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Robust Amide-Linked Fluorinated Covalent Organic
Framework for Long-Term Oxygen Reduction Reaction
Electrocatalysis

Miguel Jiménez-Duro, Emiliano Martínez-Periñán, Marcos Martínez-Fernández,
José I. Martínez, Encarnación Lorenzo,* and José L. Segura*

The high energy demand of the evolving world opens the door to develop more
sustainable and environmentally friendly energy sources. Oxygen reduction
reaction (ORR) is a promising candidate, being the 2e− pathway of great
interest for the green production of hydrogen peroxide. Metal-free covalent
organic frameworks (COFs) electrocatalysts present a suitable alternative
to substitute the noble-metals more commonly employed in this application.
However, the lability of the linkages building up the framework raises
an issue for their long-term use and application in aggressive media. Herein,
a stable amide-linked COF is reported through post-synthetic modification
of a previously reported imine-linked COF proven to be effective as an
electrocatalyst, enhancing its chemical stability and electrochemical response.
It is found that after the linkage transformation, the new electrocatalyst displays
a higher selectivity toward the H2O2 production (98.5%) and an enhanced
turnover frequency of 0.155 s−1, which is among the bests reported to date for
metal-free and COF based electrocatalysts. The results represent a promising
step forward for metal-free non pyrolyzed electrocatalysts, improving their
properties through post-synthetic linkage modification for long-term operation.

1. Introduction

In recent decades, the demand for sustainable energy and man-
ufacture has increased, primarily due to the depletion of fossil
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fuel reserves and the resulting environmen-
tal pollution.[1] To address this challenge,
the development of new and more sus-
tainable energy sources is imperative. One
promising candidate is the production of
electrical energy from the chemical energy
of abundant and environmentally friendly
compounds.[2–4] In this field, the oxygen re-
duction reaction (ORR) is highly efficient
and is found in nature. However, this pro-
cess exhibits low kinetics,[5] necessitating
the assistance of catalysts to accelerate the
reaction kinetics. These catalysts are catego-
rized based on the selectivity of the process:
(i) a 4-electron pathway reduction of O2 to
H2O, which is relevant for energy-related
applications such as metal-air batteries, and
(ii) the 2-electron pathway reduction of
O2 to H2O2 which is significant for the
clean and in situ production of hydrogen
peroxide. As for the two-electron pathway,
the elimination of storage and transporta-
tion costs makes this redox reaction a vi-
able option for the environmentally friendly

production of hydrogen peroxide, which is in high demand in
many industries such as the chemical and medical sectors.[6,7]

Even though noble-metal catalysts are the most widely used,[8,9]

their high cost and limited reserves hinder their commercial
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applications.[10] An interesting approach to address this problem
is the development of metal-free electrocatalysts[11] to overcome
these challenges, and non-pyrolyzed covalent organic frame-
works present a promising alternative for the development of
highly selective catalysts.[12]

Covalent organic frameworks (COFs) are a type of porous and
crystalline materials first described in 2005.[13] Their excellent
properties, such as porosity, crystallinity, pre-designability and
stability,[14,15] among others, make them great candidates for ap-
plications in diverse fields as gas adsorption,[16] batteries,[17] wa-
ter harvesting,[18] sensors[19] and more. Previous studies have
reported COFs as highly effective and selective metal-free/non-
pyrolyzed catalyst for both the 4-electron[20–22] and for the
2-electron pathways,[23–25] which are of interest for studying
structural-property relationships in order to improve the elec-
trocatalytic performance of novel materials. COFs are formed
through the union of molecular-building blocks (linkers) by co-
valent bonds (linkages). The most common reaction employed is
the Schiff-base condensation to yield imine-linked COFs,[26] due
to its high reversibility/stability ratio and the wide availability of
aromatic amines and aldehydes for synthesis.[27] Consequently,
most metal-free and non-pyrolyzed COF-based electrocatalysts
are constructed using this specific reaction. However, the imine-
linkage still exhibits some lability, especially in acidic and basic
media,[28] which are the typical media provided by the supporting
electrolytes for the ORR process.[29] For this reason we hypothe-
size that post-synthetic modification of the imine bond to more
robust amide linkages could improve the stability of the ORR pro-
cess and increase the lifetime of the catalyst employed.[30]

In this work, we report the post-synthetic modification of an
imine-bonded fluorinated COF (Imine-F-COF)[23] by the chemi-
cal oxidation of the imine linkages mediated with NaClO2, yield-
ing a more stable-amide bonded framework (Amide-F-COF). The
post-synthetic transformation was rationally studied, demon-
strating that the incorporation of amide functionalities into the
highly fluorinated COF enhances the robustness of the frame-
work and its electrocatalytic properties. Finally, the adsorption of
the ORR intermediates was examined using DFT calculations, re-
vealing the most probable adsorption carbon-site and the mech-
anism.

