the scaling up of the water elec-
trolysis technology [23—27]. To this end, earth-abundant transi-
tion-metal (TM) based catalysts show high promise under alkaline
conditions for both HER and OER half-reactions of water elec-
trolysis, with Ni- and NiFe-based materials representing the state
of the art [28]. To allow for atomic dispersion of TMs within a
porous organic framework, we were interested in realizing an MPc
COF scaffold as platinum-group-metal-free material with elec-
trocatalytic activity.

Herein, we report a synthetic strategy to a series of novel imide-
linked MPc COFs with different TM loadings. Metal-free HoPc and
metallated NiPc building blocks were prepared in three straight-
forward steps and used as starting materials for the crystallization
of imide-linked COFs in ratios of 1:0, 1:1, and 0:1. Subsequently, Fe
was incorporated to the prepared materials by post-synthetic
metalation. Electrocatalytic activity of the newly synthesized
COFs was measured towards OER under alkaline conditions, and
NiPcCOF, with current densities j of 10, 50, and 100 mA cm™2
reached at overpotentials of 410 (n19), 460 (950), and 510 (1100) mV,
respectively, showed catalytic activity among the best reported for
Ni-bearing organic polymers. Moreover, the catalyst demonstrated
stable performance during stability test, incurring a mere 0.5% loss
in the applied potential over 100 h of sustained alkaline OER at the
constant current density of 10 mA cm~2. These performance met-
rics are a significant improvement over the values measured for
metal-free HoPc, indicating that the imide-linked MPc COF scaffold
is a credible electrocatalyst option for water oxidation using alka-
line electrolyte.

2. Experimental section
2.1. Synthesis of Pc and MPc
H,Pc [29,30] and NiPc [31] were synthesized following modified

literature procedures (Scheme 1), for more details, see the Sup-
plementary Material (SM).
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2.2. Synthesis of COFs

2.2.1. General procedure for COF synthesis

COFs were prepared as presented in Scheme 2. MPc (0.07 mmol)
and benzidine (0.14 mmol) were sonicated in N-methyl-2-
pyrrolidone (NMP) (1 mL) and mesitylene (1 mL) in a 6 mL
screw-capped Schott Duran culture tube for 10 min. Isoquinoline
(0.1 mL) was added, the reaction mixture was sonicated for further
10 min, and heated at 200 °C for 5 days. The resultant solvothermal
reaction mixture was cooled to room temperature, filtered, and
washed with dimethyl sulfoxide (DMSO). Then, the product was
washed with anhydrous DMSO in a capped glass vial in an oven at
60 °C overnight several times until the solvent was colorless. The
product was collected by filtration, rinsed with acetone, soaked in
acetone three times for 30 min, collected by filtration, and dried
under nitrogen at 80 °C for 3 days to yield MPcCOF as black powder.

2.2.2. General procedure for post-synthetic metalation

FeCl, (100 equiv.) was dissolved in anhydrous dimethylforma-
mide (DMF) (3 mL) in a 15 mL pressure tube, and the solution was
degassed with N,. MPcCOF (0.05 mmol) was added and the reaction
mixture was heated in oil bath at 80 °C for 3 days. The reaction
mixture was cooled to room temperature, filtered, and washed with
methanol until the solvent was colorless. Then, the product was
washed with anhydrous DMSO in a capped glass vial in an oven at
100 °C overnight several times until the solvent was colorless. The
product was collected by filtration, rinsed with acetone, soaked in
acetone three times for 30 min, collected by filtration, and dried
under nitrogen at 80 °C for 3 days to yield Fe-containing MPcCOF as
black powder.

2.3. Electrocatalysis

Alkaline OER properties of the synthesized materials were
evaluated by the room temperature electrochemical measurement
of cyclic voltammetry (CV) and chronopotentiometry (CP) using an
Autolab PGSTAT302 N potentiostat/galvanostat (Metrohm), equip-
ped with a FRA32 M frequency response analyzer (Metrohm) for

H,Pc (97%)

b: M = Ni (66%) NiPc (74%)

Scheme 1. Synthesis of H,Pc and NiPc. Reaction conditions: i) Li, 1-propanol, 90 °C, 3 h; ii) KOH, triethylene glycol, 160 °C, 3 d; iii) urea, ammonium molybdate hexahydrate, NiCl,,
250 °C, 5 h; iv) KOH, triethylene glycol, 160 °C, 20 h; and v) acetyl chloride, benzene, 90 °C, 24 h.
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Scheme 2. Synthesis of the COFs from H,Pc and NiPc and post-synthetic modification of H,PcCOF and H,NiPcCOF. Reaction conditions: i) mesitylene, NMP, isoquinoline (1:1:0.1),

