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Two low-bandgap, metal-free donor—acceptor COFs exhibit
bifunctional OER/ORR activity, with N,S-rich BTTh-TZ-COF deliver-
ing superior charge transport, abundant active sites, and enhanced
solid-state ZAB performance.

Driven by fossil fuel depletion and associated environmental
concerns, sustainable energy storage technologies such as
rechargeable metal-air batteries (MABs) have attracted atten-
tion for their high theoretical energy density and eco-friendly
nature. Here, the discharging and charging processes of the
MABs are accompanied by the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) at the same electrode via
multistep electron-transfer pathways.'® However, the ORR is
intrinsically sluggish, mainly due to complex adsorption/
desorption dynamics and a reaction pathway that involves multi-
ple oxygen-containing intermediates, e.g., OOH, O, and OH*.
State-of-the-art ORR catalysts rely on Pt-based nanomaterials, but
their high cost, scarcity, susceptibility to fuel crossover, and poor
durability have driven the development of low-cost transition-
metal alternatives for oxygen electrocatalysis and MABs.'”™
Covalent organic frameworks (COFs), a class of porous
crystalline polymers constructed from covalently linked build-
ing blocks, have recently emerged as versatile materials with a
wide range of applications.> Guided by the reticular chemistry
principles, COFs enable the construction of highly ordered
networks in which moieties are precisely incorporated at the
atomic scale. Additionally, the intrinsic physicochemical
properties of COFs can be strategically tuned to achieve
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electrocatalytic activity comparable to that of noble metals.?
In this regard, very limited reports with heteroatom incorpo-
rated COFs like porphyrin-based COFs, a cobalt-centered
COFs,” quaternary phosphonium COFs with high hydroxide
conductivity,*® and fluorinated COFs with enhanced oxygen-
transport nanochannels® are reported for high-performance
ZABs. The heteroatom incorporation optimizes charge distribu-
tion and adsorption energies, enabling electrocatalytic activity
comparable to that of conventional noble-metal-based catalysis.”
Herein, we have reported two heteroatom-containing COFs
[benzene-trithiophene (BTTh) and triazine-based BTTh-TZ-COF,
triphenyl amine (TPA) and triazine-based TPA-TZ-COF] (Fig. 1a
and b) for fabricating ZABs. The synthesis protocols of the COFs
are given in the Electronic Supplementary Information (ESI),
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Fig.1 Chemical structure of the (a) BTTh-TZ-COF and (b) TPA-TZ-COF.
(c) Powder X-ray diffraction data of the COFs. The extended stacked
structures of the (d) BTTh-TZ-COF and (e) TPA-TZ-COF, color codes:
C - steel blue, H — green, S — orange, and N — blue. Core level XPS spectra
of (f) C 1s and (g) N 1s, and (h) the BET-isotherm of the COFs.
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Scheme S1. BTTh-TZ-COF displays superior bifunctional electro-
catalytic activity with a higher ORR onset potential (0.92 V vs.
RHE) and lower OER overpotential (373 mV), and delivers higher
specific capacity, energy, and power density in solid-state ZABs
than TPA-TZ-COF.

The powder X-ray diffraction (PXRD) of the BTTh-TZ-COF and
TPA-TZ-COF (Fig. 1c) confirms high crystallinity in both the
COFs. The extended 2D COF models for both COFs, as shown
in Fig. 1d-e, were built and optimized using density functional
theory, as discussed in the SI. The XRD pattern of BTTh-TZ-COF
shows diffraction peaks at 20 = 4.8°, 8.3°% 9.5° 12.6°, and 25.8°
corresponding to the 100, 110, 200, 210, and 001 crystalline
planes, respectively, and is consistent with previous reports.®? In
our previous report, the lattice dimensions of the hexagonal 2D
BTTh-TZ-COF after Pawley refinement were reported as a = b =
21.80 A, c=3.51 A, o = f = 90°, and y = 120° with a profile residual
(R,) and weighted profile residual (Ryp,) of 3.66% and 4.96%,
respectively.’ Similarly, TPA-TZ-COF crystallizes in a 2D hexago-
nal structure and shows diffraction peaks at 4.35° 7.47°, 8.79°,
11.62°, and 24.10°, corresponding to the 100, 110, 200, 210, and
001 crystalline planes, respectively, as shown in Fig. 1c. The
lattice dimensions of the TPA-TZ-COF are estimated tobe a =5 =
22.58 A, c=3.62 A, o = § =90°, and y = 120° (Fig. S1 and Table S1
in the SI), whereas R, and Ry, are 3.83% and 5.21%.

