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Toward High Energy Organic Cathodes for Li-lon Batteries:
A Case Study of Vat Dye/Graphene Composites

Wei Ai, Weiwei Zhou, Zhuzhu Du, Chencheng Sun, Jun Yang, Yu Chen, Zhipeng Sun,
Shun Feng, Jianfeng Zhao, Xiaochen Dong, Wei Huang,* and Ting Yu*

Despite the fascinating Li storage properties of organic carbonyl compounds,
e.g., high therotical capacity and fast kinetics, it is still lack of a facile and
effective way that capable of large-scale producion of advanced carbonyl cath-
odes for Li-ion batteries (LIBs). Here, a generic strategy is proposed by com-
bining sonication and hydrothermal techniques for scalable synthesis of high
performance organic carbonyl cathodes for LIBs. A series of commercialized
vat dyes with abundant electroactive conjugated carbonyl groups are confined
in between the graphene layers, forming a compatible 3D hybrid architecture.
The unique structure affords good Li* ions accessibility to the electrode and
short Li* ions diffusion length. Meanwhile, each sandwiched graphene layer
functions as a miniature current collector, ensuring fast electron transport
throughout the entire electrode. Consequently, the cathodic performances of
LIBs using the composites as electrodes, for example, Vat Green 8/graphene,
Vat Brown BR/graphene, and Vat Olive T/graphene, possess high specific
capacity, exceptional cycling stability, and excellent rate capability. The effect
of vat dye content on the morphology, structure, and the final electrochemical
performance of the composites is investigated as well. This work provides

resources, e.g., solar and wind powers.
Since these energy sources are typically
intermittent and localized, they must be
efficiently stored prior to proper use and
transportation.ll As such, energy storage
naturally becomes one of the most
important topics in the 21st century, and
has received worldwide concerns in the
past few years. Among various energy
storage devices, Li-ion battery (LIB) is the
most promising candidate featured by
its superior energy storage capability in
terms of output energy typically exceeding
90% of input energy, except at the highest
power density.’! Since the birth in 1990s,
LIB has been the dominant power source
for portable electronics. Nevertheless, the
development of LIB cannot keep pace
with the ever-growing demand for energy,
especially the emergent electric vehicles
and smart grids. Further increasing the

a versatile and low-cost platform for large-scale development of advanced

organic-based electrodes toward sustainable energy fields.

1. Introduction

Concerns about environmental degradation and energy crisis
promote the exploitation of green and sustainable natural

energy storage capability of LIB requires
the boost of specific capacities of the elec-
trode materials. In particular, the cathode
side, since the practical capacities of tra-
ditional inorganic insertion-type cathodes are normally lim-
ited to 200 mAh g associated with one electron reaction,
thus bringing about a bottleneck for further breakthroughs
in LIB performance.l*’] Forturnately, organic cathodes are
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capable of providing multielectron reactions compared with
their inorganic counterparts, and hence higher theoretical
capacity.l! Moreover, organic cathodes have several distinc-
tive advantages of low molecular weight, structural diversity,
and redox potential adjustment.’-"l More strikingly, organic
cathodes could be directly extracted from abundant/renew-
able biomass precursors and then recycled through photosyn-
thesis, thus making the concept of “green and sustainable”
LIBs possible.[1011]

