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Introduction

As one of the most promising alternatives to traditional fossil
energy, rechargeable lithium-ion batteries (LIBs) have dominat-

ed a wide range of applications, such as plug-in hybrids, elec-

tric vehicles, and various portable electronic devices.[1] So far,
LIBs have played an irreplaceable role in electric energy con-

version and storage owing to their outstanding performance
in energy density, efficiency, and cyclability.[2, 3] However, con-

ventional inorganic electrodes such as LiCoO2, LiMn2O4, and

LiFePO4 have several issues that have restricted their advance-
ment in LIBs, including safety, sustainability, and power densi-

ty.[4] Recently, organic electrodes[5] such as conducting poly-
mers,[6, 7] organosulfur compounds,[8, 9] radical polymers,[10–14]

and carbonyl compounds[15–21] have attracted worldwide atten-
tion owing to their sustainability and environmental friendli-
ness.[22, 23]

Aromatic polyimides, as a typical family of organic carbonyl
compounds, have shown great promise for LIBs with theoreti-
cal capacities of approximately 400 mAh g@1 and operating vol-
tages over 2.0 V versus Li/Li+ .[15] Besides a high capacity and

high energy density, aromatic polyimides also provide addi-
tional merits that are not generally available in inorganic cath-

ode materials. First, their outstanding mechanical strength,
flexibility, and thermal stability enable more flexible and safer
design of the electrodes.[18] Second, low cost in both synthesis

and recycling can be achieved because they are composed of
only naturally abundant chemical elements (C, H, N, O) without

any toxic heavy metals.[24] Third, the anhydride functional
groups can participate in direct electrochemical redox reac-

tions with Li+ ions and form a delocalized conjugated system

(Scheme 1).[18] Therefore, the mechanism of lithium storage is
transformed from the intercalation process of inorganic catho-

des to chemical bond-conversion reactions, which has intrinsic
fast lithium-ion-reacting kinetics.[22] Nevertheless, the low mass

density and intrinsic electrical insulation of aromatic polyi-
mides hinder high-rate performance and require more than

A composite organic cathode material based on aromatic poly-
imide (PI) and highly conductive graphene was prepared

through a facile in situ polymerization method for application
in lithium-ion batteries. The in situ polymerization generated
intimate contact between PI and electronically conductive gra-
phene, resulting in conductive composites with highly reversi-
ble redox reactions and good structure stability. The synergistic
effect between PI and graphene enabled not only a high rever-

sible capacity of 232.6 mAh g@1 at a charge–discharge rate of

C/10 but also exceptionally high-rate cycling stability, that is, a

high capacity of 108.9 mAh g@1 at a very high charge–dis-
charge rate of 50C with a capacity retention of 80 % after

1000 cycles. This improved electrochemical performance result-
ed from the combination of stable redox reversibility of PI and
high electronic conductivity of the graphene additive. The gra-
phene-based composite also exhibited much better per-
formance than composites based on multi-walled carbon
nanotubes and the conductive carbon black C45 in terms of

specific capacity and long-term cycling stability under the
same charge–discharge rates.
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30 wt % conductive carbon materials for the fabrication of the
electrodes.[25, 26]

Electronically conducting additives such as carbon, metals,
and conductive polymers have shown to be effective for im-

proving the high-rate capability of polymeric-cathode-based
batteries.[27–35] So far, the main avenues of incorporating elec-

tron-conducting additives include coating, fillers, composites,

and matrix skeleton.[33, 36–38] Among them, conductive carbon
fillers such as carbon nanotubes (CNTs) and graphene have

been commonly used as electronically conductive additives for
organic electrodes owing to their high electronic conductivi-

ty.[39–42] For example, an organic nanohybrid of lumiflavine (LF)
and single-walled carbon nanotubes (SWNTs) was reported as

a free-standing cathode with a high gravimetric energy density

of up to 500 Wh kg@1 during a 25 min discharge.[43] Alternative-
ly, a composite material based on radical polymer-graft-func-

tionalized graphene sheets (G-g-PTMA) and reduced graphene
oxide (RGO) showed a high specific capacity of 466 mAh g@1 at

a low current density of 0.2 A g@1 and a good rate performance
as high as 228 mAh g@1 at a high current rate of 20.0 A g@1.[44]

Unfortunately, a large amount of conductive carbon additives

were used in the aforementioned examples, that is, almost
60 wt % of SWNTs in LF/SWNT and 85 wt % of graphene or RGO

in G-g-PTMA/RGO, which significantly reduced the energy den-
sity of the batteries. When the loading of RGO was decreased

to approximately 20 wt % in three-dimensional graphene/poly-
imide composites (3D-RGO/PI), the capacity was only

175 mAh g@1 at a low charge–discharge rate of 0.1C, which fur-

ther decreased to less than 40 mAh g@1 when the rate was in-
creased to 5C.[45] Therefore, how to achieve exceptional elec-

trochemical performance with minimum utilization of electron-
ically conductive carbon additives is still a challenge in the re-

search of organic electrodes.

In this study, an advanced composite cathode material
based on aromatic PI (Scheme 1) and graphene was prepared

through a high-yield in situ polymerization approach. The
strong coupling between graphene and the PI macromolecules

was established by noncovalent p–p conjugated interactions,
which effectively increased the electronic conductivity and the

structural stability of the electrode. Thus, the PI/graphene com-

posites demonstrated a high capacity, long cycle stability, and
rapid charge–discharge properties as high-power cathode ma-

terials for rechargeable LIBs. Moreover, the effects of the gra-
phene content and different types of conductive carbon fillers

on the electrochemical performance of the LIBs were also in-
vestigated.

Results and Discussion

Characterization of the PI composites

The PI composites with 5 and 10 wt % graphene were synthe-
sized and designated as PI5G and PI10G, respectively. For com-

parison, the PI composites containing 10 wt % CNTs and

10 wt % of the conductive carbon black C45 were also pre-
pared using the same method and denoted as PI10T and

PI10C, respectively. Figure 1 a shows the FTIR spectra of the
graphene, PI, and the composite of PI10G. The characteristic vi-

bration absorptions of C=O and C@N at 1703 and 1318 cm@1

were observed in both pure PI and PI10G,[46] consistent with

the reported spectra, confirming the successful synthesis of

the target products.[15, 45] The negligible change in the spectra
between PI and PI10G indicates a noncovalent interaction be-
tween the PI and the graphene that preserve the integrity of
the redox-active carbonyl groups in the PI as well as the elec-

trochemical reactivity of the electrode. Figure 1 b shows the

Scheme 1. Electrochemical redox reactions of PI.

