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Design of a bipolar organic small-molecule cathode
with mesoporous nanospheres structure for long
lifespan and high-rate Li-storage performancet
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Organic small-molecule compounds have become promising cathode materials for high-performance
lithium-ion batteries (LIBs) due to their high theoretical capacity, efficient utilization of active sites, low
cost, and sustainability. However, severe dissolution and poor electronic conductivity limit their further
practical applications. Herein, we have synthesized an insoluble organic small molecule, ferrocenyl-3-
(\t-azazyl) pyrazinyl [2,3-] [1,10] phenanthrolino-2-amine (FCPD), by grafting ferrocene onto pyrazino
[2,3-f] [1,10] phenanthroline-2,3-diamine (PPD). The combination of ferrocene (p-type Fe?* moiety) and
PPD (n-type C=N groups) in a bipolar manner endows the target FCPD cathode with an increased
theoretical capacity and a wide voltage window. The highly conjugated m—m aromatic skeleton inside
enhances FCPD's electron delocalization and promotes strong interaction between FCPD units.
Additionally, the mesoporous structure within the FCPD can provide numerous electroactive sites,
contact area, and ion diffusion channels. Benefiting from the bipolar feature, aromatic, and mesoporous
structure, the FCPD cathode demonstrates a large capacity of 250 mA h g7t at 0.1 A g%, a long lifespan
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Accepted 6th December 2023 of 1000 cycles and a high-rate capability of 151 mA h g~ at 5 A g~ along with a wide voltage window
(1.2-3.8 V). Additionally, in situ synchrotron FT-IR and ex situ XPS reveal its dual ion storage mechanism

DOI: 10.1035/d35c05843c in depth. Our findings provide essential insights into exploring the molecular design of advanced organic
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Introduction

Lithium-ion batteries (LIBs), as the most competitive batteries,
provide power for a wide range of electronic products including
portable devices, electric vehicles, and even grid energy storage
systems.'® Recently, various inorganic cathodes (LiFePOy,,
LiCoO, and LiMn,0,) used in LIBs have been applied in prac-
tical applications and shown remarkable energy storage
performance.”® However, these traditional metal-based cath-
odes are primarily extracted from minerals or prepared at high
temperature, which inevitably raises concerns about limited
resources, significant energy consumption, and severe
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environmental pollution.”*™ In contrast, organic compounds
can be easily obtained from natural resources and possess
characteristics such as resource sustainability, convenient
synthesis, and the ability to easily adjust their molecular
structure.'** Moreover, organic electrodes undergo minimal
structural changes and limited rearrangement, which makes
them highly adaptable to ions of various sizes.**** Conse-
quently, organic electrode materials have emerged as promising
alternatives to inorganic materials for next-generation
batteries.**>*

Organic electrode materials can generally be classified into
two categories based on different reaction mechanisms, n-type
for cation storage and p-type for anion storage.*** Among them,
n-type organic cathodes have been extensively studied due to
their high capacity. Examples of n-type organic cathodes
include carbonyl compounds, imine-carbonyl compounds,
imine compounds, and nitroaromatics. However, the low redox
potential (<2.8 V vs. Li*/Li) limits their practical applications.
On the other hand, p-type organic cathodes offer a higher redox
potential (>3 V vs. Li'/Li), but their capacity is often limited.
Examples of p-type organic cathodes are triphenylamine deriv-
atives, triphenylphosphine derivatives, organosulfur
compounds, and nitronyl nitroxide compounds. To address
these limitations, a promising strategy is to combine both n-
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type and p-type features in a bipolar manner, allowing for
simultaneous cation and anion storage. This approach enables
the achievement of an ideal potential and capacity. Bipolar
organic  cathodes, such as PANI, poly-quinone-
phenylenediamine, and poly(1,8-diaminonaphthalene), have
exhibited remarkable energy storage performance over the past
few decades.”® However, their large molecular weight and
inactive units often result in low specific capacity. Additionally,
the utilization of active sites within their polymer structures is
typically inefficient.

