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Polyimide @ Ketjenblack Composite: A Porous Organic
Cathode for Fast Rechargeable Potassium-lon Batteries

Chenglin Zhang, Yang Xu, Kaiming He, Yulian Dong, Huaping Zhao, Lukas Medenbach,
Yuhan Wu, Andrea Balducci, Thomas Hannappel, and Yong Lei*

Potassium-ion batteries (PIBs) configurated by organic electrodes have been
identified as a promising alternative to lithium-ion batteries. Here, a porous
organic Polyimide@ Ketjenblack is demonstrated in PIBs as a cathode, which
exhibits excellent performance with a large reversible capacity (143 mAh g™ at
100 mA g7'), high rate capability (125 and 105 mAh g~' at 1000 and 5000 mA g7'),
and long cycling stability (76% capacity retention at 2000 mA g~' over

1000 cycles). The domination of fast capacitive-like reaction kinetics is verified,
which benefits from the porous structure synthesized using in situ polymeriza-
tion. Moreover, a renewable and low-cost full cell is demonstrated with superior
rate behavior (106 mAh g™ at 3200 mA g™'). This work proposes a strategy to
design polymer electrodes for high-performance organic PIBs.

1. Introduction

With the increasing demand for lithium-ion batteries (LIBs)
used in portable electronic devices and electronic vehicles,
the concern of limited lithium resources has attracted more
and more attention, hence low-cost energy storage technolo-
gies need to be explored and commercialized."? Recently,
potassium-ion batteries (PIBs) came in our sight due to the

C. Zhang, Dr. Y. Xu, Dr. H. Zhao, Y. Wu, Prof. T. Hannappel, Prof. Y. Lei
Institute of Physics and IMN MacroNano®

Technical University of Ilmenau

Ilmenau 98693, Germany

E-mail: yong.lei@tu-ilmenau.de

Dr. Y. Xu

Department of Chemistry

University College London

London WCTH 0A), UK

K. He, Y. Dong

Institute of Nanochemistry and Nanobiology

Shanghai University

Shanghai 200444, China

Dr. L. Medenbach, Prof. A. Balducci

Institute for Technical Chemistry and Environmental Chemistry
Friedrich-Schiller-University Jena

Philosophenweg 7a, Jena 07743, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202002953.

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202002953

Small 2020, 16, 2002953

2002953 (1of 8)

earth abundance of K (almost 1000 times
more than Li) and the similar electro-
chemical properties to Li-ion batteries.
Compared with well-studied sodium-
ion batteries (SIBs), K has comparable
resource reserves but a much closer
standard electrode potential to Li (-2.71 V
for Na/Nat, —=2.93 V for K/K*, and —3.04 V
for Li/Li*, versus standard hydrogen elec-
trode), implying that a similar voltage
window and energy density to those of
LIBs might be achieved in PIBs. Therefore,
the PIB could be a desirable alternative of
LIBs.-8l Unfortunately, most conventional
inorganic cathodes that have been widely
demonstrated in LIBs and SIBs exhibit
unsatisfactory electrochemical performance in PIBs, resulting
from the large size of K-ions (1.38 A) and kinetic diffusion limi-
tations in the bulk-phase of inorganic cathodes.” "]

Compared to inorganic cathode materials, organic and
polymer materials possess flexible molecular structures that
could be better host materials for K-ions.?*?4 Organic mate-
rials have been widely investigated as electrodes in LIBs and
SIBs.[9:20.25-28] However, suffering from poor conductivity, low
active-site exposure, and easy solubility of organic materials,
the electron transport, ion diffusion, and stability of organic
electrodes are commonly depressed.?>-35] Hence the research
progress so far for improving the rate capability and the cycla-
bility of organic cathodes in PIBs are highly unfavorable.
Exploring strategies to promote the conductivity, activity, and
stability of organic materials is urgently needed. And fabri-
cating electrodes for PIBs composed of stable polymers and
carbon additives, especially with heterogeneous structures,
could be an effective approach. Based on this recognition, our
strategy is the development of a stable porous polymer@carbon
composite cathode for realizing a high-performance potas-
sium-—organic battery. The porous structure of a polymer-coated
carbon skeleton can not only increase the conductivity of the
cathode, but also avoids the self-stacking of polymers, leading
to an enhanced charge-carrier mobility and more exposed active
sites for achieving a high rate capability. Besides, the solubility
of the polymer is much lower than that of the monomer, which
can effectively improve the stability of the cathode.

