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Scalable Synthesis and Electrocatalytic Performance of Highly
Fluorinated Covalent Organic Frameworks for Oxygen Reduction
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Abstract: In this study, we present a novel approach for the synthesis of covalent organic frameworks (COFs) that\
overcomes the common limitations of non-scalable solvothermal procedures. Our method allows for the room-
temperature and scalable synthesis of a highly fluorinated DFTAPB-TFTA-COF, which exhibits intrinsic hydro-
phobicity. We used DFT-based calculations to elucidate the role of the fluorine atoms in enhancing the crystallinity of
the material through corrugation effects, resulting in maximized interlayer interactions, as disclosed both from PXRD
structural resolution and theoretical simulations. We further investigated the electrocatalytic properties of this material
towards the oxygen reduction reaction (ORR). Our results show that the fluorinated COF produces hydrogen peroxide
selectively with low overpotential (0.062 V) and high turnover frequency (0.0757s') without the addition of any
conductive additives. These values are among the best reported for non-pyrolyzed and metal-free electrocatalysts.
Finally, we employed DFT-based calculations to analyse the reaction mechanism, highlighting the crucial role of the
fluorine atom in the active site assembly. Our findings shed light on the potential of fluorinated COFs as promising

\electrocatalysts for the ORR, as well as their potential applications in other fields. )
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Introduction

In the past decades, emerging porous compounds, such as
MOFs, COFs and POPs have revolutionized the field of
materials in areas such as adsorption, catalysis, or batteries,
since their insoluble and non-fusible character has put it in
the spotlight for heterogeneous applications.!"! Furthermore,
their large surface areas (in some cases up to 4,000 m%g)®
are highly desirable to avoid the underuse of functional
groups, increasing the atomic economy of the final
material.”! Regarding COFs, the possibility of building an
organic, crystalline, porous pre-designable structure by the
reaction between monomers with modulable properties!”
has attracted enormous attention from scientists over the
world. Among all the crystallization methods employed,
reversible reaction under solvothermal conditions is usually
the most common procedure used.”! However, this method
requires carrying out the reaction in vacuum-sealed Pyrex
vessels after freeze-pump-thaw cycles, limiting the amount
of synthesised COF.!) Room-temperature synthesis is one of
the most desirable approaches in terms of low energy
demand,” specially if we consider large-scale production of
compounds in its bulk state, such as preparation of oxygen
reduction reaction (ORR) electrocatalysts. In this regard,
the breakage of the O=0O molecule, is an essential and
highly efficient process produced in nature.’! However, to
overcome the slow kinetics of the ORR, the assistance of
catalyst is necessary to enhance the reaction rates.” These
electrocatalysts are frequently categorized based on the
catalytic pathway: i) The direct four-electron pathway reduc-
tion of O, to H,O; or if) The two-electron pathway reduction
of O, to H,0,. The two-electron pathway is emerging as a
powerful tool to produce on-demand hydrogen peroxide at
the consumption site due to the elimination of the trans-
portation cost, the storage requirements and matching the
green chemistry principles."” To control the ORR pathways,
the best performance for the water peroxide production is
achieved when the adsorption of the *OOH radical on the
electrocatalyst occurs and the adsorption of its dissociation
product, the *O radical, is inhibited.!! In this way, selective
control of the ORR pathway can be achieved by controlling
the composition of the catalyst, the size, or the electronic
structure of the electrocatalyst.'”? Although noble metals
still offer the best performances, the scarcity and exorbitant
prices of these compounds hinder the utilization of these
compounds in commercial devices.'”) One promising alter-
native for developing ORR electrocatalysts are carbon-
based nanomaterials, where non-pyrolyzed and metal-free
COFs stand out as promising candidates due to their high
stability, low toxicity, high porosity, metal-free composition
and crystallinity." The latter feature is very important since
it may allow to stablish structural-property relationships to
further improve the properties of COF materials for ORR
catalysis.™

Among all the functionalities introduced, COFs includ-
ing fluorine atoms in their composition are scarce in the
literature despite the interesting properties offered by this
highly electronegative atom. Indeed, the fluorinated materi-
als usually display unique properties, such as inversion of
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the benzene ring charge distribution or increased
hydrophobicity.'® In this way, as shown in Scheme 1,
inspired by the multivalency effect found in nature as a key
principle to promoting strong and selective interactions,!"”’
we designed the room-temperature synthesis of a highly-
fluorinated DFTAPB-TFTA-COF (DFTAPB=1,35-tris-
(2,3,5,6-tetrafluoro)-benzene, and TFTA =2,3,4,6-tetrafluor-
oterepthaldehyde) with the following aims: i) expand the
record fluorine atom per pore described by Johnson and
col.' with 24 fluorine atoms per pore by introducing a C,
unit between the C; knots, obtaining a pore with 36 fluorine
moieties (Scheme 1); ii) explore their applicability towards
ORR celectrocatalysis since the polarized sp* C-F bond
could serve as an active site for O, adsorption with high
H,O, selectivity in comparison with other fluorinated
compounds found in literature;" and iii) obtain super-
hydrophobic cavities to tune the wetting state of the active
sites, which have been recently reported as an important
factor for gas-consuming processes whose reaction sites are

DFTAPB TFTA

THF/TFA (3.75/6.25)
RT 5d

Scheme 1. Scheme of the DFTAPB-TFTA-COF synthesis.
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located on a gas/liquid/solid triphasic interface, by the
enhancement of the electron transport.”!

