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usually not more than 100 mF cm −2 . [ 3,4 ]  
Thus, introduction of transition metal 
oxides/hydroxides [ 5–7 ]  or conductive poly-
mers [ 8,9 ]  with pseudocapacitance has been 
regarded as a solution to further boost 
up the electrochemical performance of 
carbonaceous materials. By creating a 
hybrid nanocomposite of the fl exible sub-
strate, e.g., combining graphene or CNT 
paper with the pseudocapactive nano-
materials, such as MnO  x  , [ 10,11 ]  RuO 2 , [ 12 ]  
polyaniline, [ 13 ]  and polypyrrol, [ 14 ]  the 
desired high conductivity could be coupled 
with pseudocapacitive nanomaterials for 
higher electrochemical performance, while 
retaining the structural fl exibility. [ 5,10,11,15 ]  

 Among the mostly studied pseudo-
capacitive materials, MnO  x   is environ-
mental friendly, abundant, and has high 
theoretical capacitance. [ 16,17 ]  Various car-

bonaceous materials/MnO  x   hybrid nanocomposites, such as 
3D network, core@shell, and 2D planer structures, have been 
synthesized and studied as electrodes for fl exible supercapaci-
tors recently. [ 5,10,11 ]  In order to maintain the desired mechanical 
fl exibility, the mass loading of the active materials has to be 
controlled, and at the same time to maximize the volumetric 
capacitance, energy, and power density. [ 6,11,15,18,19 ]  Introduction 
of graphene material could potentially improve the loading 
amount of MnO  x  ; however, the poor dispersion of the metal 
oxides and restacking problems of the graphene can hinder the 
charge transfer ability and limit the energy and power densities. 
Thus, it is important to obtain good dispersion of the graphene 
and MnO  x   hybrid and prevent restacking, so to maximize the 
energy and power densities for practical application. [ 20–22 ]  

 In the present work, Mn 3 O 4  nanofi bers are successfully 
assembled into 2D reduced-graphene oxide (rGO) paper by a 
facile hydrothermal method followed by electrochemical reduc-
tion. The Mn 3 O 4  nanofi ber gel obtained could be easily blended 
with graphene oxide (GO) suspension, thus a large amount 
of Mn 3 O 4  could be loaded into the fi nal nanohybrid paper 
with excellent dispersion. The electrical conductivity of this 
Mn 3 O 4 /rGO (MG) nanohybrid paper can be further improved 
by the electrochemical reduction followed, while retaining its 
mechanical fl exibility and integrity. As a result, the unique 
hybrid nanocomposite structure generated a high mass loading 
of Mn 3 O 4  at considerably small thickness (up to 2.13 mg cm −2  
or 0.71 g cm −3 , equivalently), which is much higher than those 
of previously reported works. [ 5,10,11,15 ]  When assembled into 
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  1.     Introduction 

 Flexible energy storage devices are drawing considerable atten-
tion of research and development due to the rapidly growing 
demand in fl exible, portable, and wearable electronic devices as 
well as for electric and hybrid vehicles. [ 1 ]  Flexible supercapaci-
tors require the electrode material to have the desired electro-
chemical functions with well-integrated mechanical fl exibility, [ 2 ]  
thus typical fl exible supercapacitors are based on highly fl exible 
thin-fi lm electrode with soft materials as substates. [ 3 ]  Among the 
candidates for thin-fi lm electrodes, carbon-based materials (e.g., 
graphene, carbon nanotube (CNT), carbon cloth, etc.) possess 
the high mechanical strength to withstand bending, folding or 
rolling, together with excellent electrical conductivity. [ 3,4 ]  How-
ever, due to the low packing density and large level of porosity 
of pure carbon materials (such as graphene), the areal or volu-
metric capacitance of these carbon-based materials is limited, 
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fl exible asymmetric supercapacitor (ASC) devices (operative in 
both neutral aqueous electrolyte and ionic liquid electrolyte), the 
highly conductive MG nanohybrid paper shows excellent elec-
trochemical performance, such as high volumetric capacitance 
(54.6 F cm −3 ), high energy and power density (0.0055 Wh cm −3  
and 10.95 W cm −3 , respectively), and promising cycle ability 
(good performance up to 8000 cycles).  

