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A novel low-cost anode of homogenous Fe,O; nanowires on CFP was developed,

achieving a high specific capacitance in 0~-1.35 V. Matching it with NiO nanoflakes cathode,

an extremely high energy density of 105 Wh kg™ is obtained at 1400 W kg™ and still retains

72.6 Wh kg™ at 12700 W kg™ for the AASCs, which is much superior to previously reported

AASCs and exceeding those of Ni-MH batteries.
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The real-world application of supercapacitors is hindered by their relatively low energy density compared
with rechargeable batteries. Even with tremendous efforts in developing cathodes for aqueous asymmetric
supercapacitors (AASCs), their supercapacitive performance is still severely restricted by the low specific
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capacitance of anodes which mostly consist of carbonaceous materials. We developed a novel low-cost

anode of homogenous Fe,0; nanowires growing on carbon fiber paper (CFP), achieving a high specific
capacitance of 908 F g™! at 2A g! and excellent rate performance (90 % capacitance retention up to 10 A
g') in a wide negative potential window of 0~-1.35 V. Such an excellent supercapacitive performance
makes it a perfect anode compared with other reported ones. Matching it with NiO nanoflakes cathode
(1520 F g' at2 A g' in 0~0.45 V) on CFP, an extremely high energy density of 105 Wh kg™ is obtained
at the power density of 1400 W kg™' and still retains 72.6 Wh kg at 12700 W kg™' for the AASCs, which
is much superior to previously reported AASCs and even exceeding those of Ni-MH batteries.

1. Introduction

With the increasing demand for energy storage technologies,
supercapacitors have attracted enormous research attention due to
their high power density and long cycle life compared with
rechargeable batteries. However, their energy densities are still
far lagging behind, which severely restricts their practical
application. According to the equation of E=1/2CU?, the energy
density (E) is more dominated by the operating potential window
(U). Although the organic electrolyte exhibits a higher potential
window of up to 3 V than aqueous ones of 1.2 V, aqueous-based
supercapacitors ~ exhibit  higher electronic  conductivity,
electrochemical safety and easier manufacturing. Besides, by
assembling aqueous-based asymmetric supercapacitors (AASCs)
with different cathodes and anodes, the operating potential
window can be enhanced to 1.6~2.0 V. Thus, AASCs show great
promise for high energy density applications.'

Another approach to improve the energy density is to utilize
nanostructured pseudocapacitive electrode materials based on
reversible redox reactions, whose energy density usually exceeds
that of carbon materials involving double layer charge storage.
Besides, nanostructurization provides more accessible surface

area for energy storage and facilitates electrolyte penetration.* Fig.

1A°?" summarizes the working potential windows of various
pseudocapacitive materials in aqueous electrolyte. Even though
tremendous research efforts have been devoted to the
nanostructurization of cathode materials with average potential
window above 0 V, there are only a few reports of nanostructured
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pseudocapacitive anode materials. At present, carbonaceous
materials are still the most widely used anodes, such as activated
carbon?, graphene™ ** and nitrogen-doped carbons®. However,
from Fig. 1B” %>, carbonaceous materials exhibits quite small
specific capacitances of 100~250 F g' compared with
pseudocapacitive cathodes of up to 600~2500 F g™'. As to the few
reported  pseudocapacitive anodes, their electrochemical
performance is far from satisfactory such as low specific
capacitance®® 2" #and poor cycling stability”’. Thus, higher mass
is needed for anodes so as to meet the charge balance with the
cathodes, having a negative impact on the overall specific
capacitance and the energy density of the assembled AASCs.
Thus, it is critical to improve the capacitive behavior of the
pseudocapacitive anodes by nanostructurization in order to match
with cathodes.

