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Abstract

Dual-ion batteries (DIBs) have attracted extensive attention and investigations due to their inherent wide operating
voltage and environmental friendliness. Nevertheless, the vast majority of DIBs employ metal-based anode active
materials or electrolytes, which are relatively costly and unsustainable. Moreover, the utilization of binders and
current collectors in the preparation of cathodes and anodes reduces the energy density to a certain extent, which
weakens the advantages of DIBs. Here, we synthesized three types of binder-free nano-embroidered spherical
polyimide anode materials composed entirely of renewable elements, paired with pure ionic liquid electrolyte
without metal elements and flexible self-supporting independent graphite paper cathode without current collector,
to construct a class of totally metal and binder-free DIBs. It significantly improves specific discharge capacity,
energy density, cyclic stability, and fast charging performance while remarkably reducing costs and self-discharge
rate. Additionally, we overcame the drawbacks of conventional synthesis methods and innovatively prepared
nanoscale polyimide materials by a green and facile hydrothermal method, which effectively minimizes synthesis
costs and avoids risks. This novel battery system design strategy will promote the advancement of low-cost, high-
performance DIBs and could be a promising candidate for large-scale energy storage applications.
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INTRODUCTION

The high energy density, long cyclic life, and no memory effect of lithium-ion batteries (LIBs) enable them
to occupy a major share of the electrochemical energy storage (EES) market since their commercialization
and are widely used in portable electronic devices and electric vehicles"*. However, the scarcity and uneven
distribution of metal resources, such as lithium and cobalt, drive up the manufacturing and usage costs of
LIBs year by year, rendering it difficult to achieve large-scale grid-level energy storage applications. Against
such a background, there is an urgent requirement to develop novel battery systems to meet the imminent
demand for green and sustainable energy storage programs®®. Different from LIBs, dual-ion batteries
(DIBs) allow the simultaneous participation of anions and cations in the electrochemical reaction during
charging and discharging, and electrolyte is the singular source of active ions”*?. Additionally, inexpensive
graphite can be employed to avoid the use of expensive transition metal-based materials as the cathode. This
unique reaction mechanism endows DIBs with high cost-effectiveness, suitable operating voltage, and
environmental friendliness, which have continuously attracted great interest and research enthusiasm from
researchers in recent years**?.

Currently, the anode of DIBs is mainly based on inorganic materials such as carbonaceous materials"***,
, which are based on intercalation,
alloying, and transformation reactions to accomplish the storage of active ions, respectively. Unfortunately,

[22-24]

alloy-based materials"** and transition metal-based compounds

DIBs based on these electrodes usually undergo structural exfoliation and volume expansion during cycling,
causing poor stability, low specific discharge capacity (SDC), and a reduced initial Coulomb efficiency
(ICE). In particular, this is not in line with the development concept of "green and sustainable
batteries"*. The key technology for green, sustainable DIBs is the exploration of organic anode materials
composed entirely of renewable elements from nature. Organic materials are considered as excellent
candidates for the next generation of green and sustainable EES due to their inherent merits of being metal-
free and widely available, eco-friendly, cost-effective, and structurally well-designed” "\ However, an
understanding of their application in DIBs is still in its infancy. Several organic materials have been
, carbonyl
|, and so on. Organic carbonyl compounds are of great research fascination owing to their

[36,37

reported, such as polycyclic aromatic hydrocarbon™*", nitrogen/sulfur-containing organics
compounds
simplified synthetic route, unique multi-electron reaction, and structural diversity"“”. Unfortunately, small

[38,39

molecule carbonyl compounds inevitably dissolve in organic electrolytes, leading to terrible cyclic stability
and accelerated capacity degradation, limiting their application in large-scale energy storage. Numerous
attempts have been made by investigators to avoid dissolution and achieve excellent electrochemical
performance. Due to their composition of organic cations and inorganic anions, ionic liquids have a broad
electrochemical window. They are kinetically stable, free of solvent molecules, and non-flammable.
Therefore, a feasible alternative is to adopt ionic liquids instead of traditional organic solvents"*".
Particularly, ionic liquids operate both as solvents and as active ions participating in electrochemical
reactions, not only effectively preventing dissolution but also avoiding the use of electrolyte metal salts.
Another feasible approach is to design organic polymers with stable inactive backbones and highly redox-
. Additionally, employing
nano-engineering design strategies can further increase the active sites of electrode materials and facilitate

