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Herein, 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo(3,4-clpyrrole-1,4-dione (TDPP) and di-tert-butyl 2,2'-(1,4-
dioxo-3,6-di(thiophen-2-yl)pyrrolo[3,4-clpyrrole-2,5(1H,4H)-diyl/diacetate  (TDPPA) were synthesized,
which were then loaded in graphene aerogels. The as-prepared thiophene-diketopyrrolopyrrole-based
molecules/reduced graphene oxide composites for lithium-ion battery (LIB) anode composites consist of
DPPs nanorods on a graphene network. In relation to the DPPs part, embedding DPPs nanorods into
graphene aerogels can effectively reduce the dissolution of DPPs in the electrolyte. It can serve to prevent
electrode rupture and improve electron transport and lithium-ion diffusion rate, by partially connecting
DPPs nanorods through graphene. The composite not only has a high reversible capacity, but also shows

excellent cycling stability and performance, due to the densely distributed graphene nanosheets forming
Received 30th August 2021 three-dimensional conductive network. The TDPPgo electrode exhibits high ibl ity and
Accepted 22nd October 2021 a three-dimensional conductive network. The so electrode exhibits high reversible capacity an
excellent performance, showing an initial discharge capacity of 835 mA h g~ at a current density of

DOI: 10.1035/d1ra06528a 100 mA g~ Even at a current density of 1000 mA g%, after 500 cycles, it still demonstrates a discharge
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1. Introduction

In recent years, the rapid development of lithium-ion batteries
has driven revolutionary advances in smartphones, laptops,
electric vehicles and many other fields." There is a focus not
only on improving battery performance, but also on safety,
resource constraints and environmental factors.** Among
them, organic electrode materials have attracted much atten-
tion for their high power density, simple and easy availability of
raw materials, and environmental friendliness.>®” Because of
their different structures and tunable redox voltages, conju-
gated carbonyl compounds are one of the most attractive classes
of organic electrode materials in the family.*® Since the majority
of them possess relatively high redox potentials, they are often
used as cathode materials. When the redox-active carbonyl
groups are located in carboxyl groups, they still have the
potential to undergo electrochemical reactions at lower volt-
ages, which makes it possible to use them as anode
materials.'*"*?
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capacity of 303 mA h g~ with a capacity retention of 80.7%.

Nevertheless, the irreversible dissolution of organic mole-
cules in the nonprotonic electrolyte leads to capacity degrada-
tion during cycling, which largely limits their application in
rechargeable battery systems. Fortunately, recent studies have
shown that doping organic materials into highly conductive
carbon substrates can provide nanoconfinement effects that
improve their electrical conductivity while overcoming solu-
bility in the electrolyte.*'* On the other hand, the introduction
of graphene or carbon into carbonyl compounds can increase
the utilization efficiency of carbonyl compounds and improve
the performance of the LIB anodes. It has been recently
demonstrated that the introduction of carbonyl compounds
into graphene or carbon nanotubes as a means to increase the
efficiency of conjugated carbonyl compound utilization and
improve the electrochemical performance of the resulting
composites as LIB anodes.**™"”

Graphene aerogel is a new highly porous, ultra-lightweight
material with high electrical conductivity, large surface area
and chemical stability, characteristics that make it well suited
for applications in energy storage.'>'® Therefore, the incorpo-
ration of organic molecules into graphene aerogels with
compatible three-dimensional (3D) porous structures seems to
be the most applicable strategy to improve the electrochemical
performance of organic LIB anodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra06528a&domain=pdf&date_stamp=2021-10-27
http://orcid.org/0000-0003-2392-8576
http://orcid.org/0000-0003-2181-3804
http://orcid.org/0000-0002-9603-2247
http://orcid.org/0000-0003-2993-6235
http://orcid.org/0000-0003-3106-4173
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06528a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011055

Open Access Article. Published on 28 October 2021. Downloaded on 2/6/2026 3:37:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

TDPP
Scheme 1 Molecular structures of the TDPP and TDPPA.