The elemental analysis of the COFs through XPS spectra reveals
the presence of C, N, and S in BTTh-TZ-COF, and C and N in TPA-
TZ-COF, as depicted in Fig. S2. As shown in Fig. 1f, the C 1s core
level XPS spectra of BTTh-TZ-COF are fitted into four distinct peaks
at 288.6, 286.3, 284.3, and 283.1 eV, attributed to C—=N (imine),
C—N (triazine), C—=C (aromatic), and C-S-C bonds, respectively.
The C 1s spectra of TPA-TZ-COF show three peaks at 284.5, 286.2,
and 288.5 eV, corresponding to C—C (aromatic), N—C (triazine),
and N=—C (imine) carbon, respectively. The N 1s spectra of BTTh-
TZ-COF are fitted into two peaks at 398.5 and 400.1 eV, corres-
ponding to triazine N—C and imine N—C, respectively. Similarly,
the N 1s spectra of TPA-TZ-COF show three fitted peaks of N—C
(triazine), N—C (imine), and amine N at 398.6, 399.8, and 400.5 eV,
respectively, as shown in Fig. 1g. Additionally, the S 2p spectra of
BTTh-TZ-COF are fitted at 163.7 and 165.4 eV, corresponding to
2ps/» and 2py,,, as depicted in Fig. S3.

The Brunauer-Emmett-Teller (BET) surface areas of BTTh-TZ-
COF and TPA-TZ-COF, measured through N, adsorption-
desorption isotherms at 77 K, are estimated as 820 m> g~ ' and
1136 m* g, respectively. BITh-TZ-COF exhibits a predominant
type-I isotherm with a clear Hil-type desorption hysteresis,
whereas TPA-TZ-COF discloses a type-I isotherm with a sharp
capillary N, uptake at low relative pressure (P/P, < 0.04) and
gradual high-pressure adsorption, indicating coexisting micro-
pores and mesopores arising from interparticle voids in the
COFs.'>" The pore size distribution study shows the existence
of 1D microporous channels within the 2D COF framework due
to the m—m stacked layers, as shown in Fig. 1d and e. The total
pore volumes and average pore sizes are calculated to be 0.25
cm?® g7' and 1.17 nm for BTTh-TZ-COF, and 1.18 nm for TPA-TZ-
COF, with stretching up to 2 nm, well aligned with the theoretical
pore sizes of 1.75 nm in BTTh-TZ-COF and 1.94 nm in TPA-TZ-
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COF (Fig. 1d, e and Fig. S4 and Table S2), estimated from DFT-
optimized structural models. The SEM study of BTTh-TZ-COF
(Fig. S5) reveals a spherical aggregated morphology, whereas
TPA-TZ-COF divulges the self-assembled aggregated structures.
The substantial n-n stacking between the COF layers provides
the highly aggregated morphologies in both cases. In the FT-IR
spectra of BITh-TZ-COF and TPA-TZ-COF, as shown in Fig. S6a
and b, the characteristic C—=O stretching frequencies at 1665
cm ' and 1680 cm ™! attributed to the corresponding aldehyde
precursors have disappeared in BTTh-TZ-COF and TPA-TZ-COF,
respectively. The disappearance of the N-H stretching bands and
the appearance of C—=N stretching peaks at ~1581 and ~ 1588
cm ' confirm complete precursor consumption and successful
formation of imine-linked COF networks.