[44

active carbonyl functional groups such as polyimide (PI) electrode materials

the transport of active ions and electrolyte penetration, which is beneficial for improving the SDC and
electrode reaction kinetics“>*. Nevertheless, the application of PI as anodes for DIBs has rarely been
reported. One of the main challenges is the dilemma of synthesis, followed by a long (> 8 h)
polycondensation reaction at high temperatures (> 200 °C) under a catalyst and N, atmosphere, and the
final product also needs to be baked in a tube furnace at high temperatures (> 300 °C) for more than 8 h to
remove the solvent”*. As a consequence, the whole procedure is time-consuming and costly, with certain
technical challenges and safety risks. In this regard, it is essential to explore a cost-effective, energy-saving,
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green, and safe synthesis path to obtain comparable or even superior performance.

Herein, after continuous trial and exploration, we have developed a simplified one-step green synthesis
strategy, and three types of PI nano-anode materials can be obtained directly by hydrothermal reactions at
160 °C for 6 h. Besides, the straightforward adoption of independent graphite paper (GP) with self-
supporting capability as the cathode and current collector, and the anode is binder-free, which greatly
improves the discharge capacity and energy density. Combined with a pure ionic liquid electrolyte, a dual-
ion full battery system without metal elements and binder is constructed. The reaction principle of the
electrodes and the working mechanism of the battery are investigated through a series of physical and
chemical characterizations. Such innovative DIBs with outstanding electrochemical performance furnish
insight into the establishment of greener and sustainable EES systems and are expected to be applied in
large-scale energy storage.

EXPERIMENTAL

Materials

Pyromellitic anhydride, o/m/p-phenylenediamine (o/m/p-PDA), N-methylpyrrolidone (NMP), and GP
were purchased from Macklin. Glass fiber diaphragm (GF/A), conductive agent (Super P), carbon-coated
aluminum foil, and CR2025 type cell shells were purchased from Clorod. N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ionic liquid was purchased from Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences. Unless otherwise stated, no further treatment was required for all materials.

Synthesis of o-PDI, m-PDI, and p-PDI

Firstly, homophthalic anhydride and o/m/p-PDA are added sequentially to 110 mL of deionized water in a
1:3 molar ratio and stirred overnight at room temperature on a magnetic stirrer, then poured into a reaction
kettle equipped with 250 mL PTFE liner and finally reacted hydrothermally in an oven at 160 °C for 6 h.
After cooling to room temperature, the reaction was filtered with water, methanol, and ethanol successively
and dried in a freeze dryer for 48 h. The as-prepared samples were named as 0-PDI, m-PD], and p-PDL

Materials characterizations

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX) spectra and
corresponding mappings were acquired on a scanning electron microscope (Merlin, ZEISS, Germany).
X-ray diffraction (XRD) patterns were collected on a D8 Advance X-ray diffractometer (Bruker, Germany)
with Cu Ka radiation (A = 1.5406 A). Raman spectra were collected on a WITec Apyron micro-Raman
spectrometer (WITec, Germany) using a 532 nm laser with a frequency range from 400 to 4,000 cm™. The
Brunauer-Emmett-Teller (BET) surface area and N, physical adsorption-desorption analysis were
conducted on the Micromeritics ASAP2460 analyzer, USA. The X-ray photoelectron spectroscopy (XPS,
Al-Ka radiation, hv = 1,486.6 eV) was used to test the chemical composition of the o/m/p-PDI and the
electrodes. Fourier Transform Infrared Spectroscopy (FT-IR) spectrometry (Perkin Elmer Frontier) was
used to study the variation of functional groups of organics. Thermogravimetric analysis (TGA, NETZSCH
209F1) was conducted from 25 to 800 °C at a heating rate of 5 °C min™ in N,.

