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ABSTRACT: Covalent organic frameworks (COFs) with a two-dimensional (2D) topology have recently emerged as promising
catalyst systems for the electrosynthesis of hydrogen peroxide (H2O2) from oxygen (O2). However, designing 2D catalysts to achieve
higher H2O2 selectivity presents a significant challenge because of the extensive layer stacking and the aggregated active sites located
in the basal planes. It results in lower atom utilization, which requires attention. In this study, we present two functionally similar
COFs: one with a 2D rhombus topology (2D@BT_TPA-COF) and another with a three-dimensional (3D) noninterpenetrated pts
topology (3D@BT_TPA-COF). Both COFs were utilized for the 2e− oxygen reduction reaction (2e− ORR). Tunning the
dimensionality from 2D to 3D resulted in an increase in H2O2 selectivity from approximately ∼56% to approximately ∼96% (at 0.4
V) and a rise in the turnover frequency (TOF) from 0.05 to 0.08 s−1 at 0.3 V. Nonaggregated active site distribution over 3D
topology, featuring higher active site exposure, provides better access to the O2/electrolyte and facilitates electron transfer leading to
higher 2e− ORR activity and selectivity compared to the 2D counterpart.

■ INTRODUCTION
Covalent organic frameworks (COFs) stand out as highly
stable candidates in reticular chemistry, owing to their robust
covalent bond-based connectivity.1−6 Through a strategic
selection of size, shape, and synthetic building units (SBUs),
COFs exhibit a diverse range of topo structures, including both
two-dimensional and three-dimensional configurations, offer-
ing a plethora of functionalities.7−10 These structures find wide
applications in various fields such as gas uptake,11−14

catalysis,15−21 energy storage22−24 and conversion,25,26 and
chemo-sensing.27 In recent trends, COFs have emerged as
promising electrocatalysts for a range of electrochemical
conversions, including the oxygen evolution reaction
(OER),28−30 oxygen reduction reaction (ORR),31−33 carbon
dioxide reduction reaction (CO2RR),34,35 nitrogen reduction
reaction (NRR)36 among others. The electrosynthesis of H2O2
through the selective 2e− ORR is particularly interesting.

The electrochemical production of H2O2 offers an environ-
mentally friendly approach with reduced production costs and
waste generation, alongside easy separation processes

compared to conventional methods such as the anthraquinone
process. However, developing efficient electrocatalysts for
H2O2 production poses challenges, primarily due to the
competitive four-electron (4e−) ORR, which limits peroxide
selectivity.37 While noble metal-based alloys (Au−Pt, Ag−Hg,
Pt−Hg, etc.)38 have demonstrated high efficiency in H2O2
electrosynthesis, their cost, scarcity, and long-term corrosion
drawbacks hinder widespread industrial adoption. To address
these challenges, a metal-site isolation strategy has been
proposed to enhance peroxide production with minimal metal
usage.39 Various metal-free catalyst systems have been
synthesized using techniques such as surface oxidation,
heteroatom doping, and defect introduction to achieve higher
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efficiency and selectivity.40,41 However, these methods often
lack designability, suffer from uncontrolled heteroatom
installation, and exhibit lower atom utilizations. In this context,
COFs offer a unique advantage with their precise designability
via covalent bonds, enabling the accurate control of the edge-
to-bulk heteroatom ratio by incorporating heterocyclic
building units. Their higher crystallinity, interconnected
porous structures, and chemical robustness make them ideal
for establishing a three-phase interface (solid−liquid−gas) near
the electrode area. While two-dimensional COFs are
commonly reported as excellent electrocatalysts due to their
facile charge/carrier transport compared to three-dimensional
COFs, van der Waals (VdW) stacking hinders the exposure of
base-plane-hosted atoms present in the 2D COF backbone.
Recent studies by Hu et al. have shown that the edge atom-rich
one-dimensional (1D) COFs exhibit better 2e− ORR perform-
ance than extended 2D COFs.42 In current trends, the
synthesis of 3D COFs with various topologies has gained a
broad scientific interest in the scientific community.43

Employing 3D topology COFs has shown promise in
overcoming limited atom utilization challenges, as reported
by Jiang and colleagues in CO2RR studies.44 Herein, we
demonstrate how the dimensionality of the COFs can
influence their electrocatalytic activity. Specifically, we
synthesized two chemically similar COFs (3D@BT_TPA-
COF and 2D@BT_TPA-COF), featuring 3D periodic and 2D
periodic topology, respectively. Both COFs were employed for
2e− ORR electrocatalysis, revealing that the reticular
modulation from 2D to 3D noninterpenetrated structures led
to improved activity and selectivity for electrochemical H2O2
production. The noninterpenetrated 3D lattice provided higher
exposure of active sites to electrolytes, provided a broader
diffusion path for O2 gas molecules, and resulted in higher
peroxide production efficiency with improved selectivity.