The solid-state UV-visible spectra (Fig. S7a) demonstrate BTTh-
TZ-COF with a strong absorption at 468 nm with a broad NIR tail,
while TPA-TZ-COF reveals a maximum at 394 nm with a shoulder
at 472 nm, attributed to n-n* and n-n* transitions and donor-
acceptor charge transfer within the frameworks.'? The broader
and more extended tail in BTTh-TZ-COF denotes the better donor—
acceptor property in the BTTh-based donor than that of the TPA-
based donor to the TZ-based acceptors in the framework. BTTh-
TZ-COF exhibits a lower optical band gap (2.04 eV) than TPA-TZ-
COF (2.31 eV) (Fig. S7b), consistent with the cyclic voltammetry
(CV)-derived bandgap trend (Fig. S8, SI), indicating enhanced
suitability of BTTh-TZ-COF for optoelectronic, electrical, and
electrochemical applications. The HOMO and LUMO positions
for BITh-TZ-COF and TPA-TZ-COF are calculated to be —5.07 and
—5.14 eV (HOMO) and —2.92 and —2.90 eV (LUMO), respectively.

Cyclic voltammograms of BTTh-TZ-COF and TPA-TZ-COF
exhibit reduction peaks at 0.81 V and 0.78 V, respectively, in
O,-saturated 0.1 M KOH electrolyte (Fig. S9), confirming that
the ORR on BTTh-TZ-COF is more thermodynamically favour-
able, as it occurs at a more positive potential."® Cathodic linear
sweep voltammetry (CLSV) curves, as depicted in Fig. 2a, dis-
close a promising onset potential (Eopsec) Of 0.92 V and a half-
wave potential (E;,,) of 0.82 V for BTTh-TZ-COF. These values
are much higher than those of the TPA-TZ-COF-based electrode
(Eonset = 0.83 V and E;, = 0.77 V, Fig. 2b). Even the limiting
current density of BTTh-TZ-COF (5.43 mA cm ™) is higher than
that of TPA-TZ-COF (4.56 mA cm ™ ?). Interestingly, the metal-
free BTTh-TZ-COF reveals comparable ORR performance to a
commercial 20% Pt/C catalyst (Eopsec = 1.01 'V, Ey, = 0.90 V, and
JL =5.73 mA cm ). Fig. 2a shows that, unlike Pt/C with a clear
diffusion-limited plateau from fast 4~ ORR and high conduc-
tivity, BTTh-TZ-COF and TPA-TZ-COF exhibit continuously ris-
ing currents due to slower metal-free ORR kinetics and lower
conductivity, indicating kinetic or mixed-control behaviour.
Furthermore, the prepared BTTh-TZ-COF catalyst is more effi-
cient in ORR activity than previously reported metal-free COF-
based electrocatalysts, as depicted in Fig. 2b and Table S3. As
shown in Fig. 2¢, the BTTh-TZ-COF exhibits a lower Tafel slope
(96 mV dec ') than the TPA-TZ-COF (124 mV dec ') and is
comparable to Pt/C (87 mV dec™ '), indicating enhanced ORR
kinetics in the BTTh-TZ-COF."* Consequently, the low Tafel
slope of BTTh-TZ-COF also indicates a low oxygen coverage and

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) CLSV curves of different COFs and commercial Pt/C studied in
O,-saturated 0.1 M KOH solution at 1600 rpm. (b) Comparison plot of ORR
metrics of the designed catalysts along with reported COF-based catalysts.
(c) Tafel plots of catalysts interpreted from the CLSV curves at 1600 rpm.
(d) Kinetic current density (Ji) of both the COFs. (e) Chronoamperometric
stability test of BTTh-TZ-COF during the ORR. (f) ALSV curves and (g)
corresponding Tafel plots of COFs and commercial catalyst in 1 M KOH. (h)
ECSA and roughness factor (Ry) of both the COFs.

