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Poly(benzimidazobenzophenanthroline)-Ladder-Type
Two-Dimensional Conjugated Covalent Organic Framework for Fast
Proton Storage**
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Shengqiang Zhou, David Beljonne, Hans-Peter Steinrück, Renhao Dong,* and
Xinliang Feng*

Abstract: Electrochemical proton storage plays an essential role in designing next-generation high-rate energy storage
devices, e.g., aqueous batteries. Two-dimensional conjugated covalent organic frameworks (2D c-COFs) are promising
electrode materials, but their competitive proton and metal-ion insertion mechanisms remain elusive, and proton storage
in COFs is rarely explored. Here, we report a perinone-based poly(benzimidazobenzophenanthroline) (BBL)-ladder-
type 2D c-COF for fast proton storage in both a mild aqueous Zn-ion electrolyte and strong acid. We unveil that the
discharged C� O� groups exhibit largely reduced basicity due to the considerable π-delocalization in perinone, thus
affording the 2D c-COF a unique affinity for protons with fast kinetics. As a consequence, the 2D c-COF electrode
presents an outstanding rate capability of up to 200 Ag� 1 (over 2500 C), surpassing the state-of-the-art conjugated
polymers, COFs, and metal–organic frameworks. Our work reports the first example of pure proton storage among
COFs and highlights the great potential of BBL-ladder-type 2D conjugated polymers in future energy devices.

Introduction

Electrochemical proton (H+) storage plays an essential role
in rechargeable aqueous batteries, for example, aqueous

metal-ion (e.g. Zn2+, Al3+) batteries[1,2] and proton
batteries,[3,4] which are intriguing next-generation energy
storage devices benefiting from the intrinsic safety, low cost
and high ionic conductivity of the aqueous electrolytes.[5,6] In
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conventional metal-ion batteries, metal ions, as the only
charge carriers, suffer from slow diffusion kinetics, resulting
in poor rate performance and long charging periods of
devices;[7] while in aqueous metal-ion batteries, protons
(H+) with small ionic radii and minimum relative atomic
mass could participate in the electrochemical energy storage
process along with metal ions. Due to the ultrahigh mobility
of H+ in water via a Grotthuss mechanism,[8] the device
performance of aqueous batteries can be largely elevated.
Very recently, a Zn2+/H+ co-storage in framework cathodes
has contributed to a much superior rate capability[9] over
those adopting a mere Zn2+ storage process.[10] Moreover,
proton batteries with H+ serving as the charge carrier have
demonstrated exceptional power density and cycling
stability.[11] Proton hosts represent the key for efficient
proton storage. To date, the reported proton hosts mainly
consist of organic molecules (e.g., quinone)[12–15] and inor-
ganic materials (e.g., MoO3).

[7,16–18] Among them, organic
compounds have gained considerable attention on account
of their structural diversity, ease of synthesis, and high
sustainability.

Two-dimensional conjugated covalent organic frame-
works (2D c-COFs)[19–22] represent an emerging class of
layer-stacked, crystalline 2D conjugated polymers (2D CPs)
with defined porosity,[23] active sites,[24] tailorable electro-
activity,[25] and high charge carrier mobility,[26–29] which are
promising candidates for electronic[28] and
electrochemical[30–33] applications. In particular, the incorpo-
ration of redox-active units would confer unique redox
behavior to the resultant 2D c-COFs.[34–37] Two major classes
of redox-active sites, i.e. pyrazine[38] (derivatives such as
phenazine, hexaazatrinaphthalene)[39] and conjugated
carbonyls[40–41] (e.g., quinone,[42] naphthalene diimide[43])
have been successfully integrated into the COF backbone
towards high-capacity and stable metal-ion (i.e. Zn2+)
storage or metal-/hydrogen-ion (i.e. Zn2+/H+) co-storage.
However, pure proton storage has never been achieved
among the pyrazine- or carbonyl-based COFs due to their
low active-site-affinity to H+ and relatively poor stability.[44]

Therefore, exploring stable 2D c-COFs with strong H+

affinity is of significance to further drive the development of
proton batteries.