  2.     Results and Discussion 

  2.1.     Electrochemical Reduction of MnO  x  /GO Nanohybrid Paper 

 First, MnO  x   nanofi ber gels were obtained by a gel formation 
reaction, followed by growth of MnO  x   nanocrystals within the 
GO suspension during hydrothermal reaction. The mixture 
is then assembled into a hybrid paper through facile vacuum 
fi ltration. Electrochemical reduction of GO-based material is a 
newly emerging technique to reduce GO in fi lm or paper form, 
where there is no need for any reducing agents or high temper-
ature being used. [ 23–25 ]  It is much more environmental friendly 
and easy to scale up, [ 26–29 ]  as compared to, for example, the high 
temperature thermal reduction and low temperature chemical 

reduction by acid or alkaline. This method was fi rst used for 
graphene material in 2009. [ 25 ]  By adjusting the external power 
source, the electronic states of the graphene oxide (as working 
electrode) could be effectively modifi ed by changing the Fermi 
energy level. [ 25 ]  Upon applying an appropriate voltage (e.g., 
negative potential −1.5 V), the energy barriers for oxygen func-
tionalities is overcame. Thus, these electrochemically unstable 
oxygen groups are eliminated and the electrical insulating GO 
gradually becomes reduced to conductive graphene. [ 23 ]  

 The hybrid paper was reduced under a constant voltage of 
−1.5 V, for multiple cycles of 10 min each.  Figure    1  A shows the 
current versus time curves, indicating the reduced resistance as 
the current value increases for the fi rst three cycles. The reduc-
tion is completed when the current becomes stable during the 
4th cycle. To clearly understand the electrochemical reduction 
process, the impedance and cyclic voltammetry (CV) of the 
nanohybrid paper were tested after each cycle (Figure  1 B–D). 
The successful reduction was illustrated by the impedance test, 
as shown in Figure  1 B, where one could see that the internal 
resistance of the hybrid paper dramatically dropped upon reduc-
tion. The capacitance of the hybrid paper increased from 6.23 to 
86.0 F cm −3  after a facile 30 min reduction (Figure  1 D), further 
confi rmed the effectiveness of electrochemical reduction.  
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 Figure 1.    Electrochemical reduction results: A) current and voltage curves during multiple cycles of electrochemical reduction; B) Nyquist plot of MG 
nanohybrid paper after various cycles of electrochemical reduction; C) CV curves of the MG nanohybrid paper after various cycles of electrochemical 
reduction under 10 mV s −1  scan rate; and D) volumetric capacitance calculated from CV tests (10 mV s −1  scan rate) after various numbers of cycles of 
electrochemical reduction (i.e., reduction time).
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 The morphologies and detailed structures of MG nano-
hybrid paper were characterized using both scanning elec-
tron microscopy (SEM) and transmission electron microscopy 
(TEM). The nanohybrid paper consists of hundreds of layers 
of rGO sheets ( Figure    2  A). Among the individual rGO sheets, 
lay the well dispersed MnO  x   nanofi bers (Figure  2 B), which 
ensure good charge transfer ability through the highly conduc-
tive graphene channels. [ 30 ]  The MnO  x   nanofi bers are loosely 
bonded, as shown by the TEM image, where the nanofi bers are 
300–500 nm in length and evenly distributed within the rGO 
sheets (Figure  2 C). High resolution TEM image (Figure  2 D) 
reveals the lattice fringe of 0.342 nm and the dimension of 
the MnO  x   nanofi bers (≈17 nm). Figure  2 E shows a schematic 
drawing illustrating how the MnO  x   nanofi bers are embedded 
among rGO sheets and the resulted fl exible nanohybrid paper. 
The excellent dispersion is benefi ted from the MnO  x   gel, 
which could mix freely with the GO suspension. This struc-
ture, in which the MnO  x   nanofi bers also act as spacers among 
the individual GO sheets (as shown in the SEM image and 
scheme of Figure  2 B,E), eliminates the restacking problem of 
the individual rGO sheets, which were encountered in most 
well-established processes (e.g., Hummer’s method). [ 31,32 ]  Spe-
cifi cally, restacking during reduction and drying process cause 