In this work, a fast-rechargeable potassium-ion battery was
first demonstrated using a porous Polyimide@XKetjenblack
(PIM@XKB) as the cathode. This porous composite was synthe-
sized through in situ polymerization of 1,4,5,8-naphthalenetet-
racarboxylic dianhydride (NTCDA) monomers on Ketjenblack.

© 2020 The Authors. Published by Wiley-VCH GmbH
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In particular, such a porous composite exhibited a high revers-
ible capacity (143 mAh g™ at 100 mA g, Coulombic efficiency:
almost 100%), superior rate capability (125 and 105 mAh g™ at
1000 and 5000 mA g'), and cyclability (capacity retained 76%
after 1000 cycles at 2000 mA g!). Additionally, the wetting time
of the composite was highly shortened, leading to a much better
self-improving ability. The study of organic materials composi-
tions and electrochemical mechanisms revealed that both the
porous structure and the improved conductivity are the keys to
the enhanced K-ion transport and diffusion, which enables the
fast-rechargeable capability. Besides, an ultrafast rechargeable
full cell was also configured by using the PIM@KB cathode
with a nitrogen-doped soft carbon anode.

2. Results and Discussion

The overall chemical and structural fabrication processes of
the porous PIM@KB composite are illustrated in Figure la
and Figure S1 (Supporting Information). In brief, a homog-
enous suspension of Ketjenblack and NTCDA was first pre-
pared in a N-Methyl-2-pyrrolidon (NMP) solvent, making
sure that Ketjenblack was completely wet. Then, a stoi-
chiometric amount of 1,2-diaminoethane (EDA) was added

a

Polymerization

NMP, Reflux 6h Oy
4

NTCDA, EDA

Polyimide

Monomers
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to the suspension. During the polymerization reaction,
the PIM polymer was directly deposited on the surface of the
self-aggregated porous Ketjenblack. Consequently, with the
polymer condensation, the porous PIM@KB composite has
been obtained (all details of the fabrication process are given
in the Experimental Section). The color of the as-prepared PIM
is orange while the PIM@KB composite is black (Figure S2,
Supporting Information). Figure 1b,c is scanning electron
microscopy (SEM) images of PIM and PIM@KB composite,
showing a clear morphology difference of the two samples.
PIM@KB has a morphology as wrinkled particles overspread
the sample surfaces. SEM images at high magnification
(Figure 1d; Figures S3 and S4, Supporting Information) dem-
onstrate a porous structure of PIM@KB. From transmis-
sion electron microscopy (TEM) measurements, the strong
and distinct difference of the contrast distribution of PIM@
KB (Figure 1f) compared to that of PIM (Figure le) suggests
the porous structure of the composite as well, implying that
the PIM does not completely fill the empty space within the
carbon skeleton. To further clarify the porous structure, we
conducted N,-physisorption measurements for PIM@KB and
PIM samples. The nitrogen adsorption—desorption isotherms
in Figure 1g reveal that the Brunauer-Emmett-Teller (BET)
surface areas of PIM@KB and PIM are 82.6 and 18.7 m? g7},

—— PIM@KB
1 —=—PIM

b 100
Pore size (nm) 1

02 04 06 08 10
Relative pressure (P/P))