TDPPA

In this paper, we used a one-step solution process to fabri-
cate a pyrrolopyrrole compound/graphene aerogel as the anode
material for LIBs. The organic molecule is stabilized by m—=
interactions between graphene and pyrrolopyrrole core, with
the main redox site provided by the conjugated carbonyl group.
As expected, the TDPP/graphene aerogel as an anode material
for LIBs showed a high initial capacity of 835 mA h g™ ' at
a current density of 100 mA g™, long cycle performance without
any degradation after 100 cycles, and excellent rate performance
(508 mA h g~ even at 1000 mA g~ ) (Scheme 1).

2. Characterization

2.1 Structure characterization

The synthesized routes of TDPP and TDPPA are shown in the
Scheme S1.1"?* The molecular structure of DPPs was charac-
terized by "H NMR spectra. And the '"H NMR spectra were
recorded on a Bruker AVANCE III 400 NMR. Chloroform-D and
tetramethylsilane were used as the solvent and internal stan-
dard, respectively. FT-IR measurements were performed on
a Nicolet 5700 spectrometer within a wavenumber region of
4000-400 cm ', XRD data were collected on an Ultima IV
powder X-ray diffractometer with Cu Ka radiation (20 keV) in
the 26 ranges of 5° and 40°. SEM was performed on a Sirion 200
at a working voltage of 200 kV. XPS measurements were per-
formed on Thermo ESCALAB 250XI electron spectrometer.
According to the original XPS data, the standard peak of C 1s
before cycling was modified from 284.73 to 284.8 eV. In addi-
tion, the standard peaks of C 1s were modified from 284.83 to
284.8 eV after lithiation process and 284.78 to 284.8 eV after the
delithiation process. Thermogravimetric analysis (TGA) was
performed using a DSC Q100 spectrometer. Ramp up from
room temperature to 700 °C at a heating rate of 10 °C min™" in
a nitrogen atmosphere.

2.2 Electrochemical measurements

Measurement of electrochemical performance was done using
CR2032 coin-type cell. The electrode slurries were prepared by
blending 80 wt% active material (DPPS/RGO), 10 wt% poly-
vinylidene fluoride (PVDF) binder and 10 wt% Super P in 1-
methyl-2-pyrrolidinone (NMP) to form a slurry. The electrode
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slurries were then coated on a piece of Cu foil (10 um thick). The
prepared electrodes were vacuum dried at 80 °C for 12 h and
then cut into 12 mm diameter discs. The DPPs/RGO materials
were loaded at 0.3-0.46 mg cm . In the assembly of LIBs,
lithium metal foil was used as the counter electrode and the
electrolyte was 1 M lithium hexafluorophosphate (LiPFg) dis-
solved in ethylene carbonate (EC), ethyl methyl carbonate
(EMC) and dimethyl carbonate (DMC) (1:1:1, v/v), using
polypropylene (PP) Celgard 2400 porous membrane as the
separator. Cells were assembled in an argon glove box (water
and oxygen content less than 0.1 ppm). The electrochemical
properties of the electrode materials were characterized on
a BTSDA (Shenzhen Xinhua Instruments Co, Ltd.) electro-
chemical workstation. The IVIUM electrochemical workstation
was used to perform electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) tests.

2.3 Preparation of DPPs/RGO composite

Graphene oxide (GO) suspensions were prepared using an
improved chemical exfoliation method.>® Peel the pre-prepared
aqueous GO suspension by vigorous ultrasound for 30 min
before use. Typically, different amounts (40, 60, and 80 mg) of
3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(TDPP) were dispersed in 40 mL of GO aqueous solution (2 mg
mL ). Subsequently, the suspension was then sonicated for 20
minutes and transferred to a 50 mL stainless steel autoclave
lined with Teflon and sealed tightly. Treatment at 180 °C for
12 h to form the 3D skeletal structure and simultaneously
reduce graphene oxide. Subsequently, the Teflon autoclave was
cooled and the resulting hydrogels were freeze-dried in a freeze-
dryer. Here, different masses of TDPP were dispersed in GO
aqueous solutions, denoted herein as TDPP,, TDPPs4, and
TDPPg,. TDPPA (di-tert-butyl 2,2'-(1,4-dioxo-3,6-di(thiophen-2-
yD)pyrrolo[3,4-c]pyrrole-2,5(1H,4H)-diyl)diacetate) samples are
prepared in the same way, and the amount of organics is the
same as that of TDPPs.