Results and Discussion

DFTAPB-TFTA-COF crystallization was accomplished by
Schiff base condensation reaction between the 1,3,5-tris-
(2,3,5,6-tetrafluoro)-benzene (DFTAPB) and 2,34.6-tetra-
fluoroterepthaldehyde (TFTA) in a THF/TFA (3.75/6.25)
mixture in a glass vial at atmospheric conditions. In this way,
following the sol-gel procedure, the monomers were dissolved
in THF, and the reaction was triggered by the rapid addition
of the TFA (catalyst), producing the rapid gelation of the
system (Figure 1A). Finally, the mixture was left standing at
30°C for 5 days. Remarkably, the crystallization of imine-based
COFs usually requires the employment of aqueous acid
catalysts to enhance the reticulation processes, the most
common aqueous acetic acid. However, the DFTAPB-TFTA-
COF could be considered a hydrophobic cavity, as confirmed
by the water adsorption isotherm (Figure 1B). The attempts to
obtain DFTAPB-TFTA-COF using aqueous acid catalysts
yielded no crystalline phases and, in most cases, did not even
react. In this way, the water content of the THF and the TFA
bottles (ca. 0,05 % according to manufacturers), as well as the
water produced during the Schiff-base condensation, seems to
be enough to promote network curing. Furthermore, no
reaction between DFTAPB and TFTA was observed by using
acetic acid as a catalyst under similar conditions, suggesting a
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Figure 1. A) Gel phase of the DFTAPB-TFTA-COF. B) Water sorption
isotherms at 298 K of DFTAPB-TFTA-COF (blue line) and TAPB-TA-COF
(orange line). C) Nitrogen sorption isotherms at 77 K of DFTAPB-TFTA-
COF (blue line) and TAPB-TA-COF (orange line). Empty symbols
describe the desorption branches.
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poorly nucleophilic character of DFTAPB monomer. These
facts reveal the challenging nature to achieve highly fluorinated
COFs crystallization which are far away from the standard
conditions of other networks. Finally, in order to shed light
into the properties of the fluorine atom composing the COF
skeleton, the isostructural non-fluorinated COF analogue
(TAPB-TA-COF) was crystallized by following a room-
temperature method described recently by the imine conden-
sation reaction between terephtaldehyde (TA) and 1,3,5-tris(4-
aminophenyl)benzene (TAPB) monomers (Scheme 2).!

The porosities of both COFs were studied by employing
nitrogen sorption isotherms at 77 K (Figure 1C), revealing a
type IV isotherm typical of mesoporous materials. Firstly,
pore volumes at 0.95 p/p, were estimated to be 1.63 cm’g™*
and 0.65 cm®g! for DFTAPB-TFTA-COF and TAPB-TA-
COF, respectively Secondly, the Brunauer—-Emmett-Teller
(BET) areas were determined to be 1405m?g™' for
DFTAPB-TFTA-COF and 926 m*’g' for TAPB-TA-COF
(Figures S1 and S2, respectively).

The authors would like to emphasize that the surface
areas were obtained using low-surface tension solvents
(specifically hexane) for COF activation. Although super-
critical CO, activation would yield more porous networks by

NH,
HN NH,

o
TAPB TA

RT 5d

& n‘:‘
kN o

¢ AcOH/H,0 (9/1)

Scheme 2. Scheme of the TAPB-TA-COF synthesis.
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avoiding pore collapse, given the non-solvothermal nature
of the COFs crystallization, we decided to activate these
materials in an open atmosphere to exploit the potential of
the scalable method.? Finally, non-local density functional
theory (NLDFT) was used to calculate the pore size
distributions, which were centered at 29 and 27 A for
DFTAPB-TFTA-COF and TAPB-TA-COF, respectively
(Figures S3 and S4). These values were contrasted with the
theoretical pore volume, surface area and pore opening
calculated with Poreblazer V4.0 software being, respectively,
1.069 cm®g ™!, 1361 m?’g™' and 29 A for DFTAPB-TFTA-
COF, really close to the experimental ones. By contrast, the
respective  values for TAPB-TA-COF 2.035cm’g”),
2623 m*g ! and 31 nm diverge more from the experimental
ones, indicating coexistence between amorphous and crystal-
line domains. The hydrophobicity of the two materials was
tested by measuring water adsorption isotherms at 298 K
(Figure 1B). As expected, the fluorinated COF is more
hydrophobic than the non-fluorinated counterpart. Indeed
TAPB-TA-COF, starts to saturate from p/p, ~0.7, and shows
a hysteresis in the desorption branch, while DFTAPB-
TFTA-COF does not saturate in the studied conditions.
Furthermore, the hydrophobicity of the materials was also
tested with the contact angle of water with the materials
(Figure S5), indicating a higher hydrophobic nature of
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DFTAPB-TFTA-COF (87°) with respect to the non-fluori-
nated TAPB-TA-COF (74°).