2. Results and Discussion

2.1. Synthesis and Characterization

Imine F-COF was synthesized by the Schiff base reaction
between 1,3,5-tris(2,3,5,6-tetrafluoroaniline)-benzene (DFTAPB)
and 2,3,4,6-tetrafluoroterepthaldehyde (TFTA) at room tempera-
ture in THF/TFA following a previously reported procedure.[23]

The post-synthetic oxidation of Imine-F was carried out using
NaClO2 as an oxidant and 2-methyl-2-butene in Dioxane/AcOH
at room temperature for 2 days,[31] resulting in the formation
of Amide F-COF as a white powder (see ESI for more de-
tails).(Scheme 1)

The successful transformation of the imine-linkages to the
amide bonds was monitored by Fourier transform infrared
(FTIR) spectroscopy and 13C cross-polarization magic angle spin-
ning nuclear magnetic resonance (13C-CP-MAS-NMR). On one
hand, the FTIR spectra (Figure 1A; Figure S1, Supporting Infor-

mation) showed the fading of the imine N = C stretching at 1622
cm−1 accompanied by the emergence of two amide C = O ab-
sorption bands at 1702 cm−1 and at 1652 cm−1, corresponding to
the free carbonyls and associated aromatic amide functionalities
via interlayer hydrogen-bonds.[32] This was corroborated with the
appearance of two new sorption bands at 3425 cm−1 and 3250
cm−1 corresponding to the free and associated N-H stretchings,
respectively. In addition, the C-F stretching at 1315, 990, and 673
cm−1 were retained, confirming that the fluorinated skeleton re-
mains intact after the oxidation of the linkages.[33] On the other
hand, the 13C-CP-MAS-NMR of the obtained powders (Figure 1B;
Figures S2 and S3, Supporting Information) revealed the chem-
ical transformation by observing the amide linkages, which ap-
pear downfield (≈160 ppm) with respect to the anisochronous
carbons of the imine (≈158 ppm).[31,34–38] Furthermore, the sig-
nals corresponding to the aromatic backbone remained around
150–110 ppm, confirming the selectivity of the chemical process
at the atomic scale.

The porous features were investigated through nitrogen sorp-
tion isotherms at 77 K (Figure 1C; Figures S4 and S5, Support-
ing Information), revealing type IV isotherms for both materi-
als, indicating mesoporous nature. From this data, the Brunauer-
Emmet-Teller (BET) areas were obtained, being 1270 and 286
m2 g−1 for imine-linked and amide-linked COFs, respectively.
The pore volumes decreased from 1.24 cm3 g−1 to 0.233 cm3 g−1

with the post-synthetic treatment. It is worth mentioning that
the post-synthetic modification of COFs often lead to partial
“amorphization” of some domains within the frameworks due
to the exchange of the Csp2 to Csp3 during the reaction the
amide formation. Consequently, while some pores remain crys-
talline, other regions of the network collapse, decreasing its
crystallinity.[31,34,35,37,38] Finally, the pore size distributions calcu-
lated by the non-local density functional theory (NLDFT) was also
reduced, being mainly centered at 30 Å and at 27.5 Å for the
imine-linked (Figure S8, Supporting Information) and amide-
linked (Figure S9, Supporting Information) COFs, respectively.

The crystalline nature of the obtained polymers was evidenced
through powder X-ray diffraction (PXRD). Thus, both materials
present similar diffraction patterns (Figure 1D; Figures S10 and
S11, Supporting Information), revealing that the periodicity of
the network remains unaltered after the post-synthetic modifica-
tion. Interestingly, the diffraction maxima corresponding to the
Amide F-COF appears shifted toward larger 2theta values com-
pared to those of the bare Imine F-COF. Thus, the diffraction
maxima at 2.65°, 4.68°, 5.43°, 7.23°, 9.51°, 9.88° and 24.36° cor-
respond to the imine-linked material, while those recorded at
2.83°, 4.91°, 5.63°, 7.39°, 9.69°, 10.09° and 24.71° correspond to
the amide-based COF. Additionally, an analysis of the full-with at
medium height (FWMH) of the (100) diffraction was employed
to estimate the degree of crystallinity of the materials, confirm-
ing the retention of the crystalline nature of the network after the
post-synthetic modification. Excellent FWMH values of 0.327°

and 0.373° were obtained for Imine F-COF and Amide F-COF,
respectively.[39]