Among the few reported pseudocapacitive anodes, Fe,Os
exhibits significant advantageous such as low cost, environmental
friendliness and safety”® **>’ compared with toxic and expensive
V,05'7 3% and MoO;** *> % However, the intrinsic poor
conductivity and aggregated morphology of Fe,O;3-based
electrodes restricts the utilization of their electrochemical active
sites, hindering the improvement of their specific capacitances.
An emerging new concept is to grow electroactive nanostructures
on conductive substrates to be directly used as binder-free
electrodes for supercapacitors. Since every electroactive
nanostructure is directly attached to the conductive substrate, the
poor conductivity of the electroactive material is no longer a big
concern. And the nanostructured morphology facilitates the
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penetration of electrolyte to the inner part of electrodes,
enhancing the utilization of their pseudocapacitance.
Furthermore, the preparation process of electrodes is significantly
simplified by avoiding the use of conductive agents and binders.
s However, as far as we know, there are no reports of
nanostructured Fe,O; anodes directly growing on conductive
substrates used in AASCs.
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Fig. 1. (A) The working potential window of various pseudocapacitive
10 electrode materials in aqueous electrolyte. (B) Specific capacitance of
selected anode and cathode materials.

In this paper, we developed a modified hydrothermal process
followed by calcination to prepare a novel low-cost anode of
homogenous Fe,O; nanowires on carbon fiber paper (CFP). By
decreasing the hydrothermal temperature, we successfully
obtained Fe,0; nanowires on CFP with a diameter of only about
10 nm, which is much smaller than previous reports. Due to the
favorable nanostructure, it exhibits an improved specific
capacitance of 908 F g' at 2 A g in a wide potential window of
20 0~-1.35 V, making it a perfect anode candidate to match with of

NiO nanoflakes cathode (1520 F g at 2 A g'). By enhancing the

supercapacitive performance of Fe,O; nanowires anode compared

with previous carbonaceous anodes or other metal-oxide based
ones, a maximum high energy density of 105 Wh kg™ is obtained

»sat the power density of 1400 W kg' for the NiO
nanoflakes//Fe,O; nanowires AASCs. Such an excellent energy
performance of AASCs is superior to previously reported AASCs
and even exceeding those of Ni-MH batteries.

@

2. Experimental

30 2.1 Growth of Fe,O; nanowires on carbon fiber paper (CFP).

We adopted a modified method from previous reports®> *' and

achieved a more favorable condition for the nanostructurization
of Fe,0;. Prior to deposition, the carbon fiber paper (Toray
Composites Inc., Japan) was cut into pieces of 1.5 cmx1.5 cm,
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35 and then treated with 3:1 H,SO,/HNO; mixed acid at 60 °C for 2

h. For the hydrothermal deposition of Fe,O3 nanowires, 6.0 mmol
FeCl;-6H,0, 7.5 mmol Na,SO, were homogeneously dispersed in
300 mL deionized water. Then 40 mL as-prepared mixed solution
and the treated CFP were transferred to a 50 mL Teflon lined
stainless autoclave, which was then sealed and maintained at 60
°C for 12 h. After the autoclave was cooled to room temperature,
the carbon fiber paper pieces with grown precursor were taken
out and then ultrasonically treated for 20 min to remove the
adsorbed deposition. Finally, they were calcinated at 400 °C for
2h under the Ar atmosphere with the heating rate of 1 °C min™.
In comparison, Fe,O3 bundles were also grown on CFP under a
higher hydrothermal condition of 90 °C for 12h with no other
conditions changed.

2.2 Growth of NiO nanoflakes on carbon fiber paper (CFP).

For the deposition of NiO nanoflakes, we use a similar process as
previous reports.*> Mixed acid treatment was also adopted on
CFP before deposition. 30 mmol Ni(NO3),"6H,0, 240 mmol
CO(NH,), and 30 mmol NH4F were dispersed in 300 mL
deionized water. Then 40 mL as-prepared mixed solution and the
treated CFP were transferred to a 50 mL Teflon lined stainless
autoclave, which was then sealed and maintained at 100 °C for 5
h. And the post calcination process was carried out at 400 °C for
4 h under the Ar atmosphere, with the heating rate of 1 °C min'.