Figure 1. Materials preparation, structural and compositional information. a) Illustration of PIM@KB synthesis. SEM images of b) PIM and c¢,d) PIM@
KB. TEM images of ) PIM and f) PIM@KB. g) Nitrogen adsorption—desorption isotherms (inset shows the related pore-size distribution).
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respectively. PIM@KB exhibits type IV isotherms with H3
hysteresis loops, suggesting a meso/macroporous structure.
The pore-size distribution of both samples was evaluated by
Barrett-Joyner—Halenda (BJH) model, it demonstrates the
mesopores (=4 nm) and macropores (=50 nm) both exist in
PIM@KB. The mesopores and macropores are mainly gener-
ated from Ketjenblack component and the composite construc-
tion, respectively, which agrees with the SEM and TEM results.
This type of structure ensures an effective contact between
the electrolyte and the active materials, which is the key for the
high (ionic transport) kinetics when using it as PIB cathode.
In addition, Fourier transform infrared (FTIR) spectroscopy
(Figure S5, Supporting Information) was employed to verify the
chemical components of the samples. The absorption peaks at
1770, 1656, and 1350 cm™ are attributed to the asymmetric and
symmetric stretching vibrations of the C=0 and the symmetric

www.small-journal.com

stretching vibrations of —C—N—C— bond in the PIM units,
respectively.’®! These peaks can be found in both contrast sam-
ples, suggesting the existence of the PIM in the composite.

To evaluate the electrochemical performance of the PIM@KB
composite, a contrast experiment was conducted for the com-
parison with bare PIM. A half-cell was configurated using the
organic cathode against a potassium metal anode. As shown in
Figure 2a, the typical cyclic voltammetry (CV) curves from the
second cycles of PIM@KB and bare PIM display two similar
pairs of reversible redox peaks with anodic potentials located at
about 2.4, 2.9 V versus K/K* and the cathodic potentials located
at about 1.8, 2.25 V versus K/K*, respectively. Obviously, it demo-
nstrates a similar electrochemistry for both cathodes, and two
carbonyl groups in each PIM unit perform electrochemical
redox reactions. A similar behavior can be found in Li-ion
and Na-ion batteries.?*#1 Additionally, the different capacities
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Figure 2. Electrochemical behavior of PIM electrodes. a) CV curves at scan rate of 0.2 mV s7\. Initial discharge and charge profiles of b) PIM and

c) PIM@KB at current density of 100 mA g'. d) Rate performance of va
PIM@KB at different current densities of f) 0.5 and g) 2 A g™".
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were clearly observed for two different samples, which were
in accordance with their initial ability of K-ion storage. There-
fore, the voltage profiles from the starting cycles were further
analyzed. As shown in Figure 2b,c, the PIM exhibits revers-
ible capacities of 49, 76, and 115 mAh g™ during the first, the
second, and the fifth cycles, respectively, which indicates a
long wetting time for the PIM sample. On the contrary, the
PIM@KB exhibits very close capacities during the initial cycles,
suggesting it possesses an excellent self-improving ability.
Such an advantage shall benefit from the porous structure of
PIM@KB. As illustrated in Figure S6 (Supporting Information),
the organic electrode with porous structure has much shorter
ion-diffusion pathways than the electrode with bulk structure.
As a result, the porous organic electrode allows K ions to easily
approach to all active sites, enabling all the active materials to
efficiently react with K ions. In addition, the second charge and
discharge profiles are in a close correspondence with the CV
results and show approximate voltage plateaus corresponding
to the anodic and cathodic peaks. The first charge and discharge
capacities of the PIM@KB electrode are 144 and 146 mAh g™
at a current density of 100 mA g, corresponding to an initial
columbic efficiency of 99%, which is even higher than those
of the most inorganic K-ion cathodes. The reversible capacity
is 77% of the theoretically calculated capacity (183 mAh g7
of its analogue, which corresponds to 1.6-electron transporta-
tion per PIM unit. In principle, each PIM unit has four car-
bonyl groups, which should be able to transfer 4-electrons for
enolization with four K-ions. Unfortunately, like in Li-ion and
Na-ion batteries, the charge and discharge reactions of PIM
in K-ion batteries just take place on two carbonyl groups.!
Besides, a much better rate capability of PIM@KB electrode
compared with bare PIM electrode was also demonstrated.
As shown in Figure 2d, the PIM@KB electrode exhibits supe-
rior rate performance with capacities of 143, 135, 130, 125, 118,
and 105 mAh g at various rates of 100, 200, 500, 1000, 2000,
and 5000 mA g!, respectively, and when the current density
returns to 100 mA g, the capacity is recovered to 143 mAh g™
and is maintained for about 85% after further 60 cycles.
Table S1 (Supporting Information) shows that the electrochem-
ical performance of PIM@KB is highly competitive among
reported organic cathodes for PIBs. The discharge and charge
profiles (Figures S7 and S8, Supporting Information) show
that PIM@XKB possesses a smaller polarization at various rates
than that of PIM, which shall benefit from the improved con-
ductivity of the PIM/KB composite. Thus, as compared to the
much lower rate performance of the bare PIM, the improved
conductivity and the porous self-stacking structure of PIM@
KB facilitate electron transport and K-ion diffusion, which are
the crucial roles for the excellent rate capability of PIM@KB.
It is worth noting that PIM@XKB can maintain a high energy
density with increasing power density, and even at an ultrahigh
power density of 9715 W kg, it can still achieve a high energy
density of 205 Wh kg™! (Figure 2e and Figure S9 (Supporting
Information), all the energy densities and power densities are
calculated based on cathode materials). Such high energy den-
sity and power density performance is very competitive among
almost all cathodes previously reported in PIBs.[®33 Moreover,
PIM@KB also shows an outstanding long-term cycling sta-
bility. As shown in Figure 2f,g, PIM@KB can deliver capacities
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of 110 mAh gtat 0.5 A g! after 500 cycles and 105 mAh g at
2.0 A gt after 1000 cycles, and the charge and discharge pla-
teau can still be observed (Figure S10, Supporting Information),
which benefits from the facile and stable electrochemical redox
reactions that occur on the porous composite.