3. Results and discussion

A representative preparation process of the composite is illus-
trated schematically in Fig. 1. GO and DPPs were first dispersed
in an aqueous solution by ultrasonic treatment. Subsequently,
the mixture solution was treated under solvothermal condition,
through which the GO was reduced and the DPPs were self-
assembles on the GO surface to form a 3D graphene frame-
work. Finally, the graphene aerogel-coated DPPs particles were
obtained by freeze-drying. Aerogels are known to show
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Fig.1 Schematic illustration of the fabrication process for the DPPs.
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ultralight and porous characteristics, which are advantageous
for composite materials as anode materials for LIBs.***%>*

First, we observed the morphological features of TDPPgy,
TDPPAg, and the original DPPs by SEM images. As shown in
Fig. S1,7 the original TDPP and TDPPA show rod-like particles
produced by spontaneous stacking of molecules. As shown in
Fig. 2, the highly interconnected 3D graphene frameworks are
clearly observed in DPPs/RGO composite. In the TDPP/RGO
composite material, TDPP is attached to the sheet-layer
reduced graphene oxide in the form of nanorods, with an
average length of 550-750 nm (Fig. 2a). TDPP was almost
completely wrapped in the graphene 3D frame structure, only
a few TDPP nanorods attached to the graphene surface (Fig. 2a).
Fig. 2b shows that TDPPA particles with sizes of 130-270 nm are
not only present on the surface but are also encapsulated inside
the 3D graphene framework. TDPPA nanorods are attached to
RGO, and the highly conductive RGO nanosheets connect
adjacent TDPPA particles together between them to form a 3D
conductive network. In general, the graphene substrate can
effectively inhibit the excessive growth and accumulation of
DPP molecules. Compared with the original loosely stacked
DPPs nanorods, the porous structure formed by the DPP/RGO
composite is more conducive to the transport of Li* (Fig. S47).
In addition, the results of thermogravimetric analysis show that
the DPPs/RGO composites are stable at temperatures of 200 °C,
which is beneficial for the charging and discharging of the LIBs
(Fig. S27).

FT-IR spectroscopy is used to compare the chemical struc-
ture of TDPP/RGO and TDPPA/RGO composites (Fig. 3). For the
TDPP and TDPPA, there were two broad characteristic peaks at
1597 and 1645 cm ', which were related to the stretching
vibration of the C=0 and C=C functional groups. Moreover,
a sharp infrared vibration band at 1740 cm™* for TDPPA was
observed, which correspond to C=O stretching vibrations
belonging to the tert-butyl acetate groups.”® The above
mentioned characteristic peaks for TDPP and TDPPA can be
found in TDPPg, and TDPPA,, composites, respectively, indi-
cating that DPPs organic molecules have been successfully
incorporated into the 3D hybrid architecture. In general, as the
content of DPPs increases, DPPs/RGO composites show more
obvious characteristic peaks, and as the content of DPPs
decreases, they show weaker characteristic peaks. Powder X-ray
diffraction patterns of TDPPg, and TDPPA,, composites reveal
the amorphous broad peak at 26 = 15-25° (Fig. 3b),**?® which
indicates that theses DPPs/RGO composites are mainly disor-
dered - stacked. As show in Fig. 3b, the XRD pattern shows
an obvious broad peak at 20 = 20-25°, which indicates that GO

Fig. 2 SEM image of (a) TDPPgq surface. (b) TDPPAgq surface.
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Fig. 3 (a) The FT-IR spectra and (b) the XRD patterns of TDPPgg,

TDPPAgo and RGO.

is reduced by thermal reduction and the resulting RGO is
ordered and has a certain three-dimensional structure.'®**