Battery assembly and measurements

In order to evaluate the electrochemical performance of the dual ion battery, the full battery was assembled
by using CR-2025 type button cells in a super glove box (H,O < 0.01 ppm, O, < 0.01 ppm), in which the
cathode is directly employed with independent GP with self-supporting capability. As for the preparation of
the anode, o/m/p-PDI and Super P are mixed in the ratio of 6:4 and added to a weighing bottle containing
NMP without any binder added. Magnetic stirring was done overnight to form a homogeneous slurry,
which was later coated on top of the carbon-coated aluminum foil with a coating thickness of 100 ym. The
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coating is then transferred to a vacuum drying oven at 100 °C for 12 h. Both the cathode and anode are cut
into 14 mm diameter discs and placed in a glove box for use. The mass loading of the anode is ~0.7 mg cm?,
and the SDC/energy density of the DIB is calculated based on the anode. Galvanostatic charge-discharge
(GCD)/rate/self-discharge/fast charging-slow discharging performance measurements were carried out
using the Neware battery test system. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed by using CHI660E and Gamry electrochemical
workstations.

RESULTS AND DISCUSSION

Physical characterizations

As shown in Supplementary Schematic 1, three types of PI materials (o-PDI, m-PDI, and p-PDI) were
synthesized by using three phenylenediamine isomers (o/m/p-PDA) and pyromellitic dianhydride (PMDA)
through a green hydrothermal polycondensation reaction and freeze-drying. Figure 1A-C presents the SEM
of the as-prepared o-PDI, m-PDI, and p-PDI, respectively, which all exhibit an embroidered spherical
morphology. The elemental mapping in Figure 1D and Supplementary Figures 1 and 2 shows that the C, N,
and O elements are uniformly distributed. Specifically, each hydrangea is composed of nanoscale flakes with
thicknesses between 10~20 nm and displays a three-dimensional porous network interleaved structure. This
distinctive nano-morphology configuration facilitates adequate electrolyte infiltration, diffusion, and storage
of active ions, thus improving the ion transport kinetics, rate capability, and discharge capacity. Besides,
0-PDI and p-PDI exhibit a tight build-up of some lamellae, mainly due to the spatial site resistance
limitation by the formation of cyclic imides between the carbonyl group and two amine groups**. It is
noteworthy that m-PDI is homogeneously dispersed, which plays a role in the reaction kinetics when acting
as anode. Meanwhile, the chemical structures of o-PDI, m-PDI, and p-PDI were characterized by FT-IR,
XRD, and XPS. The characteristic peaks from the benzene ring structure and the stretching vibration peaks
of C=0 and C-N bonds on the cyclic imide groups are located within the regions of 680~900, 1,320~1,780,
and 3,280~3,520 cm™, as shown in Figure 1E"***”. The Powder XRD patterns in Figure 1F indicate that all
three PIs possess crystalline domains and well-defined crystallinity. The chemical compositions of 0-PDI,
m-PDI, and p-PDI were further elucidated by XPS. The characteristic peaks at ~284, 400, and 531 eV in the
full XPS survey spectrum belong to C 1s, N 1s, and O 1s, respectively [Figure 1G], and no additional
impurity peaks were observed, indicating high purity. Three different components are demonstrated in the
fitted high-resolution C 1s spectrum [Figure 1H and Supplementary Figure 3], attributed to sp* C, C-N/
C=0, and imide groups®**.. Similarly, the characteristic peaks of C-N and aromatic imide N are included in
the fitted high-resolution N 1s spectrum [Figure 1I and Supplementary Figure 4], and the peaks ascribed to
C=0 and O=C-N are included in the fitted high-resolution O 1s spectra [Figure 1] and
Supplementary Figure 5]"***. In addition, as shown in Supplementary Table 1, it is clear from the XPS-
mapping results that the C, N, and O elemental ratios of o-PDI, m-PDI, and p-PDI are close to each other,
with minor differences. The above characterization results strongly confirm the successful synthesis of high-
purity o-PDI, m-PDI, and p-PDI.

The structural stability of the materials was investigated via the dissolution of the electrode sheets in
electrolyte and TGA, respectively. The Pyr,, TFSI ionic liquid electrolyte placed with PMDA, o-PDI, m-PD],
and p-PDI electrode sheets, respectively, showed no variations with time migration and remained clear and
transparent even after one month [Supplementary Figure 6], indicating that o-PDI/m-PDI/p-PDI exhibits
excellent stability in this ionic liquid. This is supported by the TGA curves in Figure 1K, where the three
phenylenediamine isomers decomposed at ~150 °C with significant mass loss, and the PMDA monomer
also decomposed at around ~250 °C with poor stability. On the contrary, the stability of o/m/p-PDI
increased noticeably, with the onset decomposition temperature of 0o-PDI and p-PDI reaching up to
~425 °C. Surprisingly, m-PDI shows the most outstanding stability with a decomposition temperature of
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Figure 1. Characterizations of the 0-PDI, m-PDI, and p-PDI. (A-C) SEM. (D) Elemental analysis. (E) FT-IR. (F) XRD. (G-J) XPS. (K) TGA.
(L and M) N, adsorption/desorption curves and pore size distributions.

