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Abstract

Sustainable, conductive, and porous carbon materials are ideal for energy

storage materials. In this study, honeycomb‐like carbon materials (HCM) are

synthesized via a “salty” thermal treatment of abundant and sustainable coffee

extract. Systematic materials characterization indicates that the as‐prepared
HCM consists of heteroatoms (N and O, etc.) doped ultra‐thin carbon frame-

work, possesses remarkable specific surface area, and excellent electrical

conductivity. Such properties bestow HCM outstanding materials to be the

blocking layer for Li‐I2 battery, significantly eliminating the dissolution of I2 in

the cathode region and stopping the I2 from shutting to anode compartment.

Furthermore, our electrochemical investigation suggests that HCM could incur

surface pseudo‐capacitive iodine‐ions charge storage and contribute additional

energy storage capacity. As a result, the resultant Li‐I2 battery achieves a

robust and highly reversible capacity of 224.5 mAh·g−1 at the rate of 10 C. Even

under a high rate of 50 C, the remarkable capacity of the as‐prepared Li‐I2
battery can still be maintained at 120.2 mAh·g−1 after 4000 cycles.
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1 | INTRODUCTION

Widespread use of high energy‐consuming electronic
devices and large‐scale grid storage demands a corre-
sponding technological advancement toward recharge-
able energy storage systems.1‐4 Commercial lithium‐ion
batteries (LIBs) store and release electric energy through
the insertion and extraction of lithium ions between the

lithium‐interacting composite cathode and a graphite
anode.5,6 Slow kinetic process of these processes is con-
sidered as a major challenge of current commercial
LIBs.4,7,8 In this regard, super capacitors (SCs) can op-
erate at an ultra‐fast rate by the polarized electrolyte.9,10

However, the SCs commonly suffer from low energy
storage capacity and narrow operating voltage range.6

Therefore, LIBs and SCs individually cannot meet the
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escalating needs of future high‐energy and high‐power
appliance and equipment, such as electrical vehicles (EV)
and hybrid electrical vehicles (HEV). Lithium‐iodine
(Li‐I2) battery could be a possible solution for these
challenges because of its high energy and power
density.11‐18 Li‐I2 battery has a fast electrochemical con-
version of redox pair (I−/I3

−) with a high theoretical
specific capacity of 211mAh·g−1. More importantly, the
dissolved redox couples (I−/I3

−) can eliminate the effect
of the lattice barrier of solid electrode and reduce the
internal resistance of traditional LIBs, delivering a high‐
power performance. Meanwhile, Li‐I2 battery can operate
in a high voltage (2.0‐3.8 V) range, and therefore, achieve
higher energy and power density, which is an obvious
advantage in comparison with traditional LIBs. Further-
more, low cost and high abundance of iodine also offer
economic potential for large‐scale fabrication and
application.

However, similar to Li‐S batteries,19‐26 the dissolution
of iodine into the electrolyte could damage the integrity
of the I2 cathode and the shuttling effect of the iodine to
Li anode could corrode and destroy the lithium anode,
resulting into low columbic efficiency, poor cycling per-
formance and short lifetime of Li‐I2 batteries. These have
been considered as the main challenges of Li‐I2 batteries.
Recently, an interlayer concept was proposed to address
these challenges—a blocking layer is inserted in‐between
the cathode and separator in the Li‐I2 battery to avoid
dissolution and shuttling effect18,25,26 as shown
in Scheme 1. Ideally, the materials for building the
blocking layer shall be able to chemically or physically
interactive with the I2 redox couple, electronically con-
ductive, highly porous to create a larger number of active
sites to adsorb dissolved the redox couples, catalyze the
fast charge/discharge electrochemistry of the I2 redox
couple. Due to these benefits brought by interlayer in

Li‐I2 batteries, iodine ions can be regenerated via a con-
version reaction in the cathode region, accompanied by
the incurred pseudo‐capacitive energy storage via che-
mical and physical sorption‐desorption for iodine species
(ie, I3

−, I−, and I2) on the surface of the interlayer. As a
result, the chemical and physical sorption‐desorption
together with the conversion reaction of I2 redox couples
could facilitate the remarkable pseudo‐capacitive charge
storage on the surface of the interlayer in Li‐I2 battery,
and consequently enhance energy storage capacity and
power density and extend cycle life.

To secure the pseudo‐capacitive energy storage in
Li‐I2 batteries, two requirements must be met: sufficient
interfacial reactive sites must be provided for redox I2
couple and the dissolution and shuttle of iodine must be
inhibited. Generally, physical adsorption of microporous
material and chemical adsorption of heteroatoms to I2
molecules are promising strategies for addressing these
challenges.11,15,16,22‐25 Being an outstanding conductive
and porous medium for fast electron transfer and rapid
iodine redox reactions, N‐graphene,18 Ti3C2Tx MXene,27

and carbon nanotubes28 have been used to fabricate the
interlayer for these purposes. Additionally, they can offer
large reaction interfaces for the pseudo‐capacitive storage
in Li‐I2 batteries.29‐31 However, these carbonaceous ma-
terials can be used for large scale applications in Li‐I2
batteries after further performance improvement and
much‐reduced production cost.