Finally, the results of the simulations yield both 2D structures
with canonical hexagonal P6 symmetry, featuring lattice param-
eters a = b = 37.49 for the Imine F-COF and a = b = 37.81 Å for
Amide F-COF. Both structures exhibit preferential eclipsed (AA)
stacking configurations, typically consistent with 𝜋−𝜋 stacking
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Scheme 1. Synthesis of Amide F-COF.
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Figure 1. A) FTIR spectra. B) 13C CP/MAS-NMR spectra. C) Nitrogen sorption isotherms at 77 K. D) PXRD patterns. The inset shows a magnification
in the 4–30° range.

interlayer distances of c = 3.63 (Imine F-COF) and 3.89 Å (Amide
F-COF) as shown in Figure 2A. In the case of the Amide F-
COF, it is noteworthy to highlight a slight layer displacement
due to an interlayer hydrogen bond between the amide linkages,
which aligns well with observations from FTIR and pore size dis-
tributions (vide supra). We simulated the corresponding diffrac-
tograms based on these optimized structures (Figure 2B; Figures
S12 and S13, Supporting Information), which show excellent
agreement with the experimental evidence, thus reinforcing the
validity of the structures derived from simultaneous structure +
cell DFT geometrical optimizations. Furthermore, the results ob-
tained were corroborated by performing Pawley refinement by
using GSAS-II[40] demonstrating good correlations with the lat-
tice parameters a = b = 37.38 Å; c = 3.57 Å for Imine F-COF
(Rw = 14.767; 𝜒2 = 14.767) and a = b = 37.75 Å; c = 3.70 Å for
Amide F-COF (Rw = 11.416; 𝜒2 = 4.66) as shown in Figure S14
(Supporting Information).

The morphology of the materials was investigated through
scanning electron microscopy (SEM), revealing that the polygran-
ular composition is maintained after the post-synthetic transfor-
mation (Figure 3; Figures S15 and S16, Supporting Information).
Furthermore, energy dispersive X-ray spectroscopy (EDX) was
carried out to further study the elemental composition of the ma-
terial (Figure S17, Supporting Information) ensuring no impuri-
ties of NaClO2 remain from the oxidation process. Moreover, we
studied the suspension of the materials in a H2O/Ethanol (7/3)
mixture (0.4 mg mL−1) with an ultrasonic bath (35 kHz, 80 W)
and their subsequent drop-casting, as this protocol is widely used

for modifying glassy-carbon electrodes. The colloidal nature of
the materials was observed by the Tyndall effect. Additionally,
dynamic light scattering (DLS) showed a decrease in the hydro-
dynamic sizes of the particles, with monomodal distributions
around 716 ± 5 nm for Imine F-COF and 595 ± 12 nm for Amide
F-COF (Figure S25–S27, Supporting Information). Finally, trans-
mission electron microscopy (TEM) of the drop-casted materi-
als revealed that the particle size and morphology remain unal-
tered after the ultrasonication process, maintaining the rod-like
fibers with sizes around 80 nm that composes the agglomer-
ates (Figure 3; Figures S15 and S16, Supporting Information).
TEM-FTT was performed using ImageJ software to analyze the
observed spaces obtaining values of 1.83 nm for Imine F-COF
(Figure S18, Supporting Information) and 1.81 nm for Amide F-
COF (Figure S19, Supporting Information), which corresponds
to the (110) facers appearing at 4.8359 and 4.8879 of 2theta val-
ues, respectively (being 1.827 and 1.808 nm the Bragg’s law trans-
formed distances). It should be highlighted that the variation of
the catalyst size is an important factor to consider when com-
paring materials, as an increase in particle-size could potentially
decrease the overall-electrocatalytic performance and even the se-
lectivity of the process.[41,42]

To gain insights into the stability of both frameworks, ther-
mogravimetric analysis (TGA) under a nitrogen atmosphere
was conducted to study thermal stability, while for chemical
stability, both COFs were suspended in highly corrosive en-
vironments. On one hand, thermal stability is retained after
the post-synthetic transformation. Thus, while degradation of
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Figure 2. A) Top and side pictorial views of the DFT-optimized structures for the Imine F-COF (left) and Amide F-COF (right) crystal bulks, indicating
the resulting computed unit cells and interlayer distances, both with the preferential AA eclipsed interlayer stacking configuration. B) Experimental and
simulated diffractograms obtained from the resulting DFT-optimized structures the Imine F-COF (left) and Amide F-COF (right).