faster oxygen dissociation rate on the surface of BITh-TZ-COF
during ORR activity."> On the other hand, the kinetic current
density (/x) of BTTh-TZ-COF is 8.69 times higher than the jx value
of TPA-TZ-COF (Fig. 2d), implying the higher intrinsic ORR
activity. The calculated number of transferred electrons during
the ORR at 0.56 V using the Koutecky-Levich (K-L) equation is 3.24
and 2.89 for BTTh-TZ-COF and TPA-TZ-COF, respectively (Fig.
S10a-c). These results indicate a more efficient dissociative path-
way in BTTh-TZ-COF than in TPA-TZ-COF. Again, the BITh-TZ-
COF divulges high catalytic stability as it retains 73% relative
current density even after 25 h (Fig. 2e). Anodic linear sweep
voltammetry (ALSV) curves in Fig. 2f reveal that the BTTh-TZ-COF
and TPA-TZ-COF require 52 mV and 90 mV more overpotential
than that of commercial RuO, (321 mV). The corresponding Tafel
slopes (BTTh-TZ-COF: 96 mV dec™ ', TPA-TZ-COF: 111 mV dec *,
and RuO,: 102 mV dec’l) confirm the better charge transfer over
the electrocatalytic interface in BTTh-TZ-COF catalysts with
enhanced OER kinetics (Fig. 2g). Again, the better catalytic per-
formance of BTTh-TZ-COF is attributed to its higher ECSA of
47.1 cm” and higher R¢ of 73.59 than that of TPA-TZ-COF (ECSA:
37.6 cm?, Rg: 58.85), as shown in Fig. S11 and Fig. 2h. The ECSA
normalized LSV curves in Fig. S12 disclosed quite similar current
density in BITh-TZ-COF compared to TPA-TZ-COF, indicating that
the enhanced catalytic activity of BTTh-TZ-COF primarily origi-
nated from the higher active site. Moreover, the post-OER XPS
analysis of BTTh-TZ-COF and TPA-TZ-COF, as shown in Fig. S13,
indicates that the C1s, N1s, and S2p spectra of both COFs remain
largely unchanged compared to the pristine samples, indicating
preservation of chemical environments and negligible structural
reconstruction. The appearance of a broad peak around 292 eV in
the C 1s spectra was attributed to the presence of -CF,- in the
sample, as Nafion was used as a binder.
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The theoretical study based on the DFT method provides detailed
information about the OER and ORR mechanisms for BITh-TZ-COF
and TPA-TZ-COF (Fig. 3a, b and Table S4 and Fig. S14-518).

The rate-determining step for the OER is the *O to *OOH
conversion, as it is the highest energy barrier for both BTTh-TZ-
COF and TPA-TZ-COF. The overall lower energy reaction path-
way for BTTh-TZ-COF makes BTTh-TZ-COF a more favourable
catalyst for the OER and ORR than TPA-TZ-COF (Fig. 3a and b).
The higher efficiency of BTTh-TZ-COF towards the OER and
ORR is due to the favourable adsorption of different species
(Tables S4 and S5). DFT analysis indicates that OH adsorption
during the OER is dominated by the C1 site in BTTh-TZ-COF,
while the C4 site is most active in TPA-TZ-COF (Fig. S14). The
adsorption energies for OH™ are 1.74 eV and 2.26 eV in BTTh-
TZ-COF and TPA-TZ-COF, respectively. Although the energy
barrier of *O to *OOH for BTTh-TZ-COF (2.79 eV) is higher
than that of TPA-TZ-COF (2.51 eV), the presence of much higher
density of active sites in BTTh-TZ-COF (6 and 3 active sites per
unit in BTTh-TZ-COF and TPA-TZ-COF, respectively, Table S5)
compensates for the higher barrier, resulting in a lower over-
potential and better overall efficiency. Thus, the presence of S-
containing donors in BTTh-TZ-COF, along with the N-
containing moieties, generates better adsorption and higher
active site density in the BTTh-TZ-COF framework than in the
only N-containing TPA-TZ-COF. Again, the 4-electron transfer
process is more favourable than the 2-electron process for the
ORR of both COFs, consistent with our experimental data.

