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The two-dimensional structural features of covalent organic frameworks (COFs) can promote the

electrochemical storage of cations like H+, Li+, and Na+ through both faradaic and non-faradaic

processes. However, the electrochemical storage of cations like Zn2+ ion is still unexplored although it

bears a promising divalent charge. Herein, for the first time, we have utilized hydroquinone linked b-

ketoenamine COF acting as a Zn2+ anchor in an aqueous rechargeable zinc ion battery. The charge-

storage mechanism comprises of an efficient reversible interlayer interaction of Zn2+ ions with the

functional moieties in the adjacent layers of COF (�182.0 kcal mol�1). Notably, due to the well-defined

nanopores and structural organization, a constructed full cell, displays a discharge capacity as high as

276 mA h g�1 at a current rate of 125 mA g�1.

Introduction

Two-dimensional (2D) porous crystalline covalent organic

frameworks (COFs) are integrated from pre-designed symmetric

organic building units and self-assembled by p–p stacking.1

Due to the structural tunability, well-dened porosity, and high

chemical stability, COFs have been widely explored as electrode

materials for electrochemical energy storage.2 However, until

now, the energy storage applications in COFs were mostly

limited to the monovalent ions like H+, Li+, and Na+ that could

only carry forward single electron reactions. Although, divalent

aqueous zinc ion batteries are observed to be cost-effective and

superior in terms of safety and recyclability than the mono-

valent Li+, Na+ metal-ion batteries,3 it is extremely challenging

to design an organic polymeric electrode that can act as a Zn2+

acceptor. A few literature reports deal with small molecules as

cathode materials for accepting the electrophilic Zn2+ ions

through coordination bonds.4 However, limited chemical and

thermal stabilities of these organic molecules and the unde-

sirable leaching of the active electrode materials during the

electrochemical cycling hampers their performance and creates

a need for a polymeric electrode capable of hosting Zn2+ ions.

Keeping this in perspective, herein, we have demonstrated

hydroquinone based covalent organic framework5 (HqTp)

acting as an efficient polymeric cathode material for an aqueous

zinc ion battery. We anticipated that a COF must be enriched

with several nucleophilic centers so that it can anchor to

a signicant number of divalent Zn2+ ions. Furthermore, the

framework must be constructed from such building blocks,

which can act as nucleophilic centers for efficient interaction

with Zn2+ under electrochemical conditions.

It is well documented that the C]O and N–H functionalities

in polymers are capable of coordinating Zn2+ ions in an elec-

trochemical cell.4,6 Both C]O/Zn and Zn/N–H interactions

are reversible in nature and can “make and break” during the

electrochemical redox process. Thus, an electron-rich backbone

in the HqTp facilitates efficient coordination with Zn2+ ions.

HqTp exhibits an excellent discharge capacity of 276 mA h g�1

at a current of 125 mA g�1 in an operating potential of 0.2 to

1.6 V vs. Zn/Zn2+ due to the efficient intermolecular O/Zn (�2.0

Å) and N/Zn (�2.0 Å) interactions.4a,7 To the best of our

knowledge, this is the rst report of a COF based aqueous zinc

ion battery and puts forward a novel concept based on the zinc

ion interaction with a porous crystalline and polymeric organic

cathode.

Results and discussion

The HqTp COF is synthesized by a solid-state mechano-mixing

of 2,5-diaminohydroquinone dihydrochloride (Hq) and 1,3,5-

triformylphloroglucinol (Tp) in the presence of p-

aAcademy of Scientic and Innovative Research (AcSIR), Sector 19, Kamla Nehru

Nagar, Ghaziabad, Uttar Pradesh-201002, India
bPhysical and Materials Chemistry Division, CSIR-National Chemical Laboratory, Dr.