The production of functional materials from naturally
available biomass is commonly considered as green and
sustainable to substitute expensive carbon materials, such
as expensive graphene,32‐34 carbon nanotubes,35 and car-
bon fibers.24‐27,36‐38 Low cost and abundant coffee extract
can be used as an excellent precursor to synthesize func-
tional carbon materials due to its relatively consistent
uniformity and composition of carbon, nitrogen, and

SCHEME 1 An illustration of the working
mechanism of the blocking layer in a
rechargeable Li‐I2 battery
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oxygen (Table S1). In this study, we develop a “salty”
thermal treatment to convert this unique precursor into a
functional carbon material (Scheme 2). The final product
of this treatment is a two‐dimensional planar honeycomb‐
like carbon material (namely HCM), that has a large re-
action area and active sites doped with a significant
amount of the nitrogen and oxygen. The high conductivity
and large porosity also make it an ideal material for the
physical and chemical sorption of I2, redox reactions of
iodine species (I−/I3

−), and pseudo‐capacitive energy
storage.18,24,25 Due to the as‐aforementioned properties
and benefits of the HCM, it is envisaged that the resultant
HCM‐based Li‐I2 battery is able to deliver high power
density, high energy density, and long cycle stability.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of the HCM powder

The general synthesis route is illustrated in Scheme 2. In
particular, NaCl and coffee extract (bland and made) were
first dissolved in a mass ratio of 5:1 into the deionized
water to obtain the salty coffee solution, that is, the coffee‐
NaCl solution. 10mL of this solution was rapidly poured
into ca. 100mL liquid nitrogen to allow rapid freezing of
the whole solution, leading to a frozen “salty” coffee ice.
The ice was then subjected to a freeze‐drying process for
24 hours to completely remove water and acquired a dry
coffee‐NaCl solid that was calcined in the argon

environment at 400°C for 1 hour and at 750°C for another
1 hour to result in a mixture of carbonized coffee‐NaCl
mixture (ie, HCM‐NaCl solid mixture). The HCM was
distributed evenly into a water solution and subject to a
filtration process using 0.45 μm polyvinylidene fluoride
filter. The resultant HCM solid was rinsed with DI water to
remove the residue NaCl and with ethanol to stripe the
absorbed water (ie, HCM), and subsequently dried at 60°C
for 24 hours. Finally, a dry dark‐black HCM powder is
obtained. For comparison, the control samples with dif-
ferent ratios of Coffee‐NaCl (0:1, 1:1, and 10:1, respectively)
were also synthesized using the same processes. Besides,
the directly carbonized sample derived from the coffee
extract was prepared via the same calcination process.

2.2 | Characterization

The morphology and structure were obtained by a scan-
ning electron microscopy (SEM; SU8020) and a trans-
mission electron microscopy (TEM; Tecnai G2F20).
X‐ray photoelectron spectroscopy (XPS) analyser (Thermo
ESCALAB 250XI) and Elemental analyzer (Vario EL Cube)
were used to study the surface elements and chemical
composition. X‐ray diffraction (XRD) patterns were acquired
by using Burker D8 advance diffractometer at the Cu‐Ka
radiation (λ=1.5405Å) with a scan rate of 5minutes−1.
The specific surface area and N2 adsorption/desorption
curves were collected by the Brunauer‐Emmett‐Teller (BET)
system (ASAP 2020, Micromeritics).

SCHEME 2 The schematic of the HCM
blocking layer synthesis route: the “salty” coffee
solution, structural morphology presetting by
rapid freezing and freeze‐drying, carbonization
by annealing in Ar atmosphere, removal of
NaCl by washing, and drying and film
formation. HCM, honeycomb‐like carbon
material
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2.3 | The preparation of HCM blocking
layer

The blocking layers were prepared by blending the
HCM composite, superconducting carbon black and
polytetrafluoroethylene (PTFE) at the ratio of 8:1:1
with ethanol as the dispersant. After drying at 60°C for
12 hours, the areal density of each blocking layer was
2 mg·cm−2.

2.4 | The preparation of conventional I2
cathode

Similarly, the I2 cathode was prepared by mixing iodine,
superconducting carbon black and PTFE were in a ratio
of 55:35:10 with ethanol as the dispersant, and the aver-
age weight of iodine cathode was approximately
2 mg·cm−2 after drying at 60°C for 12 hours.

2.5 | Fabrication of coil cell and
electrochemical measurements

To fabricate a coin cell, 0.5 M Lithium
bis(trifluoromethanesulfonyl)‐imide (LiTFSi) and 0.1M
LiNO3 in a mixture of dioxolane and dimethoxyethane in
a volume ratio of 1:1 was used as the electrolyte. Lithium
metal was used anode, I2 electrode was used cathode,
polyethylene was used as a separator, HCM blocking
layer was used as an interlayer insert between the cath-
ode and separator to construct Li‐I2 battery. The elec-
trochemical performance of the half battery was
conducted using a land CT‐2001A instrument (Wuhan
Jinnuo, China) with a cut‐off potential window from 2.0
to 3.8 V (vs Li/Li+) at 21°C for Li‐I2 battery. Cyclic
voltammetry (CV) investigations were carried out with
the electrochemical workstation (CHI 660A) in a coin
cell assembly.