Figure 1. (a) FTIR spectra of PI, graphene powders, and PI10G; (b) TGA curves of PI, PI5G, PI10G, and graphene in N2 with a heating rate of 10 8C min@1.
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thermogravimetric analysis (TGA) profiles of graphene, PI, and

their composites, which can be used to estimate the graphene
content of the composites. There was no sharp weight loss

until approximately 540 8C for PI, PI5G, and PI10G, confirming

the outstanding thermal stability of PI. Based on the weight re-
tention of pure PI (40.65 %) and graphene (94.56 %), the actual

graphene content in the PI5G and PI10G composites were 4.93
and 9.92 wt %, respectively, which was consistent with theoreti-

cal contents of 5 and 10 wt %, respectively.
The morphologies and microstructures of PI, PI5G, PI10G,

and pure graphene were characterized by SEM and TEM

(Figure 2). Without graphene as a backbone, the PI particles
formed large aggregates, as shown in the SEM image in Fig-

ure 2 a and the TEM image in Figure 2 b. On the other hand, a
large graphene pallet can be clearly seen in the SEM image in

Figure 2 g, which becomes completely transparent in the TEM
image in Figure 2 h. As a comparison, the PI-coated graphene

pallet can be clearly seen in the SEM images of PI5G (Fig-

ure 2 c) and PI10G (Figure 2 e). Compared with pure graphene,
if more graphene is present in the composite, the PI coating

becomes thinner, evidenced by the higher transparency of the
TEM image of PI10G (Figure 2 f) than that of PI5G (Figure 2 d).
Also, there was less free PI powders in PI10G than in PI5G. Ad-
ditional high-resolution TEM images of the four samples are

provided in Figure S1 (Supporting Information) to show their
microstructure. The PI composite can significantly improve its
electrochemical performance, especially the rate capability en-
abled by the noncovalent p–p interactions between the PI
layers and the graphene.[39, 43]

Electrochemical properties of the PI composites

Figure 3 a shows the cyclic voltammograms (CV) of the gra-
phene, PI, PI5G, and PI10G composite electrodes in the voltage

range of 1.5–3.5 V at a scan rate of 0.05 mV s@1. As expected
from its typical use as anode in LIBs, graphene exhibits no

redox peak in the tested voltage range (Figure S2). Therfore, it
only contributes to the electronic conductivity of the PI com-

posite cathode. Two pairs of well-resolved redox peaks, includ-

ing two reduction peaks at 2.40 and 2.58 V and two corre-
sponding oxidation peaks at 2.52 and 2.77 V, can be observed

for the PI10G electrode. The doublets of both lithiation and de-

lithiation indicated a two-electron redox reaction, a step-wise
formation of a radical anion and dianion.[16] In contrast, the

doublets become much broader and difficult to distinguish for
both the PI and PI5G electrodes. This can be attributed to their

low electronic conductivities because of no or low content of
highly conductive graphene, resulting in slow charge-transfer

kinetics between the radical anion and the dianion.[15] For the

PI10G electrode, the higher graphene content enables faster
electron transfer within the electrode matrix, similar to that ob-

served in other organic electrode materials with conductive
carbon additives.[45] The higher graphene content not only re-

sulted in a higher redox-reaction current density but also in
lower polarization. For example, the onset potential of the first
oxidation peak during the charge process and that of the first

reduction peak during the discharge process were 2.34 and
2.72 V, 2.34 and 2.74 V, and 2.24 and 2.76 V for the PI, PI5G,
and PI10G electrodes, respectively. These results demonstrate
that highly conductive graphene can effectively increase the

electronic conductivity of the composite electrodes, thus re-
ducing the cell polarization and improving the utilization effi-

ciency of the polymer cathode and its specific capacity, as

demonstrated later.
The effect of graphene on Li-ion diffusion in the electrodes

was evaluated by using CV.[47, 48] Thus, CVs of PI, PI5G, and
PI10G were obtained at various scan rates in the range of

0.05–2.0 mV s@1 (Figure S3). The equation used and the calcula-
tion procedure are presented in the Supporting Information.

The lithium-ion diffusion coefficient in the PI5G electrode was

almost three times higher than that in the pure PI electrode.
However, the diffusion coefficient was more than two orders of

magnitude higher in the PI10G electrode than those in the PI
and PI5G electrodes. These data confirmed that the increase of

graphene loading was beneficial not only for the electronic
conductivity but also for the diffusivity of lithium ions in the

Figure 2. SEM (a, c, e, and g) and TEM (b, d, f, and h) images of (a, b) PI, (c, d) PI5G, (e, f) PI10G, and (g, h) graphene.
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polymeric cathode. Although further increase of graphene
might further enhance the electron conductivity and diffusion

of lithium ions, it would also lower the energy density of the
batteries. Therefore, graphene content higher than 10 wt % in

the PI composites was not prepared and evaluated.
Figure 3 b shows the typical galvanostatic charge–discharge

profiles of the half-cells based on PI, PI5G, and PI10G at a

charge–discharge rate of C/10 (1C = 203 mA g@1). The profiles
were consistent with the CVs observed in Figure 3 a, whereby

the profile of the PI10G-based half-cell showed two well-de-
fined discharge plateaus at 2.65 and 2.40 V and two charge

plateaus at 2.45 and 2.75. However, for the PI- and PI5G-based

half-cells, the curves were relatively more sloped without clear
plateaus; the charge profiles exhibited more severe polariza-

tion owing to lower electronic conductivities. These results fur-
ther confirmed that more graphene additives could reduce the

cell polarization and improve the lithium-ion reaction kinetic in
the electrode. The two-step voltage profiles of the PI10G half-

cell were well-maintained even at a high rate of 5C (Figure 3 c),
revealing the exceptional electronic conductivity of the PI10G

composite electrode.
A comparison of the rate and cycling performance of half-

cells based on PI, PI5G, and PI10G is shown in Figure 4. As ex-
pected from the CV of graphene in the tested voltage range, it

has no capacity contribution to the PI composites (Figure S4).
One common feature observed for all the polyimide composite

materials during cycling is the initial gradual increase of capaci-

ty. This was mainly attributed to the gradual penetration of the
liquid electrolyte into the bulk of the composite polyimide

cathode, increasing the participation of the active material
during the charge–discharge processes.[7, 49, 50] As shown in Fig-

ure 4 a, the PI10G-based half-cell exhibited reversible capacities
of approximately 232.6, 213.5, 196.8, 184.1, 173.4, and

159.8 mAh g@1 at charge–discharge rates of C/10, C/5, C/2, 1C,

2C, and 5C, respectively, with a high coulombic efficiency of
100 % except for the first few cycles. When the current rate

was switched back to C/10, the capacity of the PI10G half-cell
recovered back to 218.3 mAh g@1, equivalent to a 6 % capacity

loss. These results suggested that the structural integrity and
the redox activity of the electrode were well-maintained after

a series of charge–discharge tests. In comparison, the reversi-

ble capacities for the PI5G and PI based half-cells were only
184.7, 154.2, 131.2, 116.3, 99.4, 71.1, and 178.7 mAh g@1 and

180.2, 101.8, 58.6, 46.2, 34.8, 18.9, and 130.3 mAh g@1, respec-
tively, at rates of C/10, C/5, C/2, 1C, 2C, 5C, C/10, respectively.