a reduction in effective surface area for charge storage which 
limits the specifi c capacitance for the graphene-based mate-
rials (100–120 F g −1 ). [ 33–35 ]   

 rGO paper is also prepared and reduced by the same 
method discussed above (i.e., vacuum fi ltration and electro-
chemical reduction). Figure S1B (Supporting Information) and 
Figure  2 F show the as-fi ltered GO and MnO  x  /GO nanohybrid 
paper, respectively. The GO paper exhibited a darker color and 
appeared to be crispier and thinner than MnO  x  /GO nanohybrid 
paper, due to the MnO  x   nanofi ber doped in the MnO  x  /GO 
nanohybrid paper. However, both papers could be freely rolled, 
showing their high mechanical fl exibility, even after reduction 
(Figure S1C,D, Supporting Information). Figure  2 G shows 
that the electrochemically reduced part of the MG nanohybrid 
paper appears to have some geometric wrinkling. These are 
caused by interlocking among the rGO sheets, which results 
into better mechanical properties and lower surface energy. [ 23 ]  
In addition, they give rise to high surface area and specifi c 
capacitance. [ 36 ]  Similarly, this phenomenon happens to the rGO 
sheets obtained from other processes, e.g., chemical or thermal 
reduction. [ 33,37 ]  The color change of the reduced part, compared 
to the nonreduced part, indicates an improved charge transport 
properties. [ 24 ]   
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 Figure 2.    SEM images of MG nanohybrid paper: A) from cross-sectional view and B) higher magnifi cation from side view. TEM images of C) MnO  x   
nanofi bers embedded in a rGO sheet, with part of the rGO sheet’s edge marked out and D) high magnifi cation of MnO  x   with lattice fringe spacing. 
E) Schematic diagram showing how MnO  x   nanofi bers are embedded among rGO sheets. Pictures of F) as fi ltered MnO  x  /GO nanohybrid paper rolled 
freely and G) top view of as-reduced MG nanohybrid paper.
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  2.2.     Characterizations of MG Nanohybrid Paper 

 In order to further study the effect of reduction, characteriza-
tions are conducted for the as fi ltered MnO  x  /GO nanohybrid 
paper (sample MG1), the annealed MnO  x  /GO nanohybrid 
paper (sample MG1-A, annealed in N 2  atmosphere at 150 °C 
to eliminate moisture and to enhance mechanical strength) 
and the electrochemically reduced MG nanohybrid paper after 
annealing (sample MG1-A-ER). GO is electrically insulating, 
as the large amount of saturated sp 3  bonds and electronega-
tive oxygen atoms bonded to carbon give rise to an energy gap 
in the electron density of states. [ 38 ]  Therefore, it is essential to 
reduce it and restore its conjugated carbon network and elec-
trical conductivity, for electrochemical application.  Figure    3  A 
shows the X-ray photoelectron spectroscopy (XPS) spectra for 
C 1s of the three samples. After reduction (sample MG1-A-
ER), the –C–O– to –C–C ratio is largely reduced, indicating the 
elimination of oxygen functional groups, as mentioned above. 
The –C–C– peak becomes dominating, indicating the GO 
becomes into graphene. [ 24 ]  The effect of the mild annealing on 
the –C–O– to –C–C– ratio is negligible. Figure  3 B shows the 