Homi Bhabha Road, Pune-411008, India. E-mail: k.sreekumar@ncl.res.in
cSchool of Science and Technology, Nottingham Trent University, Clion Lane, NG11

8NS Nottingham, UK
dDepartment of Chemical Sciences, Indian Institute of Science Education and Research

(IISER), Mohanpur Campus, Mohanpur, Kolkata, 741252 India. E-mail: r.banerjee@

iiserkol.ac.in

† Electronic supplementary information (ESI) available: Experimental section. See

DOI: 10.1039/c9sc03052b

Cite this: Chem. Sci., 2019, 10, 8889

All publication charges for this article

have been paid for by the Royal Society

of Chemistry

Received 20th June 2019

Accepted 2nd August 2019

DOI: 10.1039/c9sc03052b

rsc.li/chemical-science

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 8889–8894 | 8889

Chemical
Science

EDGE ARTICLE

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

6
 A

u
g
u
st

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:1
8
:4

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-8626-1751
http://orcid.org/0000-0001-9068-719X
http://orcid.org/0000-0001-6061-5902
http://orcid.org/0000-0003-0400-6592
http://orcid.org/0000-0002-5406-7927
http://orcid.org/0000-0001-5446-7923
http://orcid.org/0000-0002-3547-4746
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9SC03052B
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC010038


toluenesulfonic acid (PTSA$H2O) as a catalyst (Fig. 1a; ESI, S1†).

A black coloured product was obtained aer removing the

impurities upon wash with water, N,N-dimethylacetamide

(DMAc) and acetone. The crystalline framework structure and

an ordered integration of the building blocks throughout the

network is conrmed by the PXRD characterization. The powder

X-ray diffraction (PXRD) prole exhibits sharp peaks at the 2q

position of 4.6�, 8.0�, 9.4�, 12.4� and 27.3� (Fig. 1b). The sharp

and intense peaks at 4.6 and 27.3� (2q) correspond to the

reections from 100 and 001 planes, which indicates the exis-

tence of a periodic structure. Moreover, the experimental PXRD

pattern matches with the simulated PXRD pattern with a slip-

ped eclipsed orientation as modeled using SCC-DFTB (Fig. 1b;

ESI S2 and S3†).

The b-ketoenamine framework formation is conrmed by

the new peaks in FT-IR spectra at 1583, 1551 and 1244 cm�1,

which correspond to C]O, C]C and C–N bonds (all generated

aer enol–keto tautomerization; ESI; Fig. S6†). Additionally, the
13C solid-state CP-MAS NMR shows enamine and a-enamine

carbon peak resonances at 142 and 105 ppm respectively and

similarly C]O carbon peak at 184 ppm (Fig. 2c; ESI, Fig. S7†).

The thermogravimetric analysis (TGA) ofHqTp displays thermal

stability up to 380 �C (ESI, Fig. S9†). Brunauer–Emmett–Teller

(BET) analysis, using N2 adsorption at 77 K shows a moderate

surface area of 113m2 g�1 (ESI, Fig. S10†). The non-local density

functional theorem (NLDFT) provides a sharp pore size distri-

bution around 1.5 nm (ESI, Fig. S11†).

The presence of C]O moieties in HqTp COF are principally

responsible for the storage of Zn2+ ions. These are the C3

symmetric C]O groups resulting from the enol to keto

tautomerism and the C2 symmetric C]O group from electro-

chemically oxidized hydroquinone linker8 (Fig. 1a, c, and 3a;

ESI, Fig. S8†). The hexagonal 2D lattice enriched with a large

number of C]O groups, stacked with an interlayer distance of

3.4 Å, can efficiently host a signicant amount of Zn2+ in

between the two-dimensional layers. Also, the crystalline honey-

comb structure of HqTp provides a unique pore size of 1.5 nm,

which, we believe, further boosts the lucid movement of Zn2+

ions through the entire organic cathode without any

interruptions.

DFTB calculations were used to probe the nature of the

interaction of Zn2+ with the COF backbone. They suggest the

possibility of the prominent interlayer interactions of Zn2+ ions

with nucleophilic centers of COF (Fig. 1e, ESI, Fig. S3 and S4†).