In the pursuit of high performance organic electrodes,
organic carbonyl compounds containing single or multiple
conjugated electrochemically active carbonyls have been over-
whelmingly studied owing to their high capacity and intrinsi-
cally fast kinetics.'>13] Each carbonyl can undergo a reversible
one electron transfer reaction during charge and discharge
processes, that is, one electron reduction to generate mono-
anion and thereafter one electron oxidation to convert back to
carbonyl. Indeed, the exploration of carbonyl cathodes could
be traced back to the early 1969, however, in most cases,
these cathodes suffer from fast capacity decay due to their
severe solubility in the electrolyte and poor rate capability
arising from the low electronic conductivity. Aiming to tackle
these issues, to date, diverse strategies including optimization
of molecular structure,'>'7] immobilization of carbonyl spe-
cies on conducting matrix/substrates,['®2% polymerization of
small molecule carbonyls,?1-23l and employment of solid-state
electrolytesi?2%l have been proposed. Recently, it has been
demonstrated that constructing carbon-supported organic
composites is another effective and intriguing approach for
achieving advanced organic cathodes.’”] As a result, a series
of carbonyl/carbon composites with significantly improved
electrochemical performances have been prepared by means
of solution mixing,?® ball milling,?%! impregnation,3% in situ
polymerization,3! self-assembly,*?! and chemical vapor depo-
sition®®l methods. Despite these achievements, till now, it still
remains a great challenge to prepare carbonyl/carbon com-
posites with high and uniform quality on a large scale before
their practical applications become possible. Note that the com-
mercially available carbonyl products, for example, vat dyes,
are desirable cathodes capable of mass production because
they can now be readily obtained from plants or synthesized
artificially.’) Nevertheless, to the best of our knowledge, vat
dyes which are normally used for fabric dyeing has not been
reported as the cathode for LIBs.
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Herein, for the first time we develop a universal method,
that is, a combination of sonication and hydrothermal pro-
cess, to scalable synthesis of vat dye/graphene composites as
novel organic cathodes for high performance LIBs. As a repre-
sentative example of vat dyes, Vat Green 8 (molecular structure
shown in Figure 1) is a green color dye containing a large con-
densed aromatic ring system with electroactive conjugated car-
bonyl groups, making it perfect electrode for LIBs. We propose
that the m—r interactions between Vat Green 8 and graphene
sheets afford a stable composite structure, which can not only
effectively suppress the dissolution of active material but also
guarantee fast electron transportation during the electrochem-
ical reactions. In this case, the aforementioned two common
issues of organic electrodes could be simultaneously and
effectively solved in our system. Consequently, the Vat Green
8/graphene (VG 8/G) composite exhibits long-term cyclic sta-
bility and excellent high-rate capability. This simple and elegant
design can also readily extended to fabricate Vat Brown BR/gra-
phene (VB BR/G) and Vat Olive T/graphene (VO T/G) compos-
ites, showing exceptional electrochemical performance, which
verifies the universality of our method. Importantly, the pre-
sent strategy provides a scalable route for developing advanced
organic cathodes for LIBs, making a significant step forward to
their practical applications.

2. Results and Discussion

Figure 1 depicts the scheme for the synthesis of VG 8/G com-
posite. Briefly, Vat Green 8 was first dispersed into graphene
oxide (GO) aqueous solution with different weight ratios under
continuous sonication, which was then subjected to hydro-
thermal reaction and freeze-drying sequentially (see the Experi-
mental Section for details). The formation of VG 8/G hybrid
architecture experiences the initial disassembly of Vat Green
8 crystal structure and the following reassembly on the gra-
phene sheets through the 77 interactions between them.>:3¢
The resultant product was denoted as VG 8/G-X, where X
represents the weight ratio of Vat Green 8 to GO. Figure 2a,b
presents the schematic structures of Vat Green 8 and VG 8/G
composites for Li storage. Due to strong intermolecular interac-
tions, Vat Green 8 alone tends to self-assemble into a stacking
structure, resulting in greatly diminished accessible active
sites and long diffusion length for Li* ions. In contrast, when

GO Vat Green 8

VG 8/G composite

Figure 1. Schematic illustration of the synthesis of VG 8/G composite, which was formed through the disassembly of Vat Green 8 crystal structure
and then reassembly on the graphene sheets. The main driving force for the formation of VG 8/G hybrid architecture is the 77 interactions between

Vat Green 8 and graphene sheets.
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Figure 2. Schematic structures of a) Vat Green 8 and b) VG 8/G composites for Li storage. FESEM images of c) Vat Green 8 and d) VG 8/G-0.5. The
insets are higher-magnification FESEM image of the corresponding samples. €) TEM image of Vat Green 8. Inset: higher-magnification TEM image.