200 °C, 5 d; ii) FeCl,, DMF, 80 °C, 3 d.

electrochemical impedance spectroscopy (EIS). For the preparation
of the working electrode (WE), the electrocatalyst (3 mg) was
supported on 1 cm? Ni foam current collector (i.e., electrocatalyst
mass loading per geometric area = 3 mg cm~2) after having
formulated the electrocatalytic ink (5 mg electrocatalyst, 50 uL
Nafion ionomer, 1 mL ethanol), which was deposited dropwise (up
to 640 pL) onto Ni foam. Pt wire was used as the counter electrode
(CE) and calomel electrode as the reference electrode (RE). The
experiments were carried out in purified Ar-saturated 1.0 M NaOH
electrolyte.

3. Results
3.1. Synthesis

Tetraanhydride Pc 1 was chosen as the metal-containing
building block due to the opportunity to obtain imide-linked
COFs upon reaction with diamine linkers (Scheme 2). Such struc-
tures containing Co were recently reported to efficiently electro-
catalyze CO, reduction [32]. Additionally, as compared to imine, the
most commonly used linkage in COFs, imide COFs can feature
higher stability under various conditions owing to the higher
chemical stability of the imide linkage [33]. In addition, imide-
based polymers can facilitate redox reactions, making them
promising electrode materials [34].

We first prepared two tetraanhydride phthalocyanines, H,Pc
[29,30] and NiPc [31], through modified literature procedures
(Scheme 1). The synthesis of HyPc started with the cyclo-
tetramerization of 1,2,4,5-tetracyanobenzene to give 2,3,9,10,
16,17,24,25-octakis(cyano)phthalocyanine 2 in 74% yield (Scheme 1).
On the other hand, the first step of NiPc synthesis is the cyclo-
tetramerization of pyromellitic anhydride and NiCl, to gain access to
the corresponding tetraimide Ni phthalocyanine 3 in 75% yield.
Thereafter, the products were converted to the corresponding
2,3,9,10,16,17,24,2-octakis(carboxy)phthalocyanines 4 under basic
conditions, followed by decarboxylation with acetyl chloride to tet-
raanhydride derivatives HPc and NiPc. The low solubility in organic
solvents of both Pcs prevented their characterization by NMR spec-
troscopy; the compounds are only partially soluble in DMSO, NMP,
and DMF. More information on the synthesis can be found in the SM.

To gain access to COFs with different degree of metalation, HoPc
and NiPc in 1:0, 1:1, and 0:1 ratio were reacted with benzidine
under solvothermal conditions using NMP and mesitylene as sol-
vents and isoquinoline as catalyst in 1:1:0.1 ratio at 200 °C for 5
days (Scheme 2). HPcCOF (1:0 HyPc/NiPc), HoNiPcCOF (1:1 HyPc/
NiPc), and NiPcCOF (0:1 HyPc/NiPc) readily formed to give poly-
imide materials in 80%, 74%, and 76% yield, respectively. Subse-
quently, to incorporate Fe into the COFs, we carried out post-
synthetic metalation by treating the as-synthesized H,PcCOF and
H,NiPcCOF with a solution of FeCl, in DMF at 80 °C for 3 days.
Thereby, H,FeCOF and H,;NiFeCOF were obtained with moderate
yields of 38% and 47%, respectively.

3.2. Structure

We then investigated the structure of the resultant COFs. Powder
X-ray diffraction (XRD) confirmed the formation of crystalline pre-
cipitates of H,PcCOF, HoNiPcCOF, and NiPcCOF (Fig. S1—S3). HoPcCOF
shows four main reflections at 26 = 3.9, 6.6, 9.9, and 27.5° (Fig. 1a).
Four main XRD reflections were also observed for H,NiPcCOF at
260 =3.8,6.6,10.0, and 27.6°, and for NiPcCOF at 26 = 3.3,7.1,10.2, and
27.5°. As side product, a minor amount of NiO was detected by the
XRD in the NiPcCOF sample (Fig. S3), which could stem from
oxidation of either leached Ni from the Pc core during the COF
synthesis or minor Ni-containing impurities in the NiPc building
block. Structure models were constructed using the Materials Studio
software package (Accelrys Inc.), the structure simulations and ge-
ometry optimization were carried out using the Forcite module
employing the universal force field and P1 symmetry; for the esti-
mated unit cell parameters, see Table S1 in the SM.