Herein, we report a novel
poly(benzimidazobenzophenanthroline) (BBL)-ladder-type
2D c-COF (termed as 2DBBL-TP) based on a new redox-
active site of carbonyl dye perinone. Density functional
theory (DFT) calculations indicate that the considerable π-
delocalization throughout the ring-fused perinone unit
contributes to a largely reduced basicity of the C� O� groups
in the reduced/discharged perinone, which leads to strong
coordination ability of C� O� to H+ rather than Zn2+. As a
consequence, perinone-based 2DBBL-TP prefers a unique
proton storage behavior in both mild (aqueous ZnCl2) and
strong acidic (H2SO4) electrolytes. Remarkably, 2DBBL-TP
hybridized with carbon nanotubes (CNTs) presents an
outstanding rate capability up to 200 Ag� 1 with capacity
retention of 67% to that at 1 Ag� 1 in H2SO4, which largely
exceeds those of COFs and metal–organic frameworks in
metal-ion storage or metal-/hydrogen-ion co-storage. More-

over, the COF electrode delivers excellent cycling stability
without any detectable capacity loss after 10000 charge–
discharge cycles at 100 Ag� 1. Our work highlights the great
potential of rationally designed 2D c-COFs in high-perform-
ance rechargeable aqueous batteries.

Results and Discussion

Design principle of active site for proton storage

To explore the competitive Zn2+- and H+-storage and
design effective 2D c-COF for proton storage, we first
performed DFT calculations to compare the molecular
electronic structure, basicity/acidity, and cation binding
energies of three well-known carbonyl compounds (Fig-
ure 1a). We unveil that the carbonyl dye perinone
(naphthalene tetracarboxylic bisbenzimidazole, 1) would
prefer H+- instead of Zn2+-storage, while both naphthalene
diimide (2) and pyrene-4,5,9,10-tetraone (3) possess a high
affinity to Zn2+, considering the mild aqueous Zn2+ electro-
lyte. Typically, all of them can undergo at least two-electron
transfer process, where two C=O groups are reduced into
C� O� in the reduced forms (termed as 1’, 2’ and 3’ and
shown in Figure 1a). Compared to 2 and 3, 1 exhibits
extended π-conjugation and considerable intramolecular
charge transfer[28]—evidenced by the electronic structures of
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)—that con-
tributes to a lower HOMO–LUMO gap of 2.7 eV (in
comparison to 3.5 eV for 2 or 3). The extended π-
conjugation in 1 would consequently stabilize the high-
energy redox intermediates[45] and decrease the basicity of
the C� O� groups in 1’ relative to 2’ and 3’. Our hypothesis is
verified by the comparison of calculated the pKa1 values of
their conjugated acids (termed as 1’’, 2’’ and 3’’ and shown in
Figure 1a), which predict that 1’’ is more acidic than 2’’ or 3’’
(pKa1: 1’’<2’’<3’’, pKa2 is not calculated since pKa1 exceeds
7). This result indicates an inferior basicity of the C� O�

groups in 1’ (referring to coordination ability to Zn2+) to
those in 2’ or 3’ (pKb1=pKw–pKa1: 1’’>2’’>3’’). It is thus
proposed that perinone as a redox-site could exhibit low
coordination ability to Zn2+ and high affinity to H+ in
aqueous Zn2+ electrolyte.

In this context, we further calculated the binding energy
of 1 towards Zn2+ with 2 as a reference (in the reduced
forms and gas phases, see details in the Supporting
Information). As expected, 1 possesses higher energies
(1.64 eV) for binding one Zn2+ than that for 2 (1.09 eV) or
other carbonyls (such as quinone[46]), suggesting a low
coordination ability of perinone to Zn2+. In contrast, H+ is
greatly preferred by 1 with much lower binding energies of
� 13.06 and � 29.81 eV for one and two H+, respectively (see
the binding energies calculated in the liquid phases in
Figure S1). This is in accordance with the above calculation
on pKa1, that is, the large π-delocalized system of perinone
corresponds to decreased basicity of the C� O� groups and
subsequently enhanced affinity to specific cation (i.e. H+).
Therefore, we envision that the development of BBL-
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ladder-type[28,47–48] 2D c-COF would confer good chemical
stability and fast redox capability to the framework, which is
promising for aqueous batteries.