2.3 Characterization

The morphologies of the as-prepared samples were observed by
field-emission scanning electron microscope (FE-SEM, Hitachi
S-4800) and high resolution transmission electron microscopy
(HRTEM, JEOL JEM-2100). Powder X-ray diffraction (XRD)
patterns were performed in a Rigaku D/Max 2550 VB/PC X-ray
diffractometer using Cu (Ko) radiation with the 26-angle
recorded from 5~75°. X-ray photoelectron spectroscopy (XPS)
was recorded with a thermo scientific ESCALAB 250Xi X-ray
photoelectron spectrometer equipped with a monochromatic Al
Ka X-ray source (1486.6 V).

2.4 Electrochemical measurements

For the three-clectrode mode measurements, the Fe,O; nanowires
anodes and NiO nanoflakes cathodes were directly used as the
working electrodes, a saturated calomel electrode (SCE) was used
as reference electrode and a Pt sheet as counter electrode. For the
fabrication of AASCs, the Fe,O; nanowires anode and NiO
nanoflakes cathode were sandwiched with a modified hydrophilic
polypropylene separator [PPAT-CN1(2), Shanghai Shilong Hi-
Tech Corp., Ltd]. The electrolyte was 2M KOH aqueous
solution.The active material mass ratio of Fe,O3/NiO of 1/ 1.8
was calculated based on the charge balance between the cathodes
and anodes of q" = q, where q = C, A4Vm, C,: the specific
capacitance, 4V: the potential window, and m: the mass of the
electrode. The cyclic voltammetry, galvanostatic charge-discharge
and electrochemical impedance spectroscopy (EIS) measurements
were performed on a CHI 660D electrochemical workstation.
And the cycling stability was performed by galvanostatic
charge/discharge test with a program testing system (LAND
CT2001A) using cell supercapacitors. Besides, for the NiO
nanoflakes cathodes, they were activated by repeated CV at 20

o mV s for 500 cycles until the CV curves in the potential window

This journal is © The Royal Society of Chemistry [year]
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of -0.4~0.5 V began to collapse with each other before all the
electrochemical measurements.
The specific capacitance of the single electrode material (Cs)
was calculated according to a three-electrode data with the
s following equation: Cs = C/m = IAt/mAV, where I is the discharge
current, m is the mass of active electrode material, A4¢ is the
discharging time and AV is the voltage change during the
discharging time after IR drop. The specific capacitance of the
total AASCs device (C,) was calculated by the two-electrode
10 datas following a similar equation of C,= C/m, = I4t/m AV, where

6.4mm x2.00k SE(U,LAD)

d'110=0.25nm

1 is the discharge current, m;, is the total mass of active anode and
cathodes materials, A4¢ is the discharging time and AV, is the
voltage change during the discharging time after IR drop. The
energy density (£, W h kg™') and the power density (P, W kg™

15 for a supercapacitor cell can be estimated using the following
equations: E= 0.5 CV%/3.6 and P=Ex3600 / t, where Cy (F g") is
the total specific capacitance of the supercapacitor cell, V' (V) is
the voltage range after IR drop, and ¢ (s) is the discharge time.

3. Results and discussion
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Fig. 2. (A~C) FE-SEM images of Fe,0; nanowires on CFP. (D) High-magnification HRTEM images of Fe,O; nanowires scratched down from the CFP
substrate (inserted with corresponding low-magnification HRTEM image). (E, F) FE-SEM images of Fe,O; bundles on CFP. (G) XRD pattern of Fe,;O;
nanowires on CFP. (H) Fe2p and (I) Ols XPS spectrum of Fe,O5; nanowires on CFP.