XPS spectra of Mn 2p for the three samples. For all three sam-
ples, peaks of Mn 2p 3/2  and Mn 2p 1/2  are centered at 640.8 and 
652.4 eV, respectively, which are in good agreement with the 
XPS data reported for peaks of Mn 2p 3/2  and Mn 2p 1/2  in mixed 
valence Mn 3 O 4 . [ 39 ]  Therefore, the chemical states of the MnO  x   
nanofi bers are Mn 3 O 4 . The redox reactions between the III and 
IV oxidation states of Mn ions occurs spontaneously during the 
charge–discharge process. [ 40 ]  Both MnO 2  and Mn 3 O 4  have been 
widely studied for electrochemical applications, as they are 
showing the best electrochemical performances among the var-
ious manganese oxides (MnO, Mn 2 O 3 , Mn 3 O 4 , and MnO 2 ). [ 41,42 ]  
In addition, the unchanged peak positions in Figure  3 B indicate 
that the electrochemical reduction did not change the chemical 
state of the Mn 3 O 4  nanofi bers. Figure S2 (Supporting Informa-
tion) demonstrates the XPS spectra for C 1s for the GO paper, 
the annealed GO paper and the electrochemically reduced GO 
(rGO) paper, which show similar phenomenon as the MG 
nanohybrid paper.  

 Raman spectra show the D and G band of the nanohybrid 
papers (Figure  3 C). The D band located at 1350 cm −1  and the G 
band at 1595 cm −1  are characteristic Raman shifts of graphite, 
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 Figure 3.    XPS spectra and peak fi tting of the samples MG1 (as fi ltered MnO  x  /GO nanohybrid paper), MG1-A (annealed MnO  x  /GO nanohybrid paper) 
and MG1-A-ER (electrochemically reduced MG nanohybrid paper after annealing) for A) C 1 s  and B) Mn 2 p . C) Raman spectra for the samples MG1, 
MG1-A, and MG1-A-ER; D) XRD patterns of the samples MG1, MG1-A, and MG1-A-ER.
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which can be observed in the Raman spectra of MG nanohybrid 
papers before and after annealing or reduction (sample MG1, 
MG1-A, and MG1-A-ER). Upon reduction, the relative intensity 
of D band peak only increased slightly compared to the unre-
duced MnO  x  /GO nanohybrid paper, due to the defects intro-
duced by reduction. [ 25 ]  However, the MnO  x   peak at ≈630 cm −1  
became much higher compared to carbon peaks, indicating 
the relative Mn 3 O 4  content had increased. Thermal gravimetric 
analysis (TGA) results (Figure S1E, Supporting Information) 
further confi rmed that the Mn 3 O 4  content increased from 36.5 
to 49.0 wt% upon reduction. This is mainly due to the elimina-
tion of the oxygen groups, as mentioned earlier. X-ray diffrac-
tion (XRD) patterns show the well match of peak positions of 
the nanohybrid papers with the powder diffraction fi le (PDF) 
of Mn 3 O 4  crystal structure (Figure  3 D). This further confi rms 
the chemical states of nanofi bers as Mn 3 O 4 , and that the elec-
trochemical reduction is an effective way of reducing GO, 
without affecting the chemical states of the embedded Mn 3 O 4  
nanofi bers. The d-spacing of (220) plane of Mn 3 O 4  crystal struc-
ture (PDF:01-086-2337) is consistent with the lattice fringe 
measurement (Figure  1 D).  

  2.3.     Electrochemical Performance of MG/rGO ASC 

 Upon the electrochemical reduction, the MG nanohybrid 
paper and the rGO paper were then assembled into ASC. 
An ASC consists of a battery-type Faradaic electrode as the 
energy source (cathode) and a capacitor-type electrode as the 
power source (anode), [ 43 ]  e.g., a combination of a carbon-based 

material as the anode with a pseudocapacitive MnO 2 -based 
cathode, which can extend the voltage window up to 2 V in 
aqueous electrolytes. [ 44 ]  ASC have been found to be an effective 
approach for development of high energy and power density 
supercapacitors, through providing enlarged voltage window 
and specifi c capacitance of active materials. [ 45 ]  It also overcomes 
the limitation of voltage window caused by water decomposi-
tion at 1.23 V, when the individual voltage windows for the 
cathode and anode are well separated. [ 46 ]  This greatly improves 
the energy and power density, compare to symmetric superca-
pacitors (MnO  x  ’s voltage window is capped at 1 V when tested 
as symmetric supercapacitors in aqueous electrolytes). [ 47,48 ]   