In contrast, bipolar organic small-molecule compounds
possess multiple redox groups, which can maximize the
number of electrons transferred per unit and lead to highly
efficient utilization.?® However, issues with dissolution and low
electronic conductivity limit their cycling stability and reaction
kinetics. Polymerization and the integration of carbonaceous
materials are considered powerful methods to address these
issues, but significantly increased molecular weight and the
inclusion of inactive composite will inevitably weaken their
electrochemical performance.*"* By contrast, increasing the
degree of m-conjugation should be considered as an effective
method. This can effectively create and strengthen van der
Waals interactions between neighboring organic small mole-
cules, leading to a strong intermolecular w-7 stacking. The
strong - interaction can not only maintain the stable struc-
ture of small molecules during repeated lithiation/de-lithiation
processes but also suppress their severe dissolution by forming
aggregates or clusters.**** Additionally, the greater delocaliza-
tion of m electrons in these highly conjugated organic small
molecules can enhance electronic conductivity.

In this study, we have designed and synthesized an organic
small-molecule cathode by grafting ferrocene onto PPD, which
we refer to as FCPD. FCPD possesses a bipolar feature and
a high degree of m-conjugation simultaneously due to the p-type
moiety (Fe*"), n-type groups (C=N), and aromatic structure.
The bipolar feature allows both the cation and anion to serve as
charge carriers, resulting in a large capacity and a wide redox
window. The high degree of m-conjugation facilitates charge
transport and interaction between the small-molecule units,
leading to fast kinetics and low solubility. As a result, the FCPD
cathode exhibited excellent Li'/anion-storage performance.
Furthermore, density functional theory (DFT) calculations and
in/ex situ spectra characteristics provide a detailed under-
standing of the Li'/anion-storage mechanism of the FCPD
cathode.

Experimental section

Synthesis of pyrazino[2,3-f] [1,10] phenanthroline-2,3-diamine
(PPD)

PPD was synthesized via a three-step procedure, which refers to
relevant literature.* Firstly, potassium phthalimide (14 mmol)
was added to DMF solution, followed by vigorous stirring at 140
°C for 1 h under a nitrogen flow, and then 3,4-dichloro-1,2,5-
thiadiazole (7 mmol) was slowly added to the solution and
refluxed for 0.5 h. The residue was recrystallized with a mixture
of trichloromethane and acetone (3:8 v/v). Secondly, the
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obtained light yellow needle crystal (1.26 mmol) and methyl-
amine hydrochloride (1.5 g) were reflowed in a mixture of
ammonia and DMF at 140 °C for 1 h, and then the solution was
spun off. The obtained white solid and 1,10-phenanthroline-5,6-
dione (0.8 mmol) were mixed in 30 mL ethanol at 70 °C for
reflux for 4 h. Finally, the black solid was stirred in 75 mL
ammonia solution to form a yellow solid. PPD was then ob-
tained after drying at 60 °C in a vacuum overnight.

Synthesis of ferrocenyl-3-(A\'-azazyl) pyrazinyl [2,3-f] [1,10]
phenanthrolino-2-amine (FCPD)

21.4 mg (0.1 mmol) of FCA and 26.33 mg (0.1 mmol) of PPD
were added into a Pyrex tube, and then 2 mL of n-BuOH with
0.5 mL of AcOH were added. Subsequently. The Pyrex tube was
subsequently frozen and degassed under a liquid nitrogen bath
at a temperature of 77 K. The freeze-pump-thaw cycle was
repeated three times before the tube was sealed under vacuum.
The sealed Pyrex tube was then sonicated to disperse monomers
and kept at a temperature of 120 °C for a duration of 72 h. The
crude product of FCPD precipitate was obtained through
vacuum filtration. The product appeared reddish brown in color
and was washed with DMF and acetone before being dried at 80
°C under vacuum.

Material characterization

Scanning electron microscopy (SEM, Regulus 8230) and trans-
mission electron microscopy (TEM, JEM-2100) were applied to
analyze the morphology of FCPD. Raman spectroscopy (Lab-
RAM HR), Fourier transform infrared spectroscopy (FT-IR,
Thermo Scientific Nicolet iS50), and X-ray photoelectron spec-
troscopy (XPS, Axis Ultra DLD Kratos Axis SUPRA) were used to
test the physical properties of FCPD. N, adsorption—-desorption
isothermal analysis was performed using a Micromeritics APSP-
2460 specific surface area analyzer. Thermogravimetric analysis
(TGA) was conducted on an STA 449 F5 in the temperature range
of 30 to 800 °C with a heating rate of 5 °C min~" under air. The
solubility of the samples in the electrolyte was determined by
ultraviolet visible spectroscopy (UV-Vis, SPECORD 210).