Synthesis and characterization of BBL-ladder-type 2D c-COF

To examine the reactivity of a C3-symmetric monomer—
2,3,6,7,10,11-hexaaminotriphenylene (4)—towards BBL-lad-
der-type 2DCP network, we successfully synthesized model
compound 6 from 4 and 1,8-naphthalic anhydride (5) in a
1,3-dimethyl-2-imidazolidinone/p-toluenesulfonic acid
(DMI/PTSA) solution at 200 °C for 3 days (Figure 1b, see
the 13C nuclear magnetic resonance (NMR) and mass
spectra of 6 in Figure 2b and Figure S2, respectively). Next,
crystalline perinone-based 2DBBL-TP was constructed
through the polycondensation of 4 and naphthalenetetracar-
boxylic dianhydride (7) with PTSA as catalyst in DMI/o-
dichlorobenzene (v/v=2/1) at 200 °C for 5 days (Figure 1b,
Table S1). Powder X-ray diffraction (PXRD) analysis re-
veals the crystalline nature of 2DBBL-TP with distinct
peaks at 7.28 and 26.3°, assignable to (� 101) and (� 104)
crystallographic planes of an ABC stacking mode (Figure 1c,
Figures S3 and S4). Pawley refinement provides a PXRD
pattern matching well with the experimental result, as

evidenced by the low Rwp and Rp values of 2.61 and 1.29%,
respectively (Figure S5).

The formation of imidazole rings in the perinone moiety
in 2DBBL-TP is evident by Fourier-transform infrared (FT-
IR) spectroscopy displaying the appearance of C=N and
C=O stretching vibration at 1660 and 1700 cm� 1, respectively
(Figure 2a).[28,48] The peak at 1781 cm� 1 belongs to the
unreacted carbonyls at the edges. In the 1H solid-state
nuclear magnetic resonance (NMR) spectrum, a broad
proton signal at �6.0 ppm appears which is attributed to
aromatic protons (Figure S6). 13C cross-polarization magic-
angle spinning NMR spectrum shows five signals at 158.3,
148.9, 142.7, 127.9, and 107.8 ppm, which are in good
agreement with the predicted spectrum (Figure 2b and
Figure S7). X-ray photoelectron spectroscopy (XPS) further
reveals the presence of C 1s, O 1s, and N 1s core levels
(Figure S8). Deconvolution of the C 1s signal generates
peaks at 284.8, 285.4 and 288.5 eV, attributable to the sp2

C� C, C=N and C=O bond, respectively (Figure 2c, down).
High-resolution N 1s spectrum displays peaks at 398.7 and
400.7 eV, assignable to the C� N=C and C� N� C bonds
(Figure 2c, top),[28,48] which further confirms the formation of
imidazole rings.

Transmission electron microscopy (TEM) imaging shows
the layer-stacked 2D c-COF structure with an interlayer

Figure 1. Design of active sites. (a) Electronic structures and proposed electron-transfer processes for model compounds 1, 2, and 3. (b) Schematic
synthesis of perinone-based 2DBBL-TP. (c). Experimental (red) and refined (black) as well as the calculated PXRD patterns of 2DBBL-TP.
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distance of ~3.5 Å (Figure S9). Field-emission scanning
electron microscopy (SEM) indicates spherical aggregated
particles of 2DBBL-TP (Figure S10). Energy dispersive X-
ray (EDX) spectroscopy discloses a homogeneous distribu-
tion of C, O and N elements throughout the 2D c-COF
particles (Figure S10). The porosity was determined by low-
pressure nitrogen physisorption measurements at 77 K.
2DBBL-TP exhibits type II isotherms. The Brunauer–
Emmett–Teller surface area is calculated to be 355 m2g� 1

(Figure 2d, the pore size distribution is shown in the inset).
Thermogravimetric analysis suggests that 2DBBL-TP is
thermally stable >300 °C without significant weight loss in
an argon atmosphere (Figure S11). UV/Visible-near IR
spectrum of the dispersion of 2DBBL-TP in dimethyl
sulfoxide displays a broad absorption peak centered at ca.
600 nm; Tauc plot of (Ahν)2 vs hν reveals its optical band
gap of ~1.6 eV (Figure S12). Temperature-dependent elec-
trical conductivity measurement depicts a semiconducting
behavior of the 2DBBL-TP pellet sample with an activation
energy of 0.18 eV in the room temperature region (see
details in Figure S13).