2.6 | Computational details

Our first‐principle calculations were performed using gen-
eralized gradient approximation parameterized by Perdew‐
Burke‐Ernzerhof exchange‐correlation functional39,40 as
implemented in the Vienna Ab Initio Simulation Package.41

The interaction potentials of the core electrons were re-
placed by projector augmented wave42 pseudo potentials
(Li: 1s22s1, I: 5s25p5, C: 2s22p2, N: 2s22p3, O: 2s22p4, and
H: 1s1). The cut‐off energy is 500 eV and a Γ‐centered
3 × 3× 1 Monkhorst‐Pack k‐point mesh was used for
Brillion zone sampling with a small broadening width of

Gaussian smearing (0.05 eV). The adsorption of LiI3 on the
substrate is modeled by placing a LiI3 molecule on the
(6 × 6) substrate supercell with a vacuum region of 15 Å to
separate the two‐dimensional layer in the vertical direction
due to the periodic condition. Electronic minimization was
performed with a tolerance of 10−4 eV, and ionic relaxation
was performed with a force tolerance of 0.03 eV/Å on each
ion while the lattice parameters in the vertical direction are
fixed. All these parameters were carefully tested to ensure
convergence and accuracy. Semiempirical dispersion cor-
rection, namely zero damping dispersion‐corrected density
functional theory (DFT‐D3) method,43,44 is used in all the
calculations.

3 | RESULTS AND DISCUSSION

3.1 | The synthesis of HCM and
preparation of I2 cathode

Coffee contains complex ingredients, including N‐ and
O‐containing fat, carbohydrate, protein, and caffeine.
Under inert gas Ar and at the high temperature, these
compounds are transformed into N, O‐doped carbona-
cious materials, in this case, the HCM. For the con-
structed honeycomb‐like structure, there are many
reasons for choosing NaCl: including NaCl is cheap in
cost, soluble in water, stable at high temperature, inert to
precursor at high temperature and easy in separation
with resultant products. In principle, upon meeting these
criteria, other salts can serve the same purpose.

As shown in Scheme 2, the physical properties of
NaCl help produce pores in the course of the “salty”
treatment of coffee extract: (a) The initial dissolution of
NaCl in coffee water solution apparently realizes
homogenous mixing at a molecular level in solution and
in frozen solid forms. (b) More importantly, the water in
the frozen solid was removed from by the freeze‐drying
treatment, as a result, NaCl nanocrystals is formed and
evenly anchored on molecular frameworks of coffee.
(c) The high‐temperature annealing‐treatment at 750°C
in Ar atmosphere converts the coffee‐NaCl mixture into
HCM‐NaCl mixture. Because NaCl has a melting point
of 801oC and NaCl is chemically stable in the HCM‐
NaCl, NaCl nanocrystals are uniformly distributed in
HCM nano‐pores formed in the annealing process.
(d) In the washing process, the NaCl within the HCM
nano‐pores will be eluted by water, leaving massive
amounts of nano‐pores behind, and resulting the porous
HCM materials.

In the I2 cathode preparation process, the addition of
ethanol is crucial—it helps penetration and even dis-
tribution of I2 into the nano‐pores. As the ethanol
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vaporizes when the I2/carbon thin film is set, the
dissolved I2 nanoparticles remain in the nano‐pores.

3.2 | The DFT calculation

To realize our conjecture in the bonding of impurity
atoms to iodide ions, first‐principle calculations were
performed to investigate the interactions between iodic
clusters and HCM material. The relative stability was
determined by the adsorption energy (Ea) of iodic clusters
on the carbon substrates with nitrogen or oxygen atoms
using the following equation:

E E E E= – – ,a i ctotal
(1)

where Etotal, Ei, and Ec are the energies of the whole
adsorption structure, iodic clusters, and carbon substrate,
respectively. As the adsorption energy of iodine‐
containing groups (LiI, LiI3, and I2) on different sub-
strates should have similar trends, for example, nitrogen
atoms (guatemary N, pyrrolic N, and pyridinic N) and
oxygen‐containing functional groups (carbonyl, hydroxyl,
and carboxyl). Here, we use LiI3 in the calculations as an
example. As shown in Figure 1, when compared with
graphene and, carbon substrates with nitrogen, Ea of
pyrrolic N (−1.29 eV), and pyridinic N (−1.41 eV) are
more negative than that of graphene (−0.81 eV). And
similar result for carbon substrates with oxygen, for ex-
ample C =O is −1.17 eV, COH is −1.41 eV, and COOH is
−1.65 eV, is also estimated. These more negative value of
Ea indicates a stronger adsorption capability. These re-
sults clearly demonstrate that impurity atoms can adsorb

more active materials (iodic clusters) within the cathodic
chamber.