The comparison of the PXRD pattern of DFTAPB-
TFTA-COF with that of TAPB-TA-COF suggested that the
two COFs are isoreticular’® (Figure S6). However, up to
date, mainly computational models were reported for 2D
imine-based COFs, due to their low crystallinity, limited
scattering power, and difficulty to be synthesized as single
crystals.!

Here we propose the preliminary structural character-
ization of DFTAPB-TFTA-COF starting from PXRD data;
the output of the Rietveld refinement can be found in
Figure 2A, all the experimental and computational details
are reported in the Supporting Information (Figures S7 and
S8, and Table S1). DFTAPB-TFTA-COF crystallizes in
trigonal symmetry in P3,c space group (a=>b=36.902(4) A,
c=7.336(3) A, V=8651(3) A?). Its structure is defined by 2-
dimensional layers, characterized by hexagonal pores, which
stack in AA mode perpendicular to the c-axis (Figure 2B-
2D and S9). The fluor functionalization of the organic
backbone determines a slight torsion between the different
6-membered rings. Namely, 153° around the C2-C3 axis and
182° around the C20-C21 axis, see Figure S10, resulting in a
3.668(1) A distance between the ring centroids of two
adjacent layers, Figure 2E. The unveiled structure shows

N .
. W

E)

Figure 2. A) Graphical output of the Rietveld refinement of DFTAPB-TFTA-COF. Observed, calculated and difference traces in blue, red and grey
respectively. The ticks at the bottom indicate the positions of the Bragg reflection maxima. Figures of merit: R,=0.027, R,,=0.041, Rg,,,, =0.007.
B) Solvent-accessible surface in DFTAPB-TFTA-COF according to the structural model, viewed along c-axis. C) DFTAPB-TFTA-COF structural model
as retrieved by Rietveld refinement viewed along c-axes and according to a-axes (D). E) Distance between the ring centroids of two adjacent layers.
Color code: carbon, grey; nitrogen, blue; fluor, green. Hydrogen atoms have been omitted for clarity.
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high porosity, ~64.9% of the unit cell volume,*' with
accessible pores of ~30 A diameter.

Opverall, the experimental structure agrees with the
theoretical calculations performed with Density Functional
Theory (DFT), including periodicity (see computational
details in SI). The simulations predicted similar structures
for the two COFs, characterized by the following lattice
metrics: a=b=374A, ¢=38A for TAPB-TA-COF and
a=b=374A, ¢c=37A for DFTAPB-TFTA-COF (Fig-
ure S11). It is worth noting that the computational unit cell
of DFTAPB-TFTA-COF contains one layer, while the
experimental one-two; hence the experimental c-axis dou-
bles the computed one. On the other hand, the experimental
interlayer distance, Figure 2D, perfectly matches the com-
puted c-axis (3.668(1) A vs 3.7A). Both COFs show
corrugation layers, which is higher for DFTAPB-TFTA-
COF than for TAPB-TA-COF due to repulsive intralayer
F—F interactions, as shown in Figure S11. The corrugation of
the structures, also experimentally observed, increases the
contact area between the layers, favouring the van der
Waals forces. This effect is more pronounced in DFTAPB-
TFTA-COF due to the higher corrugation. Therefore, this
material will have stronger interlayer interactions and is
expected to be more ordered and difficult to exfoliate. We
obtained the energy as a function of the c value to study the
exfoliation, and the results were fitted to a Morse potential.
This model predicts an energy cost of ~14.1 eV/layer for
DFTAPB-TFTA-COF vs ~3.5 eV/layer for TAPB-TA-COF
(Figure S12). The sorption and diffraction experiments
suggest that the degree of order in DFTAPB-TFTA-COF
structure is higher than in the non-fluorinated counterpart.
This is supported by the analysis of the simulated structures,
since the stronger layer-layer interaction in DFTAPB-
TFTA-COF helps to fix the atomic positions and the
alignment of the layers, thus increasing the material
crystallinity. Additionally, theoretical calculations of the
formation of the imine bonds in both systems (Figure S13)
suggest a lower activation energy for the hydrolysis of the
iminium in DFTAPB-TFTA-COF (123.3 kJmol™', 1.28 eV)
compared to TAPB-TA-COF (146.9 kImol ™, 1.52 eV). This
greater reversibility could enable faster defect correction in
the fluorinated material, enhancing the crystallinity. This
fact has also been confirmed experimentally by acid-hydro-
lytic treatment of the COFs. Upon exposure of the powders
to HCI (36 %), complete solution of the fluorine-containing
DFTAPB-TFTA-COF was observed, while for the TAPB-
TA-COF a black residue was obtained (Figure S14, Support-
ing Information for details). After treatment of the reaction
crude, the diffraction maxima corresponding to the crystal-
line structures disappeared (Figure S15). However, the
residue of DFTAPB-TFTA-COF was soluble in DMSO-d,
affording the 'H NMR signals (Figure S16) corresponding to
the constitutional linkers DFTAPB and TFTA, confirming
the higher reversibility of imine bond formation on the
fluorinated system in comparison with the non-fluorinated
TAPB-TA-COF.