Proton storage in aqueous Zn-ion electrolyte

Taking account of the above calculated unique affinity of
perinone to H+ rather than Zn2+, the robust framework of
2DBBL-TP provides an ideal platform to investigate the
redox-activity of perinone-based polymers in aqueous Zn2+

electrolyte. To ensure efficient charge transfer and firm
interfacial contact, 2DBBL-TP was in situ mixed with

�25 wt% CNTs (named as 2DBBL-TP/CNTs). As a
primary attempt, we employed 2DBBL-TP/CNTs as a
cathode with Zn metal and 1 M ZnCl2 aqueous solution
being the counter electrode and the electrolyte, respectively
(Figure S14). Figure 3a shows the typical cyclic voltammetry
(CV) curve of 2DBBL-TP/CNTs at 1 mVs� 1 in a potential
window of 0.3–1.0 V (vs Zn2+/Zn). Two broad redox bands
consisting of two pairs of closely overlapped peaks are
observed, which indicates a two-electron transfer process for
the COF.

The structural evolution of 2DBBL-TP/CNTs was
evaluated by FT-IR and XPS on the pristine, discharged and
recharged electrodes. FT-IR spectra display that the C=O
stretching vibration at �1695 cm� 1 vanishes in the dis-
charged electrode and reappears after recharging at 1.0 V
(Figure 3b). XPS spectra suggest that the C 1s and N 1s
signals are insensitive to the discharge, while positively
shifted O 1s peak is observable in the discharged electrode
(Figure 3c and Figure S15). These results disclose that C=N
and C� N are not responsible for the identified redox
behavior; rather only C=O functions as the active sites.
Hence we propose a two-electron transfer pathway for
2DBBL-TP as depicted in Figure 3d. In addition, multiple
DFT calculations were performed on the discharged peri-
none to gain insights into the above electrochemical
behavior (see details in Figures S16–S20).

Given that the consumption of H+ by 2DBBL-TP would
break the original hydrolysis equilibrium of Zn2+ and
consequently promote further hydrolysis of Zn(OH)+ into
Zn(OH)2# or ZnxCly(OH)2x-y# (see details in Figure 3d and
Figure S21) on the electrode surface, we examined the SEM/
EDX images of the 2DBBL-TP/CNTs electrodes. A uniform
nanosheet-like deposit, which is mainly composed of Zn, O
and Cl elements, was observed on the discharged electrode
and completely disappeared after recharge (Figure 3e and
Figures S21–S23). This result indicates the existence of
ZnxCly(OH)2x-y,

[49–50] associating with the proposed proton
storage mechanism. Because of the same reactivity of two
carbonyl groups in perinone and the absence of different
plateaus in the charge–discharge curves (Figure 3f), H+ is
the predominant charge carrier of 2DBBL-TP. Moreover,
when 0.5 M zinc(II) trifluoromethanesulfonate in
acetonitrile serves as the electrolyte (absence of H+),
2DBBL-TP/CNTs presents an entirely different electro-
chemical behavior with large polarization in the CV curve
(Figure S24). In addition, the COF electrode delivers a
limited capacity of <32 mAhg� 1 at a much lower current
density (0.1 Ag� 1, see discussions with Figure S25 and
below). These phenomena further confirm the weak affinity
of 2DBBL-TP to Zn2+ and the predominant proton storage
mechanism of 2DBBL-TP in aqueous Zn2+ electrolyte.
Nevertheless, we could not exclude a trace of Zn2+-storage
during the discharge process. It is worth noting that carbonyl
electrodes that have been previously used for pure (or
predominant) proton storage usually work in strong acids,
and cannot achieve coordination with H+ in mild electro-
lytes (for 1 M ZnCl2, [H

+]=�10� 4 M, discussions shown in
Figure S21). For instance, an imide-based COF comprising
naphthalene diimide 2 (with similar carbonyls to 2DBBL-