The C]O/Zn (2–2.3 Å) and Zn/N–H distances (�2.0 Å) agree

with the possibility of intermolecular interactions. The DFTB

models of AA and slipped AA COF/Zn2+ interaction show

various structural possibilities including a formation of a Zn2+

ion cluster inside the pores. Also, a large enhancement in the

per-layer stabilization is observed for the discharged HqTp/

Zn2+ adduct (�182.0 kcal mol�1) than the pristine COF

Fig. 1 (a) Schematic representation of the synthesis of HqTp (Hq-2,5-diaminohydroquinone, Tp-1,3,5-triformylphloroglucinol). (b) Powder X-

ray diffraction pattern with the AA eclipsed slipped SCC-DFT model. (c) The electrochemical oxidation of hydroquinone to quinone in HqTp (d

and e). The DFTB model of interlayer interaction of Zn2+ cations with the adjacent layers of HqTp.
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(�40.0 kcal mol�1) which indicates favorable Zn2+ ion interac-

tion. To understand the role of electrochemical active sites for

Zn2+ anchoring in concerned COF, we have performed and

compared the electrostatic potential mapping (ESP) of HqTp

with benzene linked analog PaTp COF (ESI, Fig. S5 and S30†).

ESP of the unit cell of HqTp displays a potential range from

�0.33 au (red) to 0.061 au (blue). Herein, the negative ESP (red)

reects the affinity of the sites toward the Zn2+ uptake. There-

fore, from ESP, it is clear that the quinone ‘C]O’ and Tp ‘C]O’

in HqTP exhibits more nucleophilicity compared to the ‘N–H’

sites. Whereas, the ESP of benzene linked PaTp COF showcases

only Tp ‘C]O’ groups as active sites for the uptake of Zn2+.

We have analyzed the working electrode (cathode) at three

different electrochemical conditions to elucidate the probable

mechanism of the Zn2+ ion interactions within the HqTp COF

during the electrochemical charging and discharging process in

a zinc ion unit cell; viz: (1) a pristine cathode (an electrode prior

to any electrochemical perturbation/cycling); (2) a cathode at

a fully discharged state (up to 0.2 V vs. Zn/Zn2+; where Zn2+ do

interact with HqTp) and (3) fully charged up to 1.8 V vs. Zn/Zn2+

(at this stage, Zn2+ are withdrawn from the HqTp cathode).

Then, we have characterized the electrodes, followed by

washing with water.

FT-IR spectroscopy of the pristine organic cathode is found

to be similar to the pristine HqTp (Fig. 2a; ESI, Fig. S6b†). The

C]O group from b-ketoenamine framework appeared at

1584 cm�1. Aer charging up to 1.8 V vs. Zn/Zn2+, the hydro-

quinones are electrochemically oxidized to quinones. This has

been conrmed by the observation of a new stretching vibra-

tional peak formed at 1603.0 cm�1. When the system is dis-

charged to 0.2 V vs. Zn/Zn2+, a simultaneous diminishing of

both C]O groups is evident from the FT-IR spectra. Still,

a diligent observation shows the presence of a very weak

stretching peak at the C]O region of the discharged cathode

which indicates that the rst cycle of discharging is not suffi-

cient for the full utilization of the C]Os in the framework.

Additionally, to gure out the efficiency of the COF based

organic cathode, we have strategically performed 500 charge–

discharge cycles for a cell. Aer complete discharging up to

0.2 V vs. Zn/Zn2+, the cathode was again subjected to FT-IR

analysis (ESI, Fig. S6b†). The full disappearance of the C]O

stretching peaks suggests the prospect of the effective utiliza-

tion of active groups in HqTp for the interaction with Zn2+.

We have performed 13C CP-MAS NMR spectroscopy of HqTp

and discharged (0.2 V vs. Zn/Zn2+) HqTp cathode to investigate

for any chemical modications at the atomic level of the

framework (Fig. 2c; ESI, Fig. S7†). It showcases a down eld

chemical shi of the C]O peak from 184.0 ppm (for HqTp) to

190.0 ppm (for discharged HqTp). Similarly, the distinct 5–

7 ppm downeld chemical shis have been observed for every

peak of the discharged HqTp cathode compared to pristine

HqTp COF (ESI, Fig. S7 and S8†). It could be due to the

appearance of the deshielding effect because of intercalated

electropositive Zn2+ ions, which decrease the electron density in

the framework.9

The X-ray photoelectron spectroscopy (XPS) provides infor-

mation about the chemical state of the concerned elements in

the pristine, charged, and discharged conditions of HqTp. In

the XPS prole of the discharged HqTp electrode (0.2 V vs. Zn/

Zn2+), the sharp peaks are visible at the binding energy of 1022.0

and 1045.0 eV, which correspond to Zn 2p3/2 and Zn 2p1/2.