Cyclic voltammetry (CV) studies are carried out to measure
the reversibility by scanning the potential window between 0.01
and 3.0 V versus Li/Li" at a scan rate of 0.1 mV s~ ' in Fig. 4. As
shown in Fig. 4a, a strong reduction peak appears at 0.57 V in
the first cathodic scan, which corresponds to the formation of
the SEI film and is associated with the appearance of the irre-
versible capacity in the first cycle. This reduction peak dimin-
ishes or disappears in subsequent cycles, indicating the
formation of a stable SEI film (Fig. 4a). It should be noted that
this reduction peak may be associated with the lithium ion
storage of several layers of defective graphene. In the illustra-
tion in Fig. 4a and b, all of the TDPPys, and TDPPA,, have
obvious insertion/extraction peaks of lithium-ion, such as
TDPPq, lithiation peak (E..q) at 1.49 V, 2.24 V and 2.64 V, deli-
thiation peak (E,y) at 1.88 V, and 2.59 V, TDPPAg (Ereq) at 1.48 V,
(Eox) at 1.87 V and 2.30 V. In the subsequent cycles, the CV
curves of TDPPg, almost overlap, which indicates that the
TDPPg, electrode has good electrochemical reversibility and
stability. As shown in Fig. S3,1 the CV curves of different ratios
of DPPs/RGO composites have basically the same positions of
the main insertion/extraction peaks of lithium-ion and show
similar electrochemical stability.
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Fig. 4 CV curves of the DPPs at a scan rate of 0.1 mV s~ (a) TDPPgo,
(b) TDPPAso. and galvanostatic charge/discharge profiles at a constant
current of 100 mA g~ (c) TDPPgo, (d) TDPPAgo.
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During the first discharge, the specific discharge capacities
of TDPPg,, and TDPPAg, were 924 mAh g™ and 1562 mAh g™,
respectively. It should be noted that some carbonyl groups are
present in the pre-formed GO nanosheets during the prepara-
tion process. During the thermal reduction process, most of the
carbonyl groups in the RGO are removed in the form of CO, and
CO. Even though a very small amount of carbonyl group is still
retained in the generated RGO, its contribution to the capacity
is negligible compared to the total mass of TDPP/RGO and
TDPPA/RGO composites.* In Fig. 4a, no oxidation and reduc-
tion peaks associated with other carbonyl-containing organics
were observed, further indicating that the reversible capacity is
only related to the carbonyl group in TDPP and TDPPA. TDPP,
demonstrated reversible capacities of 387 mA h g' and
594 mA h g~ ' in subsequent cycles, respectively, showing
overlapping charge/discharge curves, which indicates the
excellent stability.>**

As shown in Fig. 5a, the TDPP electrodes exhibit an initial
discharge capacity of 321 mA h g~'. With the increasing of the
cycle number, the specific discharge capacity of the TDPP
electrode clearly shows an upward trend. The discharge capacity
of the TDPP electrode increases from 115 mA h g in the
second cycle to 439 mA h g~* in the 1700th cycle, and become
stalely in subsequent cycles.**** The TDPP,, TDPP, and
TDPPg, shows higher capacities of 1319 mA h g™,
1378 mA h g~" and 761 mA h g~", respectively (Fig. 5a). In
contrast, TDPPs/RGO shows much higher discharge capacity
than that of TDPP. For TDPP,,, TDPPs, and TDPPg, electrode
with different mass ratios of organic molecule, the change of
RGO doping ratio seems to have no effect on their discharge
specific capacity (Fig. 5a and S6t). Interestingly, as the propor-
tion of TDPP in the TDPP/RGO composite gradually increases,
the specific discharge capacity of TDPP/RGO decreases in the
first 250 cycles. On the whole, TDPP/RGO composites show
higher discharge capacity and cycle stability compared with
those of TDPP.

As shown in Fig. 5b, TDPPA exhibited the discharge capacity
of 125.3 mA h g~ ' during the first cycle. Unlike the property of
TDPPA, TDPPA/RGO composite exhibits a higher specific
discharge capacity. TDPPA,,, TDPPAs, and TDPPAg, exhibit
initial specific discharge capacities of 530, 1176 and
1022.6 mA h g™, respectively. As the increase of the mass ratio
of the TDPPA in the TDPPA/RGO composite material increasing,
its specific discharge capacity also increases accordingly.
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Fig.5 (a) TDPP/RGO and (b) TDPPA/RGO cycling performance for the