Besides the lower capacities, the coulombic efficiencies of the
PI5G- and PI-based half-cells were much lower during chang-

ing of the C rates, indicating severe polarization of the electro-

des owing to their lower electronic conductivities.
Besides the high capacities, the higher graphene content

also contributed to better cycling stability (Figure 4 b). The re-
versible capacity of the PI10G-based half-cell gradually in-

creased with cycling and reached a high value of
215.6 mAh g@1 at the fifth cycle, after which it slowly decreased

with cycling and was still as high as 191.5 mAh g@1 after 100

cycles, exhibiting a capacity retention of 89 %. In addition, the
coulombic efficiency of the PI10G-based half-cell was almost
100 % throughout thecycling, demonstrating an excellent re-
versibility of the redox reactions of the PI10G-based half-cell. In

contrast, after the first few activation cycles, the reversible ca-
pacities of the PI5G- and PI-based half-cells reached high ca-

pacities of 170.3 and 154.9 mAh g@1, which then gradually de-
creased to 146.2 and 119.0 mAh g@1 after 100 cycles, giving rise
to capacity retentions of 86 % and 76 %, respectively.

To fully explore the potential of the PI10G materials for prac-
tical applications, long cycling stability at high C rates was also

evaluated (Figure 4 c). The reversible capacities at rates of 5C,
10C, 20C, and 50C were 158.9, 142.0, 122.0, and 108.9 mAh g@1

with coulombic efficiencies of 100, 99.9, 99.9, and 98.6, respec-

tively. After 1000 cycles, the reversible capacities at 5C, 10C,
20C, and 50C were still as high as 140.9, 131.9, 114.1, and

86.6 mAh g@1, respectively, resulting in high capacity retentions
of 89, 93, 94, and 80 %, respectively. The electrochemical impe-

dance spectra of the PI10G-based half-cells after 1000 cycles at
different high current rates were also measured and compared

Figure 3. CVs of (a) PI, PI5G, PI10G, and graphene at a scan rate of
0.05 mV s@1 (the first oxidation/reduction peaks are marked with short lines) ;
Charge–discharge profiles of (b) PI, PI5G, and PI10G at a rate of C/10, and
(c) PI10G at different rates.
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in Figure 4 d. An apparent trend of the cell impedance is that a

higher C rate results in lower cell impedance. This was attribut-

ed to the increased surface area of the lithium anode under
higher current rates because of the formation of dead lithi-

um.[51] Overall, the outstanding cycling performance of the
PI10G-based half-cell was attributed to the presence of

enough graphene, which serves as the backbone to maintain
the structural integrity of the polyimide and prevent its frag-

mentation and dissolution into the liquid electrolyte through

the strong p–p interactions between the polyimide and gra-
phene during the cycling process.[24] Such superior long cycling
stability at high C rates has not been reported previously, sug-
gesting that PI10G is a very promising material for practical ap-

plications.
A comparison of the performance of PI10G with previously

reported PI composite materials is shown in Table S1. Com-
pared with the reported PI composite materials, PI10G exhibit-
ed an outstanding specific capacity at both low and high rates.

Most significantly, the excellent long cycling stability of PI10G
at high charge–discharge rates is unprecedented, proving its

potential for practical applications of the PI10G composite ma-
terial. In addition, the content of the conductive graphene in

PI10G was less than that of most reported PI composites, 20–

30 wt % of expensive carbon materials such as single-walled
carbon nanotubes and 3D RGO. Therefore, the PI10G compo-

site material is a promising cathode material candidate for
green and sustainable LIBs.

Comparison of conductive carbon agents

Considering the excellent performance of the PI10G material,
we further evaluated the effects of different carbon additives

on the electrochemical performance of the composite poly-
imide materials. Thus, 10 wt % of multi-walled carbon nano-

tubes (MWNTs) and conventional C45 were added during the
synthetic process of the polyimide composites, which were

then used to fabricate electrodes following the same proce-

dure as PI10G; they were denoted as PI10T and PI10C, respec-
tively. Figure S5 compares the X-ray photoelectron spectrosco-

py (XPS) data of PI, PI10G, PI10T, and PI10C. The total overlap
of the C 1s, O 1s, and N 1s spectra for PI and PI10G further con-

firmed that PI was homogeneously coated on the surface of
graphene. As a comparison, the XPS data of PI10T and PI10C
were clearly different from that of PI, indicating that there

were some uncoated conducting particles, consistent with the
SEM and TEM images of PI10T and PI10C in Figure S7. Fig-

ure 5 a and b show the CVs and charge–discharge profiles of
the half-cells based on the PI10T, PI10C, and PI10G electrodes
at a scan rate of 0.05 mV s@1 and a charge–discharge rate of C/
10. Two well-defined CV peaks and two-stage charge–dis-

charge plateaus were observed for all three half-cells. Compar-

ing the CVs of Figure 5 a with those of Figure 2 a, the in situ
synthesis of polyimide composites in the presence of 10 wt %

conductive carbon can significantly enhance the electronic
conductivity and improve the kinetics of the composites elec-

trodes. The current densities of the PI10G half-cell were much
higher than those of the PI10T and PI10C half-cells, confirming

Figure 4. Charge–discharge capacities and coulombic efficiencies of halfcells based on PI, PI5G, and PI10G at (a) different C rates, (b) a rate of C/5, and
(c) charge–discharge capacities and coulombic efficiencies of PI10G at different current rates (hollow circles and solid spheres represent charge and discharge
capacities, respectively, whereas hollow stars represent coulombic efficiencies), and (d) electrochemical impedance spectra of the half-cells based on PI10G
after 1000 cycles at different high C rates.
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that graphene was the best conductive agent among the
three candidates, which is in good agreement with the higher

capacity of the former (Figure 5 b). It is also not surprising that
the PI10G half-cell delivered the best rate performance among

the three composite materials (Figure 5 c), that is, the reversible
capacities of the half-cells of PI10G, PI10T, and PI10C were

157.9, 105.0, and 104.1 mAh g@1, respectively, at a high rate of

5C.