The framework formation was followed by spectrometric
techniques such as C-cross polarization-magic angle spin-
ning-nuclear magnetic resonance (*C-CP-MAS-NMR ) and
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Fourier-transformed infrared spectroscopy (FTIR). On the
one hand, the formation of the imine linkage was confirmed
through “C-CP-MAS-NMR with the disappearance of the
aldehyde signals around 180 ppm with the emergence of the
imine signal centred at 160 ppm. In addition, the rest of the
signals appear between 150-115 ppm, corresponding with
the aromatic skeleton of the COFs (Figures S17 and S18),
discarding the possibilities of the existence of remaining
solvents or catalysts adsorbed in the COF pores. Further-
more, the networks formations were also confirmed by
FTIR (Figures S19 and S20) with the fading of the N-H
(between 3400-3200 cm™') and C=O stretch (ca. 1685 cm™)
and with the emergence of the imine C=N bands centred at
1622 cm™ for DFTAPB-TFTA-COF and 1619cm™ for
TAPB-TA-COF. Moreover, the intense absorption bands
around 1300, 1000, and 900 cm™' were assigned to the
aromatic C-F stretching of the DFTAPB-TFTA-COF
skeleton by comparison with those found in the
bibliography,® and with the non-fluorinated TAPB-TA-
COF. Furthermore, the thermal stabilities were tested
through thermogravimetric analysis (TGA) under a nitrogen
atmosphere, revealing that both materials are stable until
450°C (Figures S21 and S22). Finally, the COFs morpholo-
gies were studied through scanning electronic microscopy
(SEM) (Figures 3A, 3B, S23, and S24). In this way, SEM
images revealed a polygranular composition for both COFs,
where each polymer grain is composed of agglomerates of
rod-like fibres, which are apparently larger for the TAPB-
TA-COF.

To gain insights into the electrocatalytic behaviour of
the compounds under study, glassy carbon electrodes were
modified with a suspension of DFTAPB-TFTA-COF and
TAPB-TA-COF in 20 % ethanol, 0.05% Nafion in Milli-Q
water at 1 mgmL™' concentration (Table 1 summarizes the
most relevant results). This mixture was sonicated in an
ultrasounds bath at 35 kHz for 30 min and characterized
before the electrochemical experiments. The Tyndall effect

Figure 3. A) SEM image of DFTAPB-TFTA-COF (scale bar 100 nm).

B) SEM image of TAPB-TA-COF (scale bar 100 nm). C) SEM image of a
rod particle of DFTAPB-TFTA-COF (scale bar 100 nm). D) TEM image
of DFTAPB-TFTA-CONss (scale bar 50 nm).

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD BAIIR1D) 3ot |dde ayy Aq peusenob ae sspie YO ‘88N JO S8jni 10} Ariq1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SWBH WD A8 | IMAeIq 1 Ul [UO//:SANY) SUOTIPUOD pue SWB | 38U} 88S *[7202/20/80] U0 Ariqi8uljuO 3|1 ‘(PepIUeS 8p OLBISIUIA) UOSIAOIG [BUOITEN SURILY0D Usiueds Aq Or6ETEZ0Z @1Ue/200T 0T/I0P/W0D A8 | IMAteiq Ul uo//Sdny wol pepeolumod ‘Ly ‘€202 ‘€LLETZST



GDCh
=

Research Articles

Angewandte

intemationaldition’y) Chemie

Table 1: Summary of the main electrochemical parameters of DFTAPB-TFTA-COF and TAPB-TA-COF.