electrodes conducted at a current density of 1000 mA g~ between
0.01V to 3.0 V over 2000 cycles.
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However, we find that higher content of TDPPA will reduce the
cycle stability of TDPPA/RGO composites. TDPPAg, showed
a discharge specific capacity of about 472 mA h g~' after 2
cycles. After 500 cycles, it still showed a discharge specific
capacity of 276 mA h g™, and the capacity retention rate was
about 58.47%. TDPPA,, shows a lower specific discharge
capacity of about 220 mA h g~', and only shows a specific
discharge capacity of about 230 mA h g~ ' after 500 cycles.
TDPPAg, shows a higher specific discharge capacity of about
510 mA h g™, and only shows a specific discharge capacity of
about 499 mA h g~ after 500 cycles with a capacity retention
rate of 98.22%. It is worth noting that TDPPAg, maintains the
trend of gradual increase in capacity of TDPPA as the number of
cycling increasing. The discharge specific capacity of TDPPAg,
decreased from 508 mA h g ' in the second cycle to
351 mA h g " in the 40th cycle, and then gradually increased to
592 mA h ¢! in the 500th cycle, and reached the maximum
value. We believe that the main structure of the pyrrolopyrrole
molecule is destroyed due to the insertion and extraction of
lithium ions from TDPP, and the unsaturated carbon in the
pyrrolopyrrole molecule inevitably participates in the lithiation/
de-lithiation process for TDPP electrode. The above reasons
may contribute to the upward trend during cycling for the TDPP
electrode. In the TDPP/RGO composite electrode, the organic
molecules are stabilized by the m-m interaction between the
graphene and the pyrrolopyrrole core, which largely avoids the
structural destruction of the TDPP molecules during the cycle.
The main redox sites are provided by the conjugated carbonyl
group, thus the TDPP/RGO composite electrode exhibits stable
discharge capacity during cycling.

Fig. 6 shows the rate capability of the TDPP4, and TDPPAg,
with the current density increased from 100 to 1000 mA g~ '. The
TDPPq, electrode exhibits a steadily discharge capacity, and the
discharge specific capacity is stable at 15 cycles of 838 mAh g™*
at 100 mA g~ . When the current density is increased to 200 and
500 mA g ', the electrode can still provide high reversible
capacity of about 506 and 380 mA h g, respectively. When
cycled at different current densities, the electrode maintains
a coulombic efficiency higher than 98%.

The rate capability of RGO-wrapped TDPP/RGO composites
is much better than that of bare DPP (Fig. 6 and S77). Even at
higher current densities, TDPP/RGO composites can provide
high discharge capacity and good cycle stability, as shown in
Fig. 6a. The doping of RGO not only improves the conductivity
but facilitates the rapid diffusion of Li" in the electrode, which

1800

a 1600
1600 f
“.; . ".'; 1400 |
= 12001100 200 500 1000 500 200 100 | .= 1200f 100 200 500 1000 500 200 100
“ ¥ “ R
51000‘ mA g’ £ 1000} mA g”!
2 600 - 1 £ oo}
A p—
S 400 = = = — it
& % . & SIS S FEPSL
200 e 200 a—
0

o

0 15 30 45 60 75 15 30 45 60 75 90 105

Cycle numbers

90 105
Cycle numbers

Fig. 6 (a) Rate capability of TDPPgq, and (b) TDPPAgg with the current
density increased from 100 to 1000 mA g~! in a stepwise manner.
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results in excellent multiplicative performance of TDPPg, and
TDPPAg,. TDPPAg, also showed a similar trend of capacity
growth to that of TDPP. At a current density of 100 mA g™/,
TDPPg, exhibits discharge specific capacities of approximately
699 mA h g '. As the current density is increased to
1000 mA g ', the discharge specific capacity drops to
276 mA h g™, As the current density decreased to 100 mA g™,
the specific discharge capacity recovered to 587 mA h ¢~ ', and
stabilized.