3.3 | Materials characterizations

The morphologies of the prepared HCM material are
shown in Figure 2. Figure 2A and 2B show the SEM
images of HCM‐5 with a well‐developed pore‐framework
structure formed by the salt crystal template via the rapid
freezing process. The ultrathin honeycomb‐like skeleton
was observed under TEM (Figure 2C) and the high vo-
lume of nano‐pores were uniformly distributed on the
ultra‐thin skeleton (Figure 2D). For both comparison and
morphological control, a series of samples were synthe-
sized and characterized according to the different NaCl
additions (Figure S1). Obviously, the directly carbonized
sample derived from coffee extract exhibits as a large
block structure (Figure S1a). When the coffee solution
was quickly frozen, freeze‐dried and argon calcined, the
large block structures start to break into smaller pieces
(marked as HCM‐0; Figure S1b). After dissolving NaCl in
the coffee solution, honeycomb‐like framework structural
morphology is presetting by rapid freezing and freeze‐
drying. Figures S1c and S1d show the obvious
honeycomb‐like framework structure with the ratio of
Coffee: NaCl is 1:1 (HCM‐1) and at 1:5 ratio it has the
best HCM morphology (HCM‐5; Figure 2), while inter-
estingly the HCM structure is destroyed when the NaCl
addition was increased to by 10 times that of the coffee
extract (HCM‐10; Figures S1e and S1f).

FIGURE 1 The view of LiI3 adsorbed on graphene carbon
materials, nitrogen atoms (guatemary N, pyrrolic N, and pyridinic
N) and oxygen‐containing functional groups (carbonyl, hydroxyl,
and carboxyl) and the calculated adsorption energy

FIGURE 2 Morphology of the as‐prepared HCM‐5. A,B, SEM
image, (C) TEM image and (D) HR‐TEM image. HCM,
honeycomb‐like carbon material; HR‐TEM, high‐resolution TEM;
SEM, scanning electron microscopy; TEM, transmission electron
microscopy
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The pore size distribution and N2 adsorption/deso-
rption curves are given in Figure 3. Obviously, the hys-
teresis loop of a typical IV curve indicates the porous
structure and the main pore size distribution is measured
as ca. 3.84 nm.45 In addition, a high BET surface area of
343.3 m2·g−1 can be gained for HCM‐5, while that of
HCM‐0, HCM‐1, and HCM‐10 are 0.0048m2·g−1,
35.6316m2·g−1 and 224.4958m2·g−1, respectively. This
indicating that HCM‐5 possesses a well‐developed
honeycomb‐like skeleton structure and potentially
strong physical adsorption.

The XPS spectra were used to analyze the surface
element of the obtained HCM‐5, as shown in Figure 4. It
was observed that the content of C, N, and O occupies
86.35%, 3.27%, and 10.38%, respectively (Figure 4A),
which is consistent with the results of elemental analysis
(Table S1). Figure 4B, 4C, and 4D show the high‐
resolution spectra of C 1s, N 1s, and O 1s. Markedly,

the C 1s spectra in the Figure 4B shows the main peak
centered at 284.6 eV and can be attributed to the typical
C = C/C‐C sp2‐hybridized carbon.46 Other peaks cen-
tered at 285.2 eV, 286.8 eV, and 288.8 eV reveal the ex-
istence of C‐N, C =O and ‐O‐C=O,47 which corresponds
to the results of N 1s spectra in Figure 4C and O 1s
spectra in Figure 4D. Figure 4C shows the three different
nitrogen types of peaks centered at 401 eV (quaternary
N), 399.9 eV (pyrrolic N), and 398.8 eV (pyridinic N),48,49

and the O 1s spectra (Figure 4D) reveals the H‐O‐C=O
(530.8 eV), C =O (532.1 eV), and C‐OH (533.5 eV).50

These evenly distributed heteroatoms (N, O) play a
powerful limiting force for dissolved iodine couples
though the strong chemical adsorption of polar groups.
The XRD pattern shown in Figure S2 displays two broad
peaks at 24° and 44°, which is the result of the partial
formation of the graphitic carbon during the high‐
temperature calcination.51 It is recognized that carbon

FIGURE 3 N2 adsorption/desorption
curves (A) of the obtained HCM samples
and the pore size distribution (B)

FIGURE 4 XPS survey scans of the
HCM‐5 (A); and (B‐D) high resolution
XPS scans of C 1s, N 1s, and O 1s. HCM,
honeycomb‐like carbon material; XPS, X‐ray
photoelectron spectroscopy
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materials usually have good electrical conductivity
after high temperature graphitization, which provides a
necessary condition for rapid charge storage.