Amide-F-COF starts at 427 °C (Figure S21, Supporting Informa-
tion), degradation of Imine-F-COF (Figure S20, Supporting In-
formation) starts at 450 °C. To further investigate the thermal
stability, both COFs were placed in vacuum-sealed ampoules and
thermally treated at 300 °C for 16 h. PXRD was utilized to analyze
potential amorphization of the frameworks The obtained diffrac-
tograms demonmstrate the retention of the crystalline features
for both frameworks, consistent with the findings of Dichtel et al.
(Figures S22 and S23, Supporting Information).[43] On the other
hand, chemical stability is greatly increased for Amide F-COF, as
demonstrated by the following tests conducted in HCl 12 M and
KOH 12 M solutions, where 8 mg of each COF is suspended in
1 mL of each solution at 30 °C for 24 h. The powders were then
recovered by filtration and washed with water, THF and hexane
several times. After treatment of the powders, Imine F-COF was
completely dissolved, while Amide F-COF remained as a white
solid, recovering around 83% of the original mass. PXRD was
employed to analyze the retainment of the crystalline features,
observing four prominent maxima after exposure to HCl 12 M
indicating great resistance to the acid medium. Meanwhile, af-
ter exposure to NaOH 12 M only the (100) diffraction was ob-
served with an obvious increase of the FWMH value, indicat-

ing less resistance to the base medium (Figure S24, Supporting
Information).

Finally, ultraviolet-visible by diffuse reflectance (DR-UV–vis)
spectroscopy measurements were carried out to study the optical
bandgap of both COFs (Figure S28, Supporting Information). As
shown in Figures S29 and S30 (Supporting Information), the op-
tical band gap increased from 2.64 eV for Imine F-COF to 2.81 eV
for Amide F-COF due to the loss of conjugation, explaining the
loss of color after the post-synthetic modification. Furthermore,
the computed band structure for the Imine F-COF and Amide
F-COF crystal bulks (Figure 4) follows the k-path Γ→K→M→Γ
connecting the most representative symmetry points.

Both compounds are theoretically predicted as narrow-gap
semiconductors, with resulting band gaps of 1.63 and 2.03 eV
for the Imine F-COF and Amide F-COF, respectively, and show
a very poor band dispersion for the band-states closest to the
Fermi energy. 3D isosurfaces corresponding to the valence (VB)
and conduction (CB) for the F-COF amide system are also
shown in Figure 4. Valence bands are basically located in the
1,3,5-tris(2,3,5,6-tetrafluoro)-benzene unit, whilst the conduc-
tion band seems to be preferentially located in the 2,3,4,6-
tetrafluoroterepthaldehyde-derived unit.
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Figure 3. A) SEM micrograph of Imine F-COF with a scale of 200 nm. B) SEM micrograph of Amide F-COF with a scale of 100 nm. C) TEM micrograph
of Imine F-COF with a scale of 100 nm. D) TEM micrograph of Amide F-COF with a scale of 100 nm.

Figure 4. Calculated band structure for Imine F-COF and Amide F-COF crystal bulks. Band gap is indicated for each case. 3D isosurfaces corresponding
to the valence (VB) and conduction (CB) are shown for the Amide F-COF system.

Small 2024, 2402082 © 2024 The Author(s). Small published by Wiley-VCH GmbH2402082 (6 of 11)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202402082 by U
niversidad A

utonom
a de M

adrid, W
iley O

nline L
ibrary on [05/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 5. A) Cyclic voltammograms recorded in static regimen in O2 saturated 0.1 M KOH at 10 mV s−1. B) HLSV recorded using Pt ring/modified
GC disc electrode in O2 saturated 0.1 M KOH at 10 mV s−1 applying 1000 RPM (continuous line disc current and dash line ring current). C) Number
of electrons involved in ORR calculated from data in B. D) Current stability applying −0.4 V versus SCE. Black is the bare GC electrode; blue is Imide
F-COF/GC and orange is Amide F-COF/GC.