Electrode Eonset VS Egnset VS. jlim

SCE [mV] RHE [mV] [mA/cm?]
DFTAPB-TFTA-COF/GC -313 +698 —1.70
TAPB-TA-COF/GC —323 + 688 —1.44
GC —333 +678 -1.18

Tafel Slope R, TOF Electron MNexperimental
[mV/dec] [kQ] s number V]

70.6 4.36 0.0757 2.1 0.062
119.5 6.64 0.0235 33 0.072
126.5 6.82 - 2.5 0.082

corroborated the colloidal nature of the obtained suspen-
sions. Then, the as-prepared suspensions were characterized
by SEM and transmission electron microscopy (TEM). SEM
images revealed rod-like particles for both compounds
(Figures 3C and S25). Furthermore, TEM images revealed
the thin and highly ordered structure of the COF rods
(Figures 3D and S26), which showed average wides of 35
and 30nm, and average lengths of 82 and 77nm for
DFTAPB-TFTA-COF and TAPB-TA-COF, respectively
(Figure S27). Dynamic light scattering (DLS) was employed
to study the hydrodynamic diameter of the COF rods in
colloidal phase, revealing monomodal distributions, centred
at 91 and 256 nm for DFTAPB-TFTA-COF and TAPB-TA-
COF, respectively (Figures S28 and S29).

Cyclic voltammetry was employed to characterize the
electrochemical behaviour of DFTAPB-TFTA-COF/GC
electrodes (0.02 DFTAPB-TFTA-COF mgem 2). No signifi-
cant peaks were observed in the absence of oxygen in 0.1 M
NaOH (Figure S30), which is ascribed to the absence of
electroactive moieties in both COF structures. However,
both showed electrocatalytic activity through oxygen reduc-
tion in the basic medium (Figure S30). As it is observed, the
oxygen reduction peak showed an onset potential of around
25 mV before the onset for ORR of GC electrode and
around 20 mV before TAPB-TA-COF/GC (the COF Skel-
eton without fluorine atoms). Unless the potential shift is
not greatly enhanced, the current intensity increases signifi-
cantly when DFTAPB-TFTA-COF/GC is employed com-
pared with bare GC and TAPB-TA-COF/GC electrodes. In
agreement with the results described above, Nyquist plots
obtained from Electrochemical Impedance Spectroscopy
(EIS) of GC, DFTAPB-TFTA-COF/GC, and TAPB-TA-
COF/GC electrodes in O, saturated 0.1 M NaOH (Fig-
ure S31) clearly show a decrease of charge transfer resist-
ance (Q) when the GC electrode is modified with any of the
COF electrocatalysts, being this decrease more significant
when the DFTAPB-TFTA-COF/GC is employed rather
than the COF skeleton without fluorine. This points out the
role of fluorine atoms in the enhancement of electronic
transport, which is essential for high electrocatalytic
performances.” In order to study COFs conductivity, EIS
measurements using a redox probe ((Fe(CN)¢* /Fe(CN)s* ")
were carried out (Figure S32). As it was expected, when
DFTAPB-TFTA-COF and TAPB-TA-COF are deposited
on the GC electrode, the non-conductive nature of COF
compounds increases the resistance to the electron transfer
as deduced from the increase of the radius of the semicircles
in the respective Nyquist plots. However, the conductivity of
the electrode functionalized with DFTAPB-TFTA-COF is
increased in comparison to the halogen-free TAPB-TA-
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COF, demonstrating the importance of the fluorine func-
tionalization in enhancing electronic conductivity.

Hydrodynamic linear sweep voltammetry using a rotat-
ing Pt/CG ring-disc electrode was used to analyse the
electrocatalytic behaviour of the polymeric materials to-
wards ORR (Figure 4A). The disk current intensity in-
creases when the GC electrode is modified with COF
materials, being higher in the case of the DFTAPB-TFTA-
COF/GC. The ring current (applying a constant potential of
+0.25 vs SCE, which allows H,0O, oxidation) also increases
when ORR is happening, being this increase more signifi-
cant in the case of DFTAPB-TFTA-COF/GC, which agrees
well with a higher H,0, generation.