3.4 | Electrochemical evaluation

To further analyse the energy storage mechanism of the
constructed Li‐I2 battery with HCM blocking layer, the
capacitive and diffusion currents were calculated
according to the formula:

i k ν k ν= + ,1 2
1/2 (2)

where k1ν is the capacitive effect and k2ν
1/2 stands for the

diffusion‐controlled process. Although the CV determine
the pseudo‐capacitive characters,52 (Figure 5), it is
obvious that Figure 5A shows the nearly rectangular CV
curve at a different rate (2‐10mV·S−1), delivering marked
pseudo‐capacitive charge storage. However, a smaller
peak is visible at 3.0 V which also confirms the existence

of redox charge storage.15,16 Figure 5B to 5F shows the
pseudo‐capacitive contribution to total iodine storage at
different rates (2‐10mV·S−1). Expectedly, the pseudo‐
capacitive contribution of 55.8% is obtained at a rate of
2mV·S−1, and it gradually increases to 62.2%, 66.8%,
70.7%, and 74.3% at the scan rate of 4, 6, 8, and
10mV·S−1, respectively. Such a high pseudo‐capacitive
contribution (up to 74.3% at 10 mV·S−1) further reveals
that the heteroatoms (N, O) on the HCM blocking layer
trigger the rapid surface faradic redox reactions for iodine
couples (I−, I2, and I3

−).
The electrochemical performance of the assembled

Li‐I2 batteries with HCM‐5 blocking layer were therefore
tested and shown in Figure 6. It is notable that no
obvious voltage platform was found on these discharge‐
charge curves (Figure 6A), which is in line with the
behavior of the capacitive charge storage.53 Similar re-
sults can be seen on the discharge‐charge curves of Li‐I2
battery with different HCM‐0, HCM‐1, HCM‐10 inter-
layers (Figures S3‐S5). In addition, the initial discharge
capacity of HCM‐5 is only 117.2 mAh·g−1 at the rate

FIGURE 5 CV curves and
calculated capacitive contribution of the
as‐constructed Li‐I2 batteries with the
HCM‐5 interlayer. A, CV curves of the
Li‐I2 battery at various scan rates;
(B‐F) the calculated total current and
capacitive current from the CVs at
different scan rates of 2, 4, 6, 8 and
10mV/s, respectively. CV, cyclic
voltammetry; HCM, honeycomb‐like
carbon material
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of 10 C (1 C = 211mAh·g−1), but quickly recover to
224.5 mAh·g−1 at the second cycles, and moreover it can
still be maintained at 202.2 mAh·g−1 after 200 cycles.
Notably, the theoretical capacity of iodine is only
211mAh·g−1. Figure 6B presents the long cycle curve at a
rate of 10 C. Although the initial cycles showed a lower
capacity due to the electrochemical activation process for
iodine couples and it quickly returned to a higher capa-
city with the high coulomb efficiency (ca. 100%).Such a
high discharge capacity can be considered as the con-
tribution of pseudo‐capacitance and the HCM blocking
layer; where the discharge capacity produced by HCM
blocking layer is ca. 20 mAh·g−1 at the same testing
condition (Figures 6C and S6). As an obvious contrast,
pure I2 cathode shows the poor charge storage ability
(Figure S7). This novel construction of HCM‐5 blocking
layer and pure I2 cathode provides a potential opportu-
nity for rapid pseudo‐capacitive energy storage. Besides,

the Li‐I2 battery with HCM‐0, HCM‐1, and HCM‐10
blocking layer show relatively poor electrochemical per-
formance compared to HCM‐5 (see in Figure S8), which
can be attributed to the well‐developed pore structure of
HCM‐5 to better limit the shuttle effect of the dissolved
iodide ions and provide a larger reaction area. More im-
portantly, the excellent rate performance of the as-
sembled Li‐I2 battery can be achieved at the high rate of
50 C (shown in Figure 6D), after 4000 cycles, the capacity
can be maintained at 120.2 mAh·g−1. The shelfing life
and performance is directly related to the usefulness of
the rechargeable batteries. For this, the capacity and the
charge/discharge behaviors of the as‐prepared Li‐I2 bat-
teries were also evaluated and characterized upon a dif-
ferent resting time (days). As shown in Figure 6E, The
discharge capacity dropped by ca. 50% and 60% after
resting for 2 and 3 days, respectively. This phenomenon
can be attributed to the self‐discharge that converts the

FIGURE 6 Discharge‐charge curves of the as‐constructed Li‐I2 batteries (55% I2 content) with HCM‐5 blocking layer (A); cycling
performance at the rate of 10 C (B); Cycling performance of the I2 cathodes without HCM blocking layer at the rate of 10 C and the cycling
performance of HCM‐5 (C), cycling performance at the rate of 50 C (D); cycling performance at the rate of 20 C after resting different time
(E); Mapping of HCM blocking layer after 1000 cycles at rate of 10 C (F); and the adsorption experiment before and after resting 24 hours
(G). HCM, honeycomb‐like carbon material
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charged iodine ions to neutral iodine in the cathode re-
gion. Excitingly, the specific capacity of the battery could
be completely recovered from the second cycle. This is
apparently due to the charging process in the first cycle
that had reactivated the neutral iodine into the charged
iodine species (such as I− and I3