Mechanism investigation

To investigate the mechanism of the polyimide composite ma-

terials, fresh half-cells based on the PI, PI10G, PI10T, and PI10C
electrodes were assembled and cycled up to 500 cycles under

at 5C (Figure 5 d). As expected from earlier discussion, the
PI10G-based half-cell delivered a much higher capacity and

more stable long cycling performance than the PI, PI10T, and
PI10C half-cells (Figure 5 d). To facilitate the understanding of
the mechanism, the electrochemical impedance spectra (EIS) of
the cells at different cycles were measured and are shown in
Figure 6. The total impedance of cells based on PI was always

much bigger than that of cells based on PI10G, PI10T, and
PI10C, both before cycling and after cycling. However, they all
exhibited a similar trend, that is, the impedance increased first
and then decreased with cycling, although the number of
cycles at which this occurred was different for different compo-
site electrodes. For example, the total impedance of a cell

based on PI slowly increased from 113.6 W before cycling to
314.4 W after 55 cycles, which then slowly decreased to
292.9 W after 100 cycles and finally increased to 376.6 W after
500 cycles. In contrast, the total impedance of cells based on
PI10G and PI10C slowly increased from 24.6 and 27.9 W before
cycling to 62.0 and 83.9 W after 40 and 10 cycles, which then
slowly decreased to 53.6 and 58.5 W after 100 cycles and final-

ly increased to 57.6 and 61.7 W after 500 cycles, respectively.
On the other hand, the total impedance of the cell based on

PI10T slowly increased from 28.7 W before cycling to 74.7 W

after 20 cycles, which then slowly decreased to 58.9 W after

100 cycles and further decreased to 53.9 W after 500 cycles.
The initial increase of the total cell impedance with cycling

was more related to the cathode, which involved the wetting

of the polymeric cathode by the liquid electrolyte, whereas the
later decrease of the cell impedance was more related to the

anode, resulting from the increased surface area of the lithium
anode owing to the formation of dead lithium.[51] To confirm

this, the CVs of the PI, PI10G, PI10T, and PI10C-based half-cells
before and after 100 cycles at 5C at various scan rates were
measured in the voltage range of 3.2–4.0 V and the surface

area was calculated according to Equation (1) (Figure S6):[52, 53]

C ¼ dQ=dE ¼ Idt=dE ¼ I=ðdE=dtÞ ¼ I=n ð1Þ

in which C [mF] is the double-layer capacitance of the elec-
trode, Q [mC] is the electric charge, E [mV] is the voltage, I

[mA] is the current, t [s] is the time, and n [mV s@1] is the scan

rate. The slopes of the straight lines represent the total capaci-
tance of the electrode surface. The obtained C was then com-

pared to a reference value C*[52] (that changes with diffeent
electrode materials) to calculate the surface area of the PI com-

posite electrodes. Considering that the geometric surface area
of the electrode was 1.27 cm2, we used a C* of 0.002 mF cm@2 ;

the estimated electrode surface area were 2.65 and 1.65 cm2

for PI, 3.25 and 1.99 cm2 for PI10G, 4.51 and 2.52 cm2 for PI10T,
and 1.97 and 1.26 cm2 for PI10C before and after cycling. The

surface area of all PI composite electodes decreased after cy-
cling according to both, the slopes in Figure S5 and the calcu-

lated value. This was attributed to the side reactions at the
cathode, consistent with the initial increase of the total cell im-

Figure 5. (a) CV and (b) charge–discharge profiles of PI10T, PI10C, and PI10 G; and charge–discharge capacities and coulombic efficiencies of PI10T, PI10C, and
PI10G at (c) different C rates and (d) a rate of 5C.
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pedance. Conversely, the decreased surface area of the cath-
ode after cycling proves that the decrease of the total cell im-

pedance after cycling was caused by the increased surface

area of the Li metal anode, which was difficult to meaure
using the same method.

The wetting of the polymer cathode by the liquid electrolyte
was different from the wetting of the inorganic cathode. The

former process might lead to swelling of the polymer compo-

site cathode, resulting in loose contacts between the polymer-
ic cathode and the conducting agent as well as the current
collector. This might be another factor that contributed to the
increase of the total cell impedance in Figure 6. Owing to the

in situ polymerization, the composites of PI10G, PI10T, and
PI10T had better contact between polyimide and the conduc-

tive carbon additives, which limited the swelling of the compo-
sites. Therefore, except for PI, the initial increase of the total
cell impedance was consistent with the initial capacity increase

with cycling (Figure 5 d), which was attributed to the increased
utilization of the active polyimide. Owing to the difference in

particle size, as shown in Figures 2 and S6, it takes more cycles
to reach maximum utilization of the composite polymer catho-

des for the PI10G composite than for the PI10C and PI10T com-

posites (Figure 5 d). The cycling behavior of PI observed in Fig-
ures 4 b and 5 d was the same as that reported in the literature,

that is, no initial capacity increase but rather quick initial de-
crease and stabilization at a low capacity.[24] This can be well-

explained by a reversible fragmentation of the main polymer
chain with the N@N bond rupture under the 2-electron reduc-

tion processes.[24] The different cycling behavior of PI and

those of PI10G, PI10C, and PI10T confirmed that the in situ in-
corporation of conductive agent in the PI composites can not

only significantly improve the rate capability but also limit the
swelling, fragmentation, and dissolution of the PI in the elec-

trolyte, and therefore improve the long cycling stability. Com-
pared to the PI10G cell, the unsatisfactory electrochemical per-

formances of the PI10T and PI10C cells was attributed to their

structural defects, as shown in their SEM and TEM images (Fig-
ure S7). In general, unlike the two-dimensional graphene, both

one-dimensional MWNTs and zero-dimensional C45 failed to
provide high enough conjugated surfaces for the in situ

growth of micrometer-sized PI particles, resulting in the disin-
tegration of the particles. Therefore, MWNTs and C45 failed to

function as effective matrix skeletons to preserve the structural
stability and the reversible redox reaction of PI, as in the case
of graphene, resulting in inferior cycling performance as ob-
served in Figure 5 c and d.