  2.3.1.     In Aqueous Electrolyte 

 The ASC was fi rst prepared using 1  M  Na 2 SO 4  as the aqueous 
electrolyte. By characterizing the two papers (MG nanohybrid 
paper and rGO paper) individually in 1  M  Na 2 SO 4  aqueous elec-
trolyte, it is shown that the effective voltage window for MG 
nanohybrid paper is from 0 to 1.0 V, while for rGO paper is 
from −1.0 to 0 V (Figure S3, Supporting Information). There-
fore, the ASC based on MG nanohybrid paper as the cathode, 
rGO paper as the anode is expected to have a 2 V voltage 
window in the aqueous electrolyte. [ 24 ]  Several cathode sam-
ples are compared (while same rGO paper is used as anode 
for all ASCs), namely, MG nanohybrid paper that is thermally 
reduced (sample MG1-TR), MG nanohybrid paper that is elec-
trochemically reduced without prereduction annealing (sample 
MG1-ER), MG nanohybrid paper with 3 wt% CNT being added 
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 Figure 4.    Electrochemical characterizations in an aqueous electrolyte for MG1-TR (thermally reduced MG nanohybrid paper), MG1-ER (electrochemi-
cally reduced MG nanohybrid paper), MG2-ER (MG nanohybrid paper with 3 wt% CNT), and MG2-A-ER (MG nanohybrid paper with 3 wt% CNT and 
prereduction annealing): A) Nyquist plots of various samples; B) CV curves at different scan rates (1, 5, 10, 25, 50, and 100 mV s −1 ) for the sample 
MG2-A-ER; C) comparison of the volumetric capacitance of various samples at different scan rates; cycling ability results at 2 A g −1  of charge–discharge 
tests for D) MG1-ER, E) MG2-ER, and F) MG2-A-ER.
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before vacuum fi ltration and is electrochemically reduced, 
with or without prereduction annealing (sample MG2-ER and 
sample MG2-A-ER). Among the established reduction methods 
for rGO, thermal reduction at elevated temperature is proven 
to be able to reduce individual GO platelets or sheets, without 
using reducing agents. [ 38,49 ]  CNT is added during the gel forma-
tion step as CNT is known to enhance the mechanical strength 
and electrical conductivity. [ 15,50,51 ]  

 Impedance tests results show that sample MG1-ER has 
a much smaller semicircle and higher slope of the Nyquist 
plot than that of sample MG1-TR ( Figure    4  A and Figure S4A, 
Supporting Information), although the internal resistance 
is similar. This indicates that electrochemically reduced MG 
nanohybrid paper exhibits a much lower charge carrier resist-
ance than that of the thermally reduced one. [ 52,53 ]  From the CV 
test results, sample MG1-ER shows much more rectangular 
and symmetrical CV loops than MG1-TR, at all scan rates 
(Figures S5 and S6, Supporting Information). It is known that 
a perfect rectangular CV response correlates to better capacitive 
behavior, specifi cally, a continuous and reversible faradaic reac-
tion of the manganese oxide. [ 54 ]  Thus, sample MG1-ER shows 
a higher volumetric capacitance than that of sample MG1-TR 
(Figure  4 C). Therefore, the electrochemically reduced MG 
nanohybrid paper is much more conductive and electroacces-
sible than the thermally reduced MG paper, making it a better 
capacitive electrode. [ 55 ]  It is known that MnO  x   materials do not 
often show redox peaks in their CV curves, as the pseudocapac-
itive charge storage for MnO  x   is based on successive multiple 
surface redox reactions. [ 56 ]  In addition, the symmetric and rec-
tangular CV curves also indicate that there is no signs of water 
decomposition above 1.23 V. [ 57 ]   

 Upon adding CNTs, the radiance of the Nyquist semicircle 
becomes smaller for sample MG2-ER as compared to that of 
sample MG1-ER (Figure  4 A). This indicates that the charge-
transfer ability is improved by the CNTs added. [ 53 ]  The CV loops 
of sample MG2-ER and sample MG1-ER show similar shapes 
and the calculated volumetric capacitance only improved about 
9% (46.6–50.7 F cm −3  at 1 mV s −1 ). However, upon adding 
CNTs, the rate capability improved (Figure  4 C) as the volu-
metric capacitance at 100 mV s −1  improved 100% upon adding 
CNT. Therefore, CNT improved the charge transfer ability of 
sample MG2-ER, which caused the slowing down of faradaic 
reaction at higher scan rate becoming less obvious. [ 53 ]  