−). The latter triggers
pseudo‐capacitive contribution in charge/discharge
capacity from the second cycle. The excellent stability
can be also demonstrated by the fact that a high dis-
charge capacity was retained at 153.5 mAh·g−1 even
after 1000 cycles at a high rate of 20 C. Such superior
electrochemical performance can be attributed to the
strong structural stability and adsorption properties of
HCM‐5 for iodine couples. The SEM images of HCM‐5
blocking layer before cycling and after 1000 cycles were
shown in Figure S9, and there is no obvious difference
can be found in‐between these two images. Plus,
massive iodine ions can be found on the EDS mapping
of blocking layer after 1000 cycles (Figure 6F). Mean-
while, the adsorption experiment further confirms its
strong adsorption by observing the color change from
yellow to clear after resting 24 hours (Figure 6G). These
fully demonstrate that the double physical and che-
mical adsorption of the HCM‐5 to iodine will prevent
iodine/iodide ions from dissolving in the cathode re-
gion and provide potential conditions for the rapid
surface pseudo‐capacitive energy storage.

4 | CONCLUSION

A lithium‐iodine battery was successfully constructed by
inserting a novel two‐dimensional HCM as a blocking
layer in‐between cathode and separator. The honeycomb‐
like structure derived from the formation of “salt crystal
template” and the evenly distributed heteroatoms (3.27%
N, 10.38% O) on the surface can generate powerful phy-
sical and chemical adsorption for dissolved iodine cou-
ples, facilitating a rapid surface redox reaction and
generating capacitive I− charge storage. As a result, the
self‐assembled lithium iodine battery exhibits out-
standing rate performance, cycle stability, and long cycle
life. In addition, coffee is also a low‐cost, abundant, and
sustainable raw biomaterial for the large‐scale production
of the N‐doped porous carbon materials. The design of
honeycomb‐like structure though the agglomeration of
Na+ and Cl− during the process of seed crystal growth
provides a new perspective for the synthesis of porous
materials.

ACKNOWLEDGMENTS
This study was financially supported by the Australia
Research Council Discovery Projects (DP170103721 and

DP180102003). We also acknowledge the computational
support from the Australian Government through the
National Computational Infrastructure (NCI) under the
National Computational Merit Allocation Scheme and
the Pawsey Supercomputing Centre with funding from
the Australian Government and the Government of
Western Australia.

ORCID
Shanqing Zhang http://orcid.org/0000-0001-5192-1844

REFERENCES
1. Larcher D, Tarascon JM. Towards greener and more sustain-

able batteries for electrical energy storage. Nat Chem. 2015;7(1):
19‐29.

2. Goodenough JB. Electrochemical energy storage in a sustain-
able modern society. Energy Environ Sci. 2014;7(1):14‐18.

3. Titirici MM, White RJ, Falco C, Sevilla M. Black perspectives
for a green future: hydrothermal carbons for environment
protection and energy storage. Energy Environ Sci. 2012;5(5):
6796‐6822.

4. Xiang H, Chen J, Li Z, Wang H. An inorganic membrane as a
separator for lithium‐ion battery. J Power Sources. 2011;
196(20):8651‐8655.

5. Wu J, Cao Y, Zhao H, Mao J, Guo Z. The critical role of carbon
in marrying silicon and graphite anodes for high‐energy
lithium‐ion batteries. Carbon Energy. 2019;1(1):57‐76.

6. Shi Y, Liu G, Jin R, Xu H, Wang Q, Gao S. Carbon materials
from melamine sponges for supercapacitors and lithium bat-
tery electrode materials: a review. Carbon Energy. 2019;1:
253‐275.

7. Thackeray MM, Wolverton C, Isaacs ED. Electrical energy
storage for transportation‐approaching the limits of, and going
beyond, lithium‐ion batteries. Energy Environ Sci. 2012;5(7):
7854‐7863.

8. Chu A, Braatz P. Comparison of commercial supercapacitors
and high‐power lithium‐ion batteries for power‐assist applica-
tions in hybrid electric vehicles: I. Initial characterization.
J Power Sources. 2002;112(1):236‐246.

9. Wang F, Wu X, Yuan X, et al. Latest advances in
supercapacitors: from new electrode materials to novel device
designs. Chem Soc Rev. 2017;46(22):6816‐6854.

10. Liu CF, Liu YC, Yi TY, Hu CC. Carbon materials for
high‐voltage supercapacitors. Carbon. 2019;145:529‐548.

11. Li K, Lb, Li QF, Wang HF, Zhang S, Deng C. Anchoring iodine
to N‐doped hollow carbon fold‐hemisphere: toward a fast and
stable cathode for rechargeable lithium–iodine batteries. ACS
Appl Mater Interfaces. 2017;9(24):20508‐20518.

12. Zhao Y, Byon HR. High‐performance lithium‐iodine flow
battery. Adv Energy Mater. 2013;3(12):1630‐1635.

13. Lu K, Hu Z, Ma J, Ma H, Dai L, Zhang J. A rechargeable iodine‐
carbon battery that exploits ion intercalation and iodine redox
chemistry. Nat Commun. 2017;8(1):527.