H,FePcCOF retained its crystallinity during post-metalation and
four main reflections were found at 26 = 3.9, 6.6, 9.9, and 27.5°
(Fig. 1d and S4). For HyNiFePcCOF, however, the long-range order
was lost, and three broad reflections were found at 26 = 3.5, 10.0,
and 27.5°. In addition, the formation of Fe;03 as side product of the
post-metalation of HyNiFePcCOF was detected by the XRD (Fig. S5).

We next sought to study the chemical bonding in the as-
synthesized COFs. The formation of the imide bonds was
confirmed by Fourier-transform infrared spectroscopy (FTIR),
where the spectra showed signals at 1771 and 1716 cm™! for
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Fig. 1. (a,d) XRD patterns, (b,e) FTIR at wavenumbers 1420—400 cm ™, and (c,f) N, physisorption isotherms at 77 K of H,PcCOF, H,NiPcCOF, NiPcCOF, HoFePcCOF, and HoNiFePcCOF.

HyPcCOF, HoNiPcCOF, NiPcCOF, and HyFePcCOF, as well as at 1774
and 1720 cm~! for HoNiFePcCOF, attributed to the C= O moieties
(Fig. 1b,e). The signals at 1355 cm~! for H,PcCOF, 1352 cm™! for
H,NiPcCOF, 1349 cm ™! for NiPcCOF, 1351 cm ™! for HyFePcCOF, and
1359 cm ™! for H,NiFePcCOF were attributed to the C—N stretching
of the imide (Fig. 1b,e and S6—S8 and Table S2).

Notably, the absence of both primary amine N—H stretching at
~3350 cm~! from benzidine and anhydride C= O stretching at
~1840 cm~! of the MPc starting materials also confirmed the
success of the reaction (Fig. S7). In the case of NiPcCOF, the absence
of the signals corresponding to N—H out-of-plane bending at
~857 cm~ ! and N—H wagging at =739 cm ™! indicated that the Pc
cavity is occupied by the metal. In addition, differences in the sig-
nals for C—N—C bending at 400—500 cm~' between the metal-
containing COFs and HyPcCOF (Fig. 1b) indicate complexation of
Ni to the Pc cavity.

3.3. Textural properties

We next carried out nitrogen physisorption measurements at
77 K to investigate the textural properties of the COFs (Table S3).
The results showed type I isotherms, with Brunauer—Emmett—-
Teller surface areas Sggr of 467, 462, 323, 326, and 346 mz/g ob-
tained for HyPcCOF, HyNiPcCOF, NiPcCOF, H,FePcCOF, and
H,NiFePcCOF, respectively (Fig. 1c and S9—S18). The pore size dis-
tribution calculated using the quenched-solid density functional
theory (QSDFT) adsorption branch model for cylindrical pores
revealed pore diameter of 1.2 nm for H,PcCOF, 1.3 nm for H,NiPc-
COF and HyFePcCOF, and 1.4 nm for NiPcCOF and H;NiFePcCOF
(Fig. S9—-S18), as well as a contribution of mesopores.

3.4. Microstructure and composition

Next, we used electron microscopy to study the microstructure
and chemical composition of the synthesized COF materials.
Scanning electron microscopy (SEM) images evidenced that the

materials featured an irregular granular morphology (Fig. S19). In
the case of NiPcCOF, SEM showed spherical morphology (Fig. 2a and
b), which was also seen in the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF—STEM) images
(Fig. 2c and d). Energy-dispersive X-ray spectroscopy elemental
mapping in STEM mode (STEM—EDX) confirmed the homogeneous
distribution of O, C, and Ni throughout the material (Fig. 2e).
Although some content of inorganic material was observed by
HAADF—STEM analysis, presumably NiO as evidenced by XRD, the
COF content was qualitatively confirmed to account for the majority
of the as-synthesized NiPcCOF material. Furthermore, we analyzed
NiPcCOF using X-ray photoelectron spectroscopy (XPS), and the
spectrum demonstrated the presence of Ni, O, N, and C elements
(Fig. S20 a). The high-resolution Ni 2p spectrum indicated the ex-
istence of Ni2* with the presence of two peaks at 855.1 eV (Ni 2p3)2)
and at 872.4 eV (Ni 2pqp2) and the respective satellite peaks, in
accordance with that reported for polymeric NiPc material [35].