 Sample MG2-A-ER, which went through prereduction 
annealing, shows the highest slope and a perfect straight line in 
lower frequency region of Nyquist plot (Figure  4 A), indicating 
a lower ion diffusion resistance as compare to sample MG2-
ER. This is due to the more uniform reduction upon pre-ER 
annealing (the preannealed samples show no ripples of color 
changes unlike the nonannealed one in Figure  1 G). Therefore, 
prereduction annealing is necessary for better electrochemical 
reduction and results in highest volumetric capacitance and 
rate capability (Figure  4 C). The highest volumetric capacitance 
of 54.6 F cm −3  (equivalent to 546.05 mF cm −2 ) in 1  M  Na 2 SO 4  
is obtained at 1 mV s −1  scan rate of CV test, which is obvi-
ously much higher than those reported for MnO  x  -based ASC 
devices (Table S1, Supporting Information). In addition, the 
symmetrical and near rectangular CV shape of sample MG2-A-
ER indicate a good capacitive behavior, as shown in Figure  4 B. 

The high volumetric capacitance obtained is mainly contrib-
uted by the high mass loading (0.21 g cm −3  in the full ASC 
device) of Mn 3 O 4  nanofi bers, well dispersion of crystallized 
Mn 3 O 4  nanofi bers within the rGO sheets and much hindered 
restacking of the rGO sheets, which lead to much improved 
accessibility by electrolytes and charge transfers. 

 The cycle ability is evaluated at 2 A g −1  current density of the 
charge–discharge test for sample MG1-ER, MG2-ER, and MG2-
A-ER. Figure  4 D–F shows that the two MG nanohybrid papers 
with CNT being added, demonstrate the activation phenomenon 
and much better cycle ability, when compare to the one without 
CNT. CNT appears to help preserve the desired nanostructure 
of metal oxides during cyclings, [ 58 ]  where the Mn 3 O 4  nanofi bers 
and CNTs are well mixed and well dispersed among each other 
(Figure S1A, Supporting Information). This hybrid structure 
plays an important role in preventing the Mn 3 O 4  nanofi bers 
from thickening and greatly improved the cycling ability of the 
device. Sample MG2-A-ER shows excellent cycle ability of 95% 
retention after 6000 cycles and about 85% retention after 8000 
cycles. The samples are tested for galvanostatic charge–discharge 
at various current densities. Figure S7 (Supporting Information) 
shows the charge–discharge curve at current densities of 1, 2, 
5, and 10 A cm −3 , for sample MG2-A-ER. A high columbic effi -
ciency is obtained at the current density of 1 A cm −3  (98.3%), 
calculated on the basis of charge and discharge time. [ 59 ]   

  2.3.2.     In Ionic Liquid Electrolyte 

 To study the electrochemical performances in ionic liquid elec-
trolyte, a fl exible ASC is assembled using the fl exible pack-
aging and ionic electrolyte, 1  M  1-ethyl-3-methylimidazolium 
tetrafl uoroborate (EMIMBF 4 ) in acetone nitrile solution. Such 
ionic liquid electrolyte could provide much wider window due 
to its high decomposition voltage compared to that of water in 
aqueous electrolyte (0–3 V in this case). [ 60,61 ]   Figure    5  C shows 
the schematic illustration of the fl exible ASC device based on 
MG nanohybrid paper as the cathode and rGO paper as the 
anode in the 1  M  EMIMBF 4  in acetone nitrile ionic liquid elec-
trolyte, wrapped in a fl exible packaging. Figure  5 D–F shows 
the top view and side views of the ASC and bended ASC, 
demonstrating its mechanical fl exibility. Sample MG2-A-ER is 
evaluated in fl exible ASC packaging with ionic liquid electro-
lyte inside (sample MG2-A-ER-IL) at different bending angles 
(Figure  5 A). However, the CV curves of sample MG2-A-ER-IL 
at bending angels of 60°, 120°, and 180° under the scan rate 
of 5 mV s −1  all showing less rectangular shapes but an oval 
one, compare to that of sample MG2-A-ER tested in aqueous 
electrolyte (Figures  4 A and  5 A). The volumetric capacitance is 
also lower than that of the ASC tested in aqueous electrolyte. 
These indicate that such spinel-structure Mn 3 O 4  nanohybrid 
paper has better capacitive behavior in aqueous electrolyte. 
One possible reason could well be that the cations in EMIMBF 4  
are too big to tunnel through the Mn 3 O 4  octahedrons, thus 
the redox reaction could only take place on the surface of the 
Mn 3 O 4  nanofi bers. [ 41,62 ]  CV curves and calculted capacitance for 
sample MG2-A-ER-IL show that, when bended (Figure  5 A and 
insert), the capacitance is not affected much, demonstrating its 
excellent mechanical fl exibility. Due to the wide voltage window 
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of the ionic liquid electrolyte, the calculated energy and power 
density are comparable with the ASC tested in aqueous electro-
lyte (Figure  5 B).  