14. Zhao Q, Lu Y, Zhu Z, Tao Z, Chen J. Rechargeable lithium‐
iodine batteries with iodine/nanoporous carbon cathode.
Nano Lett. 2015;15(9):5982‐5987.

15. Wu Z, Xu J, Zhang Q, et al. LiI embedded meso‐micro porous
carbon polyhedrons for lithium iodine battery with superior

SU ET AL. | 273

http://orcid.org/0000-0001-5192-1844


lithium storage properties. Energy Storage Mater. 2018;10:
62‐68.

16. Wang Y, Sun Q, Zhao Q, Cao J, Ye S. Rechargeable lithium/
iodine battery with superior high‐rate capability by using
iodine‐carbon composite as cathode. Energy Environ Sci. 2011;
4(10):3947‐3950.

17. Zhao Y, Hong M, Bonnet Mercier N, Yu G, Choi HC, Byon HR.
A 3.5 V lithium–iodine hybrid redox battery with vertically
aligned carbon nanotube current collector. Nano Lett. 2014;
14(2):1085‐1092.

18. Su Z, Wei Z, Lai C, Deng H, Liu Z, Ma J. Robust pseudo‐
capacitive Li‐I2 battery enabled by catalytic, adsorptive N‐doped
graphene interlayer. Energy Stor Mater. 2018;14:129‐135.

19. Xin S, Gu L, Zhao NH, et al. Smaller sulfur molecules promise
better lithium–sulfur batteries. J Am Chem Soc. 2012;134(45):
18510‐18513.

20. Wang Z, Dong Y, Li H, et al. Enhancing lithium‐sulphur battery
performance by strongly binding the discharge products on amino‐
functionalized reduced graphene oxide. Nat Commun. 2014;5:5002.

21. Lu S, Cheng Y, Wu X, Liu J. Significantly improved long‐cycle
stability in high‐rate Li‐S batteries enabled by coaxial graphene
wrapping over sulfur‐coated carbon nanofibers. Nano Lett.
2013;13(6):2485‐2489.

22. Song J, Gordin ML, Xu T, et al. Strong lithium polysulfide
chemisorption on electroactive sites of nitrogen‐doped carbon
composites for high‐performance lithium‐sulfur battery
cathodes. Angew Chem Int Ed. 2015;127(14):4399‐4403.

23. Song J, Xu T, Gordin ML, et al. Nitrogen‐dopedmesoporous carbon
promoted chemical adsorption of sulfur and fabrication of high‐
areal‐capacity sulfur cathode with exceptional cycling stability for
lithium‐sulfur batteries. Adv Funct Mater. 2014;24(9):1243‐1250.

24. Xu J, Ma J, Fan Q, Guo S, Dou S. Recent progress in the design
of advanced cathode materials and battery models for
high‐performance lithium‐X (X=O2, S, Se, Te, I2, Br2)
batteries. Adv Mater. 2017;29(28):1606454.

25. Su Z, Tong CJ, He DQ, et al. Ultra‐small B2O3 nanocrystals
grown in situ on highly porous carbon microtubes for lithium‐
iodine and lithium‐sulfur batteries. J Mater Chem A. 2016;
4(22):8541‐8547.

26. Gu X, Tong CJ, Rehman S, Liu LM, Hou Y, Zhang S. Multi-
functional nitrogen‐doped loofah sponge carbon blocking layer
for high‐performance rechargeable lithium batteries. ACS Appl
Mater Interfaces. 2016;8(25):15991‐16001.

27. Sun C, Shi X, Zhang Y, Liang J, Qu J, Lai C. Ti3C2Tx MXene
interface layer driving ultra‐stable lithium‐iodine batteries with
both high iodine‐content and mass loading. ACS Nano. 2020;
14:1176‐1184.

28. Wu ZZ, Wang SY, Wang RY, Liu J, Ye SH. Carbon nanotubes
as effective interlayer for high performance li‐i2 batteries: long
cycle life and superior rate performance. J Electrochem Soc.
2018;165(5):A1156‐A1159.

29. Nugent J, Santhanam K, Rubio A, Ajayan P. Fast electron
transfer kinetics on multiwalled carbon nanotube microbundle
electrodes. Nano Lett. 2001;1(2):87‐91.

30. Chen Z, Qin Y, Amine K, Sun YK. Role of surface coating on
cathode materials for lithium‐ion batteries. J Mater Chem.
2010;20(36):7606‐7612.

31. Yuan Y, Lu J. Demanding energy from carbon. Carbon Energy.
2019;1(1):8‐12.

32. Yu D, Goh K, Wang H, et al. Scalable synthesis of hier-
archically structured carbon nanotube‐graphene fibres for ca-
pacitive energy storage. Nature Nanotech. 2014;9(7):555‐562.

33. Yoo E, Kim J, Hosono E, Zhou HS, Kudo T, Honma I. Large
reversible Li storage of graphene nanosheet families for use in
rechargeable lithium ion batteries. Nano Lett. 2008;8(8):2277‐2282.