Metal content of the prepared materials was measured using
inductively coupled plasma—optical emission spectrometry
(ICP—OES). Ni content of 5.1% and 2.4% was found for H,NiPcCOF
and NiPcCOF, respectively, which is in excellent agreement with the
theoretically expected values (5.1% and 2.6%), thus indicating that
little to no de-metalation of MPcs occurred during the synthesis.
H,FeCOF was found to contain 2.1% of Fe (theor. 4.9%), suggesting
that around 40% of the Pcs were metallated with Fe. For H;NiFeCOF,
Ni and Fe content of 1.8% and 5.2% were found (theor. 2.6% and 2.4%
for COF with 1:1 NiPc/FePc), respectively. Hence, a third of the Ni
leached during post-metalation, while the quantity of Fe is over
twice the theoretical value, indicating that not all Fe is inserted in
the Pc cavity, as was also observed in XRD through the presence of
Fe,03 secondary product.

3.5. OER properties

To validate the electrocatalytic application of the COFs in hand,
we next investigated their performance in OER. To test the
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Fig. 2. (a,b) SEM images of NiPcCOF, (c,d) HAADF—STEM images with representative STEM—EDX mappings (e) of O, C, and Ni, and their mixture, indicating a homogeneous dis-

tribution of all the elements through the sample.

electrocatalytic activity of the prepared materials for water oxida-
tion under alkaline conditions, the as-synthesized COFs were
formulated as inks in ethanol containing conductive Nafion ion-
omer as binder, and the ink was deposited onto Ni foam current
collector.

Notably, the COFs were found to demonstrate the best OER
properties at 3 mg cm 2 mass loading per geometrical area
(Fig. S21). It was also found that prolonged activation via cyclic
voltammetry (CV) for about 700 cycles was required to achieve
steady state conditions (Fig. S22), after which the materials
exhibited constant OER performance.

Fig. 3 and Table S4 summarize the electrochemical water
oxidation properties in purified Ar-saturated 1.0 M NaOH of the
prepared COF materials supported on Ni foam, as well as that of
pure Ni foam. NiPcCOF showed the best results with current den-
sities j of 10, 50, and 100 mA cm 2 reached at overpotentials 7 of
around 410 (n10), 460 (750), and 510 (n100) MV, respectively.
HyNiPcCOF, HyNiFePcCOF, and HyFePcCOF were slightly less effi-
cient OER electrocatalysts with 719 of =430 mV, whereas metal-
free H,PcCOF exhibited similar low performance as Ni foam. As
seen in Fig. 3b, the Tafel slopes of metallated COFs are much smaller
(b = 62 mV/dec for HyFePcCOF, b = 68 mV/dec for H,NiPcCOF,
b = 75 mV/dec for NiPcCOF, and b = 78 mV/dec for H,NiFePcCOF)
compared to those of HyPcCOF (b = 121 mV/dec) and Ni foam
(b = 127 mV/dec), indicating faster OER kinetics over these
materials.

Electrochemical impedance spectroscopy (EIS) experiments were
carried out on stable electrocatalytic system at 711g, as illustrated by
the Nyquist plots (Fig. 3¢), to gain more insight into the OER kinetics.
Equivalent circuit model was used to fit the experimental data
(Fig. 3c, inset), consisting of a resistor in series with a combination
of a resistor and a constant phase element in parallel. Specif-
ically, resistor Rg is the Ohmic resistance from the electrolyte and
all contacts. The time constant Ry—CPE; is associated with interfa-
cial resistance from electron transport between the electrocatalyst
and the Ni foam current collector, while the time constant R.«—CPE>
is the charge transfer resistance (Rc) at the catalyst—electrolyte
interface, with lower Ry values typically reflecting faster charge
transfer kinetics [36]. The analysis of the obtained semi-circles

(Fig. 3c) as well as derived fitting parameters (Table S5) reveals
fastest charge-transfer kinetics over the anode/electrolyte interface
in the case of Ni-foam-supported H,FePcCOF, as reflected by the
smallest R.; = 0.132 Q, followed by Ni-foam-supported HoNiPcCOF
(Ret = 0.137 Q), HoNiFePcCOF (R = 1.144 Q), NiPcCOF (Rt = 2.928 Q),
and H,PcCOF (R = 2.982 Q).