 When evaluated in aqueous electrolyte, the highest volumetric 
energy and power density obtained are 0.0055 Wh cm −3  (at cor-
responding power density of 1.15 W cm −3 ) and 6.86 W cm −3  
(at corresponding energy density of 0.0013 Wh cm −3 ), respec-
tively. For the ASC tested in ionic liquid electrolyte, the highest 
volumetric energy and power density obtained are 0.0039 
Wh cm −3  (at the corresponding power density of 2.94 W cm −3 ) 
and 10.95 W cm −3  (at the corresponding energy density of 
0.0009 Wh cm −3 ), respectively. It was noted that the volume 
used for calculation included the volume of the cathode, anode, 
and the separator. For comparison purposes, these values 
are plotted in the Ragone plot together with the values from 
other reports of supercapacitors (mostly MnO  x  -based ASC 
devices). [ 3,5,19,21,63–66 ]  To the best of our knowledge, this excellent 
performance is among the best in terms of capacitance, cycling 
ability, energy density, and power density, for mechanically fl ex-
ible MnO  x  -based ASC devices. [ 3,10,19,21,64,67–70 ]    

  3.     Conclusion 

 A novel nanocomposite-type MnO  x  /rGO hybrid paper is pre-
pared by facile and convenient techniques (gel formation 
and electrochemical reduction), by which highly crystallized 
Mn 3 O 4  nanofi bers are well integrated within a highly conduc-
tive and mechanically fl exible rGO paper, which can effec-
tively accelerate the charge transfer for a fast pseudoreaction 

even with high mass loading. Flexible ASC devices using a 
Mn 3 O 4 /rGO nanohybrid paper and a rGO paper were assem-
bled and studied in both aqueous and ionic liquid electrolytes, 
which demonstrated an outstanding volumetric capacitance of 
54.6 F cm −3  and energy and power densities of 0.0055 Wh cm −3  
and 10.95 W cm −3 , respectively. The high volumetric power 
density, to the best of our knowledge, is the highest among the 
reported results for MnO  x  -based fl exible ASC devices. In addi-
tion, the cell also showed excellent cycling ability with 95% of 
capacitance being maintained after 6000 cycles, which is supe-
rior among MnO  x  -based supercapacitors. The facile prepara-
tion method and the high performance of the Mn 3 O 4 /rGO 
nanohybrid paper deserve further exploration for next genera-
tion fl exible devices of energy and power sources.  

  4.     Experimental Section 
  Material Synthesis : Pyrrole was added into 0.2  M  KMnO 4  dropwise. 

A gel was then formed. The gel is washed three times to remove the 
unreacted KMnO 4  solution and polypyrrole formed from the redox 
reaction. GO aqueous dispersion of 5 g L −1  (Graphene Laboratories 
Inc.) was added into the washed gel. The mixture was then stirred for at 
least 12 h and undergone hydrothermal reaction at 85 °C for 12 h. More 
GO dispersion was added into the product from hydrothermal reaction. 
The solution is stirred well before undergoing vacuum fi ltration. For GO 
paper, GO dispersion was diluted by distilled water and then undergone 
vacuum fi ltration. The fi ltered paper was then thermally annealed in N 2  
atmosphere at 150 °C for 30 min to eliminate water and to enhance 
mechanical strength. 