f) TEM image of VG 8/G-0.5. Inset: HRTEM image of VG 8/G-0.5.

integrated with graphene, the aromatic Vat Green 8 molecules
can absorb tightly on the surface of graphene sheets through
77 interactions, hence more desirable for Li storage in terms of
better Li* ions accessibility, shorter Li* ions diffusion paths and
higher electronic conductivity. Field-emission scanning elec-
tron microscopy (FESEM) images show that pristine Vat Green
8 is composed of microsized bulk particles due to the sponta-
neous stacking of molecules (Figure 2c), whereas bare reduced
graphene oxide (rGO) exhibits an interconnected 3D porous
network with randomly distributed pores that are consisted by
graphene thin layers (Figure Sla,b, Supporting Information).
Interestingly, the VG 8/G composites display an appealing 3D
graphite-like structure with Vat Green 8 molecules confined in
between the graphene layers (Figure 2d and Figure Slc—, Sup-
porting Information). Note that excess Vat Green 8 would gen-
erate bulk particles in the composite, as observed in the FESEM
image of VG 8/G-1 (Figure Sle,f, Supporting Information). The
microstructure of the samples was further studied by transmis-
sion electron microscopy (TEM). The Vat Green 8 molecules
show an asphaltum-like morphology with densely stacked
structure (Figure 2e), while rGO presents a smooth and trans-
parent thin layer with wrinkled and folded edges (Figure S1g,
Supporting Information). However, after the incorporation of
Vat Green 8 on the graphene sheets, VG 8/G-0.5 exhibits thick
layers and rough surfaces (Figure 2f). Moreover, no evident
bulk Vat Green 8 is viewed, indicating the Vat Green 8 is well
embedded in between the graphene layers. This is further con-
firmed by high-resolution TEM (HRTEM) images. As shown in
the inset of Figure 2f, VG 8/G-0.5 reveals the presence of amor-
phous layers representing the absorbed Vat Green 8 molecules,
which are not detected in bare rGO (Figure S1h, Supporting
Information).

X-ray photoelectron spectroscopy (XPS) technique was
applied to examine the elemental composition of the samples.
Figure 3a shows the comparison of XPS survey spectra for GO
and VG 8/G composites. The appearance of N 1s signal located
at approximately 400 eV in VG 8/G composites yet not observed
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in GO suggests the existence of Vat Green 8 in the hybrids.
Table S1 of the Supporting Information summarizes the ele-
mental composition of the samples obtained from XPS meas-
urements. The content of nitrogen increases from 1.29 at% in
VG 8/G-0.25 to 1.38 at% in VG 8/G-0.5 and 2.14 at% in VG
8/G-1, indicating the increased amount of Vat Green 8 in the
composite. Compared with GO, the VG 8/G composites exhibit
substantially increased carbon content associated with consid-
erably decreased oxygen content, which implies the efficient
reduction of GO after the hydrothermal treatment. This is fur-
ther evidenced by high-resolution C 1s XPS spectra shown in
Figure 3b. The deconvolution of GO displays four peaks cor-
respond to C—C (sp? carbon, 284.6 eV), C—O (hydroxyl/epoxy
groups, 286.7 eV), C=0 (carbonyl groups, 288.1 eV), and
O—C=O0 (carboxyl groups, 289.2 eV). In the spectra of VG 8/G
composites, the oxygen functional species show significantly
decreased intensity compared to that of GO, demonstrating
the removal of oxygen-containing groups with concomitant
reconstruction of sp? carbon network. Besides, an additional
peak located at 285.6 eV is detected, which originates from
the C—N bonds of Vat Green 8 molecules. High-resolution N
1s XPS spectra of the VG 8/G composites (Figure 3c) exhibit
a single predominant peak at about 399.9 eV, assignable to the
pyrrole-like N atoms, which agrees well with the N bonding
configuration in Vat Green 8. These results document that
the chemical structure of Vat Green 8 is well-preserved in the
VG 8/G composites. Fourier transform infrared spectroscopy
(FTIR) was also employed to analyze the structural informa-
tion of the samples. As shown in Figure S2 of the Supporting
Information, VG 8/G composites exhibit almost the same spec-
tral features, e.g., peak position and peak intensity, as those of
prinstine Vat Green 8 molecules. Therefore, it can be concluded
that the achievement of VG 8/G hybrid architecture is merely a
physical process without any structural variations of Vat Green
8 molecules.