An important point is the number of electrons involved
in the ORR process.'"! Figure 4B represents the number of
electrons exchanged during ORR, obtaining 2.5 for the bare
GC electrode and 3.2 for the TAPB-TA-COF/GC, suggest-
ing the existence of pathway mixtures. Meanwhile, the
DFTAPB-TFTA-COF/GC electrode showed a reduction in
the electron number at 2.1. This result indicates that the
preferable mechanism for ORR is the 2-electron one,
characterized by the O, reduction into H,O,. Calculation of
H,O0, yield showed the great advantage of DFTAPB-TFTA-
COF/GC (96.25%), compared with GC (78.9%) and
TAPB-TA-COF/GC (44.7%). The faradaic efficiency
(FEgrpe) also showed significant advantages of DFTAPB-
TFTA-COF/GC (71.1 %) compared to TAPB-TA-COF/GC
(28.7 %) and GC (58.1 %). In addition, Tafel slopes showed
a clear decrease when DFTAPB-TFTA-COF is employed as
electrocatalyst compared with the bare GC electrode and
TAPB-TA-COF/GC (Figure S33), pointing out good elec-
trocatalytic features. Regarding the stability of the
DFTAPB-TFTA-COF electrocatalyst, a constant potential
of —0.4V has been applied to a rotating DFTAPB-TFTA-
COF/GC disc electrode for 12500s. As can be observed
(Figure 4C), the initial electrocatalytic activity only de-
creased by less than 10 %, which is a great result, showing
the operability of the electrocatalyst for long time in the
H,0, presence. The yield rate of H,O, generated during this
experiment was measured, using the Ce(SQO,), spectrophoto-
metric method, giving a result of 253 mmol/(g.,; h). Further-
more, PXRD experiments were performed to analyse the
stability of the alkaline media of the electrochemical
measurements, revealing the stability of the DFTAPB-
TFTA-COF towards the supporting electrolyte (Figure S34).
In addition, Raman spectra (Figure S35) and SEM images
(Figure S36) were recorded to analyse the possible chemical
and morphological changes after the electrocatalytic proc-
ess.
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Figure 4. A) Hydrodynamic linear sweep voltammetry of GC (black), TAPB-TA-COF/GC (orange), and DFTAPB-TFTA-COF/GC (blue) in O, saturated
0.1 M NaOH solution at 1000 rom and 10 mV/s. Continuous line disk current and discontinuous line ring current. B) Number of electrons
calculated for ORR using RRDE at different potentials. C) Current intensity stability of DFTAPB-TFTA-COF/GC electrode operating in O, saturated
0.1 M NaOH solution at a constant potential (—0.4 V vs. SCE). D) E, vs. RHE (orange, left columns) and Selectivity (blue, right) comparison of
DFTAPB-TFTA-COF with the most selective ORR electrocatalysts found in literature (the dotted line represents the thermodynamical equilibrium

potential).

The experiments revealed high stability of the developed
DFTAPB-TFTA-COF towards the ORR catalysis by ob-
serving negligible impact on the chemical structure, crystal-
linity and materials morphology.

DFTAPB-TFTA-COF displays enhanced properties
compared with other COF-based electrocatalysts and is even
comparable with other pyrolyzed and/or metallic catalysts
regarding potential onset, Tafel slopes, and selectivity.
Although some of these catalysts show onset potentials
slightly higher than even the thermodynamic limit (attrib-
uted to Nerst-related potential change or pH variations due
to H,0, generation),”” the difference is negligible. There-
fore, considering the purely organic nature of DFTAPB-
TFTA-COF employed without pyrolytic treatments, the
total absence of metals (mostly the precious ones), or
conductive additives, we can consider DFTAPB-TFTA-
COF as excellent electrocatalyst towards the water peroxide
generation. In addition, the defined structure apported by
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the COF platform allows to stablish structural-property
relationships,® such as the selectivity enhancement by
integration of fluorine atoms in a defined sp” skeleton as it is
demonstrated in the present work. It is worth mentioning
that DFTAPB-TFTA-COF outperforms other fluorinated
materials  including F-doped:  carbons"  carbon
nanotubes'™ or transition metal oxides.”” On the other
hand, the crystalline structure of the DFTAPB-TFTA-COF
allows the control of the electrocatalyst active sites at
atomic-level. This dramatically differs to the atomic struc-
ture found in F-doped and pyrolyzed carbons, whose
electronic pathway towards ORR varies from 2-
electrons® to 4-electrons®™ depending on the pyrolytic
treatments, the organic precursors used or the fluorine
dopant employed. (Figure 4D, Figure S37 and Tables S2 and
S3).