  Electrochemical and Thermal Reduction : Electrochemical reduction 
of the annealed GO or Mn 3 O 4 /GO nanohybrid paper as the working 
electrode was performed in 0.1  M  Na 2 SO 4  aqueous solution at the 
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 Figure 5.    Electrochemical studies in fl exible ASCs using an ionic liquid electrolyte: A) CV curves collected at different bending angles in an ionic liquid 
electrolyte under a scan rate of 5 mV s −1 . Inset: calculated volumetric capacitance at a scan rate of 1 mV s −1 ; B) Ragone plot of the ASC devices measured 
in both aqueous and ionic liquid electrolyte, and the values reported for other supercapacitor devices are compared within the graph; C) schematic 
illustration of the fl exible ASC device based on MG nanohybrid paper as the positive electrode and rGO paper as the negative electrode in a diluted 
ionic liquid (1  M  EMIMBF 4  in acetone nitrile) electrolyte, wrapped in a fl exible packaging; pictures of D) top view of the fl exible ASC device; E) side view 
of the freely bended ASC device, and F) ASC bended to a certain angle while testing electrochemical performances.
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potential of −1.5 V for a few cycles, each cycle for 600 s. A Pt plate and 
Ag/AgCl electrode were used as the counter electrode and the reference 
electrode, respectively. The reduced paper was then washed and dried. 
Electrochemical measurements after each reduction cycle were also 
carried out in this setting. Thermal reduction was conducted in an air 
fl owing oven, in which the GO or MG paper was heated at 200 °C for 5 h. 

  Materials Characterizations : XRD patterns were collected on a Bruker’s 
X-ray powder diffractometer (D8 Advance, Cu Kα,  λ  = 0.154 nm). 
XPS studies were conducted with a Kratos’ Axis Ultra DLD (delay line 
detector) photoelectron spectrometer. Transmission electron microscopy 
(JOEL 2010F, 200 kV) and fi eld-emission scanning electron microscopy 
(SUPRA 40 ZEISS, Germany) were used to examine the morphology of 
all samples. Raman scattering spectra were recorded on a LABRAM-HR 
Raman spectrometer excited with 514.5 nm Ar+ laser. Mass content 
were measured by thermal gravimetric analysis (SDT Q600). 

  Electrochemical Measurements : A piece of MG nanohybrid paper 
and rGO paper were used as the cathode material and anode 
material, respectively. After matching their capacitance (through 
adjusting the size of the MG nanohybrid or rGO paper), the two 
papers were assembled into aluminum soft packing for capacitance 
and impedance tests in aqueous electrolyte or ionic liquid electrolyte 
(1  M  1-ethyl-3-methylimidazolium tetrafl uoroborate (C 6 H 11 BF 4 N 2 , 04365, 
[143314-16-3]) in acetone nitrile solution). CV, galvanostatic charge/
discharge (C/D) measurement, and electrical impedance spectroscopy 
were conducted using Solartron System 1470E and 1400A, respectively. 
For both CV and C/D, the measurement voltage was controlled in the 
range of 0–2 V for aqueous electrolyte test and 0–3 V for ionic liquid 
electrolyte test. Scan rates of 1, 5, 10, 25, 50, and 100 mV s −1  were 
used for CV, while the current densities of 1, 2, 5, and 10 A cm −3  were 
used for C/D measurement. The areal loading of Mn 3 O 4 /GO, Mn 3 O 4 /
rGO nanohybrid paper, and rGO paper are 6.34, 4.34, and 2.0 mg cm −2,  
respectively. The thickness of Mn 3 O 4 /rGO nanohybrid paper, rGO paper, 
and the separator used for the ASCs are 29, 20, and 52 µm, respectively. 
The area of cathode and anode is controlled at 1–2 cm 2 . The frequency 
for impedance test is from 10 6  to 0.1 Hz.  
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