620 °C. The specific surface area and porous properties of PMDA and o-PDI/m-PDI/p-PDI are
characterized by N, adsorption/desorption isotherms and pore size distribution, which exhibit typical type
IV isotherms [Figure 1L]***), as PMDA possesses the lowest BET surface area of 5.66 m*/g, while o-PDI and
p-PDI increased to 30.56 and 61.59 m?*/g, respectively. Particularly, m-PDI displays the largest specific
surface area of 170.68 m*/g, which is more favorable for enhancing the effective contact area with
electrolytes and providing more surface and space for charge diffusion and active ion storage. The pore size
distributions of PMDA, 0-PDI, and p-PDI are distributed between 1 and 2 nm based on the Barrett-Joyner-
Halenda method [Figure 1M] and are dominated by microporous structures. In contrast, the pore size
distribution of m-PDI ranges from 3 to 30 nm with predominantly mesoporous structures, which are more
conducive to facilitating electron/ion transport and delivering more active sites.

Electrochemical performance and kinetics of o-PDI, m-PDI, and p-PDI

A Pyr TFSI ionic liquid electrolyte-based button-type battery was used to probe the active ion storage
capacity and reaction kinetics of the electrodes. Supplementary Figure 7 shows the two-electrode cyclic
voltametric (CV) curves based on PMDA electrodes at different cycles scanned from the open circuit
voltage in the negative direction at a rate of 1 mV/s. No redox peaks appear, indicating that no
electrochemical redox reaction occurs and the PMDA electrode cannot store active ions'**”. Interestingly,
when replaced with the 0-PDI/m-PDI/p-PDI electrode, two pairs of sharp redox peaks emerge, as shown in
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Figure 2A-C, respectively, and all the CV curves overlap, indicating excellent cycling reversibility and
stability. Figure 2D and Supplementary Figure 8A-C depict the GCD curves based on PMDA, o-PDI, p-
PDI, and m-PDI anodes, respectively. The full battery system, on the basis of PMDA anodes, exhibits two
inclined curves without charge/discharge plateaus [Supplementary Figure 8A]. In contrast, the systems
based on m-PDI, 0-PDI, and p-PDI anodes all display typical active ion insertion/de-insertion behavior
with two pairs of symmetrical charge/discharge plateaus [Figure 2D and Supplementary Figure 8B and C],
respectively, in accordance with the CV curves. Similar to the GCD curves, the dQ/dV curves in
Supplementary Figure 9 indicate that the charging and discharging processes of 0-PDI, p-PDI, and m-PDI
are divided into two regions except for PMDA, which represent the various stages of insertion and de-
insertion, respectively!”*”. The electrochemical storage behavior and reaction kinetics of 0-PDI, m-PDI,
and p-PDI were further analyzed by CV curves at different scan rates (0.2/0.4/0.6/0.8/1 mV/s), and the
results are summarized in Figure 2E and Supplementary Figure 10A and B. All of the CV curves manifest an
analogous silhouette and well-defined redox peaks, which indicate a stable electrochemical
performance® . The voltammetric response of the electrode at various scan rates can be quantified based
on the power-law relationship (i = av’) concerning the redox peak current i and the scan rate v, where b is a
constant and a b value of 0.5 indicates that the electrochemical reaction is an ideal diffusion-controlled
process, while a b value of 1.0 represents that the energy storage process is surface capacitance-
controlled”*. It is evident from Figure 2F and Supplementary Figure 11A and B that the b-values of 0-PDI,
m-PDI, and p-PDI electrodes based on redox peaks are all in the range of 0.5-1.0 with the b-value of m-PDI
being closest to 1, indicating that the electrode reaction kinetics are synergistic by diffusion and capacitive
reactions.