■ MATERIALS AND METHODS
Synthesis of 3D@BT_TPA-COF. An 1,2 dichlorobenzene

(o-DCB)/n-butanol (4/1 by vol.; 0.5 mL) mixture of BT_TPA
(0.025 mmol, 18.2 mg), TAPM (0.025 mmol, 9.5 mg),
Sc(OTf)3 (∼0.5 mg, 0.04 equiv) in a glass ampule (2 mL) was
degassed by three freeze−pump−thaw cycles. After that, the
ampule was sealed off and heated to 100 °C for 5 days. Then
the oven was cooled to room temperature at a constant cooling
rate of 0.1 °C. The precipitates were collected by
centrifugation and then washed with methanol and acetone
(3 × 100 mL) until the colorless eluent was obtained. Then,
the wet powder was transferred to the Soxhlet chamber for an
extensive wash with methanol and THF for 2 days.
Synthesis of 2D@BT_TPA-COF. An o-DCB/Ethanol/

AcOH (8 M) (4/1/1 by vol; 0.6 mL) mixture of BT_TPA
(0.025 mmol, 18.2 mg) and PDA (0.025 mmol, 5.2 mg) in a
glass ampule (2 mL) was degassed by three freeze−pump−
thaw cycles. After that, the ampule was sealed off and heated to
95 °C for 4 days. Then the oven was cooled to room
temperature and kept for 1 day. The precipitates were collected
by centrifugation and then washed with methanol, THF, and
acetone (3 × 100 mL) until the colorless eluent was obtained.
Then, the wet powder was transferred to the Soxhlet chamber
for an extensive wash with THF for 6 h. The sample was
activated using hexane.
Material Characterization. Electron microscopy analyses

were carried out in an FEI XFEG Titan operated at 300 kV.
The column was equipped with a CEOS spherical aberration

corrector for the electron probe, which was aligned before the
experiments using a gold standard sample. The microscope was
also fitted with an Oxford EDS detector and a Gatan Tridiem
Energy Filter (GIF) for chemical analysis. The samples were
prepared by dispersing the fine powders in absolute ethanol,
and a few drops of the suspension were placed onto lacey
carbon copper microgrids. Fourier transform infrared (FTIR)
spectra were recorded on Spectrum One in the spectral range
of 500−4000 cm−1 using the KBr disk method. The
Brunauer−Emmett−Teller (BET) specific surface areas were
calculated from the N2 adsorption/desorption isotherm at 77
K (Autosorb-IQ-MP, USA) and the pore size distributions
were calculated from density functional theory. Before analysis,
the sample was degassed at 120 °C for 6 h. Solid-state 13C
cross-polarization magic angle spinning NMR (CP/MAS
NMR) spectra were recorded at 400 MHz with an Advance
III Bruker Corporation instrument. The XPS data were
collected on a lab-based ambient pressure X-ray photoelectron
spectrometer at the Center for Functional Nanomaterials at
Brookhaven National Laboratory, Upton, NY. The instrument
uses monochromated, focused Al K-alpha photons (1486.7
eV) and has a PHIOBOS 150 NAP hemispherical analyzer and
2D-delay line detector.45 The spectra were collected under the
pressure of argon gas to minimize the charging effects of the
insulating samples. Binding energies were corrected for
adventitious carbon (285.0 eV). The Powder X-ray diffraction
(PXRD) data were collected on a PANalytical B.V. Empyrean
powder diffractometer using a Cu Kα source (λ = 1.5418 Å)
over the range 2θ = 2.0−40.0° with a step size of 0.02° and 2 s
per step.
Electrochemical Measurements. The electrochemical

oxygen reduction reaction (ORR) experiment of the COF
catalysts (3D@BT_TPA-COF and 2D@BT_TPA-COF) was
performed using a standard three-electrode system using a
CHI 760E electrochemical workstation (CH Instruments,
USA). Graphite rod was used as the counter electrode (CE)
and the Ag/AgCl electrode (3 M KCl solution) was used as
the reference electrode (RE). Catalyst was cast on a rotating
ring disk electrode (RRDE, PINE Research Instrumentation,
USA). All the potentials (V) were calibrated and converted to
the reversible hydrogen electrode (RHE) using E (vs RHE) =
E (vs Ag/AgCl) + 0.196 V + 0.059 × pH-iR. Before each
measurement, the cleanness of the blank GC was first checked
by scanning the CV at a scan rate of 50 mV s−1. The current
should only exhibit the shape of capacitance with a current
density less than an order of magnitude below 10−7 A. Before
casting the catalyst, the RRDE electrode was carefully polished
with the alumina slurry (1 and 0.3 μm, respectively) and
washed with water and ethanol. The ink was prepared as
follows. At first, COFs (2 mg) were dispersed into the mixture
of 980 μL of ethanol and 20 μL of Nafion solution (5 wt %)
and sonicated for at least 45 min; 10 μL of the homogeneous
ink was pipetted onto the RRDE electrode and dried at room
temperature to generate a catalyst loading of ∼0.1 mg cm−2.
The electrolytic cell was filled with 0.1 M potassium hydroxide
(KOH) electrolyte, presaturated with oxygen (O2) by constant
purging for at least half an hour. First, several circles of CVs
(50 mV/s) were recorded until the curve was stable to get rid
of the possible contaminant on the surface. The Pt ring was
electrochemically cleaned from 0.6 to 0 V for 50 cycles at a
scan rate of 300 mV s−1. All of the electrochemical
measurements were performed in an O2-presaturated 0.1 M
KOH solution. To detect the produced H2O2, a fixed potential
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of 1.2 V vs RHE was set to the Pt ring electrode during the
linear sweep voltammetry (LSV). LSV curves were collected at
a scan rate of 10 mV s−1.