Having proved high OER activity of the as-synthesized COFs, we
then investigated if the COFs can generate stable anodic current
during alkaline OER. The anodes were subjected to continuous
stability testing by means of chronopotentiometry (CP), where the
COFs showed excellent long-term stability in 1 M NaOH electrolyte
during the tested 100 h. NiPcCOF afforded steady current density
j = 10 mA cm™2 at overpotential 519 of =420 mV (Fig. 3d), not
suffering from stability issues. Specifically, the overpotential
measured for the Ni foam-supported NiPcCOF anode decreased by
merely 0.5% over the course of the 100 h electrolysis experiment.
The other studied materials also featured relatively stable perfor-
mance at overpotential 719 of =430—440 mV up to 100 h.

In order to gain insight into the chemical stability of our elec-
trocatalyst, NiPcCOF after 100 h stability testing was subjected to
characterization. HAADF—STEM images with simultaneously
collected STEM—EDX mappings indicated that C, O, and Ni
remained homogeneously distributed throughout the material
(Fig. S24), with some aggregation of Ni evident, which could stem
from potential leaching of Ni from the Pc during prolonged alkaline
water oxidation.

4. Discussion

Our synthetic strategy to monometallated Pc COFs involved the
synthesis of HyPc and NiPc. Although their synthesis is straight-
forward, the low solubility of the Pcs makes their purification time
consuming and involves grinding them to fine powders and
repeated solvent washes to ensure pure products and success in
subsequent reactions. In addition, to remove unreacted building
blocks from the COF pores after the synthesis, repeated washing at
elevated temperatures (60—100 °C) is required. In the case of
NiPcCOF, the presence of small NiO admixture was observed by
XRD analysis (Fig. S3). This might be due to minor leaching of Ni
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Fig. 3. (a) Anodic polarization curves, (b) Tafel plots, (c) Nyquist plots, and (d) CP profiles at 10 mA cm~2 for Ni-foam-supported COFs, all recorded in 1 M NaOH at room temperature

with a mass loading of 3 mg cm 2.

from the cavity of Pc during the COF synthesis or the presence of
minor Ni impurities in the NiPc building block followed by oxida-
tion. Leaching could be explained by the small size of the Ni ion,
which forces the four isoindole groups of the Pc (Scheme 1) to be
pulled towards the metal, thus decreasing the cavity diameter of
the Pc [37]. This lengthens the C—N—C bonds and decreases the
bond angle, causing significant ring deformation, which could
facilitate leaching of the metal. At the same time, the XRD patterns
of neither H,NiPcCOF (Fig. S2) nor HyNiFePcCOF (Fig. S5) showed
the presence of NiO side product, which suggests that in the case of
NiPcCOF it most likely stems from residual Ni impurities in the
building block. In addition, the FTIR spectrum of NiPcCOF clearly
showed that the cavities of the Pc are occupied the metal, sug-
gesting that if any leaching occurred, it is rather minor.

To gain access to Fe-bearing COFs with precise control over the
metal quantity, the synthesis of FePc building block was attempted
using similar procedure as those for NiPc, but despite several efforts
the compound could not be isolated in sufficient quality. Therefore,
Fe(II) was post-synthetically inserted into the COF structures. The
reactions were successful albeit with low yields, which may be due
to the exfoliation of the COFs during the post-synthetic reaction.
More specifically, Fe(Il) insertion is typically carried out using DMF
as solvent [29], and some polar solvents, such as DMF, water, and
dioxane, may cause layer slipping in 2D COFs depending on the
strength of the interlayer interactions of the material [38]. This
could also explain the loss of crystallinity of the resultant

H,NiFePcCOF obtained by post-synthetic metalation of H;NiPcCOF.
The XRD analysis of HyNiFePcCOF (Fig. S5) showed the presence of a
small admixture of Fe;03 in the sample, and ICP—OES confirmed
that the quantity of Fe in the sample is larger than the theoretical
value with all the Pc cavities occupied by the metal. Therefore, the
presence of the Fe;03 admixture, which could stem from oxidation
of residual FeCl, remaining in the COF pores after post-synthetic
metalation, could also contribute to the loss of crystallinity in this
material.

The Sggr of all the prepared COFs were in the range of
346—467 m?/g. Although higher than previously reported for
similar Co-containing COF materials [32], the relatively low surface
areas and pore size could be an indication of some residual low-
solubility oligomers or MPc starting materials remaining in the
material despite our intensive washing efforts. In addition, mate-
rials formed by polyimide condensation reaction typically suffer
from low crystallinity due to the low reversibility of the imide-
bond-forming reaction under solvothermal conditions [39], which
could further explain the observed textural properties.