To further understand the responsible redox reactions
between carbonyl and K-ions, the changes in bonding state and
lattice structure are investigated and discussed by the charac-
terization of FTIR and X-ray diffraction (XRD) spectroscopy.
In principle, each PIM unit has four carbonyl groups, which
should be able to transfer 4-electrons for enolization with four
K-ions. Unfortunately, like that in Li- and Na-ion batteries, the
charge and discharge reactions of PIM in K-ion batteries just
take place on two carbonyl groups (Figure 3a).) Figure 3b
shows different selected charge and discharge states for the in
situ characterization. As shown in Figure 3¢, two main peaks
including, C—N and C—O—K are detected, corresponding to
the wavenumber of about 1150, 1350, and 1623 cm™, respec-
tively.?%38] During the discharge process, the intensities of the
C—0—K peak and the C—O peak increase, meaning that the
oxygen coordinates with K-ions, when the reduction reac-
tion happens. During the charge process, the intensities of
both FTIR peaks decrease, indicating that the K-ions extrac-
tion from the electrode occurs when the oxidation reaction
happens. Meanwhile, the intensity changes of the C—N peaks
are consistent with the changes of the charge and discharge
states, which is consistent with changes of the conjugate
environments, when the reduction and oxidation reactions
happen.?34% Moreover, the C—N peaks for all charge and dis-
charge states obviously shift compared to that of the pristine
PIM@KB electrode without K-ion insertion and extraction.
The reason should be attributed to that the chemical bonds of
perylene units on the polymer chains are rigid, while the C—N
bonds connecting perylene units are flexible. After the inser-
tion and extraction of K ions, the polymer molecular chains
have been rearranged, leading to the shift of rotatable C—N
peaks. Figure 3d shows the XRD patterns of three critical states
during the charge and discharge process, which reveals that
the change of the PIM@XKB lattice structure accompanies with
K-ion insertion and extraction. The (122) peak at about 25.1° is
the main plane of the layer polymer structure (Figure S11 in
the Supporting Information shows the peak of the carbon com-
plex on Al foil is almost invisible). It obviously shifts to low-
angle directions after full discharging, indicating increased
distance between the main planes, which is attributed to the
insertion of K-ion. Subsequently, the (122) peak recovers to
its original position, meaning the distance decreases due to
the extraction of K-ions.*® Moreover, the indistinctive change
between the full charge state and the pristine state suggests
that this kind of flexible organic polymer exhibits a negli-
gible structure damage after K-ion insertion and extraction.
In addition, as shown in Figure S12a,b (Supporting Informa-
tion), the porous structure of PIM@XKB is well preserved after
100 cycles. Overall, the facile reversible redox reaction and
structural stability of the PIM@KB cathode are confirmed.