The H2O2 selectivity and electron transfer number were
calculated from the disk current and ring current results based
on the following equations.

i N
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H O (%) 200
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where idisk and iring are the disk and ring current, respectively,
and N is the collection efficiency. Tafel slopes were calculated
based on the Tafel equation

b j jlog( / )0= (3)

where η is the overpotential, b is the Tafel slope, j is the current
density, j0 is the exchange current density. Electrochemical
impedance spectroscopy (EIS) analysis was performed at open
circuit potential (OCP) vs RHE with an oscillation amplitude
of 5.0 mV and a frequency range from 0.1 to 106 Hz.

The diffusion of hydroxide ion (DOH
d

−
) was calculated by the

following equation46

D R T
A n F C2OH

2 2

2 4 4 2 2=
(4)

where R = gas constant (8.314 J K−1 mol−1), T is the room
temperature (298 K), A is the geometrical surface area of the
GC electrode (0.196 cm2), n is the number of electrons, F is
the Faraday constant (96,485C mol−1), and C is the
concentration of OH− (0.1 M). According to Z′ = Rs + Rct
+ σω−1/2 where ω is the angular frequency. σ can be
determined from the slope of Z′ vs ω−1/2 plot.
H-Cell Setup. Bulk electrosynthesis of H2O2 in 0.1 M KOH

was carried out in a customized H-Cell electrolyzer with Toray
carbon paper (1.5 × 1.5 cm2) as the working electrode, Nickel
foam as the counter electrode, and Ag/AgCl (saturated KCl)
as the reference electrode. The LSV polarization curve of the
samples was recorded at the scan rate of 50 mV s−1 in O2-
saturated electrolytes in the H-cell system. The anode and
cathode chambers were separated by a Fumasep FAA-3-PK-
130 anion exchange membrane (Fuel Cell Store). Typically,
100 μL of the catalyst ink was drop-cast on the surface (the
loading density ∼0.1 mg cm−2). After electrocatalysis, MgSO4
was added to the electrolyte to suppress decomposition.

The amount of H2O2 was quantitatively estimated by a
colorimetric titration method

2Ce (Yellow) H O

2Ce (Colorless) 2H O

4
2 2

3
2

+
+ +

+

+ + (5)

Before the ORR electrolysis started, The H2O2 concen-
tration-absorbance (λmax = 316 nm) curve was plotted by linear
fitting of the absorbance values at wavelength length of 316 nm
for various known concentrations of Ce4+ (up to 0.5 mM).
Then, the appropriate amount of the electrolyte from the
working electrode compartment was added to 4 mL of 0.5 mM
Ce4+ stock solution and the absorbance at 316 nm was
measured after standing for 2 h to determine the Ce4+

concentration. Based on the linear relationship between the

absorbance (316 nm) and Ce4+ concentration, the molar
amounts of consumed Ce4+ after the reaction could be
calculated. The amounts of H2O2 produced can be estimated
as half of the molar amounts of Ce4+ consumed. The Faradaic
efficiency (FE) for H2O2 generation in the H-cell was
calculated as follows

CVF
Q

FE(%) 2= ×
(6)

where F is the Faraday constant (96,485C mol−1), C is the
concentration of H2O2, V is the volume of electrolyte, and Q is
the total charge during the ORR.

The Mott−Schottky plot was recorded within the potential
range of −0.4−+1.2 V vs RHE at the AC frequency range
between 1000 and 2000 Hz and an amplitude of 5 mV in Ar-
saturated 0.1 M KOH. The carrier concentrations can be
calculated by the slope derived from the Mott−Schottky plot.

A e N
Slope

2

0
2

0 D
=

(7)

where ε is the dielectric constant, ε0 represents the vacuum
permittivity, e0 is the electronic charge, and A is the BET
surface area of the COFs.

The turnover frequency (TOF) was calculated using the
following equation

J A
F N

TOF
4

= ×
× × (8)

where j (A/cm2) is the current density at a given overpotential,
A is the geometric surface area of the ring electrode area, F is
the Faraday constant, and n (mol) is the molar amount of
Sulfur (S) (present in COFs) loaded on the GC electrode,
which was calculated based on elemental analysis. All the S
atoms were assumed to be active for 2e− ORR and that is why
the TOF value represents the lower limit values.
Crystal Structure Modeling. Structural modeling of 3D@

BT_TPA-COF and 2D@BT_TPA-COF was built using the
Materials Studio program (version 2017) employing the
Visualizer module. Various nets are referenced from the
RCSR database (Reticular Chemistry Structure Resource,
http://www.rcsr.net). Unit cell dimensions were set to the
theoretical parameters. The lattice model was geometrically
optimized by using a force-field-based method (Forcite).
Pawley refinement was done using the Reflex tool, a software
package for crystal determination from experimental XRD
patterns. Optimization of the lattice parameters was carried out
iteratively until the convergent Rwp value and the overlay of the
observed with refined profiles showed well-fitting considering
asymmetric corrections, broadening parameters from crystallite
size and lattice strain.