2.2. Electrochemical Measurements

Cyclic voltammograms at glassy carbon (GC) electrodes modified
with Imine F-COF (Imine F-COF/GC) or Amide F-COF (Amide
F-COF/GC) in the absence of oxygen do not show redox peaks
(Figure S31, Supporting Information), which agrees with the ab-
sence of electroactive moieties in the COFs structures. In a satu-
rated oxygen 0.1 M KOH solution (Figure 5A), Imine F-COF/GC,
Amide F-COF/GC and bare GC electrodes showed electrocat-
alytic activity through oxygen reduction. In the case of Imine F-
COF/GC, the oxygen reduction peak showed an onset potential
of around 25 mV before the onset for ORR of GC electrode and
in the case of Amide F-COF/GC the onset potential decrease is
around 42 mV. The current intensity also increases significantly
when Imine F-COF/GC and Amide F-COF/GC are employed
compared with bare GC, being the current increase a bit higher in
the case of Amide F-COF/GC. Electrochemical impedance spec-
troscopy (EIS) results, as can be observed in the Nyquist plot
(Figure S32, Supporting Information), agree with the results de-
scribed above, showing a significant decrease of the charge trans-
fer for ORR when Imine F-COF/GC and Amide F-COF/GC are
employed, being higher in the case of Amide F-COF/GC. Tafel
slopes obtained from CVs are showed at Figure S33 (Support-
ing Information). As can be observed, the Tafel slope decreases
when comparing Imine F-COF/GC and Amide F-COF/GC with
the GC electrode, with the slope being lower in the case of Amide

F-COF/GC. This suggests a better disposition of the Amide F-
COF material for ORR electrocatalysis. To elucidate the conduc-
tivity of COFs, EIS experiments using (Fe(CN)6

4−/Fe(CN)6
3−) as a

redox probe were conducted. The Nyquist plot (Figure S34, Sup-
porting Information) demonstrated that when COF materials are
deposited onto the GC electrode (Imine F-COF/GC and Amide F-
COF/GC), as expected, the non-conductive behavior of COF com-
pounds increases the resistance to electron transfer of the redox
probe.

Hydrodynamic linear sweep voltammetry (HLSV) using a ro-
tating Pt/CG ring-disc electrode was employed to study the
electrocatalytic behavior of the COFs materials towards ORR
(Figure 5B). The potential of the modified working electrode was
varied in order to oxidize and detect the H2O2 generated dur-
ing the ORR, while in the case of the platinum ring it was set
at +0.25 V versus SCE. As expected, HLSV showed a decrease in
the onset potential for ORR and an increase in the cathodic cur-
rent for Imine F-COF/GC and Amide F-COF/GC modified elec-
trodes compared to bare GC, indicating that both COF materials
show an improved electrocatalytic behavior to ORR, being better
for the Amide F-COF/GC electrode, as inferred from the lower
overpotential for ORR and the higher current recorded. When
the Amide F-COF/GC electrode is used, the Pt ring current is
also higher, indicating a greater amount of H2O2 being produced,
which implies a higher H2O2 yield. Calculation of H2O2 yields
showed that Amide F-COF/GC (98.5%) outperforms the reported
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Figure 6. TOF, mass activity, H2O2 selectivity and specific activity comparison between Imine F-COF and Amide F-COF with other reported metal-free
and non-pyrolized COFs.[23–25,44]

values for Imine F-COF/GC (96.3%) and is significantly supe-
rior compared to GC (78.9%). The faradaic efficiency (FERRDE)
also demonstrated the superior capacity for H2O2 production us-
ing Amide F-COF/GC (97.1%) compared to the reported values
for Imine F-COF/GC (71.1%) and GC (58.1%). These excellent
properties for H2O2 production can be explained by examining
the number of electrons exchanged during ORR (Figure 5C). The
Amide F-COF/GC electrode exchange 2.02 electrons, a value that

is very close to the theoretical 2-electron mechanism of O2 re-
duction into H2O2. This value is even closer to 2 than the previ-
ously reported for Imine F-COF/GC (2.10 electrons), indicating
a higher selectivity for the 2-electron ORR mechanism compared
to the 4-electron mechanism. Regarding the stability of both ORR
electrocatalysts (Imine F-COF/GC and Amide F-COF/GC), both
showed extraordinary results, as is observed in Figure 5D, main-
taining a high percentage of their initial current, 94.5% and