The fast reaction kinetics of PIM@KB was investigated using
CV at different scan rates from 0.2 to 10 mV s™.. As shown in
Figure 4a, the anodic peaks (Al and A2) and cathodic peaks
(C1 and C2) at different scan rates are clearly observed, which

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Investigation of the electrochemical mechanism. a) Illustration of chemical reaction. b) Indication of different discharge and charge states
for PIM@KB. c) FTIR spectra and d) XRD patterns of PIM@KB at different states.

means two pairs of redox reaction process occur at comparable
high scan rates. Moreover, the broad peaks imply that the
pseudo-capacitive reaction might be the main K-ion storage
route. Figure 4b shows the peak currents at different scan rates
from the rate CV results. The anodic peaks and cathodic peaks
are nearly the same and the current ratio is close to 1, which
could be the result of a fast kinetics with the participation of
a capacitive-like reaction.!#?l Further analysis was conducted
to determine the contribution of the capacitive-like reaction by
using the following equation

i=av’ (1)

for a redox reaction, the measured peak current (i) at a fixed
voltage obeys a power-law relationship with the voltage sweep
scan rate (v). Figure 4c shows the plot of log(i) versus log(v),
which can be used to calculate the b-value. As we know, a
b-value of 0.5 corresponds to an ideal intercalation reaction pro-
cess and a b-value of 1 corresponds to an ideal capacitive reac-
tion process." Here, the different b-values corresponding
to anodic and cathodic peak currents (A1, A2, C1, and C2)
were estimated to be about 0.94, 0.93, 0.83, 0.86, respectively,
implying that a significant portion of the capacitive-like ion
storage reaction dominates. This kind of surface-controlled
characteristic enables a supercapacitor-like high-rate elec-
trochemical behavior. Moreover, we evaluated the level of

Small 2020, 16, 2002953
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the capacitive-like domination using the relation of current
response, i, with a combination of capacitor-like response (k)
and diffusion response (k,v*/?)

i=kv+kp? )

By calculating the k; and k, constants, the capacitive-like dom-
ination can be determined. As shown in Figure 4d, the surface-
controlled capacity is about 66% at a high scan rate of 2.0 mV s7..
Therefore, the high power density and the energy density of
PIM@KB should be rendered by the unique porous mor-
phology and high conductivity of the composite, which effec-
tively shortens the K-ion diffusion distances and accelerates
the redox reactions. Additionally, the accelerating reaction
kinetics was demonstrated by using electrochemical impedance
spectroscopic (EIS) measurement. As shown in Figure S13
(Supporting Information), the interface resistance of PIM@
KB represented by semicircles is smaller than that of PIM, sug-
gesting that the porous structure constructed with the carbon
skeleton shows an advantage of fast interface charge transfer. The
overpotential and equilibrium potential of PIM@KB and bare
PIM were also evaluated using galvanostatic intermittent titra-
tion technique (GITT) measurements. As shown in Figure S14
(Supporting Information), the overpotentials of PIM@KB
are lower than those of PIM during two main discharge pla-
teaus. Both EIS and GITT investigations further validate the

© 2020 The Authors. Published by Wiley-VCH GmbH
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fast redox reaction that enables the high rate performance of
porous PIM@KB.

Inspired by the excellent electrochemical behavior of the
PIM@KB in half cells, we assembled a full cell by using the
PIM@KB cathode against a nitrogen-doped soft carbon anode,
and further evaluated the commercial application potential of
this organic cathode. The nitrogen-doped soft carbon anode
was prepared according to our previous work and was prepotas-
siated before assembling the full cell.* The rate performance
of the full cell (Figure 5a) exhibited reversible capacities of 139,
131, 125, 115, and 106 mAh g™! at different rates of 200, 400, 800,
1600, and 3200 mA g7, respectively. The Coulombic efficiency
keeps almost 100% during the various charge and discharge
rates. Remarkably, the energy and power densities of PIM@
KB//soft carbon are one of the best ones among all representa-
tive potassium-ion full batteries. (Figure S15, Supporting Infor-
mation).B10.15:33448] Eigyre 5b displays the charge and discharge
profiles at different rates. As compared with the profiles in half
cells, the main charge and discharge plateaus fall by about 0.5 V
due to the comparatively high charge and discharge plateaus
of the anode. The cycling stability was also investigated, which
exhibits a capacity of 102 mAh g at 800 mA g over 30 cycles
(Figure 5c¢). It is worth noting that the working time of one cycle
only needs about 16 min (Figure 5d), which is even competitive
with the working time of some ion storage capacitors.[*->1