Meanwhile, the intensity of the XPS peaks of Zn2+ in the charged

electrode diminished by half concerning the discharged peak

due to the removal of Zn2+ ions from the cathode (Fig. 2b; ESI,

Fig. S17–S19†).

Moreover, the ex situ analysis is extended to electronic

imaging techniques with elemental mapping. The TEM images

Fig. 2 (a) FT-IR of pristine; charged and discharged cathodes. (b) XPS

analysis of pristine; charged and discharged cathodes. (c) 13C CP-MAS

NMR of HqTp and the discharged cathode (all the charging and

discharge potential are represented vs. Zn/Zn2+ reference).

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 8889–8894 | 8891
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revealed the layered ribbon-like morphology of HqTp organic

cathode with the lateral dimension of �200 nm length and

�50 nm width (Fig. 3d and h; ESI, S12 and S13†). It also dis-

played the presence of carbon nanober (CNF) which has been

used as an electrical conductivity amplier in the cathode. The

elemental mapping of carbon and zinc shows an efficient

distribution of carbon (red color) both in COFs as well as CNF

(Fig. 3e; ESI, Fig. S13†). However, the zinc distribution is solely

present in COF (green color) and not in CNF. It indicates that

the Zn2+ ions only interact with COF due to the specic func-

tional moieties and, here, CNF is free from any interaction with

Zn2+ ions. It also points out that the role of CNF is limited only

for improving electrical conductivity.

Furthermore, to explore the morphological evolution of

HqTp organic cathode; the discharged; charged and the pristine

electrodes were subjected to the SEM analysis. Notably, in the

pristine organic cathode, the COF samples are well distin-

guished as the previous sheet-like morphology of HqTp COF

(Fig. 3b and c; ESI, Fig. S14 & 15†). Also, we have recorded the

elemental mapping of C, N, O, and Zn in the discharged HqTp

which suggests the uniform distribution of Zn2+ within the

HqTp cathode (Fig. 3f and g; ESI, Fig. S15†). Moreover, the

intactness of morphology even aer 500 continuous charge–

discharge cycles proves the good stability of the organic cathode

without any leaching in harsh electrochemical conditions (ESI,

Fig. S16†).

The reversible and efficient intermolecular interaction of

HqTp/Zn2+ has further allowed us to fabricate an aqueous

rechargeable zinc ion battery (Zn/HqTP unit cell) (Fig. 4a). The

electrochemical impedance spectroscopy (EIS) analysis of the

fabricated cell at OCV condition has been provided in Fig. 4b.

From the plot, an equivalent series resistance (ESR) value of 0.8

U and a charge transfer resistance value of 91 U were obtained.

Exploiting the over-potential advantages evolved because the

usage of the zinc-salt, there are reports on aqueous zinc-ion

batteries operable between the potential window of 0.2 to

2.2 V vs. Zn/Zn2+.4,10 Considering this, the cathode materials

should be compatible within the stability window offered by the

aqueous electrolyte.4,10 Moreover, it is highly desirable for the

cathode material to exhibit its redox properties at high poten-

tials ($0.6 V) vs. Zn/Zn2+ to position it for practical applications.

However, herein, we have chosen the potential range of 0.2 V to

1.8 V vs. Zn/Zn2+ to showcases the complete charge-storage

features of HqTp COF.

From the cyclic voltammetry (CV)-prole obtained at the

scan rate of 0.1 mV sec�1, a distinct pair of redox peaks has been

observed (Fig. 4c; ESI, Fig. S20†). The prominent sharp redox

peaks at 1.12/1.0 V vs. Zn/Zn2+ correspond to the quinone

oxidation and reduction (Onset potentials: 0.9/1.4 V vs. Zn/

Zn2+). Also, an enhancement of the current gain has been

observed at the higher CV scan rates of 0.5 and 1 mV sec�1

(Fig. S21†). To decipher the role of hydroquinone in the specic

capacity of the COF, we have assembled a Zn/HqTP unit cell

with a non-hydroquinone analog of HqTp, i.e., PaTp as an

organic cathode (Zn/PaTp unit cell) (ESI, Fig. S30†). However,

a signicantly less current response was noted from the CV, i.e.,

only 18.0% compared to the Zn/HqTp cell at the same scan rate

(ESI, Fig. S23†). Such observation, in turn, signies the Zn2+

receptor capability of the hydroquinone functionality in the

host framework.