Based on the geometry of the building units and connection
pattern, 3D@BT_TPA-COF, all the reasonable topologies
(RCSR database) were built (pts, ptt, pth, pti, pds, fgl etc.). The
lattice models (e.g., cell parameters, atomic positions, and total
energies) were then fully optimized by using the Forcite
method. Each structure was subjected to Pawley refinement by
experimental PXRD.
Computational Electrochemistry. In this work, the

density functional theory was performed with the DMol3
package to examine the active sites and ORR performance.47

The Perdew, Burke, and Ernzerhof (PBE) functional with
generalized gradient approximation (GGA) method was used
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to describe exchange−correlation interactions between elec-
trons.48 The dispersion interactions were treated by the
Grimme scheme.49 The double numerical plus polarization
(DNP) basis sets were adopted with a global orbital cutoff of
4.5 Å. The energy and force convergences were set as 10 ×
10−5 Ha and 0.002 Ha/Å, respectively. To simulate the solvent
environment, the conductor-like screening model (COSMO)
was done with a dielectric constant of 78.54.50

For the structural models, we initially optimized the periodic
structure models, as depicted in experimental simulations
(Figure S25). Due to the large cell parameters (2D: a = 29.57
Å, b = 44.8 Å, c = 9.55 Å; 3D: a = 17.93 Å, b = 18.04 Å, c =
55.11 Å), the Monkhorst−Pack method with a gamma point
was used to sample reciprocal space.51 Subsequently, we
extracted the benzothiadiazole segment along with its
surrounding environment using our computational molecular
model. During this process, the outermost benzene rings and
connected nitrogen atoms were fixed to maintain the structural
integrity. To get the free energy diagram, the Gibbs free energy
is calculated by

G E T SZPE= + (9)

where ΔE is the electronic energy difference between two
catalytic intermediates. ΔZPE and ΔS are zero-point energy
differences and entropy differences obtained from frequency
calculations. The T presents a temperature set at 298.15 K
(room temperature).

■ RESULTS AND DISCUSSION
3D@BT_TPA-COF was synthesized from solvothermal imine
condensation between tetrakis(4-aminophenyl)methane
(TAM) and BT_TPA in a stoichiometric ratio of 1:1 (Figure
1b). Higher crystallinity for the noninterpenetrated 3D@
BT_TPA-COF structure was achieved in the o-DCB/n-
butanol/Sc(OTf)3 (4:1 and 0.04 equiv) mixture at 100 °C
for 5 days (yield: ∼71%; Table S1, Figure S1). The 2D
framework (2D@BT_TPA-COF) was synthesized from the
condensation between p-phenylenediamine (PDA) and
BT_TPA in a stoichiometric ratio of 2:1 in the o-DCB/
ethanol/AcOH (8 M) AcOH (4:1:1) mixture at 95 °C for 4
days (yield: ∼75%; Table S3, Figure S4). The Fourier-
transform infrared (FT-IR) spectroscopy and solid-state 13C
nuclear magnetic resonance (13C CP/MAS NMR) spectros-
copy were carried out to elucidate the functional information
about the frameworks. FT-IR spectra of 3D@BT_TPA-COF
and 2D@BT_TPA-COF showed the characteristic C�N
stretching vibration at 1618 cm−1 and 1627 cm−1 respectively
(Figure S6). The C�O stretching (1691 cm−1) in the
aldehyde monomer (BT_TPA) and −NH stretching in the
amine monomers were significantly decreased in the resulting
COFs. 13C CP/MAS NMR spectra of 3D@BT-TPA-COF and
2D@BT-TPA-COF showed a peak around ∼152.2 and 152.9
ppm, respectively, which can be assigned for C�N functional
groups (Figure 2a,b). X-ray photoelectron spectroscopy (XPS)
was carried out to obtain more energetic information (different
types of carbon, nitrogen, and sulfur) on 3D@BT_TPA-COF
and 2D@BT_TPA-COF. N 1s XPS from each COF showed