Among the COF materials studied, NiPc COF was found to be the
most OER active with 79 = 410 mV, 150 = 460 mV, and
n100 = 510 mV. However, the material showed a moderate Tafel
slope of b = 75 mV/dec, whereas that of HyFePcCOF was lower with
b = 62 mV/dec, despite the higher 110 = 430 mV. We postulated
that this could be related with the amount of metal in the COF
samples, and therefore normalized the electrocatalytic activity data
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Fig. 4. Comparison of the OER activity of our NiPcCOF with other reported Ni- and Ni/Fe-containing polymers with varying mass loadings.

by the mass of the metal as measured by ICP—OES (Table S6).
Indeed, as seen in Fig. S23, the highest mass activity of 1073 mA/mg
at n = 500 mV was found for HyFePcCOF, followed by H,NiPcCOF,
NiPcCOF, and H,NiFePcCOF, in good agreement with the Tafel
slopes (Fig. 3b) and the Nyquist plots (Fig. 3c).

Of the two possible 4e~ transfer pathways for OER, adsorbate
evolution mechanism (AEM) and lattice OER (LOER), transition
metal Pcs have been suggested to follow the former mechanism
[17], whereas the latter has been found for some perovskite cata-
lysts [40—43]. Similarly to metal catalysts, OER in NiPc materials is
proposed to proceed through either direct coupling of adjacent
Ni—O intermediates or the formation of a Ni—OO species and its
subsequent reaction with HO™ [44]. We suggest our NiPcCOF OER
electrocatalyst to follow a similar pathway. Such superoxide species
have been shown to also play a role in the OER activity of Ni/Fe-
based layered double hydroxide and metal—organic framework
electrocatalysts [45—47].

In comparison to Ni-containing polymers (Fig. 4) [48—56] our
NiPcCOF, with 19 = 410 mV and b = 75 mV/dec, features catalytic
activity among the best of those previously reported for alkaline
OER. Annealed bimetallic Pc-based covalent organic polymer
FeNi—COP—800, with 0.62% of Fe and 0.47% of Ni, exhibited
OER activity of 719 = 400 mV and b = 103 mV/dec [50]. Porphyrin-
based bimetallic Fe-TAPP—NIiTCPP—POP, with 2.8% of Fe and 2.5%
of Ni, showed 719 = 338 mV and a shallow b = 52 mV/dec, whereas
the monometallic NiTAPP—NIiTCPP—POP (5.8% of Ni) and
FeTAPP—FeTCPP—POP (7.2% of Fe) showed lower activities with 119 of
384 mV and 520 mV and Tafel slopes of 99 mV/dec and 147 mV/dec,
respectively [55]. Using a cation-exchange strategy to incorporate
metal ions into the COF—SOsH structure, metal-containing COFs
were obtained, with bimetallic Nig 5sFeq s@COF—SO3 showing the best
performance (710 = 308 mV; b = 83 mV/dec) outperforming mono-
metallic Ni@COF-SO3 (n10 = 409 mV; b = 118 mV/dec) and
Fe@COF—S03 (110 = 435 mV; b = 123 mV/dec) [48].

In summary, we have demonstrated a strategy to prepare mono-
and bi-metallated COFs with different metal loadings with the
catalytic metals atomically dispersed throughout the material.
Three COFs were prepared from H,Pc and NiPc in different ratios

under solvothermal conditions to give access to COFs with 0%, 2.4%,
and 5.1% of Ni. The COFs with 0% and 2.4% of Ni were further
modified by post-synthetic metalation to insert Fe(Il) inside the
HyPc cavity. NiPcCOF with 5.1% of Ni showed the best electro-
catalytic activity per geometrical area towards OER under alkaline
conditions, with 7190 = 410 mV and b = 75 mV/dec being among the
best of Ni-containing polymeric materials reported to date.
Nevertheless, the highest mass activity with 1073 mA/mg at
1 = 500 mV was found for H,FePcCOF with 2.1% of Fe. The materials
also showed excellent stability over 100 h long-term stability test,
showing that the presented approach can be employed to gain
access to MPc-containing COFs with promising electrocatalytic
performance. Moreover, our synthetic strategy also opens the
possibility of future exploration of different metal combinations for
further optimization of the electrocatalytic activity for different
transformations.
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