Electrochemical measurements

The cathode is composed of 30 wt% FCPD, 60 wt% Ketjen black,
and 10 wt% polyvinylidene difluorides. The above mixture was
dispersed with N-methyl pyrrolidone to form a uniform slurry,
and then coated onto Al-C foil. 2032-Type coin cells were
assembled in a glove box with 1 M LiTFSI in DME/DOL as the
electrolyte. The full oxidized state of FCPD and the reduced
state of graphite were used as the cathode and anode, respec-
tively, to assemble the full cells, which were tested from 1.0 to
3.0 V. The negative/positive ratio was about 1.34:1, and the
dose of electrolyte (1 M LiTFSI in DME/DOL) is 50 uL. Charge/
discharge tests and the galvanostatic intermittent titration
technique (GITT) were carried out using a NEWARE (Shenzhen,
China). The cyclic voltammetry curves (CV) and electrochemical
impedance spectra (EIS) were recorded on a CHI 760E electro-
chemical workstation. The in situ synchrotron FT-IR data were
collected via the infrared spectroscopy and microspectroscopy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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beamline (BLO1B). The FCPD cathode was assembled into
a commercial in situ cell specially designed for FT-IR micro-
spectroscopic measurement (Beijing Scistar Technology Co.
Ltd). Afterward, a charge/discharge test was conducted at a rate
of 0.05 A g on the NEWARE battery tester.

Theoretical calculations

The structures of FCA, PPD, and FCPD were constructed and
optimized at the B3LYP-D3(BJ)/6-311++G (b, p) level, which
includes the dispersion interaction. The corresponding highest
occupied molecular orbitals (HOMOs), the lowest unoccupied
molecular orbitals (LUMOs), the density of states (DOS), and the
electron density distribution were determined using the Mul-
tiwfn 3.8 program.*® All the theoretical calculations were carried
out using the Gaussian 16 software package.®”

Results and discussion

The target FCPD compound was synthesized by grafting ferro-
cene onto PPD in n-BuOH solvent with AcOH as the catalyst. The
synthesis was carried out at 120 °C for 72 h, as illustrated in
Fig. 1a. To investigate the formation of FCPD and its detailed
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molecular structure, FT-IR spectra were firstly recorded and are
presented in Fig. 1b. In comparison to the FCA and PPD
monomers, the characteristic peak of aldehyde (-CHO) groups
at 1675 cm™ ' completely disappeared in the target FCPD
compound. This disappearance was accompanied by an
increase in the intensity of imide (C=N) groups at 1560 cm
and a decrease in the intensity of amino (-NH,) groups at
~3400 cm~".*® This evolution demonstrates the consumption
of -CHO/-NH, groups in FCA and PPD and the formation of the
new C=N group in FCPD, confirming the successful combina-
tion between FCA and PPD.* It is important to note that the
characteristic peak of the amino group is still detected in FCPD.

Furthermore, XPS analysis revealed the presence of C 1s, N
1s, and Fe 2p in FCPD (Fig. 1c-e). In the Fe 2p spectrum, the
characteristic peaks at 708.1 and 720.8 eV correspond to Fe*",
indicating the successful grafting of ferrocene.*® The C 1s
spectrum exhibits four peaks at 284.8, 285.7, 287.6, and
291.1 eV, which can be attributed to the C=C/C-C, C-N, and
C=N bonds and the - satellite peak, respectively. The N 1s
spectrum further shows the characteristic peaks of C-N (400.1
eV) and C=N (398.8 eV),>*****! conforming the existence of
these bonds in FCPD. Additionally, the N 1s spectrum contains

a b
FCA -CHO
“ “1 3
=
H,N — "
©\CHO , N\ > UN n-BuOH ©\C— N N\ N 3
Flez’ + ‘ Fle» l >
! > L 2
@ HoN i N acetic acid ®: : HN N/ s 2
[
. -
FCA PPD FCPD . . . . .
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
¢ d e
Fe 2p
Fe®
’:-l? 3 3 satelite F&* satellite
& - s
>
7] 2 7]
c o c
£ £ g
= = £
294 292 290 288 286 284 282 403 402 401 400 399 398 397 396 730 725 720 715 710 705
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
f g ha
PPD FCA FCPD  ~ - oy R
= _ —FCA
e FCA =
& —FCPD X 801 —FCPD
i) LiTFSI -
L 4
5 g o
(]
S
40-
§ 2
T < 20+
2 - v L o\
Solubility test in 1.0 M LiTFSI 200 400 600 800 1000 1200 0 150 300 450 600 750 900