After 500 cycles, the cells were disassembled inside an

argon-filled glovebox and washed three times with dry di-
methyl carbonate (DMC), followed by drying under vacuum for

12 h. Figure 7 shows the SEM images of the PI, PI10G, PI10T,
and PI10C electrodes before and after cycling, under both low
and high magnification. The SEM images of the pristine PI,

PI10G, PI10T, and PI10C electrodes (Figure 7 a, c, e, and g)
reveal similar integrated and uniform morphologies without

clear defects. During the washing of the electrodes, the cycled
PI electrode was delaminated from the current collector and

Figure 6. Electrochemical impedance spectra of the half-cells based on (a) PI, (b) PI10G, (c) PI10T, and (d) PI10C at different cycles at a high rate of 5C.
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broke into small pieces. This was consistent with previous ob-

servations of the biggest impedance increase for the PI based
cell, which was owed to the unconfined swelling of the elec-

trode, resulting in weakened contacts between the PI and the
conducting carbon black C45 as well as the current collector.

For the other three electrodes, the in situ polymerization en-

sured much better contact and prevented delamination. As
shown in Figure 7 b, the cycled PI electrode had numerous
large microcracks on the surface, which were attributed to the
swelling and the dissolution of the PI fragments into the liquid

electrolyte during cycling.[15] In contrast, the surface morpholo-
gy of the PI10G electrode exhibited negligible changes after

cycling, suggesting the structural integrity of the electrode
was well preserved by the graphene additive (Figure 7 d). More
porosity was observed in the PI10T and PI10C electrodes after
cycling (Figure 7 f and h), particularly more exposed CNT and
large pieces of polyimide film were observed (Figure 7 f),

which was attributed to the severe dissolution and reformation
of the polyimide during cycling. Apparently, CNT and C45 were

not as effective as graphene at preserving the structural stabili-
ty of the electrodes.

Conclusions

Composite organic cathode material based on aromatic poly-
imide (PI) and highly conductive graphene powders were pre-

pared through a facile in situ polymerization method for appli-

cation in lithium-ion batteries. The aromatic structure of the PI
allowed effective p–p interactions with the conductive gra-

phene backbone, enabling fast electron conduction and fast
ion diffusion as well as a high rate capability. Among them, the
composite of PI with 10 wt % graphene (PI10G) exhibited a

high reversible capacity of 232.6 mAh g@1 at a charge–dis-
charge rate of C/10. It also showed an extraordinary high-rate
long cycling stability, that is, a high capacity of 122.0 mAh g@1

at 20C with capacity retention of 94 % after 1000 cycles. The
exceptional electrochemical performance of the PI10G compo-
site demonstrated the elaborate combination of good redox

reaction reversibility of the PI and high electronic conductivity
of the graphene additive. Therefore, PI10G is a very promising
candidate for practical application in green and sustainable
lithium-ion batteries.

Experimental Section

Materials

1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTCDA, +98 %),
hydrazine hydrate (reagent grade, N2H4 50–60 %), and multi-walled
carbon nanotubes (MWNTs, carbon >95 %) were purchased from
Sigma–Aldrich. 4-Chlorophenol (99 %) was purchased from Alfa
Aesar. Graphene nanopowder (99.2 %) was purchased from Gra-
phene Supermarket. Conductive carbon black (Super C45) was pur-

Figure 7. SEM images of the surface morphology of fresh (a, c, e, and g) and cycled (b, d, f, and h) PI, PI10G, PI10T, and PI10C electrodes at 5C.
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chased from TIMCAL. Battery grade ethylene carbonate (EC), dieth-
yl carbonate (DEC), DMC, and lithium hexafluorophosphate (LiPF6)
were obtained from BASF. All chemicals and solvents were used
without further treatment.

Synthesis of N,N’-diamino-1,4,5,8-naphthalenetetra carboxyl-
ic bisimide (DANTCBI)

DANTCBI was synthesized by a substitution reaction between
NTCDA and hydrazine. NTCDA (5 g) and ethanol (100 mL) were
added into an ice-cooled flask and stirred to achieve a good dis-
persion under a nitrogen atmosphere. Hydrazine hydrate (10 mL)
was then added slowly into the cold reaction mixture. After stirring
for 1 h, the mixture was heated to reflux for 1 h. The resulting solid
was collected by filtration and dried under vacuum to obtain 5.3 g
of a dark yellow powder in approximately 96 % yield. 1H NMR
([D6]DMSO, 400 MHz): d= 5.86 (s, 4 H), 8.68 ppm (s, 4 H).

Preparation of PI/graphene composites

The PI/graphene composites were fabricated by a typical in situ
polymerization method. In a typical synthesis, NTCDA (1.35 g) and
DANTCBI (1.50 g; 1:1 molar ratio) were dissolved in 4-chlorophenol
(50 g) at 60 8C. Then, graphene powder (0.15 g) was dispersed in
the above solution, which was 5 wt %. The mixture was first soni-
cated for 1.5 h to ensure a homogeneous distribution of the gra-
phene powder and then heated to reflux under nitrogen with stir-
ring for 6 h. The product was filtrated, thoroughly washed with
methanol, and finally dried at 120 8C under vacuum for 12 h. The
final PI/graphene composites (2.70 g, 90 % yield) were obtained by
heat treatment at 350 8C under nitrogen for 8 h and denoted as
PI5G. Similarly, the amount of graphene powder was increased to
0.30 g (10 wt % in product) to obtain PI10G. In addition, following
the same procedure, 10 wt % of MWNTs and C45 were used to re-
place graphene to obtain PI10T and PI10C, respectively. As a base-
line, pure PI was also synthesized following the same process as
that for PI5G without adding graphene.

Characterization

1H NMR spectra were obtained on a Bruker Advance 400 MHz spec-
trometer using [D6]DMSO as the solvent. The chemical structures
of the fabricated polymers and the composites were characterized
by FTIR spectroscopy, whereas their thermal properties were evalu-
ated by TGA. TGA was performed on a PerkinElmer instrument
from ambient temperature to 900 8C in a nitrogen atmosphere at a
heating rate of 10 8C min@1. The morphologies and microstructures
of the samples were recorded using a Hitachi HD-2000 scanning
transmission electron microscope (STEM) operating at 200 kV. XPS
data were collected using a PHI 3056 spectrometer with a Mg
anode source operated at 15 kV and an applied power of 350 W.
Samples were loaded on indium foil. Owing to the close overlap
with peaks, there was no charge correction applied, but the lowest
energy C 1s data was approximately 284.8 eV. High-resolution data
was collected at a pass energy of 23.5 eV with 0.05 eV step size
and a minimum of 60 scans to improve the signal to noise ratio.
Owing to the sample size, there was a small amount of InO evident
in the PI10C sample (530 eV).