Quantitatively, the capacitive contribution is calculated based on Dunn’s method: i = k,v + k,v**, where k,
and k, are constants, and k,v and k,v'”* represent the pseudocapacitance contribution and the diffusion
contribution, respectively. Consequently, the pseudocapacitance contributions of o-PDI, m-PDI, and p-PDI
electrodes at 1 mV/s are 0.69, 0.95, and 0.89 (the red-filled part in Figure2G and
Supplementary Figure 12A and B), respectively. As the scan rate increases, the diffusion contribution
gradually reduces, and the pseudocapacitance contribution enhances accordingly [Figure 2H and
Supplementary Figure 13A and B]. Particularly, m-PDI demonstrates the highest percentage of
pseudocapacitance contribution at either rate, which is more favorable for improving the electrode reaction
kinetics and rate capability”””?. Furthermore, the peak current i is proportional to the square root of the
scan rate (v*°), as seen in Figure 2I and Supplementary Figure 14A and B. Therefore, the ion diffusion
coefficient for each electrode can be calculated from the Randles-Sevcik equation: i, = 269,000 CSD"*v**n*"?,

where C is the electrolyte concentration, S is the electrode surface area, D is the diffusion coefficient, n is the
number of electrons transferred, and the value of i /v'* is the slope k*7*. Among the 0-PDI, m-PD], and p-
PDI electrode systems, the values of C, S, and n are identical, implying that the diffusion coefficient D is
only related to the value of k. It can be concluded from Figure 2I and Supplementary Figure 14 that the
magnitude of k values for all redox peaks corresponding to the three types of PI is m-PDI > p-PDI > 0-PDI,
which means that the m-PDI electrode endows the maximum ion diffusion coefficient and is more
beneficial to promote the ion transport kinetics.

Electrochemical performance of o//G-DIB, m//G-DIB, p//G-DIB

The proof-of-concept full batteries based on 0-PDI/m-PDI/p-PDI anodes, GP cathodes, and Pyr,, TESI ionic
liquid electrolytes were constructed respectively to further investigate the electrochemical performance for
various systems (abbreviated as 0//G-DIB, m//G-DIB, p//G-DIB). In particular, GP is a type of conductive
carbon material featuring self-supporting flexibility capability without current collectors
[Supplementary Figure 15]; high crystallization and defect-free characteristics can be seen from XRD and
Raman plots [Supplementary Figures 16 and 17]. Additionally, both the cathode and anode are metal and
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Figure 2. Electrochemical performance and kinetic characterizations of 0-PDI, m-PDI, and p-PDI electrodes. (A-C) CV tests at 1 mV/s.
(D) GCD curves. (E) CV curves at various scan rates and (F) The corresponding b values derived from i = av®.(G) Pseudocapacitance
ratio of m-PDI at 1 mV/s. (H) Contribution of pseudocapacitance at different scan rates. (1) Linear relationship between i and the
square root of v.

binder-free, which is beneficial for improving the SDC and energy density, further reducing cost and being
in line with the green development concept. Figure 3A-C illustrates the GCD curves of the three battery
systems at different rates. With the rate increase, the gap between the charge and discharge plateaus tends to
become larger, which is due to the more pronounced polarization at higher current density”>”. This is
corroborated by the dQ/dV curves in Figure 3D and Supplementary Figure 18, where the oxidation peak
gradually shifts to a higher potential and the reduction peak shifts to a lower potential as the current density
rises, accompanied by a weakening of the peak intensity. However, the three systems consistently maintain
clear charge/discharge plateaus, indicating the fast ion diffusion kinetics. The rate performance of
0//G-DIB, m//G-DIB, and p//G-DIB was tested from 0.2 to 10 C (1 C = 100 mA/g). Specifically, o//G-DIB
and p//G-DIB delivered reversible SDCs of 144 and 168 mA h g at a low rate of 0.2 C, respectively, and still
possess SDCs of 61 and 71 mA h g, respectively, even at high rate of 10 C [Figure 3E]. Notably, m//G-DIB
performs optimally, delivering SDCs up to 222 and 91 mA h g* at 0.2 C and 10 C, respectively, and
providing energy densities up to 409.8 and 221.3 Wh kg" at 0.2 C based on the anode and total mass,
respectively. This is attributed to the fact that the m-PDI anode exhibits the optimized ion transport and
storage capability, which can be extrapolated from the Nyquist plots based on EIS in Figure 3F and
Supplementary Figure 19; the upper insets are the equivalent circuits used to fit the corresponding EIS plots
respectively. Where the arc in the high-frequency region represents the charge transfer impedance Rct and
the line sloping in the low-frequency region represents the Warburg impedance with a slope of k, which is
related to the diffusion barrier of active ions in the electrode. Compared with o-PDI and p-PDI, the m-PDI
electrode displays the smallest value of Rct and decreases after multiple cycles. This may be due to the fact
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Figure 3. Electrochemical performances of o//G-DIB, m//G-DIB, and p//G-DIB. (A-C) GCD curves at different rates. (D) dQ/dV
curves of m//G-DIB. (E) Rate performance. (F) EIS and its fitting diagram. (G) Cyclic performance at 2 C. (H) The medium discharge
voltage during cycling. (I) The long-term cyclic performance under 10 C.