Figure 1. (a) Illustration of dimensional tunning and principle for designing 3D COF-based electrocatalyst system; (b) synthetic scheme for 2D@
BT_TPA-COF and 3D@BT_TPA-COF sharing a common redox active building unit, BT_TPA.
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three kinds of nitrogen from the triphenylamine, 2,1,3-
benzothiadiazole (BTD) cores, and the imine functional
regions (Figures S7, S8). Powder X-ray diffraction (PXRD)
patterns of 3D@BT_TPA-COF and 2D@BT_TPA-COF
exhibited amounts of diffraction peaks between 2F0E8 = 2 −
40F0B0 which indicates their crystalline nature. 3D@
BT_TPA-COF showed the first reflection peak at 2θ =
5.3F0B0 and 2D@BT_TPA-COF showed at 2θ = 3.8F0B0.
The lattice structures of both COFs were determined by
comparing the experimental PXRD with the theoretical
structure of other possible topologies (Figures S2, S3, and
S5). The atomistic models of COFs were built and optimized
using Accelrys Materials Studio 7.0 according to previous
literature and the reticular chemistry structure resource
(RCSR). Subsequently, the calculated PXRD was refined
(Pawley) based on the constructed unit cell to get the
simulated PXRD plot with a good agreement factor (Rp, Rwp)
for both COFs. Several possible lattices (e.g., pts, ptt, fgl, pds,
etc. with considering catenations) were built and optimized for
3D@BT_TPA-COF. Specifically, by considering the geometry
of the building units and the packing orientations, the
experimental PXRD for 3D@BT_TPA-COF was found to
have an excellent match (Rwp = 6.45%, Rp = 4.88%) with the
simulated pattern (cyan solid plot, Figure 2c,d) of 3D

noninterpenetrated pts topology, in the space group, PM (a
= 17.92 Å b = 18.04 Å, c = 55.10 Å; F0E1 = F0E3 = 90F0B0,
F0E2 = 89.20F0B0). PXRD for 2D@BT_TPA-COF was
found to have an excellent match (Rwp = 2.23%, Rp = 1.76%)
with the simulated pattern of the 2D rhombus structure with
eclipse (AA) stacking (cyan solid plot, Figure 2e,f), in the
space group, C2 (a = 29.57 Å, b = 44.8 Å, c = 9.55 Å; F0E1 =
F0E3 = 90F0B0, F0E2 = 112.89F0B0). In addition, the
Brunauer−Emmett−Teller (BET) surface area of 2D@
BT_TPA-COF and 3D@BT_TPA-COF was found to be
501 and 716 m2/g with the pore size distribution centered at
2.6 and 1.3 Å, respectively (Figures S9 and S10). Scanning
electron microscopy (SEM) was used to visualize the particle
morphology of both COFs. 3D@BT_TPA-COF exhibits a disk
shape morphology with a diameter between 400 and 600 nm,
and 2D@BT_TPA-COF exhibits an aggregated loose block
morphology.52 Scanning electron microscopy images and EDS
mapping demonstrate that the carbon, nitrogen, and sulfur
atoms are homogeneously distributed in both COFs (Figure
2i). The optical band gap for 3D@BT_TPA-COF and 2D@
BT_TPA-COF was estimated from the Ultraviolet/visible
diffusion reflectance spectra (UV/vis DRS). The spectra for
2D@BT_TPA COF were red-shifted compared to those for
3D@BT_TPA-COF, indicating that the 2D framework

Figure 2. Characterizations of 3D@BT_TPA-COF and 2D@BT_TPA-COF. (a) Solid-state 13C CP/MAS NMR of 3D@BT_TPA-COF and (b)
of 2D@BT_TPA-COF; (c) PXRD simulation profile for 3D@BT_TPA-COF (Exp.: Experimental; Sim.: Simulated; Calc.: Calculated; Diff.:
Difference; Bragg.: Bragg reflection); (d) simulated optimized model for 3D@BT_TPA-COF; (e) PXRD simulation profile for 2D@BT_TPA-
COF and (f) top view and side view of simulated AA stacking of 2D@BT_TPA-COF where carbon has depicted as gray; nitrogen is green and
sulfur is orange. Scanning electron microscopy images for 2D@BT_TPA-COF (g) and 3D@BT_TPA-COF (h); (i) HAADF image and elemental
mapping of 3D@BT_TPA-COF and 2D@BT_TPA-COF; (j) UV/vis DRS spectra of 3D@BT_TPA-COF (yellow plot) and 2D@BT_TPA-COF
(blue plot) (inset represents the optical band gap of both COFs from the Tauc plot).
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possesses a more extended π-conjugated system than that for
the 3D framework (Figure 2j). Tauc plot analysis from the
UV/vis spectra revealed the optical band gap for 2D@
BT_TPA-COF (blue plot) and 3D@BT_TPA-COF (yellow
plot) which was found to be 1.94 and 2.24 eV, respectively
(inset of Figure 2j).