Figure 2. Characterization of 2DBBL-TP. (a) FT-IR spectra of the
starting materials, model compound 6 and 2DBBL-TP. (b) 13C NMR
spectrum. The spectrum of model compound 6 is shown as a
reference. (c) XPS C 1s and N 1s spectra. (d) Nitrogen physisorption
and pore size distribution.
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TP) displayed a Zn2+-storage mechanism in 2 M ZnSO4

aqueous electrolyte.[43]

Benefiting from the fast diffusion dynamics of H+, we
further investigated the rate performance of 2DBBL-TP/
CNTs at large current densities. At 1 Ag� 1, it delivers a
stable capacity of 68 mAhg� 1 with negligible capacity
contribution from CNTs (Figure 3f and Figure S26). Increas-
ing to 10, 20, 40 or 100 (charge period as short as �1 s)
Ag� 1, the COF electrode still outputs decent capacities of
65, 61, 54 or 29 mAhg� 1, respectively. Under accelerated
scan rates (1–10 mVs� 1), the shape of CV curves remains
nearly the same without generating much overpotential
between cathodic and anodic peaks (Figure S27). Fitting the
peak current response to the applied scan rate according to
the power law reveals almost a pure capacitive process
(Figure S28).[51–52] These results suggest that the observed
charge storage in 2DBBL-TP is pseudocapacitive in kinetics,
and not dominated by solid-state ion diffusion. Furthermore,
the cycling stability was evaluated at 10 Ag� 1 showing a
97.2% capacity retention after 2000 charge–discharge cycles
(Figure 3g).

Proton storage in aqueous H2SO4 electrolyte

The above unique proton storage behavior of 2DBBL-TP
encouraged us to investigate its electrochemical perform-
ance in strong acid. To this end, we examined the CV curve
of 2DBBL-TP/CNTs at 1 mVs� 1 in a potential window of
� 0.3 to 0.3 V (vs Ag/AgCl) by using activated carbon, Ag/
AgCl and 0.5 M H2SO4 as counter electrode, reference
electrode and electrolyte, respectively. As shown in Fig-
ure 4a, two pairs of redox peaks are recorded in 0.5 M
H2SO4 as those in 1 M ZnCl2 depicted in Figure 3a. But the
peaks here are clearly separated as opposed to being
overlapped in the aqueous Zn2+ electrolyte. At 1 Ag� 1, the
COF electrode outputs a stable capacity of 76 mAhg� 1

(Figure 4b), which is slightly higher than that achieved in
1 M ZnCl2. As expected, the rate performance is evidently
improved in strong acid; the capacities remain as high as 71,
69, 65 or 60 mAhg� 1 at large current densities of 10, 20, 40
or 100 Ag� 1, respectively. Even at 200 Ag� 1 (over 2500 C),
2DBBL-TP/CNTs still delivers capacity up to 51 mAhg� 1,
corresponding to capacity retention of 67% to that at
1 Ag� 1. It is notable that such fast reaction kinetics
remarkably surpass those of metal-ion storage or metal-/
hydrogen-ion co-storage among the thus-far developed

Figure 3. Proton storage of 2DBBL-TP/CNTs in aqueous ZnCl2 electrolyte. (a) CV curve. (b) FT-IR spectra. (c) XPS N 1s and O 1s spectra.
(d) Proposed two-electron process during discharge. (e) SEM images of the COF electrodes. (f) Rate performance at different current densities.
(g) Cycling stability.
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rechargeable batteries (based on e.g., COFs, metal–organic
frameworks, conjugated polymers, etc. see details in Fig-
ure 4c and Table S2). More importantly, 2DBBL-TP/CNTs
presents outstanding cycling stability without any percep-
tible capacity loss after 10000 charge–discharge cycles at
100 Ag� 1 (Figure 4d and Figure S29).

Conclusion

In summary, we have demonstrated an unprecedented
preference of a BBL-ladder-type 2D c-COF towards proton
storage in both aqueous Zn-ion electrolyte and strong acid.
The BBL-ladder-type 2D c-COF differs from conventional
carbonyl compounds and exhibits largely reduced electron
density on the C� O� groups after discharge, thus resulting in
the unique proton affinity of COF electrode and an excellent
rate capability up to 200 Ag� 1. Our work highlights the great
potential of developing advanced electro-/redox-active 2D c-
COFs towards high-performance energy storage.
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