that m-PDI possesses the relatively highest specific surface area, which is sufficiently wetted by the
electrolyte after cycling. Besides, the m-PDI electrode possesses the largest k-value, implying the smallest
ion diffusion energy barrier and the fastest ion transport”*”””, which is most favorable for the diffusion of
active ions, in agreement with the findings in Figure 2G and I. What is remarkable is that when the current
density returns to 0.5 C, 0o//G-DIB, m//G-DIB, and p//G-DIB exhibit higher capacities than the pristine and
can be cycled stably, suggesting a high-reversible ion storage capability and excellent rate performance.

The cyclic performance of 0//G-DIB, m//G-DIB, and p//G-DIB at 2 C is compared, as shown in Figure 3G,
where the reversible initial specific discharge capacities of 0//G-DIB and p//G-DIB are 94 and 104 mA h g”,
respectively, and the capacity retentions after 850 cycles are 99% and 99.5%, respectively. Apparently, the
m//G-DIB shows the best performance, with an initial SDC (ISDC) of up to 119 mA h g" and a Coulomb
efficiency (CE) of 100%, without capacity degradation after 850 cycles (three months). The full battery
system based on PMDA monomer anodes was investigated, with an ISDC of only 7 mA h g" and a basic
loss of capacity after 850 cycles [Figure 3G]. To further exclude the capacity contribution of the conductive
agent Super P, its electrochemical performance was studied, as evidenced by the dQ/dV and GCD curves in
Supplementary Figures 20 and 21 that there are no redox peaks and charging/discharging plateaus, and it
only provides a negligible SDC of 4 mA h g". Figure 3H depicts the median voltages of 0o//G-DIB,
m//G-DIB, and p//G-DIB at 5 C. All three systems are extremely stable during cycling with o//G-DIB and
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p//G-DIB remaining at 2.0 and 2.1 V, respectively, while m//G-DIB exhibits the maximum of 2.4 V, and the
GCD curves (inset in Figure 3H) remain stable, further proving the excellent cyclic stability. Surprisingly,
the cyclic stability is superior even at a high rate. As shown in Figure 31, as the rate rises to 10 C, the
0//G-DIB, m//G-DIB, and p//G-DIB deliver ISDCs as high as 54, 68, and 84 mA h g, respectively, and can
be cycled stably for 4,000 cycles without capacity degradation with CE remaining at 100%. Such outstanding
electrochemical performances are superior to those reported so far for dual-ion full battery systems based
on organic anodes and pure ionic liquid electrolytes, as shown in Supplementary Table 2.

A low self-discharge rate is an essential performance parameter for full batteries to achieve practical
applications, and unfortunately, DIBs are often criticized for exhibiting a comparatively high self-discharge
rate. On this basis, the self-discharge performance of 0//G-DIB, m//G-DIB, and p//G-DIB was tested
separately by fully charging the batteries first and then completely discharging them after 10 h of resting.
The results are presented in Figure 4A-F and Supplementary Figure 22, according to the self-discharge rate
calculation formula: S = (C - Cr)/CT*100%, where S denotes the self-discharge rate, C and Cr are the SDCs
without and after resting, respectively, and T refers to the resting time"*. It can be calculated that the self-
discharge rates of 0o//G-DIB, m//G-DIB, and p//G-DIB are 0.00817, 0.00371 and 0.00603 h™, respectively,
which are significantly lower than the currently reported battery systems, as shown in
Supplementary Table 3. Furthermore, researchers are trying to break through the bottleneck of achieving
fast charging performance and stable cycling at the same time. For this purpose, the battery is charged at an
ultra-high rate of 20 C and then discharged at 1 C to evaluate the cyclic stability. Figure 4G-L demonstrates
that the batteries could be fully charged in a maximum of 100 s and are capable of cycling at least 200 cycles
without decay. Such excellent fast charging performance and low self-discharge rates enable 0//G-DIB,
m//G-DIB, and p//G-DIB for large-scale energy storage applications.