Further structural analyses of the samples are obtained
by Xray diffraction (XRD), Raman spectroscopy and
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Figure 3. a) XPS survey spectra and b) high-resolution C 1s XPS spectra of GO, VG 8/G-0.25, VG 8/G-0.5, and VG 8/G-1. c) High-resolution N 1s XPS

spectra of VG 8/G-0.25, VG 8/C-0.5, and VG 8/G-1.

thermogravimetric analysis (TGA) characterizations. Figure 4a
depicts the XRD patterns of Vat Green 8 before and after hybrid-
ization. The bulk Vat Green 8 particles display three charac-
teristic diffraction peaks located at 11.2°, 18.9°, and 26.1°,
referring to the crystalline Vat Green 8 molecules. Interestingly,
these peaks are not detected in the XRD patterns of VG 8/G-
0.25 and VG 8/G-0.5, evidencing the disassembly of Vat Green
8 crystal associated with its reassembly on graphene sheets
through m—m supramolecular interactions. However, excess Vat
Green 8 precursor will induce the formation of bulk particles
in the final composite. As a consequence, a diffraction peak at
11.2° which belongs to crystalline Vat Green 8 is observed in
the XRD pattern of VG 8/G-1, corroborating previous FESEM
results (Figure Sle,f, Supporting Information). Besides, all the
three VG 8/G composites show a predominant diffraction peak
at about 25.5°, which should be ascribed to the (002) plane of
rGO. Compared with the sharp (002) peak of graphite at 26.5°
(d spacing = 3.35 A), the VG 8/G composites display a relatively
broad peak with a slightly larger d spacing of 3.49 A, which
suggests their poorly ordered stacking due to the presence of
Vat Green 8 molecules in between the graphene layers. Raman
spectroscopy was used to probe the interaction between Vat
Green 8 and graphene. As presented in Figure 4b, bare rGO
exhibits two typical peaks at 1340 and 1586 cm™, corresponding
to the breathing mode of A;, symmetry (D band) and E, vibra-
tion mode of sp? C atoms (G band), respectively. Meanwhile,
VG 8/G composites show quite similar spectral feature as com-
pared to rGO except for the G band down-shifted to 1576 cm™.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Such a clear shift of G band to lower frequency highly supports
the charge transfer from the aromatic Vat Green 8 molecules
to graphene sheets,?”%! indicating the strong 77 interactions
between them. TGA curves reveal that both Vat Green 8 and
VG 8/G composites have good thermal stability up to over
300 °C (Figure 4c). All of the samples illustrate an initial weight
loss of about 4.5% at temperature below 150 °C, attributable
to the removal of physically adsorbed water. The samples are
relatively stable at temperatures ranging from 150 to 300 °C.
After that, a continuous and steady weight loss is observed with
temperature inceases from 300 to 800 °C due to the carboniza-
tion of the Vat Green 8. To determine the content of Vat Green
8 in the composites, the samples are further characterizaed by
elemental analysis (Table 1). The measured N contents in Vat
Green 8, VG 8/G-0.25, VG 8/G-0.5, and VG 8/G-1 are 3.35,
1.03, 1.57, and 2.02 wt%, respectively. Therefore, the contents
of Vat Green 8 are calculated to be 31.6 wt% in VG 8/G-0.25,
46.6 wt% in VG 8/G-0.5 and 60.3 wt% in VG 8/G-1.