To meet the growing demand for energy, we fabricated a
solid-state ZAB with COF on a Ni-foam air cathode, a Zn-plate
anode, and a PVA-KOH-Zn(CH;COO), gel electrolyte.'® The
single-cell OCV values are 1.13 V for BTTh-TZ-COF and 1.07 V
for TPA-TZ-COF (Fig. 4a). The BTTh-TZ-COF-based ZAB delivers a
higher areal power density of 26.36 mW cm ™ at 28.15 mA cm >
compared to 25.02 mW cm™ 2 at 15.57 mA cm™ > for TPA-TZ-COF
(Fig. 4b), indicating superior charge transfer on the electrode
surface of BTTh-TZ-COF during discharging. The significant
discharge activity in the solid-state device primarily stems from
the systematically enhanced ORR activity of BTTh-TZ-COF.

BTTh-TZ-COF and TPA-TZ-COF-based solid-state ZABs exhi-
bit specific capacities of 23.84 and 21.38 mAh, respectively, at
2 mA ecm~? (Fig. 4c). Both ZABs show stable cycling over 30 h
(Fig. 4d), with BTTh-TZ-COF achieving a higher round-trip
efficiency (64%) than TPA-TZ-COF (60%) (Fig. 4e). EIS results

(a) (b)
- --- BTTh-TZ-COF-|
—— TPA-TZ-COF 0|

—— BTTh-TZ-COF
—— TPA-TZ-COF | -
2¢ (ORR)
---- 4¢ (ORR)

Free Energy (V)
= >

N
Free Energy (V)

OH OH' o OOH’ 0, o, 0, ooH ©OOH/O OH = OH

Fig. 3 Energy profile for the (a) OER and (b) ORR, on BTTh-TZ-COF and
TPA-TZ-COF using the PBE exchange-correlation functional. U is the
applied bias for the OER.
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Fig. 4 (a) OCV of COF-based ZABs and schematic of a solid-state
rechargeable ZAB. (c) Specific capacity at 2 mA cm™2. (d) Long-term
cycling stability. (e) Charge—discharge profiles for round-trip efficiency.
(f) Nyquist plots. (g) Spider chart comparing BTTh-TZ-COF and TPA-TZ-
COF performance. (h) Lighting a green LED with two ZABs in series.

(Fig. 4f) confirm low charge transfer resistance (Rcr) for both
COFs; in particular, the Rer of BTTh-TZ-COF is lower than that
of TPA-TZ-COF. The spider chart (Fig. 4g) compares the overall
electrochemical performances of BTTh-TZ-COF and TPA-TZ-
COF, revealing better oxygen electrocatalysis in BTTh-TZ-COF.
Two BTTh-TZ-COF containing ZABs connected in series can
light up a green LED bulb (Fig. 4h), signifying the practical
demonstration of the BTTh-TZ-COF-based ZAB. Moreover, the
battery performances of our COF-based ZABs are compared
with those of previously reported COF-based ZABs in Table S6.

In summary, two low-bandgap, metal-free, donor-acceptor
porous COFs are prepared to compare their bifunctional OER
and ORR electrocatalytic activities. The S-containing BTTh-TZ-
COF exhibits better donor-acceptor properties, a lower band-
gap, improved transport properties, higher ECSA, and more
active sites, surpassing the OER or ORR activity of TPA-TZ-COF.
DFT calculations also demonstrate a lower reaction energy
barrier for bifunctional electrocatalysis in BTTh-TZ-COF.
Furthermore, the solid-state ZAB constructed with BTTh-TZ-
COF as the air cathode exhibits higher specific capacity, energy,
and power densities than BTTh-TZ-COF. This work offers new
insights into the design of catalytic donor-acceptor COFs for
advanced energy storage and conversion applications.
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