Working mechanism and reaction principle

Taking the m//G-DIB system as a typical representative, the unique active ion storage mechanism of
cathodes/anodes and the variations of chemical bonds during charging and discharging were investigated by
FT-IR, Raman, and XPS. Figure 5A and Supplementary Figure 23 illustrate the FT-IR characterization of the
anode under different charging and discharging states. The symmetric and asymmetric stretching vibration
peaks of C=0 located near 1,742 and 1,769 cm™ basically disappear after being completely charged
[Figure 5A], and the characteristic peak of C-O appears near 1,270 cm™ [Supplementary Figure 23].
Meanwhile, it is evident from the fitted high-resolution N1s spectra that N-S and N-F characteristic peaks
appeared at 402 and 399 eV, respectively, after completely charged [FiguresB and
Supplementary Figure 24], indicating that C=0 is reduced to C-O" and undergoes enolization with the
inserted Pyr,," cations, while the emergence of S 2p and F 1s peaks is attributed to the formation of the solid
electrolyte interphase (SEI) by the decomposition of the TFST anions® . After being fully discharged, the
intensities of the C=0 and N 1s peaks recover, and the C-O peak disappears, proving the occurrence of a
reversible enolization reaction, whereas the S 2p and F 1s peaks are still present with essentially constant
intensities, implying the establishment of a stable SEI. With respect to the cathode, the C-F characteristic
peak at ~1,334 cm™, the C-N, C-S, and S=O characteristic peaks between 1,020 and 1,210 cm™ in the FT-IR
[Figure 5C], and the S-N-S characteristic peak in the Raman [Figure 5D] emerge after being fully
charged®*. Moreover, S 2p, S 2s, N1s, O 1s, and F 1s peaks appear in the XPS full spectrum
[Supplementary Figure 25], strongly demonstrating the intercalation of the TFSI" anions. The peak signals
lie in FT-IR and Raman remarkably reduced but did not vanish after being fully discharged, which might be
explained by (1) the residual electrolyte on the electrode sheet; and (2) the formation of stable CEI as the
S2p, S2s, N 1s, O 1s, and F 1s peaks in Supplementary Figure 25 still possess considerable intensities
compared to the fully charged stage.
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Figure 4. Self-discharge and fast charging performance. GCD curves of (A-C) Unresting and (D-F) Resting for 10 h. (G-1) The first ten
cycles of charging at 20 C and discharging at 1 C and (J-L) Corresponding cyclic performance.

From the above characterizations, combined with the CV, dQ/dV, and GCD curves in Figure 2, it can be
concluded that the working mechanism of the full battery is depicted in Figure 5E. The electrode reactions
involved are shown in (1) to (3): during charging, the active cations and anions in the electrolyte move
toward the cathode and anode, respectively, and participate in the electrochemical reactions. Conversely,
during the discharge process, the cations and anions return to the electrolyte from the cathode and anode,
respectively. Additionally, as shown in Figure 5F, only one coin battery is able to light the LED and
successfully charge the smartwatch, indicating a great prospect for practical applications.

2nx

Anode: x(o/m/p - PDI), + Pyr,,” + 2nxe < (o/m/p - PDI), (Pyr,,)
Cathode: yC + 2nxTFSI < C, (TFSI),,, + 2nxe

Overall: x(o/m/p-PDI), + 2nxPyr,,” + yC + 2nxTFSI' < (o/m/p - PDI), (Pyr,,),,. + C,(TFSI)