Wavelength (nm)

Fig. 1

Temperature (°C)

(a) Schematic synthesis of the FCPD cathode. (b) FT-IR spectra of PPD, FCA, and FCPD. (c)-(e) High-resolution XPS spectra of C 1s, N 1s,

and Fe 2p for FCPD. (f) Photographs of PPD, FCA, and FCPD soaked in an electrolyte (1 M LiTFSI in DME/DOL), respectively. (g) UV-vis spectra of
the electrolyte (1 M LiTFSI in DME/DOL) and the electrolytes after soaking PPD, FCA, and FCPD. (h) Thermogravimetric analysis of PPD, FCA, and

FCPD.
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a peak at 399.3 eV related to the N-H bonds, which should be
derived from the amino group in FCPD. Afterward, the solubility
of the three small molecules (PPD, FCA, and FCPD) in the
organic electrolyte was explored.

As shown in Fig. 1f, PPD and FCA-soaked electrolytes turn
deep yellow and brown colors, respectively, indicating their
high solubility. In contrast, the FCPD-soaked electrolyte is
almost colorless, suggesting that the synthesized FCPD is much
less soluble in the electrolyte. In addition, further UV-vis spectra
of these soaked electrolytes are collected in Fig. 1g. It is evident
that only the FCPD-soaked electrolyte exhibits a spectrum
similar to that of the fresh electrolyte, providing further
confirmation of its insolubility.»*® Furthermore, the TGA
profiles of PPD, FCA, and FCPD are shown in Fig. 1h, revealing
their respective thermal decomposition temperatures of 280,
130, and 260 °C. It should be note that both FCA and FCPD left
residuals after annealing at 750 °C, which can be attributed to
the oxidation of the ferrocene inside, further validating the
successful ferrocene grafting.***

Afterwards, the microstructure of these organic materials
was observed by SEM and TEM. Interestingly, unlike the irreg-
ular morphology of PPD and FCA monomers (Fig. Sla and b¥),
uniform nanospheres with a smooth surface were observed in
FCPD, as displayed in Fig. 2a and b. Fig. 2c confirms the pres-
ence of these nanospheres with a diameter of approximately
720 nm, which is well consistent with further TEM image
observations (Fig. 2d). Moreover, the corresponding energy-
dispersive X-ray spectroscopy mapping images clearly illus-
trate the uniform distributions of C (purple), N (green), and Fe
(red) species on the FCPD nanosphere (Fig. 2e). To examine the
porosity of these FCPD nanospheres, N, adsorption-desorption
isotherm was recorded at 77 K. As seen in Fig. 2f, FCPD exhibits

Fig. 2
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a typical IV type feature, indicating the existence of mesopores
within the FCPD nanospheres. The pore size distribution curve
further confirms the size of mesopores, i.e., =3.8 nm (the inset
of Fig. 2f). The mesoporous structure in FCPD can significantly
increase the contact area with the electrolyte and boost the ion
diffusion, which can effectively increase the ion storage capacity
and electrochemical kinetics.*>** Additionally, the Brunauer—
Emmett-Teller (BET) surface area can be calculated to be 20.3
m?g