The electrochemical performances of VG 8/G composites as
cathodes for LIBs were evaluated using traditional 2032 coin-
type cells with pure Li metal foils as the anodes. For compar-
ison, the commercial Vat Green 8 is also tested uner the same
conditions. Figure 5a shows the electrochemical Li storage
mechanism of a single VG 8/G unit, which involves multi-
step reduction of the conjugated carbonyl groups in Vat Green
8 molecule during discharge process and then reoxidation of
the as-formed alkoxide groups in the subsequent charge pro-
cess.”?’] The presence of graphene can efficiently facilitate

Adv. Funct. Mater. 2016,
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Table 1. Elemental content of Vat Green 8 and VG 8/G composites
obtained from elemental analysis. Each sample was tested twice, and
the standard deviation for N content was determined to be <0.14 wt%.

Sample N C H
[wt%s)] [wt%] [wt%]
Vat Green & 3.35 62.03 4.01
VG 8/G-0.25 1.03 75.37 1.81
VG 8/G-0.5 1.57 74.69 1.98
VG 8/G-1 2.02 72.49 2.61

a
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3
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5 | ,
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Figure 4. a) XRD patterns of Vat Green 8, graphite and VG 8/G compos-
ites. b) Raman spectra of rGO and VG 8/G composites using a 532 nm
excitation laser. c¢) TGA curves of Vat Green 8 and VG 8/G composites
under N, atmosphere.

charge transfer, leading to increased kinetics of electrochemical
reactions. Cyclic voltammogram (CV) curves of different elec-
trodes tested at 0.5 mV s7! in the voltage range between 1.2 and
4.2 V (vs Li/Li*) are presented in Figure 5b. Evidently, all the
VG 8/G composites exhibits significantly improved gravimetric

Adv. Funct. Mater. 2016,
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current compared to that of Vat Green 8. The low current den-
sity should be attributed to its low electronic conductivity and
the densely stacked structure, which induce limited accessi-
bility to the electrolyte. After the disassembly and reassembly
hybridization processes, these problems have been well
addressed in the VG 8/G composites. With increasing the con-
tent of Vat Green 8 from =32 wt% (VG 8/G-0.25) to =47 wt%
(VG 8/G-0.5) in the composite, the current density of VG 8/G
composites exhibits an obvious increase trend. However, a dra-
mastical decay of current density is observed when the value
reaches =60 wt% (VG 8/G-1), due to the formation of bulk Vat
Green 8 particles in the composite, as demonstrated by pre-
vious FESEM images (Figure Sle,f, Supporting Information).
A pair of redox peaks at around 2.14 and 2.46 V correspond to
the reduction of the conjugated carbonyl groups and reoxida-
tion of the alkoxide groups, respectively. This matches well with
the scheme shown in Figure 5a. The relative broad peaks are
probably caused by the multistep reaction processes,**2°! which
can also be identified by the charge-discharge voltage profiles
without obvious plateaus (Figure 5c¢).