Small 2020, 16, 2002953
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3. Conclusions

In summary, a porous Polyimide@Ketjenblack composite
was first demonstrated as an organic cathode for ultrafast and
durable potassium-ion batteries, which can deliver a capacity
of 143, 105 mAh g at 100 and 5000 mA g, respectively,
and can possess a reversible capacity of 105 mAh g™ over
1000 cycles at 2 A g% The porous organic composite was syn-
thesized using an in situ polymerization, which is proposed as
an efficient approach to enhance electrochemical performance
of PIB organic cathodes. We also found that the redox reaction
kinetics of the K-ion storage shows a capacitive-like property
that is attributed to facile charge diffusion and electron trans-
port with this porous composite. Furthermore, the possibility to
realize a full potassium-ion battery with superior rate capability
was demonstrated, which exhibits a capacity of 106 mAh g ata
high current density of 3200 mA g This work provides a way
to design polymer electrodes for potassium-ion batteries with
high capacity and rate capability.

4. Experimental Section

Materials Synthesis: The PIM@KB composite was prepared by an in
situ polymerization process. In a typical process, 50 mg Ketjenblack

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Performance of the full battery. a) Rate performance and discharge and b) charge profiles of the PIM@KB//NC full cell at various current
densities. c) Cycling performance and d) working time of the full cell at current density of 800 mA g'.

was dispersed in 25 mL NMP (1.033 g cm™) in a round flask and stirred
at room temperature for 1 h. After a homogeneous suspension had
completely been formed, 268 mg NTCDA (297%) and the stoichiometric
EDA (299%) were then respectively added into the suspension and
refluxed in an oil bath for 6 h under vigorous stirring. Finally, a back
precipitate was collected by filtration, and washed with deionized water
three times. The orange bare polyimide was prepared using the same
procedure without Ketjenblack.

Materials Characterizations: The structure and morphology of the
samples were observed by SEM and TEM. SEM was performed on a
Hitachi 434 S4800, and TEM was performed on a JEOL JEM-435 2100F.
FTIR spectra were performed on an AVATAR 370. XRD patterns were
identified using an 18 KW D/MAX2500V PC diffractometer at a scan rate
of 2° min™'. The N,-physisorption measurements were conducted using
Quantachrome ASiQwin- automated gas sorption analyzer.

Electrochemical Measurements: The PIM@KB electrodes were prepared
by mixing 80 wt% as-synthesized active composites, 10 wt% super P and
10 wt% sodium salt of carboxymethyl ether of cellulose (CMC). The bare
PIM electrodes were prepared by mixing 60 wt% pure PIM, 30 wt% super
P, and 10 wt% CMC. Deionized water was used as the solvent to grind
the mixture into a slurry. Then, the slurry was coated on an Al foil by
using the doctor-blade, and the mass loading of the active materials was
controlled to about 1.5 mg cm™2. The coin-cell configuration (CR 2032)
was assembled in an Ny-filled glove box. The electrolyte was prepared
by mixing 1.0 m potassium bis(fluorosulfonyl)imide (KFSI) in ethylene
carbonate and diethyl carbonate (vol, EC: DEC = 1:1) in an N,-filled glove
box. The separator was a glass microfiber filter (Whatman, Grade GF/B).
CV, GITT, and EIS tests were performed on a VSP electrochemical
workstation (Bio-Logic, France). Galvanostatic charge/discharge tests
were performed on a Land CT 2001A 449 battery testing system (Land,
China). Nitrogen-doped carbon electrodes that were prepared according
to our previous work were used as anodes to assemble the full cells.[*!
The anodes were prepotassiated by cycling in half cells.
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