Electrochemical measurements

The polymeric composite electrodes were obtained by casting
well-homogenized slurries of active material, C45, and polyvinyli-
dene fluoride (PVDF) binder with a weight ratio of 6:3:1 in N-meth-
ylpyrrolidone (NMP) on aluminum foil. After solvent evaporation,
the electrodes were cut into discs with a diameter of 12 mm and
dried thoroughly in a vacuum oven at 120 8C for 12 h. All coin cells
for electrochemical measurement were assembled in an argon-
filled glove box with oxygen and moisture levels below 0.5 ppm.
Coin cells were assembled with the PI composite as the cathode,
lithium metal foils were used as both counter and reference elec-
trodes for the half-cells, and Celgard 2320 as separator and 1 m
LiPF6 dissolved in EC, DEC, and DMC (1:1:1 v/v/v) as the electrolyte.
The coin cells were galvanostatically cycled on a LAND CT2001A
battery test system between 1.5 and 3.5 V at various current rates.
CV data were recorded at a scan rate of 0.05 mV s@1 in the voltage
range 1.5–3.5 V on a Biologic VSP instrument. The EIS were ob-
tained using the same instrument with an AC signal amplitude of
10 mV in the frequency range from 200 kHz to 10 mHz.

Acknowledgements

This work was supported by the ORNL laboratory-directed re-

search and development (LDRD) program. This work was also
supported by the U.S. Department of Energy, Office of Science,

Basic Energy Sciences, Materials Sciences and Engineering Divi-
sion. The electron microscopy work was performed through a

user project supported by the ORNL’s Center for Nanophase Ma-

terials Sciences, which is sponsored by the US Department of
Energy, Office of Science, Scientific User Facility Division. J. Liu

and H. Lyu acknowledge the financial support from the National
Natural Science Foundation of China (No. 51572157). H. Lyu also

acknowledges support from the China Scholarship Council (CSC)
program.

This manuscript has been authored by UT-Battelle, LLC under

Contract No. DE-AC05-00OR22725 with the U.S. Department of
Energy. The United States Government retains and the publisher,

by accepting the article for publication, acknowledges that the
United States Government retains a non-exclusive, paid-up, irrev-

ocable, world-wide license to publish or reproduce the published
form of this manuscript, or allow others to do so, for United

States Government purposes. The Department of Energy will pro-

vide public access to these results of federally sponsored research
in accordance with the DOE Public Access Plan (http ://energy.-

gov/downloads/doe-public-access-plan).

Conflict of interest

The authors declare no conflict of interest.

Keywords: batteries · graphene · lithium · organic cathode ·
polyimide

[1] J.-M. Tarascon, M. Armand, Nature 2001, 414, 359 – 367.
[2] B. Dunn, H. Kamath, J. M. Tarascon, Science 2011, 334, 928 – 935.
[3] B. K. Guo, X. Q. Yu, X. G. Sun, M. F. Chi, Z. A. Qiao, J. Liu, Y. S. Hu, X. Q.

Yang, J. B. Goodenough, S. Dai, Energy Environ. Sci. 2014, 7, 2220 – 2226.

ChemSusChem 2018, 11, 763 – 772 www.chemsuschem.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim771

Full Papers

https://doi.org/10.1038/35104644
https://doi.org/10.1038/35104644
https://doi.org/10.1038/35104644
https://doi.org/10.1126/science.1212741
https://doi.org/10.1126/science.1212741
https://doi.org/10.1126/science.1212741
https://doi.org/10.1039/C4EE00508B
https://doi.org/10.1039/C4EE00508B
https://doi.org/10.1039/C4EE00508B
http://www.chemsuschem.org


[4] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach, Energy Environ.
Sci. 2011, 4, 3243.

[5] J. Chen, N. W. Ding, Z. F. Li, Q. Zhang, S. W. Zhong, Prog. Chem. 2015,
27, 1291 – 1301.

[6] L. Liu, F. Tian, X. Wang, Z. Yang, M. Zhou, X. Wang, React. Funct. Polym.
2012, 72, 45 – 49.

[7] S. R. Sivakkumar, D.-W. Kim, J. Electrochem. Soc. 2007, 154, A134.
[8] J. Wang, J. Yang, J. Xie, N. Xu, Adv. Mater. 2002, 14, 963 – 965.
[9] F. Wu, S. Wu, R. Chen, J. Chen, S. Chen, Electrochem. Solid-State Lett.

2010, 13, A29.
[10] W. Guo, Y.-X. Yin, S. Xin, Y.-G. Guo, L.-J. Wan, Energy Environ. Sci. 2012, 5,

5221 – 5225.
[11] K. Nakahara, S. Iwasa, M. Satoh, Y. Morioka, J. Iriyama, M. Suguro, E. Ha-

segawa, Chem. Phys. Lett. 2002, 359, 351 – 354.
[12] X. L. Wei, W. Xu, M. Vijayakumar, L. Cosimbescu, T. B. Liu, V. Sprenkle, W.

Wang, Adv. Mater. 2014, 26, 7649 – 7653.
[13] T. Janoschka, M. D. Hager, U. S. Schubert, Adv. Mater. 2012, 24, 6397 –

6409.
[14] K. Nakahara, K. Oyaizu, H. Nishide, Chem. Lett. 2011, 40, 222 – 227.
[15] Z. Song, H. Zhan, Y. Zhou, Angew. Chem. Int. Ed. 2010, 49, 8444 – 8448;

Angew. Chem. 2010, 122, 8622 – 8626.
[16] Z. Song, H. Zhan, Y. Zhou, Chem. Commun. 2009, 448 – 450.
[17] W. Xu, A. Read, P. K. Koech, D. H. Hu, C. M. Wang, J. Xiao, A. B. Padma-

peruma, G. L. Graff, J. Liu, J. G. Zhang, J. Mater. Chem. 2012, 22, 4032 –
4039.

[18] B. H-upler, A. Wild, U. S. Schubert, Adv. Energy Mater. 2015, 5, 1402034.
[19] B. F. Pan, J. H. Huang, Z. X. Feng, L. Zeng, M. N. He, L. Zhang, J. T. Vaugh-

ey, M. J. Bedzyk, P. Fenter, Z. C. Zhang, A. K. Burrell, C. Liao, Adv. Energy
Mater. 2016, 6, 1600140 .

[20] Y. l. Liang, Y. Jing, S. Gheytani, K. Y. Lee, P. Liu, A. Facchetti, Y. Yao, Nat.
Mater. 2017, 16, 841 – 848.

[21] H. L. Lyu, J. R. Liu, S. Mahurin, S. Dai, Z. H. Guo, X. G. Sun, J. Mater.
Chem. A 2017, 5, 24083 – 24090.

[22] Y. Liang, Z. Tao, J. Chen, Adv. Energy Mater. 2012, 2, 742 – 769.
[23] Z. P. Song, H. S. Zhou, Energy Environ. Sci. 2013, 6, 2280 – 2301.
[24] A. F. Shestakov, O. V. Yarmolenko, A. A. Ignatova, A. V. Mumyatov, K. J.