To understand the molecular structure-property relation-
ship, DFT calculations were performed. Fig. 3a displays the
optimized molecule models (PPD, FCA, and FCPD) and corre-
sponding molecular orbital energy levels (LUMO and HOMO).
Among them, FCPD exhibits a lower LUMO value of —3.821 eV
compared to that of PPD (—2.862 eV) and FCA (—3.508 eV).
According to molecular orbital theory, a lower LUMO level
corresponds to a higher electron affinity for the organic small
molecule.”” Meanwhile, the LUMO-HOMO energy gaps (AE) of
PPD, FCA, and FCPD were calculated to be 2.086, 1.555, and
1.243 eV, respectively. The narrow gap in FCPD facilitates
charge transfer, leading to higher electronic conductivity.*® At
the same time, an increase in the DOS for FCPD across the
Fermi level (Fig. 3b) verifies the rapid charge transfer as well. In
addition, according to the calculated molecular electrostatic
potential (Fig. 3c), multiple regions around C=N groups show
negative values. As is known, these regions are more conducive
to capturing the cation (Li*) and can be considered as the
possible reactive sites. Therefore, according to the multiple
active sites, FCPD will capture more Li ions per unit. In short,
the aforementioned narrow gaps, increased DOS, and multiple
active centers give the FCPD cathode enhanced electronic
conductivity and storage capabilities."
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To explore the electrochemical performance of the FCPD
cathode, the CV curves of the initial three cycles were collected
at a scan rate of 0.1 mV s~ between 1.2 and 3.8 V (Fig. S27).
Obviously, two pair of redox peaks are observed, one in the low-
potential (1.8 and 2.2 V) and the other in the high-potential
region (2.3 and 3.2 V). The low-potential redox peaks are
attributed to the n-type redox-active unit (C=N), while the high-
potential redox peaks correspond to the p-type unit (Fe*"). Such
a typical bipolar feature helps expand its working potential
window and theoretical capacity.

Subsequently, the rate capability of the samples was inves-
tigated at different current densities ranging from 0.1 to
5.0 Ag ', as shown in Fig. 4a. The FCPD cathode exhibits high
capacities of 250, 231, 213,194, and 183 mA h g’1 at0.1,0.3,0.5,
1.0, and 3.0 A g~ ', respectively. Even at the maximum current
value of 5.0 A g ', it retains a reversible capacity of
151 mA h g~ !, which is competitive compared to reported values
(Table S17). Notably, even at various current densities, the cor-
responding charge/discharge profiles with FCPD still possess
the bipolar feature (Fig. S3cf) as compared to PPD and FCA
(Fig. S3a and bft), which is well consistent with the dQ/dV

© 2024 The Author(s). Published by the Royal Society of Chemistry

profiles (Fig. S3d-f}). FCPD exhibits clear platforms and char-
acteristic peaks, indicative of n-type and p-type reactions,
demonstrating remarkable stability and reversibility. When the
current density returns to 0.1 A g™ ', a capacity of 240 mA h g™*
can be achieved, highlighting its good reversibility. In contrast,
PPD and FCA cathodes exhibit fast capacity decay at different
current densities, especially at 5.0 Ag™ ", where only 75 mAh g ™"
and 100 mA h g™ are retained, which can be ascribed to their
severe solubility in the electrolyte. Besides, the FCPD cathode
shows attractive cycling performance at 0.1 A g %, as shown in
Fig. 4b. Even after 100 cycles, it retains a discharge capacity as
high as 249 mA h g¢~'. The corresponding capacity fading rate is
only 1.6% and it maintains an average coulombic efficiency of
approximately 100% throughout the cycling. In contrast, PPD
and FCA exhibit relatively low capacity and poor coulombic
efficiency.

Fig. 4c shows a long-term cycling performance of the FCPD
cathode at 5.0 A g~ '. Surprisingly, even after continuous 1000
cycles, the FCPD cathode still maintains a capacity as large as
150 mA h g, corresponding to a high-capacity retention of
81.9%. This demonstrates its superior stability. To investigate

Chem. Sci., 2024, 15, 1051-1060 | 1055
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the remarkable cycling stability of FCPD, FT-IR spectroscopy
was conducted for different numbers of cycles during its long-
term cycling. As depicted in Fig. 4d, even after 100, 500, and
1000 cycles, no significant changes in the characteristic peaks of
FCPD are observed in FT-IR spectra. This can be attributed to
the cushioning effect of the mesoporous structure in FCPD.
Afterward, EIS diagrams for PPD, FCA, and FCPD cathodes were
collected to study their kinetics performance. As shown in
Fig. S4,1*** the semicircle in the high-middle frequency region
represents the charge transfer resistance (R.). Coupled with the
proposed equivalent circuit model (inset of Fig. 4e), the FCPD
cathode exhibits the lowest R, (190.3 Q) compared to those of
PPD (212.1 Q) and FCA (251.1 Q) (Fig. 4e). More importantly,
different from the large fluctuation of R, for PPD and FCA
cathodes during the cycling (20th, 50th, and 100th cycles), the
FCPD cathode just shows a slight change. This fast and stable
charge transfer ensures that the FCPD cathode has ideal reac-
tion kinetics during repeated lithiation/de-lithiation, which is
closely related to its significant cycle and rate behavior.** Such
excellent electrochemical performances can be attributed to its
highly conjugated structure, which can significantly increase
the intermolecular force, thus suppressing its high solubility in
the electrolyte for high cycling stability (the capacity decay rate