The galvanostatic charge–discharge (GCD) prole of the Zn/

HqTP cell displays its charge-storage properties in the adopted

potential window without a voltage plateau. Herein, the (GCD)

analysis shows that the HqTp cathode presents a signicantly

high discharge capacity of 276.0 mA h g�1 at the current rate of

125.0 mA g�1 (Fig. 4d; ESI, Fig. S22†). Notably, many cathode

Fig. 3 (a) Diagrammatic representation of the aqueous Zn/HqTp unit cell. SEM image of the (b) HqTp; (c) the pristine HqTp organic cathode. (d)

The TEM image of HqTp. (e) TEM elemental mapping images of carbon and zinc. (f) SEM elemental mapping of carbon (grey) and (g) zinc (green)

of organic cathode discharged to 0.2 V vs. Zn/Zn2+. (h) The TEM image ofHqTp organic cathode at the discharged state. It shows the presence of

COF as well as CNF present in the electrode (all the charging and discharge potential are represented vs. Zn/Zn2+ reference).
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materials have been explored for zinc-ion batteries showing

charge-storage properties despite the absence of sharp voltage

plateaus.11 Similarly, the same trend is observed for COF based

Li or Na ion batteries as well.2c,e The lack of a voltage plateau of

HqTp could be due to the polymeric porous nature of the

material and it further indicates a hybrid charge-storage

behavior.11 Moreover, it is worth mentioning that HqTp

exhibits good performance in terms of the obtained discharge

capacity as well as cyclic stability as an organic polymer cathode

in aqueous zinc ion batteries (Table S4†).3,12

Meanwhile, the PaTp COF exhibits only 121.0 mA h g�1

discharge capacity at the same current rate (125 mA g�1) (ESI,

Fig. S24†). Considering the discharge capacity of

276.0 mA h g�1, we have found that 7.5 number of Zn2+ ions

interact in the unit cell of HqTp (ESI, S-9†). Moreover, at

a current rate of 3750.0 mA g�1 where the organic cathode

displays the specic capacity of 85.0 mA h g�1, we have carried

out a long-term cyclic stability experiment of the HqTp zinc ion

battery. The cyclic stability exceeded beyond 1000 cycles with

95% retention of its initial capacity (Fig. 3d). Moreover, the

coulombic efficiency of the cell is well maintained to 98%

throughout the 1000 charge–discharge cycles (Fig. 4e). Although

the symmetric shape of reversible peaks are absent in the CV

prole, the coulombic efficiency over 1000 cycles indicate the

high reversible charge storage characteristics of the HqTp COF.

Besides, considering the average voltage of 0.87 V (Fig. S27†),

a high energy density (240.0 W h kg�1) has been obtained at the

power density of 109.0 W kg�1 as provided in the Ragone plot at

the energy density of 75.0 W h kg�1, the power density increases

to 3262.0 W kg�1 (ESI, Fig. S26†). We could assemble four 1.75 V

HqTp-zinc ion cells in a series connection and directly used for

charging a smart-phone device (Fig. 4f; ESI, Fig. S29†).

Conclusions

In summary, we have demonstrated hydroquinone stitched

HqTp COF as a new class of organic cathode material for

rechargeable aqueous zinc ion batteries. Herein, HqTp COF

serves as a rich functional platform for binding Zn2+ ions. The

efficient inter-layer interaction of these divalent Zn2+ ions with

C]O and N–H from the adjacent layers provides an excellent

discharge capacity (276.0 mA h g�1 at 125.0 mA g�1). We believe,

the utility of COF as an organic cathode in such devices may

lead to the further invention of more powerful crystalline

polymer organic cathodes in the future.
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