Stevenson, P. A. Troshin, J. Mater. Chem. A 2017, 5, 6532 – 6537.
[25] P. Sharma, D. Damien, K. Nagarajan, M. M. Shaijumon, M. Hariharan, J.

Phys. Chem. Lett. 2013, 4, 3192 – 3197.
[26] H. Qin, Z. P. Song, H. Zhan, Y. H. Zhou, J. Power Sources 2014, 249, 367 –

372.
[27] S. R. Sivakkumar, P. C. Howlett, B. Winther-Jensen, M. Forsyth, D. R. Mac-

Farlane, Electrochim. Acta 2009, 54, 6844 – 6849.
[28] H. Wu, S. A. Shevlin, Q. Meng, W. Guo, Y. Meng, K. Lu, Z. Wei, Z. Guo,

Adv. Mater. 2014, 26, 3338 – 3343.
[29] H. Lyu, J. Liu, S. Qiu, Y. Cao, C. Hu, S. Guo, Z. Guo, J. Mater. Chem. A

2016, 4, 9881 – 9889.

[30] Y. Yang, X. Fan, G. Casillas, Z. Peng, G. Ruan, G. Wang, M. J. Yacaman,
J. M. Tour, ACS Nano 2014, 8, 3939 – 3946.

[31] E. Tahmasebi, Y. Yamini, M. Moradi, A. Esrafili, Anal. Chim. Acta 2013,
770, 68 – 74.

[32] I. Boyano, M. Bengoechea, I. de Meatza, O. Miguel, I. Cantero, E. Ochote-
co, J. Rodrıguez, M. Lira-Cantu, P. Gomez-Romeroc, J. Power Sources
2007, 166, 471 – 477.

[33] Y. Huang, K. Li, J. Liu, X. Zhong, X. Duan, I. Shakir, Y. Xu, J. Mater. Chem.
A 2017, 5, 2710 – 2716.

[34] Y. Zhang, Y. S. Huang, G. H. Yang, F. X. Bu, K. Li, I. Shakir, Y. X. Xu, ACS
Appl. Mater. Interfaces 2017, 9, 15549 – 15556.

[35] G. H. Yang, Y. Zhang, Y. S. Huang, M. I. Shakir, Y. X. Xu, Phys. Chem. Chem.
Phys. 2016, 18, 31361 – 31377.

[36] F. Wu, J. Chen, R. Chen, S. Wu, L. Li, S. Chen, T. Zhao, J. Phys. Chem. C
2011, 115, 6057 – 6063.

[37] H. Lv, S. Qiu, G. Lu, Y. Fu, X. Li, C. Hu, J. Liu, Electrochim. Acta 2015, 151,
214 – 221.

[38] H. P. Wu, Q. Yang, Q. H. Meng, A. Ahmad, M. Zhang, L. Y. Zhu, Y. G. Liu,
Z. X. Wei, J. Mater. Chem. A 2016, 4, 2115 – 2121.

[39] Z. Song, T. Xu, M. L. Gordin, Y. B. Jiang, I. T. Bae, Q. Xiao, H. Zhan, J. Liu,
D. Wang, Nano Lett. 2012, 12, 2205 – 2211.

[40] D.-W. Kim, S. R. Sivakkumar, D. R. MacFarlane, M. Forsyth, Y.-K. Sun, J.
Power Sources 2008, 180, 591 – 596.

[41] Z. Xiong, Y. Yun, H.-J. Jin, Materials 2013, 6, 1138 – 1158.
[42] H. Wang, H. Dai, Chem. Soc. Rev. 2013, 42, 3088 – 3113.
[43] M. Lee, J. Hong, H. Kim, H. D. Lim, S. B. Cho, K. Kang, C. B. Park, Adv.

Mater. 2014, 26, 2558 – 2565.
[44] Y. Li, Z. Jian, M. Lang, C. Zhang, X. Huang, ACS Appl. Mater. Interfaces

2016, 8, 17352 – 17359.
[45] Y. Meng, H. Wu, Y. Zhang, Z. Wei, J. Mater. Chem. A 2014, 2, 10842.
[46] C.-P. Constantin, M.-D. Damaceanu, M. Bruma, M. Pinteala, Polym. Int.

2015, 64, 361 – 372.
[47] Z. H. Bi, M. P. Paranthaman, B. K. Guo, R. R. Unocic, H. M. Meyer, III, C. A.

Bridges, X. G. Sun, S. Dai, J. Mater. Chem. A 2014, 2, 1818 – 1824.
[48] M. Strømme, G. A. Niklasson, C. G. Granqvist, Solid State Commun. 1995,

96, 151 – 154.
[49] C. Chen, X. Zhao, H.-B. Li, F. Gan, J. Zhang, J. Dong, Q. Zhang, Electro-

chim. Acta 2017, 229, 387 – 395.
[50] S. R. Sivakkumar, D. R. MacFarlane, M. Forsyth, D.-W. Kim, J. Electrochem.

Soc. 2007, 154, A834.
[51] K. H. Chen, K. N. Wood, E. Kazyak, W. S. LePage, A. L. Davis, A. J. Sanchez,

N. P. Dasgupta, J. Mater. Chem. A 2017, 5, 11671 – 11681.
[52] S. Trasatti, O. Petrii, Pure Appl. Chem. 1991, 63, 711 – 734.
[53] R. Savinell, R. Zeller, J. Adams, J. Electrochem. Soc. 1990, 137, 489 – 494.

Manuscript received: October 20, 2017
Version of record online: January 24, 2018

ChemSusChem 2018, 11, 763 – 772 www.chemsuschem.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim772