Galvanostatic cycling tests of the electrodes are measured
at 100 mA g! for 200 cylces (Figure 5d). It is predictable that
the Vat Green 8 would exhibit poor Li storage behavior in
terms of low capacity and fast capacity fading. The discharge
capacity is as low as 9 mAh g! in the first cycle and decreased
to 2 mAh g! after 200 cycles. On the contrary, the Li storage
capacity and cyclic stability of VG 8/G composites have been
extremely improved after immobilization of Vat Green 8 on
the graphene sheets. The initial discharge capacities for VG
8/G-0.25, VG 8/G-0.5, and VG 8/G-1 are up to =240, =272,
and =121 mAh g™, respectively, which maintain at =223, =319,
and =153 mAh g! after 200 cycles. These values are definitely
superior to previously reported organic cathodes,?**% func-
tionalized carbon-based cathodes!'®*! and even some organic/
carbon hybrid composite cathodes.?®3! The slightly increase of
capacity upon cycling observed in VG 8/G-0.5 and VG 8/G-1
might be ascribed to the delayed electrolyte infiltration into the
electrodes.*2*3] With continuous charge-discharge processes,
Li* ions could gradually go into the inner deep regions of the
electrodes, leading to more available active sites for Li storage
and hence a progressively raised capacity. To further examine
their rate capability, the electrodes are tested under pro-
grammed current densities from 50 to 3200 mA g~! (Figure 5e).
It can be seen that the capacities of VG 8/G composites are
consistently higher than those of Vat Green 8 throughout the
whole rate cycles. In particular, the VG 8/G-0.5 electrode
still shows the best rate performance with respect to other
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Figure 5. a) Electrochemical Li storage mechanism of a single VG 8/G unit. b) CV curves of different electrodes tested at 0.5 mV s7'. ¢) Charge—dis-
charge voltage profiles of VG 8/G-0.5 electrode under various current rates. d) Cycling performance of different electrodes measured at 100 mA g™

e) Rate performance of different electrodes under various current rates.

electrodes (VG 8/G-0.25, VG 8/G-1), which should be related to
its moderate loading content of the electrochemically active Vat
Green 8 associated with the as-formed peculiar nanostructure
(see previous discussions). The capacities of VG 8/G-0.5 elec-
trode obtained at 50, 100, 200, 400, 800, 1600, and 3200 mA g
are =330, =274, =216, =172, =135, =107, and =74 mAh g7},
respectively. More strikingly, the capacity of VG 8/G-0.5 elec-
trode is capable of gradual recovery to =332 mAh g! with the
current density switched back to 50 mA g! after being tested at
varied current densities, indicating its excellent rate capability.
To evaluate the kinetics of electrochemical reactions on
the electrode, electrochemical impedance spectroscopy (EIS)
was carried out in the frequency range of 100 kHz to 0.1 Hz
(Figure 6). As shown in Figure 6a, the Nyquist plots of all the
samples possess the same features with two semicircles in
the high-to-medium frequency range and a tail (short inclined
line) in the low frequency range, which can be successively
assigned to the surface film impedances (Ry) due to the solid

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

electrolyte interphase (SEI) formation, charge transfer resist-
ance (R.), and Warburg impedance.*4 The simulated values of
EIS by using the equivalent circuit model (Figure 6b) are sum-
marized in Figure 6c¢ for better comparison. It can be seen that
all the electrodes show comparable bulk resistance (Ry,) that is
related to the electrolyte and contact resistances. Nonetheless,
the electrode of VG 8/G composites show substantially lower
Rirand R, compared to Vat Green 8, as reflected by the smaller
semicircle at both high and middle frequency ranges in the
Nyquist plots, demonstrating the enhanced kinetics of Li*
ions migration through the SEI film and faster charge transfer
reaction. Meanwhile, the short inclined lines with larger phase
angles at low frequency region suggest lower Warburg imped-
ance in VG 8/G composites, which represents the diffusion of
Li* ions within the electrodes. As discussed in Figure 2a,b, in
the crystalline Vat Green 8 electrode, Li* ions need to diffuse
only along the intermolecular space to the entire electrode due
to its stacked structure with limited exposure to the electrolyte.