Herein, carbon fiber paper (CFP) is chosen as the conductive

25 substrate for the growth of electrochemical active materials due
to its high conductivity and loosely packed fiber structure, which
is more favorable for electrolyte penetration to the electrodes. For
the growth of Fe,O; anodes, Na,SO; was employed as a
structure-directing agent to facilitate the relatively uniform
s growth of 1D nanowires.”® From Fig. 2A and 2B, the
homogenous distribution of Fe,O3; nanowires is quite obvious.
Here, the homogeneous and heterogeneous nucleation
phenomena need to be taken into consideration so as to explain
for the ability to grow into nanowires on a substrate.** In most
35 cases, homogeneous nucleation of solid phases (metal oxide in
particular) requires a higher activation energy barrier and
therefore heteronucleation will be promoted and energetically

more favorable. Thus nucleation may take place at a lower
saturation ratio onto CFP substrate than in solution. Besides, from
40 the high-magnification image shown in Fig. 2C, it can be seen
that the Fe,O3 nanowires with the average diameter of about 10
nm are grown almost perpendicular to the substrate rather than
along the CFP surface. It is due to the fact that epitaxial crystal
growth will take place from the heterogeneous nuclei along the
45 easy direction of crystallization when the nuclei rate is limited by
the precipitation conditions, while high concentration of
precursor (as the condition in our synthesis) generate the
perpendicular crystalline growth to the substrate.
In order to provide insights into the micromorphology of the
s0 Fe;0; nanowires, we scratched them down from the CFP
substrate. From the HRTEM image shown in Fig. 2D, it confirms

This journal is © The Royal Society of Chemistry [year]
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the small diameter of Fe,O; nanowires to be about 10 nm.
Besides, the lattice fringes with a spacing of 0.25 nm is in good
agreement with the spacing of the (110) plane of Fe,Os. In
comparison, when increasing the hydrothermal temperature from
60 to 90 °C with no other preparation condition changed, it is
found that the Fe,O3 bundles (shown in Fig. 2E and 2F) exhibit a
much larger diameter of 50~100 nm. It is due to the fact that
grown precursor obtained through hydrothermal process were
more easily agglomerated into bundles under higher temperatures,
probably owing to the high surface energy resulting from the
small size of nanowires. Furthermore, our modified synthesis
shows some advantages over previous literatures®® ** with the
diameter of Fe,O; nanowires to be 35~50 nm. Thus, the
optimized preparation condition plays a significant role in
determining the nanostructures of the as-grown Fe,O; nanowires,
which is also critical to the electrochemical performance of
electrodes to be discussed later.

Furthermore, the XRD pattern (Fig. 2G) of Fe,O3 nanowires on
CFP exhibits all the peaks which can be well assigned to a-Fe,O3
(JCPDS no. 33-0664). We also performed the X-ray
photoelectron spectroscopy (XPS) measurements to study the
oxidation state of the Fe,O; nanowires. Fig. 2H shows the Fe
2ps;, and Fe 2py, peaks centered at 711.0 and 724.5 eV, which
are typical of Fe'* of Fe,0; and much higher than the 709 and
722.6eV corresponding to Fe**.* And at 718.8 eV, a satellite
peak associated with Fe 2p;, appears, which does not overlap
either with Fe 2ps, or Fe 2ps, peaks. This satellite peak located
approximately 8 eV higher than the main Fe 2p;, further
confirms the Fe** species.*® As to the O 1s spectra (Fig. 2I), two
peaks (denoted as O; and O,) can be clearly identified. The O,
peak centered at about 530.0 eV is attributed to the lattice oxygen
as Fe-O-Fe, and the O, peak at 531.8 eV correspond to Fe-O-H,

showing that the surface of Fe,O; nanowires is hydrolyzed to
46,47

some extent.
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Fig. 3. Electrochemical performance of Fe,O; nanowires anode growing
on CFP with three-electrode measurement in 2 M KOH (A) Cyclic
voltammetry curve at 5 mV s, (B, C) Galvanostatic charge-discharge
curves at various current densities from 2 to 40 A g'. (D) Specific
capacitances at various current densities (inserted with Nyquist
plot in the frequency from 100 kHz to 0.01Hz).