Before accessing the electrocatalytic activity of 2D@
BT_TPA-COF and 3D@BT_TPA-COF, cyclic voltammetry
(CV) of the molecular analog (4,4′-(benzo[c][1,2,5]-
thiadiazole-4,7-diyl)bis(N,N-diphenylaniline)) was taken in
anhydrous dichloromethane (DCM, 0.1 M Tetrabutylammo-
nium hexafluorophosphate) under Ar. The compound showed
multiple quasireversible redox states. Notably, the redox peak
at 0.45 V vs ferrocene/ferrocenium (Fc/Fc+) can be attributed
to the triphenylamine core, while two redox peaks at (−2.13
V) and (−1.9 V) were observed due to doubly reduced species
of benzothiadiazole (Figure S12).53 These findings suggest that

the functional unit could serve as an excellent electrochemical
2e− redox mediator. Then 3D@BT_TPA-COF and 2D@
BT_TPA-COF were employed for the O2 electroreduction
reaction in 0.1 M KOH electrolyte using the three-electrode
system. Linear sweep voltammetry (LSV) (a) and CV (Figure
S13) were recorded in Argon (Ar) and O2-presaturated 0.1 M
KOH for both COFs at 1600 rpm (scan rate 10 mV/s). During
LSV, the O2 reduction currents were measured on the disk
electrode (solid line, idisk), and HO2

− oxidation current was
collected using the Platinum ring electrode (iring), held at a
fixed potential of 1.2 V versus reversible hydrogen electrode
(vs RHE). The limiting current densities (jlim) for 2D@
BT_TPA-COF and 3D@BT_TPA-COF were 1.97 and 2.63
mA cm−2, respectively. A commercial 20% Pt/C (Fuel cell
store, USA) catalyst was tested as a reference sample, which
exhibited a limiting disk current density close to 5.5 mA cm−2

with negligible ring current. Enhanced 2e− ORR kinetics for

Figure 3. (a) Electrochemical oxygen reduction polarization curves (solid lines) at a rotation of 1600 rpm and simultaneous H2O2 detection
currents on the ring electrode (dashed lines, current adjusted by collection efficiency) for 3D@BT_TPA-COF, 2D@BT_TPA-COF, and Pt/C
(20%) in O2-saturated 0.1 M KOH electrolyte; (b) H2O2 selectivity (%) and (c) calculated electron transfer number (n) of 3D@BT_TPA-COF
and 2D@BT_TPA-COF based on the RRDE measurements; (d) kinetic current density (at 0.6 V vs RHE) and Tafel plots for 3D@BT_TPA-COF
and 2D@BT_TPA-COF; (e) chronoamperometry (CA) profile for 3D@BT_TPA-COF (yellow solid line and dotted line denotes disk current and
ring current, respectively) and 2D@BT_TPA-COF (blue solid line and dotted line denotes disk current and ring current respectively) at a potential
range from 0.5 to 0 V in O2 saturated 0.1 M KOH where yellow ball and blue ball shows the faradaic efficiency for 3D@BT_TPA-COF and 2D@
BT_TPA-COF, respectively, across potential range; (f) polarization curves (1600 rpm) of H2O2RR recorded in Ar-saturated 0.1 M KOH
electrolyte containing 0.05 M H2O2; (g) comparison of performance of peroxide production (0.1 M KOH) on 3D@BT_TPA-COF and 2D@
BT_TPA-COF and other recently reported electrocatalysts based on RRDE performance map of onset potential and maximum peroxide selectivity;
(h) bulk electrosynthesis of H2O2 at a cell output voltage of 0.1 V where the data points represent the measured H2O2 amount by colorimetric
method at different time interval and dashed lines represents theoretical yields.
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3D@BT_TPA-COF compared to 2D@BT_TPA-COF can be
understood from the disk current density (jdisk) that gives
much higher currents and more positive onset potential
(defined as the potential measured at a jdisk of −0.1 mA cm−2).
For the ring current, an onset potential of 0.68 V (defined as
the potential measured at jring of 0.1 mA cm−2) was observed
for 3D@BT_TPA-COF close to the thermodynamic limit
(0.70 V) whereas an onset potential of 0.63 V was observed for
2D@BT_TPA-COF. The iring from 3D@BT_TPA-COF was
found to be almost 3 times higher than that of 2D@BT_TPA-
COF at 0.5 V vs RHE. The double-layer capacitance (Cdl) for
3D@BT_TPA-COF was found to be 5.55 and 4.6 mF cm−2 for
2D@BT_TPA-COF (Figure S14). The water contact angle
(CA) for 3D@BT_TPA-COF and 2D@BT_TPA-COF were
found to be 109.3F0B0 and 127.6F0B0 (Figure S15),
respectively, which implies that the 3D framework is more
hydrophilic than 2D@BT_TPA-COF. The increased electro-
chemically active surface area (ECSA) and enhanced hydro-
philicity of the 3D@BT_TPA-COF suggest that the 3D
framework promotes more efficient electrolyte access to the
active sites, significantly improving wettability. This, in turn,
strengthens the electrode−electrolyte interface, facilitating
better contact and potentially boosting electrochemical
performance. In a wide potential range from 0.60 to 0.20 V,
the HO2

− selectivity of 2D@BT_TPA-COF catalyst was
calculated (collection efficiency was calculated to be 21%,
Figure S16) to be around 36−53% with n value 2.9−2.6
whereas 3D@BT_TPA-COF catalyst showed HO2