To further understand the different electrocatalytic
activity showed by the TAPB-TA-COF and the DFTAPB-
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TFTA-COF towards the ORR, we carried out Density
Functional Theory (DFT) calculations (see ESI for compu-
tational details). First, we computed two models (labelled as
H-COF and F-COF in Figure 5A) representing the COF
structure segment where the active sites are expected to be
located. Inspection of the computed electronic structures of
these proposed models, reveals that replacing hydrogen with
fluorine atoms significantly impacts the frontier molecular
orbitals (FMOs) energy. In this sense, HOMO and LUMO
are both stabilized (although to different extents) by the
presence of fluorine atoms in the F-COF compared to those
frontier orbitals in the hydrogenated H-COF (HOMO =
—7.79eV vs =721 eV and LUMO=-237¢eV vs —1.70 €V,
respectively, see Figure S38). Remarkably, the computed
FMOs produce a lower HOMO-LUMO gap of 5.42 eV for
the F-COF compared to this for the H-COF (5.51eV).
These results pointed out that the inclusion of F atoms
contributes not only to a stabilization of the FMOs but also
to a reduction of the HOMO-LUMO gap, which should be
translated into more accessible electronic transfers (Fig-
ure S38). This fact is further confirmed by computing the
respective adiabatic electron affinity (AEA) for each
individual model, i.e., the released energy after the capture
of one electron by a neutral COF model to form a radical
anion system. We found that F-COF shows an AEA value
of —3.5 eV which sharply contrasts with the computed AEA
value of —2.8 eV for H-COF. Due to the lower HOMO-
LUMO gap and a higher AEA value, fluorinated COF is
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Figure 5. A) Chemical structures for the computed hydrogenated (H-
COF) and fluorinated (F-COF) models representing TAPB-TA-COF and
DFTAPB-TFTA-COF, respectively. Arrows point to the considered 2e~
ORR active sites. B) Computed free energy reaction profiles for the 2e-
ORR processes mediated by H-COF (left) or F-COF (right) at three
different active sites and electrode potential of 0.70 V. C) DFT-
optimized geometries corresponding to the key *OOH intermediates
adsorbed on the models H-COF (left) or F-COF (right).
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more prone to capture an electron than the hydrogenated
analogous, which aligns with the increased ORR activity.

Interestingly, the number of exchanged electrons during
the ORR processes has been calculated using RRDE to be
~3 for the process mediated by the hydrogenated TAPB-
TA-COF and ~2 for the fluorinated DFTAPB-TFTA-COF.
Consequently, we proposed that TAPB-TA-COF reduces
O, to a nearly equivalent mixture of H,O, and H,O, whereas
DFTAPB-TFTA-COF reduces O, to H,0O, with practically
negligible formation of H,0. To get a deeper insight into
this intriguing difference in selectivity, we computationally
analysed the 2e” ORR processes mediated by the aforemen-
tioned models. To this end, we focused on the most accepted
associative mechanism, which involves two elemental steps:
(i) Initially, O, is reduced to an adsorbed *OOH intermedi-
ate (“*” represents the active site in the catalyst surface)
and (ii) further reduction of *OOH leads to the release of
H,0, (eq. 1-2).

0,(g) +* +(H" +¢7) - OOH 1

*OOH + (H +¢7) — H,0,(I) 2)

Based on previous literature, we envisioned three
plausible active sites on the catalyst surface (labelled as
active sites 1-3 in Figure 5) where the key *OOH intermedi-
ate could be formed.'**3!! The computed reaction profiles of
the 2e-ORR mediated by the models H-COF and F-COF
are represented in Figure SB (free energies have been
calculated using the computational hydrogen electrode
(CHE) model, see ESI for details).” Figure 5C depicts the
computed optimized geometries for the respective key
*OOH intermediates. Noteworthy, the adsorption energy of
*OOH intermediates has been proposed as one of the most
important activity descriptors for 2e” ORR electrochemical
processes.®” In the processes mediated by the hydrogenated
model H-COF, we ruled out active sites 1 and 2 since the
formation of intermediates *OOH is uphill and proceeds
with high activation barriers of ~0.55 eV (Figure 5B left). In
sharp contrast, when active site 3 is considered, *OOH
formation step is downhill (i.e. exothermic), with the
subsequent H,O, release now being the limiting step (barrier
of 0.13eV). On the other hand, when examining the
processes mediated by the fluorinated model F-COF (Fig-
ure 5B right), we found that the favoured pathway is the one
involving active site 1. Remarkably, the first step is now
downhill, and the subsequent H,O, release step proceeds
with a rather low activation barrier of 0.03 eV. These results
suggest that the fluorinated DFTAPB-TFTA-COF is not
only more electrochemically active (exhibiting a lower
activation barrier for a 2e-ORR) than its hydrogenated
counterpart TAPB-TA-COF, but also DFTAPB-TFTA-
COF displays increased selectivity as the limiting step in
both cases is the release of H,0O, which is favoured by the
fluorinated catalyst.

Once the active site is defined, to compare the intrinsic
activities of the electrocatalysts, turnover frequency (TOF)
was calculated at 0.5V vs RHE. As expected, DFTAPB-
TFTA-COF showed a larger TOF value of 0.0757 s™' than

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

5UBD1] SUOWILIOD BAIERID B|ea!jdde Uy A PaUBAOB 1 SBPILE VO ‘85N JO SaN. 10} ARIG T BUIIUO AB]IA UIO (SUO T IPLOD-PUE-SULBYLIOD"AB] 1M ARG [oU 1 [UO//:SAL) SUOIPUOD PUe SIS | 3U) 385 *[7Z02/20/80] UO AIIT BUIIUO A8]1 *(PepILIES 8P OLBXSIUIIN) UOSIAOI] EUOIERN SURILO0D USILRGS AQ O¥BETEZ0Z B1Ue/Z00T OT/I0p/W00 /3|1 ARJqIpuIUO//SAIY W01} papeolumod ‘Lt ‘€202 ‘ELLETZST