1056 | Chem. Sci., 2024, 15, 1051-1060

of FCPD is 18.1% after 1000 cycles at 5.0 A g~ ). By comparison,
some organic cathode materials without the aromatic conju-
gated structure usually show rapid capacity decay. For example,
the capacity decay rate of azine (N-N-linked diimine)-based
polymers (P3)* is 15% after 200 cycles at 0.13 A g~ '; the
capacity decay rate of benzo[c]thiophen-1(3H)-thione (DPTTO)**
is 19% after 100 cycles at 0.05 A g~ . Additionally, the resultant
FCPD cathode exhibits extended conjugation, which ensures
electron delocalization and a low energy gap, leading to high
electronic conductivity.

To further reveal the electrochemical kinetics of the FCPD
cathode, the Li* diffusion coefficients (Dy;") at different charge/
discharge stages were calculated according to the GITT curves
(Fig. S51) and eqn (1).

412 AE\?
D .+ =[—
Li (ﬂ"t) x (AE‘>

where L stands for the diffusion length of Li* and t corresponds
to the relaxation time. AE represents the change of stable
potential after a single pulse. AE; represents the change of
potential during the pulse excluding the elimination of iR
drop.* As seen in Fig. 4f, compared with PPD and FCA upon the
charge/discharge processes, the Dp;- of the FCPD cathode

(1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibits higher and more stable evolutions, which are mainly
concentrated around 107 '°-107° em” s~'. This phenomenon
can be attributed to its spherical structure and mesoporous
properties, which provide sufficient channels for ions to diffuse
and the electrolyte to penetrate into FCPD.*

Subsequently, to understand the fast kinetics of the FCPD
cathode, CV curves were collected under various scan rates
ranging from 0.1 to 3.0 mV s ', as shown in Fig. S6.F The
relationship between the scan rate (v) and peak current (i) can
be described using eqn (2) and (3).

i=a’ (2)

log(i) = blog(v) + log(a) 3)

where the b-value dominated the Li-storage behaviors, capaci-
tive behavior (b = 1.0) or diffusion-controlled processes (b =
0.5). According to the linear correlation between log(i) and
log(v), the b-values corresponding to the marked peaks 1 and 2
were calculated to be 0.98 and 0.97 (Fig. 4g), which are both
close to 1.0, indicating the domination of a fast capacitive
behavior in the FCPD cathode. In contrast, PPD and FCA exhibit
relatively low b-values of 0.83/0.88 and 0.70/0.75 (between 0.5
and 1.0), respectively, suggesting the combination of diffusion
and capacitive processes, as shown in Fig. S7. Therefore, the
FCPD cathode possesses faster electrochemical kinetics, which
contribute to its excellent rate capability and cycling stability at
high rates.

View Article Online

Chemical Science

To reveal the storage mechanism of the FCPD cathode, in situ
synchrotron FT-IR characterization was performed in different
charge/discharge states. As shown in Fig. 5a-c, the 2nd charge/
discharge profiles and corresponding in situ synchrotron FT-IR
contour map were recorded. In the discharging process, the
characteristic peaks related to the C=N bond (1550-1570 cm ™)
gradually decrease, accompanied by an increase of C-N bonds at
around 1070 cm ™~ '.>* This phenomenon can be ascribed to the Li
reaction with C=N bonds, which leads to the consumption of
C=N bonds and the formation of C-N-Li. Besides, the C-SO,-N
bond corresponding to the anions (TFSI") can be observed at
around 1300 cm™',* which presents the same evolution as for
the C=N bond, indicating the participation of the anions
(TFSI") in the reaction. Subsequently, a further charging process
shows the recovery of these bonds, indicating their high
reversibility as active sites in FCPD. In addition, the charge/
discharge processes were further investigated by ex situ XPS
measurement. As shown in Fig. 5d, a reversible change in peak
intensity for Li 1s spectra is observed in the full charge and
discharge states, indicating a reversible Li-storage behavior in
FCPD. The N 1s spectrum (Fig. 5e) reveals two major peaks
associated with the C=N and C-N bonds at 398.8 and 400.01 eV,
respectively. The C=N bonds gradually decrease from the initial
state to the full lithiation state, while the C-N bonds increase
significantly, suggesting a transformation between C=N and C-
N bonds.**® After charging to 3.8 V, the peak of C=N bonds
enhances obviously, accompanied by a decrease in the C-N bond