− selectivity
91−96% with n value 2.0−2.1 (Figure 3b,c). The electron
transfer number was further validated from the Koutecky−
Levich (K−L) eq (Figure S17) by recording LSV at different

rotation rates (400−2000 rpm). The kinetic current densities
(jk,peroxide) for 2D@BT_TPA-COF and 3D@BT_TPA-COF
were calculated to be 0.42 and 1.83 mA cm−2, respectively, at
0.6 V vs RHE. As shown in Figure 3d, the Tafel slope of 3D@
BT_TPA-COF was found to be 99 mV dec−1, lower than that
for 2D@BT_TPA-COF (149 mV dec−1, Figure S18). Mass
activity vs ORR potential plot (Figure S19) demonstrates that
3D@BT_TPA-COF possesses a superior current-to-mass ratio
than 2D@BT_TPA-COF. Faradaic efficiency for both COFs
was systematically evaluated, at RRDE chronoamperometric
(CA) conditions at different ORR potentials. As shown in
Figure 3e, 3D@BT_TPA-COF shows an improved 2e−

faradaic efficiency compared to that for 2D@BT_TPA-COF
across the potential range from 0.5 to 0 V. It is worth
mentioning that 3D@BT_TPA-COF follows a current efficient
peroxide production over the broad potential range, indicating
its potential for long-term robust electrolysis. Figure 3f
compares voltammograms from the 3D@BT_TPA-COF and
2D@BT_TPA-COF catalysts in Ar-saturated 0.1 M KOH with
externally added H2O2 (0.05 M). A small cathodic current was
observed due to residual O2 after Ar purging and the externally
added H2O2 did not produce any significant H2O2RR current
for 3D@BT_TPA-COF. It demonstrates that 3D@BT_TPA-
COF is intrinsically inactive to further reduce H2O2. In
comparison, 2D@BT_TPA-COF exhibited a slightly higher
H2O2RR current than that for 3D structure which indicates the
poor 2e− ORR. The onset potential and peroxide selectivity of
both COFs were compared against previously reported
outstanding catalysts (Figure 3g, Table S5). This comparison
aims to illustrate the contrast between the 2D and 3D COFs,
emphasizing how their dimensional variations influence their

Figure 4. (a) Mott−Schottky plot of 3D@BT_TPA-COF (yellow plot) and 2D@BT_TPA-COF (blue plot) where the error bars represent the
standard deviations of measurements taken three times for each COF; (b) ND and Vfb of 2D@BT_TPA-COF and 3D@BT_TPA-COF; (c) valence
band (VB) and conduction band (CB) for both COFs; (d) the LUMO of 3D@BT_TPA-COF (left side) with atomic Hirshfeld (right side)
charge; (e) the LUMO of 2D@BT_TPA-COF (left side) with atomic Hirshfeld (right side) charge where the atoms are marked as white:
hydrogen, gray: carbon, blue: nitrogen, and yellow: sulfur; (f) the free energy diagram of the 2e− ORR process. The yellow and blue lines
correspond to the ORR process on 2D@BT_TPA-COF and 3D@BT_TPA-COF. Structure of OOH* intermediate for 2D@BT_TPA-COF and
3D@BT_TPA-COF where the atoms are marked as white: hydrogen, gray: carbon, blue: nitrogen, red: oxygen, and yellow: sulfur (g,h).
Comparison of the two-step 2e− ORR pathway for both COFs (i,j).
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2e− ORR selectivity. The stability of 3D@BT_TPA-COF and
2D@BT_TPA-COF was evaluated over five consecutive 1 h
tests (∼5 h total), showing negligible changes in activity and
selectivity on both the ring and disc electrodes (Figure S20).
During each cycle, the disc and ring electrodes were
maintained at 0.5 V vs RHE and 1.3 V vs RHE, respectively.
After each cycle, the ring electrode was cleaned, and a fresh
electrolyte was introduced. To explore the possibility of
practical implementation, both COFs were cast on carbon
paper and installed in a two-compartment H-cell electrolyzer
(separated by an anion exchange membrane) containing O2-
saturated 0.1 M KOH containing O2 for the bulk electrolysis.
To determine the faradaic efficiency (FE), the COF cast
electrode was polarized at a constant potential of 0.1 V vs RHE
for 120 min to accumulate a substantial amount of peroxide in
the cathode compartment (Figures S21 and S22). The
peroxide concentration was measured by a colorimetric cerium
sulfate (Ce(SO4)2) titration method (Figure S23) based on the
mechanism that H2O2 would reduce a yellow solution of Ce4+

to colorless Ce3+ (2Ce4+ + H2O2 → 2Ce3+ + 2H++ O2). The
H2O2 production rate of 3D@BT_TPA-COF was calculated to
be 0.8 mol g−1 h−1 with FE of 88%, and the value for 2D@
BT_TPA-COF was found to be 0.1 mol g−1 h−1 with a FE of
41%.