The solvothermal reduction method enables the effective
combination of DPPs particles with the 3D graphene frame-
work, which accelerates the charge transfer of DPPs and
improves the electrical conductivity of the electrode material,
enabling the redox reaction to be completed rapidly. We further
verified this by electrochemical impedance spectroscopy (EIS).*
All Nyquist plots consist of two parts, a compressed semicircle
in the high and high frequency regions and a sloping line in the
low frequency region, as shown in Fig. 7.** All EIS plots can be
fitted with the same equivalent circuit pattern (inset in Fig. 7),
where R is related to the ohmic and solution resistance, where
R.; denotes the charge transfer resistance between the electro-
lyte interface and the electrode. CPE is the constant phase angle
element associated with the double layer capacitance, and Z, is
the Warburg impedance associated with the ion diffusion
impedance in the active material.

The corresponding values of R, and R in the EIS diagram
are summarized in Table S1.f The TDPP/RGO composites have
a much smaller R, value than bare DPP, especially TDPP,,. The
R values decreased significantly with the increase of RGO
content in the composites. This result suggests that the
conductivity can be effectively increased by incorporating highly
conductive RGO into DPP, which leads to high reversible
capacity. In addition, pure DPP has a larger slope in the low-
frequency region, showing a higher Warburg impedance.
These results suggest that the high electrical conductivity of
graphene and its -7 interactions with DPP molecules accel-
erate the passage of Li" ions through the SEI membrane,
leading to faster kinetics of intra-electrode migration as well as
charge transfer reactions.*® In addition, the resistance of the SEI
film is thus reduced due to the presence of RGO.*” This may be
due to the fact that the 3D structure of the DPP/RGO composite
reduces the direct contact of the DPP with the electrolyte, thus
suppressing side reactions (such as dissolution of DPP mole-
cules and the appearance of lithium dendrites) during long-
term cycling.
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Fig. 7 Electrochemical impedance spectra of different samples at
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Fig. 8 The ex situ FT-IR patterns for the DPPs electrodes obtained at
different cycling states. (a) TDPPgg and (b) TDPPAgg.

In order to explore the lithium storage mechanism further,
the structure changes of the DPPs electrode were analyzed by
FT-IR patterns (Fig. 8). Notably, there are no obvious changes
for FT-IR of the TDPP4, and TDPPA,, during the 2000 cycle.
There are two characteristic peaks at 1440 and 1645 cm %,
which are related to the stretching vibration of the C=0 and
C=C functional groups. This further proves the electro-
chemical stability of TDPPs, and TDPPA¢,. In addition, the
sharp infrared vibration band of TDPPA at 1740 cm™ ' corre-
sponding to the C=O stretching vibration of the tert-butyl
acetate group is not observed, which indicates that the tert-butyl
acetate group participates in the oxidation-reduction reaction
of the anode.

In order to further explore the storage mechanism of
lithium, the structural changes on the TDPPAg, electrode were
analyzed by X-ray photoelectron spectroscopy (XPS) (Fig. 9). For
comparison, the TDPPAg, electrode was disassembled after the
third full charge and discharge cycle (Fig. 9b and c). Before the
electrochemical cycle, no signal of lithium or phosphorus was
found in the XPS spectrum of the TDPPy, electrode (Fig. 9a).
Later, obvious signals of lithium and phosphorus appeared
after the discharge process, indicating that the lithiation reac-
tion of the TDPPg, electrode occurred (Fig. 9b). In addition,
after the delithiation reaction of the TDPPg, electrode, the
signal about lithium is still clearly visible, which may be caused
by the strong irreversible reaction of the TDPPg, electrode in the
charging reaction (Fig. 9c). In addition, the C 1s and O 1s
spectra of the TDPPg, electrode in different electrochemical
states also indicate the structural changes of the TDPPAy,
molecule during the electrochemical process.>

As shown in Fig. 9, there are significant differences in the
collected C 1s spectra under different electrochemical condi-
tions, indicating that the TDPPA¢, electrode has undergone
structural changes in the electrochemical reaction. As shown in
Fig. 9d, the C 1s for as-prepared TDPP, electrode includes four
main components, namely C=C (286.24 eV), C-C (284.80 eV),
C-0 (288.24 eV) and C=0 (288.73 eV), respectively.>**° After the
lithiation reaction, a new strong peak appeared, corresponding
to the C-Li bond at 290.95 eV, which can be attributed to the
lithiation reaction on the C=C bond (Fig. 9e). At the same time,
after the subsequent delithiation reaction, the peak intensity of
the C-Li bond is significantly weakened, which indicates that
a reversible lithiation-delithiation process has occurred on the
C=C bond (Fig. 9f). In addition, the peak intensity of the C=0
bond was significantly weakened after the lithiation reaction,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS spectra of the surface for the TDPPAGO electrodes (a and d) as-prepared, (b and e) after 3rd-cycle lithiation process, (c and f) after