c=N
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Fig. 5 (a) The 2nd charge/discharge profiles at 0.05 A g~* and (b) and (c) corresponding in situ FT-IR contour map of the FCPD cathode. (d)-(g)
High-resolution XPS spectra of Li 1s, N 1s, S 2p, and Fe 2p of the FCPD cathode at different charge/discharge states. (h) Ex situ Raman spectra of
the FCPD cathode at different charge/discharge states. (i) Proposed dual ion storage mechanisms for the FCPD cathode.
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Fig. 6 (a) Schematic diagram of the graphite//FCPD full cell. (b) Cycling performance of the graphite//FCPD full cell at 0.1 A g~*. (c) The digital
photo of the full cell lighting diodes. (d) and (e) Practical evaluation of the graphite//FCPD pouch battery.

peak, demonstrating the revision of the C=N bonds from the C-
N bonds. These findings further support the results obtained
from in situ FT-IR spectra.

Notably, in addition to the reversible Li-storage in FCPD, the
anions (TFSI ") can also function as charge carriers for energy
storage, just as shown in Fig. 5f. The S 2p spectrum exhibits the
characteristic peak of TFSI™, which appears in the charge state
and disappears in the discharge state. Further ex situ Raman
also shows the characteristic peak of TFSI~ at 700-900 cm "
and its reversible change, providing strong evidence for
reversible anion storage in FCPD (Fig. 5h).* It is well known
that, during the charge process, the p-type units are in a posi-
tively charged state and interact with the anions.* It is worth
noting that during the charging, Fe*" of the ferrocene could be
oxidized to Fe**, resulting in a positively charged state. This
state has been detected in the Fe 2p spectrum (Fig. 5g). Then,
Fe" interacts with TFSI™ to realize anion storage. Subsequently,
Fe** would be reduced back to Fe*" in the discharging process,
leading to the recovery of the characteristic peaks of Fe*". In
brief, the C=N bonds, severing as n-type active units in FCPD,
reversibly participate in lithium storage, while Fe* acts as a p-
type active unit for reversible TFSI™ storage, just as illustrated in
Fig. 5i. Finally, the potential application of FCPD was explored
by using graphite as the anode to study the performance of
graphite//FCPD full cells and pouch batteries (Fig. 6a and d). As
depicted in Fig. 6b, the cell exhibits a high capacity of
145 mA h g " at 0.1 A g~ " after 100 cycles (based on cathode
quality) and can light multiple diodes (Fig. 6¢), indicating good
cycling performance. In addition, as shown in Fig. 6d, the
graphite//FCPD pouch cells can maintain a stable open-circuit
voltage of 2.307 V, while being capable of illuminating two
diodes continuously (Fig. 6e).

1058 | Chem. Sci,, 2024, 15, 1051-1060

Conclusions

In summary, a bipolar organic small-molecule cathode called
FCPD was successfully synthesized by grafting ferrocene onto
PPD. The resulting FCPD cathode contains both n-type and p-
type active sites, allowing dual ions (anions and cations) to
act as charge carriers for energy storage. This design leads to
a high theoretical capacity. Furthermore, the high electron
delocalization and intermolecular interaction derived from the
conjugated aromatic framework and abundant mesopores
within FCPD can result in high electronic conductivity, fast ion
diffusion, and limited solubility, which guarantee good reaction
kinetics and stability. As a result, the FCPD cathode demon-
strates impressive performance in LIBs. It exhibits a large
capacity of 250 mA h g " at 0.1 A g, a long lifespan of 1000
cycles and a high-rate capability of 151 mA h g ' at 5 A g ..
These excellent electrochemical properties highlight the great
potential of conjugated bipolar small-molecule materials for
energy storage applications.
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