Figure 7. A) DFT-optimized geometry corresponding to the Amide F-COF representative fragment model to evaluate the 2e−-ORR, indicating the active
sites. HOMO and LUMO values and 3D-isosurfaces are also shown in the panel. B) DFT-optimized geometries corresponding to the key *OOH inter-
mediates adsorbed on the active sites of the Amide F-COF fragment mode and the calculated Bader charges. C) Computed free energy reaction profiles
for the 2e−-ORR processes mediated by the Amide F-COF at the three different active site and electrode potential of 0.70 V.
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92.4% respectively, after 24 hours of operation keeping the po-
tential at 0.5 V versus SCE. Also, good stability during successive
LSV scans (Figures S35 and S36, Supporting Information) were
obtained, keeping constant the density current values of modi-
fied Imine F-COF/GC and Amide F-COF/GC disc electrodes and
their corresponding Pt ring density current, which is clear evi-
dence of the stability during hydrogen peroxide production rate

(TabTo compare the products with other reported metal-free
and non-pyrolyzed COF-based electrocatalysts, we employed pa-
rameters such as turnover frequency (TOF), Tafel slopes, H2O2
selectivity, mass activity and specific activity (Figure 6). First, TOF
was calculated at 0.5 V versus RHE (see ESI for more details). As
expected, Amide F-COF/GC shows a higher TOF value of 0.155
s−1 than Imine F-COF/GC (0.085 s−1), which is significantly high
compared to other metal-free and non-pyrolyzed COF materials
used as ORR electrocatalyst in the literature. Amide F-COF ex-
hibits the second lowest Tafel slope and the second highest TOF
among of the reported COFs. While Br-COF yields the highest
TOF, it shows less selectivity toward the 2-electron mechanism
and H2O2 production (Figure 6)[44] than Amide F-COF and it has
stability disadvantages due to the more labile nature of the imine-
linkage. Finally, Amide F-COF displays an excellent specific activ-
ity value (0.1125 mA×m−2) which is ten times higher than for the
rest of the catalysts reported to date, while the mass activity (32.17
A×g−1) falls in the same range. (Table 1)

To further study Amide F-COF as an ORR electrocatalyst, we
have computationally investigated the 2e-−ORR process medi-
ated by the fragment model shown in Figure 7A, as represen-
tative of the Amide F-COF. The adoption of this simplistic and
reductionist model to compute the 2e−-ORR catalysis is justified
by the successful results obtained for the similar system recently
reported,[23] and by the morphological and electronic consistency
between the HOMO and LUMO isosurfaces of Figure 7A, and
those corresponding to the valence and conduction bands of
Figure 4.

This 2e−-ORR mechanism involves two elemental steps:
i) first, O2 is reduced to an adsorbed *OOH intermediate, and
ii) a subsequent reduction of the *OOH leads to the H2O2 release.
The electrode applied potential has been selected as the equilib-
rium potential of the O2 reduction to H2O2 (0.70 V). We have
detected three plausible catalytic active sites shown in Figure 7A
(labelled as active sites 1–3) where the key *OOH intermediate
could form. The optimized geometries for the three *OOH inter-
mediates are shown in Figure 7B. Figure 7C shows the computed
free energy profiles of the 2e−-ORR mediated by these three in-
termediates using the CHE model. The only intermediate in the
2e−-ORR is the *OOH species (where * refers to the active site
in the catalysts surface). The free energy of this intermediate can
be calculated as follows:[23]

Δ G∗OOH = G∗OOH + 3
2

GH2
− G∗ − 2GH2O (1)

By a careful examination of the calculated Bader charges
(Figure 7B) and the free energy of the processes (Figure 7C) me-
diated by the Amide F-COF fragment model, we determine that
active site 2 yields the most favorable pathway. For this active site,
the first step is uphill, and the H2O2 release step proceeds with
a small activation barrier of 0.05 eV at an electrode potential of Ta
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0.70 V, indicating high electrochemical activity for this particu-
lar reaction. This value is similar to that of 0.03 eV obtained for
Imine F-COF in previous literature.[23] The reaction paths result-
ing from active sites 1 and 3 exhibit much higher activation bar-
rier values (downhill in both cases) of 0.29 and 0.68 eV, respec-
tively, further indicating enhanced selectivity among different ac-
tive sites.

3. Conclusion

In summary, we have investigated the post-synthetic modifica-
tion of linkages in a fluorinated COF, transforming it into its
amide derivative, which serves as a good ORR electrocatalyst. The
impact of this linkage modification was compared to its imine
counterpart, resulting in enhanced chemical stability while pre-
serving most of the original properties of the crystalline frame-
work. Our study reveals that the linkage modification induces a
change in carbon-site adsorption within the framework, thereby
enhancing the selectivity, activity, and stability of the new catalyst.
These findings underscore the suitability of the COF platform for
developing new catalysts with high activity and long-term oper-
ability.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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