Full Papers

https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1016/j.reactfunctpolym.2011.10.006
https://doi.org/10.1016/j.reactfunctpolym.2011.10.006
https://doi.org/10.1016/j.reactfunctpolym.2011.10.006
https://doi.org/10.1016/j.reactfunctpolym.2011.10.006
https://doi.org/10.1149/1.2404901
https://doi.org/10.1002/1521-4095(20020705)14:13/14%3C963::AID-ADMA963%3E3.0.CO;2-P
https://doi.org/10.1002/1521-4095(20020705)14:13/14%3C963::AID-ADMA963%3E3.0.CO;2-P
https://doi.org/10.1002/1521-4095(20020705)14:13/14%3C963::AID-ADMA963%3E3.0.CO;2-P
https://doi.org/10.1149/1.3290668
https://doi.org/10.1149/1.3290668
https://doi.org/10.1039/C1EE02148F
https://doi.org/10.1039/C1EE02148F
https://doi.org/10.1039/C1EE02148F
https://doi.org/10.1039/C1EE02148F
https://doi.org/10.1016/S0009-2614(02)00705-4
https://doi.org/10.1016/S0009-2614(02)00705-4
https://doi.org/10.1016/S0009-2614(02)00705-4
https://doi.org/10.1002/adma.201403746
https://doi.org/10.1002/adma.201403746
https://doi.org/10.1002/adma.201403746
https://doi.org/10.1002/adma.201203119
https://doi.org/10.1002/adma.201203119
https://doi.org/10.1002/adma.201203119
https://doi.org/10.1246/cl.2011.222
https://doi.org/10.1246/cl.2011.222
https://doi.org/10.1246/cl.2011.222
https://doi.org/10.1002/anie.201002439
https://doi.org/10.1002/anie.201002439
https://doi.org/10.1002/anie.201002439
https://doi.org/10.1002/ange.201002439
https://doi.org/10.1002/ange.201002439
https://doi.org/10.1002/ange.201002439
https://doi.org/10.1039/B814515F
https://doi.org/10.1039/B814515F
https://doi.org/10.1039/B814515F
https://doi.org/10.1039/c2jm15764k
https://doi.org/10.1039/c2jm15764k
https://doi.org/10.1039/c2jm15764k
https://doi.org/10.1002/aenm.201402034
https://doi.org/10.1038/nmat4919
https://doi.org/10.1038/nmat4919
https://doi.org/10.1038/nmat4919
https://doi.org/10.1038/nmat4919
https://doi.org/10.1039/C7TA07893E
https://doi.org/10.1039/C7TA07893E
https://doi.org/10.1039/C7TA07893E
https://doi.org/10.1039/C7TA07893E
https://doi.org/10.1002/aenm.201100795
https://doi.org/10.1002/aenm.201100795
https://doi.org/10.1002/aenm.201100795
https://doi.org/10.1039/c3ee40709h
https://doi.org/10.1039/c3ee40709h
https://doi.org/10.1039/c3ee40709h
https://doi.org/10.1039/C6TA10520C
https://doi.org/10.1039/C6TA10520C
https://doi.org/10.1039/C6TA10520C
https://doi.org/10.1021/jz4017359
https://doi.org/10.1021/jz4017359
https://doi.org/10.1021/jz4017359
https://doi.org/10.1021/jz4017359
https://doi.org/10.1016/j.jpowsour.2013.10.091
https://doi.org/10.1016/j.jpowsour.2013.10.091
https://doi.org/10.1016/j.jpowsour.2013.10.091
https://doi.org/10.1016/j.electacta.2009.06.091
https://doi.org/10.1016/j.electacta.2009.06.091
https://doi.org/10.1016/j.electacta.2009.06.091
https://doi.org/10.1002/adma.201305452
https://doi.org/10.1002/adma.201305452
https://doi.org/10.1002/adma.201305452
https://doi.org/10.1039/C6TA02083F
https://doi.org/10.1039/C6TA02083F
https://doi.org/10.1039/C6TA02083F
https://doi.org/10.1039/C6TA02083F
https://doi.org/10.1021/nn500865d
https://doi.org/10.1021/nn500865d
https://doi.org/10.1021/nn500865d
https://doi.org/10.1016/j.aca.2013.01.043
https://doi.org/10.1016/j.aca.2013.01.043
https://doi.org/10.1016/j.aca.2013.01.043
https://doi.org/10.1016/j.aca.2013.01.043
https://doi.org/10.1039/C6TA09754E
https://doi.org/10.1039/C6TA09754E
https://doi.org/10.1039/C6TA09754E
https://doi.org/10.1039/C6TA09754E
https://doi.org/10.1021/acsami.7b03687
https://doi.org/10.1021/acsami.7b03687
https://doi.org/10.1021/acsami.7b03687
https://doi.org/10.1021/acsami.7b03687
https://doi.org/10.1039/C6CP06754A
https://doi.org/10.1039/C6CP06754A
https://doi.org/10.1039/C6CP06754A
https://doi.org/10.1039/C6CP06754A
https://doi.org/10.1021/jp1114724
https://doi.org/10.1021/jp1114724
https://doi.org/10.1021/jp1114724
https://doi.org/10.1021/jp1114724
https://doi.org/10.1016/j.electacta.2014.11.013
https://doi.org/10.1016/j.electacta.2014.11.013
https://doi.org/10.1016/j.electacta.2014.11.013
https://doi.org/10.1016/j.electacta.2014.11.013
https://doi.org/10.1039/C5TA07246H
https://doi.org/10.1039/C5TA07246H
https://doi.org/10.1039/C5TA07246H
https://doi.org/10.1021/nl2039666
https://doi.org/10.1021/nl2039666
https://doi.org/10.1021/nl2039666
https://doi.org/10.1016/j.jpowsour.2008.01.071
https://doi.org/10.1016/j.jpowsour.2008.01.071
https://doi.org/10.1016/j.jpowsour.2008.01.071
https://doi.org/10.1016/j.jpowsour.2008.01.071
https://doi.org/10.3390/ma6031138
https://doi.org/10.3390/ma6031138
https://doi.org/10.3390/ma6031138
https://doi.org/10.1039/c2cs35307e
https://doi.org/10.1039/c2cs35307e
https://doi.org/10.1039/c2cs35307e
https://doi.org/10.1002/adma.201305005
https://doi.org/10.1002/adma.201305005
https://doi.org/10.1002/adma.201305005
https://doi.org/10.1002/adma.201305005
https://doi.org/10.1021/acsami.6b05271
https://doi.org/10.1021/acsami.6b05271
https://doi.org/10.1021/acsami.6b05271
https://doi.org/10.1021/acsami.6b05271
https://doi.org/10.1039/C4TA00364K
https://doi.org/10.1002/pi.4792
https://doi.org/10.1002/pi.4792
https://doi.org/10.1002/pi.4792
https://doi.org/10.1002/pi.4792
https://doi.org/10.1039/C3TA14535B
https://doi.org/10.1039/C3TA14535B
https://doi.org/10.1039/C3TA14535B
https://doi.org/10.1016/0038-1098(95)00363-0
https://doi.org/10.1016/0038-1098(95)00363-0
https://doi.org/10.1016/0038-1098(95)00363-0
https://doi.org/10.1016/0038-1098(95)00363-0
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1016/j.electacta.2017.01.172
https://doi.org/10.1149/1.2750443
https://doi.org/10.1149/1.2750443
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1149/1.2086468
https://doi.org/10.1149/1.2086468
https://doi.org/10.1149/1.2086468
http://www.chemsuschem.org