GDCh
~~

TAPB-TA-COF (0.0235 s™*), which is among the best results
found in the literature for metal-free and non-pyrolyzed
COF-based ORR electrocatalyst through the two-electron
pathway (see Table S2). Furthermore, experimental over-
potentials were calculated, revealing that the process is near
to the equilibrium value with overpotential values of 0.062 V
and 0.072 V for DFTAPB-TFTA-COF and TAPB-TA-COF,
respectively. The same trend was also found by the DFT-
based CHE method with calculated overpotential values of
0.03 V and 0.13 V, respectively.

Motivated by the excellent electrochemical results of
DFTAPB-TFTA-COF towards the ORR electrocatalysis
and taking advantage of the soft crystallization conditions,
we decided to test the scale-up of the reaction by comparing
the crystallinity and porosity of the different batches since
these two properties are the most prone to be affected at the
COF scaling. To address this end, we decided to carry out a
45 mg batch, a 450 mg batch, and a 1023 mg batch, which
were named respectively as small, medium, and large
batches to simplify. All the systems were reacted following
the sol-gel procedure, and the rapid gelation of the system
was observed for all the cases, as shown in Supporting
Information (video 1). Finally, the reactions were left
undisturbed 5 days at 30°C.

The obtained material quality was assessed by means of
PXRD, N, adsorption isotherm, and FTIR, see Figure 6.
PXRD confirmed that three batches are isostructural and
with similar crystallinity (Figure 6A). N, sorption isotherms
at 77 K revealed a type IV isotherm for all the materials,
hence demonstrating that mesoporous nature is retained
during the scale-up (Figure 6B). The BET areas fell in the
same range (1403, 1131, 1255 m*g ' from the small batch to
the large one, Figures S1, S39 and S40), and the pore sizes
were found around 29 A for all the materials (Figure 6C).
Finally, all the FTIR spectra remained practically identical
(Figure 6D), confirming that the COF networks display the
same chemical structure. These results suggest that, although
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Figure 6. A) Comparison of the PXRD diffractograms of the small (blue
trace), medium (pink trace) and large (black trace) DFTAPB-TFTA-COF
batches. B) N, sorption isotherms at 77 K, empty symbols stand for the
desorption branch. C) Pore sizes and D) FTIR spectra of the different
batches (blue, pink and black traces refer to small, medium and large
batch respectively). E) Photograph of the DFTAPB-TFTA-COF (large
batch) amount obtained by the non-solvothermal method.
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the COF crystallization is slightly affected by the scaling, the
materials are still presenting great crystalline and porous
features, concluding that the novel DFTAPB-TFTA-COF
passed the gram-scale production bottleneck satisfactorily
(Figure 6E).

Conclusion

In the present work, the crystallization of a highly fluori-
nated DFTAPB-TFTA-COF was reported for the first time
and its structure elucidated by PXRD and Theoretical
calculations. The effects of the introduction of the fluorine
atom in the COF skeleton were studied and compared to
the non-fluorinated TAPB-TA-COF counterpart, revealing
that the F nucleus favours the interlayers interaction arising
in more crystalline and porous structures. Both COFs were
tested as ORR electrocatalysts having significant differences
in the electronic pathway during the oxygen reduction.
Remarkably, the fluorine substitution on DFTAPB-TFTA-
COF enhance the selectivity of the electrochemical process
towards the hydrogen peroxide generation with 96 %
selectivity at near-zero overpotential. DFT-based calcula-
tions revealed that the higher electrocatalytic activity of the
fluorinated COF compared to its hydrogenated analogous
can be rationalized due to greater stabilization of the
frontier molecular orbitals, lower HOMO-LUMO gap, and
higher adiabatic electron affinity. It is also found that the
different ORR selectivity (reduction to H,O, or H,O) can
be understood with a reduction process occurring in differ-
ent active sites depending on whether the fluorinated or the
hydrogenated COF is involved. DFTAPB-TFTA-COF out-
performs other fluorine-doped pyrolysis-derived carbona-
ceous electrocatalysts and presents a comparable perform-
ance with other carbon-based active sites, including
metalized nanocarbons. The excellent electrocatalytic per-
formance, together with the advantage of the room-temper-
ature and scalable synthesis of the novel DFTAPB-TFTA-
COF points out this product as an excellent candidate to on-
demand production of H,0O, at the consumption sites,
eliminating the storage and transportation costs. We envis-
age the present work revealing valuable information about
structural-property relationships in assembling novel elec-
trocatalysts based on non-pyrolyzed and metal-free COFs.
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