Adv. Funct. Mater. 2016,
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the VB BR/G and VO T/G composites dis-

R, play unexpectedly high Li storage capacities
and particularly impressive rate capabili-
ties. Especially, the VB BR/G-0.5 electrode
CPE 2 delivers a high capacity of =270 mAh g!
at a current density of 100 mA g™! with no
capacity fading after 200 continuous charge/
discharge cycles, and meanwhile, a capacity
Ra Ra of =41 mAh g! is still retained at a high cur-
82.0 37.0 rent density of 3200 mA g!. In addition,

the VO T/G-0.5 electrode also shows a high
330 o8 capacity of =240 mAh g! at 100 mA g! and
26.0 75 good capacity retention at high charge rate
66 57 (=48 mAh g! at 3200 mA g!). These fas-

a 40 b
Rsf
Rb
30
E 20 CPE 1
S ] ¢
N 10
- Sample Ry
0 —8- Vat Green 8 5.8
vat Green
VG 8/G-0-23 VG 8/G-025 65
VG 8605 50 VG8/G-05 49
8/G-1 120
Ve A 3 60 %0 VG 8/G-1 5.0
7' (Ohm)

Figure 6. a) Nyquist plots of the Vat Green 8, VG 8/G-0.25, VG 8/G-0.5, and VG 8/G-1 elec-
trodes. The brown, green and pink arrows refer to the Ry, Ry, and R, respectively. b) The
equivalent circuit model used for fitting the EIS. c) The fitting results for different electrodes.

In sharp contrast, the disassembled Vat Green 8 molecules are
anchored on graphene layers, thus more readily accessible to
Li* ions with shorter Li* ion diffusion paths. The above results
exclusively identify the significantly improved electrochemical
properties of VG 8/G composites over Vat Green 8 cathode.
Such exceptional performances in terms of high capacity,
long cyclic life, and outstanding rate capability mainly arise
from the synergistic effects between Vat Green 8 molecules
and graphene: first, the Vat Green 8 with substantial conju-
gated carbonyl groups primarily contributes to the Li storage
capacity, whereas graphene with high electrical conductivity
benefits the electron transfer. Second, the strong n—r interac-
tions between Vat Green 8 and graphene sheets can effectively
suppress the dissolution of Vat Green 8 into the electrolyte,
thus guaranteeing high capacity retention. Third, the immobi-
lization of disassembled Vat Green 8 molecules on graphene
sheets facilitates easy accessibility of Li* ions to the electrode
and accordingly ensures more active sites for Li storage with
shorter Li* ion diffusion paths. Finally, the remaining oxygen
functional groups on graphene can also contribute to the high
Li storage capacity through surface redox reactions with Li*
ions.

Besides VG 8/G, our method has also been successfully
applied to fabricate other vat dye/graphene composites, such
as Vat Brown BR/graphene (VB BR/G) and Vat Olive T/gra-
phene (VO T/G) (Molecular structure of Vat Brown BR and
Vat Olive T are shown in Scheme S1, Supporting Informa-
tion). The corresponding FESEM images (Figures S3 and
S4, Supporting Information) reveal their morphologies are
similar to those of VG 8/G composites. Specifically, the vat
dyes are confined in the graphene layers when the weight
ratio of vat dye to GO is 0.25 and 0.5, however, bulk parti-
cles are observed when the value is increased to 1. Thanks
to the smart design and unique architectures, both compos-
ites manifest distinguished electrochemical performances
when used as the cathodes for LIBs (Figures S5 and S6, Sup-
porting Information). For example, pure Vat Brown BR and
Vat Olive T do not have any electrochemical activities for Li
storage with extremely low capacities (<10 mAh g™1). Whereas,
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cinating results highlight the applicability
of our approach for other aromatic vat dyes
toward low-cost and large-scale fabrication of
high performance organic-based cathodes.