Based on the experimental findings, we propose that
reticular extension from 2D to noninterpenetrated 3D
framework achieves enhanced peroxide selectivity in alkaline
conditions. Electrochemical impedance spectroscopy (EIS)
was done to understand the ion electrolyte diffusion in both
COFs using the correlation diagram between Z′ and ω−1/2 at
the open-circuit potential. The diffusion coefficients of
hydroxyl ions (DOH

d

−
) for 3D@BT_TPA-COF were found to

be 1.07 × 10−18 cm2 s−1, which is greater than that for 2D@
BT_TPA-COF (7.72 × 10−19 cm2 s−1) (Figure S24). This
demonstrates the increased electrolytic diffusion within the
nanocavity of the 3D COF. This, in turn, facilitates effective
interaction among the catalyst’s pore walls, electrolyte, and
gaseous O2 molecules, resulting in the creation of an abundant
three-phase interface.54 Such conditions are favorable for the
facile electroconversion of O2. On the contrary, 2D COFs
possess stacked layers that limit the exposure of ORR sites.
The low free space volume leads to shorter residence time for
O2 molecules resulting in shorter diffusion pathways and
consequently reducing the 2e− ORR activity. Motty−Schottky
(M−S) analysis was carried out for 3D@BT_TPA-COF and
2D@BT_TPA-COF which indicates that they are n-type
semiconductors with a positive slope (Figure 4a). The carrier
concentration (ND) and the flat band potential (Vfb) for both
COFs were estimated from the slope of M−S plots (Figure
S25) and the accompanying straight-line intercept with the x-
axis. The Vfb for 3D@BT_TPA-COF and 2D@BT_TPA-COF
was found to be −0.3 and −0.28 V vs RHE. The ND for 3D@
BT_TPA-COF (2.9 × 1018) was found to be higher than 2D@
BT_TPA-COF (2.05 × 1018) which indicates the higher
electron donor density of 3D@BT_TPA-COF compared to
2D@BT_TPA-COF (Figure 4b). The valence band (VB) and
conduction band (CB) were estimated (Figure 4c) for both
COFs based on UV/vis DRS and M-S plots. The CB position
of 3D@BT_TPA-COF and 2D@BT_TPA-COF was esti-
mated to be −0.4 and −0.38 V, respectively, considering the
CB lies 0.1 V more negative than the Vfb position for n-type
semiconductors. The Vfb and ND values from the M-S plot

imply that 3D@BT_TPA-COF have more upward band
bending in the electrode/electrolyte interface and possess
higher nucleophilic strength.55,56 All of these observations
demonstrate the importance of the topology and dimension-
ality in the strategic design of COFs to tune their electro-
chemical activity and selectivity. DFT calculations were
employed to investigate the 2e− ORR activity of two COFs.
A redox-active fragment based on benzothiadiazole/triphenyl-
amine (Figure 4d,e, left) was extracted from the periodic
structure as the computational model (Figure S26). Hirshfeld
charge analysis (Figure 4d,e, right) was conducted to identify
the potential electrophilic sites for O2 binding, which are
typically more reactive when they possess larger LUMO
coefficients and have a significantly positive charge or spin
density. Notably, the sulfur (S) atom in the benzothiadiazole
unit located on pore walls could serve as a significant active site
for oxygen binding. Based on the S atom, the turnover
frequencies (TOFs) for 2D@BT_TPA-COF and 3D@
BT_TPA-COF were calculated to be 0.042 s−1 and 0.061
s−1, respectively, at 0.5 V (Figure S27). The 2e− ORR activity
of the catalysts was assessed by calculating the free energy of
the entire reaction involving two steps: *+O2 + e− → *OOH
and *OOH + e− → *+HO2

−. Free energy change of the
adsorption of OOH (ΔG*OOH) is a key descriptor for 2e−

ORR. The asterisk (*) denotes active sites in the catalyst. The
calculated ΔG*OOH values were approximately 4.18 and 4.24
eV for 3D@BT_TPA-COF and 2D@BT_TPA-COF (close to
the ideal value of approximately 4.22 eV),57 indicating that
theoretically, both systems can provide a near-ideal environ-
ment for optimal OOH binding. Figure 4f illustrates that 2D@
BT_TPA-COF possesses an uphill energy barrier (30 meV) to
form the *OOH intermediate. In contrast, spontaneous
formation of *OOH intermediate is possible on 3D@
BT_TPA-COF at 0.7 V, followed by a small uphill (40
meV) step for the peroxide desorption from the catalyst
surface, which demonstrates (Figure 4i,j) the improved activity
of 3D@BT_TPA-COF over 2D@BT_TPA-COF for electro-
chemical peroxide production.

■ CONCLUSIONS
In summary, expanding the topology of a specific COF system
from 2D to 3D enhances its electrocatalytic activity and
selectivity for 2e− ORR. While 2D frameworks boast extensive
π conjugation, the 3D counterpart offers superior access of the
electrocatalytic site to the electrolyte, leading to an increased
participation of active sites for electrocatalysis. This maximal
exposure of active sites enhances mass transfer kinetics,
improving overall activity and selectivity. This study provides
novel insights into the electrocatalytic potential of higher-
dimensional COFs.
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