34. Choi S, Kim C, Suh JM, Jang HW. Reduced graphene oxide‐
based materials for electrochemical energy conversion reac-
tions. Carbon Energy. 2019;1(1):85‐108.

35. Chen Y, Li X, Park K, et al. Hollow carbon‐nanotube/carbon‐
nanofiber hybrid anodes for Li‐ion batteries. J Am Chem Soc.
2013;135(44):16280‐16283.

36. Chung SH, Manthiram A. A natural carbonized leaf as poly-
sulfide diffusion inhibitor for high‐performance lithium–sulfur
battery cells. ChemSusChem. 2014;7(6):1655‐1661.

37. Raymundo‐Piñero E, Leroux F, Béguin F. A high‐performance
carbon for supercapacitors obtained by carbonization of a
seaweed biopolymer. Adv Mater. 2006;18(14):1877‐1882.

38. Gao YP, Zhai ZB, Huang KJ, Zhang YY. Energy storage ap-
plications of biomass‐derived carbon materials: batteries and
supercapacitors. New J Chem. 2017;41(20):11456‐11470.

39. Perdew JP, Burke K, Ernzerhof M. Generalized gradient
approximation made simple. Phys Rev Lett. 1996;77(18):3865‐3868.

40. Langreth DC, Mehl MJ. Beyond the local‐density approxima-
tion in calculations of ground‐state electronic properties. Phys
Rev B. 1983;28(4):1809‐1834.

41. Kresse G, Furthmüller J. Efficient iterative schemes for ab in-
itio total‐energy calculations using a plane‐wave basis set. Phys
Rev B. 1996;54(16):11169‐11186.

42. Blöchl PE. Projector augmented‐wave method. Phys Rev B.
1994;50(24):17953‐17979.

43. Grimme S, Antony J, Ehrlich S, Krieg H. A consistent and
accurate ab initio parametrization of density functional dis-
persion correction (DFT‐D) for the 94 elements H‐Pu. J Chem
Phys. 2010;132(15):154104.

44. Grimme S, Ehrlich S, Goerigk L. Effect of the damping function
in dispersion corrected density functional theory. J Comput
Chem. 2011;32(7):1456‐1465.

45. Lee KT, Lytle JC, Ergang NS, Oh SM, Stein A. Synthesis and
rate performance of monolithic macroporous carbon electrodes
for lithium‐ion secondary batteries. Adv Funct Mater. 2005;
15(4):547‐556.

46. Chandu B, Mosali VSS, Mullamuri B, Bollikolla HB. A facile
green reduction of graphene oxide using Annona squamosa leaf
extract. Carbon Lett. 2017;21:74‐80.

47. Gordon ML, Cooper G, Morin C, et al. Inner‐shell excitation
spectroscopy of the peptide bond: Comparison of the C 1s, N 1s,
and O 1s spectra of glycine, glycyl‐glycine, and glycyl‐glycyl‐
glycine. J Phys Chem A. 2003;107(32):6144‐6159.

48. Qie L, Chen WM, Wang ZH, et al. Nitrogen‐doped porous
carbon nanofiber webs as anodes for lithium ion batteries with
a superhigh capacity and rate capability. Adv Mater. 2012;
24(15):2047‐2050.

49. Pang Y, Zhang S, Liu L, et al. Few‐layer MoS2 anchored at
nitrogen‐doped carbon ribbons for sodium‐ion battery anodes
with high rate performance. J Mater Chem A. 2017;5(34):
17963‐17972.

50. Oh YJ, Yoo JJ, Kim YI, et al. Oxygen functional groups and
electrochemical capacitive behavior of incompletely reduced

274 | SU ET AL.



graphene oxides as a thin‐film electrode of supercapacitor.
Electrochim Acta. 2014;116:118‐128.

51. Wang H, Da H, Wang R, Ji S. Beef‐derived mesoporous carbon
as highly efficient support for PtRuIr electrocatalysts and their
high activity for CO and methanol oxidation. S Afr J Chem.
2014;67(1):33‐39.

52. Kong L, Zhang C, Wang J, Qiao W, Ling L, Long D.
Free‐standing T‐Nb2O5/graphene composite papers with
ultrahigh gravimetric/volumetric capacitance for Li‐ion inter-
calation pseudocapacitor. ACS Nano. 2015;9(11):11200‐11208.

53. Wang L, Li X, Ma J, Wu Q, Duan X. Non‐activated, N,
S‐co‐doped biochar derived from banana with superior
capacitive properties. Sustain Energy. 2014;2(2):39‐43.

SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section.

How to cite this article: Su Z, Ling HY, Li M, et al.
Honeycomb‐like carbon materials derived from
coffee extract via a “salty” thermal treatment for
high‐performance Li‐I2 batteries. Carbon Energy.
2020;2:265–275. https://doi.org/10.1002/cey2.40

SU ET AL. | 275

https://doi.org/10.1002/cey2.40