3. Conclusion

In summary, we have successfully developed a simple, uni-
versal, and scalable strategy to prepare the vat dye/graphene
composite cathodes for LIBs. The hybridization process
involves the disassembly of commercialized vat dye crystals
along with their reassembly onto the graphene sheets by 7
supramolecular interactions. With this design, the accessibility
of electrochemically active vat dye molecules to Li* ions could
be significantly enhanced, and meanwhile their dissolution into
the electrolyte could be effectively restrained. Furthermore, the
unique structure is also beneficial for efficient electron transfer
and shortens the Li* ions diffusion length. As a proof-of-con-
cept demonstration, several types of vat dye/graphene com-
posites, namely, VG 8/G, VB BR/G, and VO T/G, have been
applied as cathodes for LIBs, which all exhibit excellent elec-
trochemical performance with high Li storage capacity, good
capacity retention, and advanced rate capability. Among them,
VG 8/G-0.5 shows the best performance with a capacity of
=272 mAh g ! without any decay upon 200 consecutive cycles
(at a current density of 100 mA g™') and superior rate perfor-
mance (=74 mAh g at 3200 mA g!). It is believed that this
work provides a facile and effective approach for engineering
the organic cathodes toward high Li storage, and more mean-
ingfully opens up new horizons in developing a versatile and
cost-effective platform for large-scalable fabrication of advanced
organic-based electrode materials for practical use.

4. Experimental Section

Preparation of GO Aqueous Solution: Graphite oxide was prepared
by the well established oxidation route of graphite (China Jixi Jinyu
Graphite Co., Ltd),! and then solution exfoliated into GO to form a
homogeneous suspension.

Preparation of VG 8/G Composites: In a typical procedure, a
precalculated amount (90, 180, and 360 mg) of Vat Green 8 (Xuzhou
Kedah Fine Chemical Co., Ltd) was dispersed in 180 mL GO aqueous
solution (2 mg mL™") under sustained sonication for 30 min. Then the
resulting mixture was sealed in a 200 mL teflon autoclave and heated at

wileyonlinelibrary.com 7

“
G
F
F
>
v
m
~



www.wileyonlinelibrary.com

-
™
s
[
-l
wd
=
™

8 wileyonlinelibrary.com

Mk

www.afm-journal.de

180 °C for 24 h. After the autoclave was naturally cooled down to room
temperature, the formed hydrogel was taken out gently and rinsed with
deionized water for several times to remove any impurities. Finally, the
sample was freeze-dried in a freeze drying machine.

Preparation of Other Vat Dye/Graphene Composites: VB BR/G and
VO T/G composites were prepared under the same experimental
parameters, except the change of Vat Green & to Vat Brown BR or Vat
Olive T.

Characterization: Powder XRD analysis was collected by using a Bruker
D8 Advance X-Ray diffractometer. XPS measurements were conducted
on an ESCALAB MK Il instrument. Raman spectra were obtained on a
WITec CRM200 Raman system using a 532 nm laser. FESEM images
were recorded by a JEOL JSM-6700F scanning electron microscope.
Nitrogen adsorption-desorption isotherms were performed on a
Micromeritics Tristar Il. TEM images were measured on a JEOL JEM-
2010 transmission electron microscope. TGA was characterized under
N, atmosphere using a Shimadzu DTG-60 H instrument. Elemental
analysis was tested using a FLASH 2000 elemental analyzer.

Electrochemical Characterizations: Coin-type cells (CR2032) were
assembled by sandwiching a porous polypropylene separator between
a working electrode and a Li metal foil in a high-purity argon-filled
glove box. 1 m LiPFg in a 1:1:1 (v/v) mixture of ethylene carbonate,
ethyl methyl carbonate, and dimethyl carbonate was used as the
electrolyte. The working electrodes were prepared by the conventional
slurry-coating technique. Typically, the active material, acetylene black
and poly (vinylidene fluoride) (PVDF) with a weight ratio of 7:2:1 were
dissolved in N-methyl-2-pyrrolidinone to form a slurry, which was
then spread on a aluminum foil and finally dried at 100 °C for 12 h in
vacuum. Galvanostatic tests were conducted on a NEWARE battery
test instrument in a voltage window of 1.20-4.20 V (vs Li/Li*). Unless
otherwise specified, all the specific capacities reported in this work are
calculated based on the total mass of the electrode materials (excluding
acetylene black and PVDF). The cells were pre-cycled at 10 mA g™' for
10 cycles for activation before loaded to the test instrument. CV and
EIS measurements were carried out on a CHI 760D electrochemical
workstation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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