3rd-cycle delithiation process.

and recovered after the delithiation reaction, which also proved
the reversibility of the C=O group in the electrochemical
reaction.*

As shown in Fig. 10a and c, after the electrochemical exper-
iments, it can be observed that TDPPg, is more affected than
TDPPAg, during charging and discharging, on the one hand,
due to the removal of lithium during de-lithiation leading to
significant cracks on the surface of the electrode. The presence
of cracks decreases the Li' transport rate. On the other hand,
TDPP¢, wrapped in the graphene aerogel of the electrode shows

10pm 10pm

10pm

/ ’
2 WO 10pm

Fig.10 SEMimages for the DPPs electrodes (a, c and e) TDPPgg and (b,
d and f) TDPPAg, at a current density of 1000 mA g™*. (a and b) 200
cycles, (c and d) 500 cycles, (2000) cycles.

10pm

© 2021 The Author(s). Published by the Royal Society of Chemistry

better stability in electrochemical experiments. This behavior is
likely to be due to the presence of graphene aerogel significantly
reducing the dissolution of TDPP in LiPF, electrolyte. Many
microrods and particles appears for as-prepared TDPPs, elec-
trode material (Fig. 2a). After 2000 cycles, the TDPPg, electrode
material transforms into regular nanoparticles with a diameter
of about 100-200 nm (Fig. 10f). In addition, the TDPPAy, elec-
trode material before cycling exhibited irregular microrods and
particles before cycling (Fig. 2b). As shown in the Fig. 10b, most
of the TDPPA4, electrodes remained intact and uniformly
distributed in the 3D graphene framework after 200 cycles,
indicating that the presence of the 3D graphene framework
significantly reduced the dissolution of the DPP molecules in
the electrolyte (Fig. S51). From the SEM images of TDPPAy, in
Fig. 10d and f, it can be seen that the regular TDPPA microrods
almost completely disappear and transform into an amorphous
structure after repeated lithiation and delithiation reactions.
Therefore, the 3D RGO framework can not only buffer the
volume expansion and contraction of TDPPA microrods during
lithiation and de-lithiation, but also prevent the electrode
material from cracking during cycling due to the elasticity of the
graphene sheet, maintaining good integrity of the entire elec-
trode structure.

4. Conclusions

In summary, DPPs/RGO composites were successfully prepared
by a simple hydrothermal process. On the one hand, highly
conductive RGO nanosheets are wrapped around the outside of
the DPPs, while on the other hand, adjacent DPP nanorods are
connected by RGO to form a dense layer-like structure. Due to
the m—m interaction between graphene and pyrrolopyrrole core,
the DPP molecules are closely connected to the RGO, forming
a 3D conductive network that facilitates the rapid diffusion of
lithium ions in the electrode material. The DPPs/RGO

RSC Adv, 2021, 11, 35020-35027 | 35025
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composite electrode in lithium ion batteries exhibits excellent
electrochemical performance. The charge capacity of the
TDPPAg, electrode is tested to be 472 mA h g~* at the high
current density of 1 A g~ '. After 2000 charge and discharge
cycles, the retained capacity of the TDPPA4, anode material is
measured to be 190 mA h g~ ! at the current density of 1 A g™,
These results suggest that the excellent electrochemical
performance of DPP/RGO composite anode materials is due to
the synergistic effect of DPPs molecules and graphene, the RGO
can provide strong support to the DPPs nanoparticles and avoid
being dissolved during charging and discharging. The above-
mentioned excellent electrochemical properties, together with
abundant material resources and convenient preparation
processes, make DPPs/RGO composites a low-cost anode
material for large-scale lithium-ion batteries. In addition, the
RGO aerogel in this work expands the scope of seeking effective
methods to improve the electrochemical properties of other
organic electrode materials.
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