2nx 2nx
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Such excellent electrochemical performance is greatly dependent on the superior structural stability of the
cathode and anode. To appreciate this, a combination of XRD, Raman, and FT-IR techniques was employed
to characterize the electrodes during the charge and discharge process. For the GP cathode, as depicted in
Figure 6A and B, the signal of the 002 characteristic peak located at 26.5° decreases gradually during the
charging process and drops to a minimum after being completely charged, implying the formation of
graphite intercalation compounds (GICs) accompanied by a reduction in crystallinity due to the
intercalation of TFSI'*7**. It can be corroborated by Raman that during the charging process, the graphite
layers adjacent to the intercalation layers become highly charged owing to the formation of GICs, and the G
peak located at 1,580 cm™ undergoes a blue shift accompanied by a weakening of the signal
[Figure 6C and D]; the value of I,/I, decreases during charging and reaches a minimum after being fully
charged according to Figure 6E and Supplementary Figure 26, indicating an increase of defects and disorder
in the graphite layers®*!. During the subsequent discharge process, the 002 peak signal gradually
strengthens and recovers to the initial value after being fully discharged, confirming the deintercalation of
TFSI. Furthermore, the peak position of the 002 characteristic peak shows no variation throughout the
process, and the intensity of the G peak with I/I;, value restores during the discharge process, indicating the
outstanding structural stability of the GP cathode and the reversible intercalation/deintercalation of TFSI.
Similarly, as for the anode, the intensities of the XRD characteristic peaks located at 14.9° and 20.7° in
Figure 6F gradually decrease during the charging process; simultaneously, the carbonyl peaks located at
1,725-1,785 cm™ in Figure 6G disappear progressively, suggesting the ongoing process of the insertion of
Pyr,,” and subsequent enolization reaction*¥”. All the characteristic peaks recover to the initial state
during the subsequent discharge process without any shift in peak positions throughout the process,
implying a reversible insertion/desertion and enolization reaction. The positions and intensities of the peaks
located at ~1,403, 1,504, and 1,591 cm™ attributed to the C-N of imide and the C=C of the benzene ring,
respectively, exhibit no variation during the charge and discharge process, demonstrating a well-stabilized
structure of the anode. Moreover, Supplementary Figure 27 illustrates the morphology of cathodes and
anodes before and after circulation. It can be observed that even after 1,000 cycles, the electrodes still
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Figure 6. XRD, Raman, and FT-IR characterizations at different charge and discharge states. (A, B, F) XRD and (C, D, G) Raman and FT-
IR spectrums of the cathode and anode based on the selected stages. (E) The I/l values based on different charging and discharging
stages. (H) Electrochemical performance comparison of recently reported work in DIBs.

maintain their perfect morphology without damage, further supporting the above conclusion. Remarkably,
the achieved performance of the o/m/p-PDI is strongly competitive compared with those recently published
works in terms of the capacity retention, energy density, rate capability, discharge capacity, and cycle
number, as depicted in Figure 6H, indicating a considerable potential for application in large-scale energy
storage applications.

CONCLUSIONS

In summary, three types of PI anode materials with distinctive nano-morphologies, o-PDI, m-PD], and p-
PDI, could be synthesized on a large scale by an innovative green and mild hydrothermal strategy, which
breaks through the technical drawbacks of the traditional synthesis of PIs. Through a combination of a
series of physicochemical characterizations and electrochemical measurements, it is proved that m-PDI
shows the most excellent performance due to the homogeneous and well-dispersed lamellar structure, the
maximum specific surface area and pore size, the optimum ion diffusion coefficient, and the highest
pseudocapacitance ratio. Matching with the GP cathode with self-supporting flexibility and Pyr,, TFSI pure
ionic liquid electrolytes, the binder and metal-free o//G-DIB, m//G-DIB, and p//G-DIB full battery systems
are constructed, and they exhibit outstanding electrochemical performances: (1) high specific discharge
capacities of 144, 222 and 168 mA h g* at 0.2 C, respectively, and energy densities of 409.8 and
221.3 Wh kg based on the anode and total mass; (2) superior rate performance with no capacity
degradation for 4,000 cycles at a high rate of 10 C; (3) low self-discharge rates of 0.817, 0.371, and 0.603% h”,
respectively, and superior fast charging performance with a maximum of just 100 s to being fully charged
and can be cycled stably. Furthermore, the working mechanism of the full battery and the excellent
structural stability of the electrodes have been demonstrated by XPS, FT-IR, XRD, Raman, and SEM, which
is expected to inspire the development of the large-scale practical application of environment-friendly DIBs
in the future.
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