To evaluate the electrochemical performance of Fe,O;
nanowires cathode, we obtained the cyclic voltammetry (CV)
curve at 5 mV s using the three-electrode measurement (Fig.
3A). A pair of well-defined peaks at about -0.75 V for the anodic
scan and about -1.15 V for the cathodic scan can be clearly
observed, which are ascribed to the reversible oxidation and
reduction process between Fe*" and Fe*" following the reaction of
Fe™,05+2¢” +3H,0«> 2Fe'(OH), +20H". Correspondingly, the
galvanostatic charge-discharge (GCD) curves (Fig. 3B and 3C) at
various current densities exhibit obvious platforms of about -0.8
V and -1.15 V, respectively. Besides, from the CV and GCD
curves, no obvious hydrogen evolution is observed, which is due
to the high hydrogen evolution overpotential of the Fe,0;
nanowires growing on the CFP. Thus, it can be conclude that the
potential of 0~-1.35 V is a safe potential window for the as-
grown Fe,O; nanowires, and such broad potential window is
beneficial to enhancing the energy density of fabricated two-
electrode asymmetric supercapacitors. Furthermore, calculated
from the GCD curves, specific capacitances are obtained (Fig.
3D). At the current density of 2 A g, the as-grown Fe,O,
nanowires exhibit a high specific capacitance of 908 F g'. Even
at a high current density of 10 and 40 A g, it still retains a
specific capacitance of 816 and 646 F g, respectively, showing
an excellent rate performance. The inserted Nyquist plot shows a
quite a small real axis intersection point of 1.1 Q and a negligible
semicircle in the high frequency region, showing their small
ohmic resistance and quite a low charge-transfer resistance. In
comparison, the Fe,0; bundles obtained at a higher hydrothermal
temperature of 90 °C exhibit a relatively poorer electrochemical
performance (shown in Fig. S1). A lower specific capacitance of
693 Fg! is obtained at 2 A g, and it rapid decrease to only 367
Fg' at 40 Ag™', showing a worse rate performance. The excellent
electrochemical performance of the as-grown Fe,O; nanowires
75 can be safely ascribed to their quite homogeneous nanostructures
with a small diameter of only about 10 nm. It facilitates the
electrolyte flow to more accessible electrochemical active sites of
Fe,0; nanowires, enhancing the capacitive performance as a
result.

As far as we know, the electrochemical performance of the as-
grown Fe,O3 nanowires in the wide negative potential window is
by far the most excellent among the reported anodes of
supercapacitors. For example, for carbon-based electrodes
including template carbons and doped graphene, the highest
ss reported specific capacitance is that of highly functionalized

activated carbons with colossal pseudocapacitance, which is

about 550 F g at 0.25 A g™ and about 350 F g™ at 10 A g”'.** As
to the metal-oxide anodes, graphene/Fe,0;%° exhibits a specific

capacitance of 908 F g at 2 A ¢”' and about 640 F g at 40 A g”',
o which are comparable to our as-grown Fe,O; nanowires.

However, it should be noticed that the high specific capacitance

value of Fe,O; nanowires is obtained in a relatively higher

potential window of 0~-1.35 V. Thus, we can safely draw the
conclusion that compared with other reported anodes, the as-

s grown Fe,O; nanowires electrode is a perfect anode with their
high specific capacitance.
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Fig. 4. (A) Low- and (B) high-magnification FE-SEM images of NiO nanoflakes on CFP. (C) High-magnification HRTEM images of NiO nanoflakes
scratched down from the CFP substrate (inserted with corresponding low-magnification HRTEM image). Electrochemical performance of NiO nanoflakes
cathode growing on CFP with three-electrode measurement in 2 M KOH (D) cyclic voltammetry curve at 5 mVs™. (E) galvanostatic charge-discharge
curves at various current densities from 2 to 30 Ag™. (F) Specific capacitances at various current densities (inserted with Nyquist plot in the frequency

from 100 kHz to 0.01Hz).

As to the cathodes, NiO is grown on CFP through a similar
process as that in previous reports*’. As shown in Fig. 4A and 4B,
we can see that NiO nanoflakes are homogeneously grown on
CFP. And the HRTEM image inserted in Fig. 4C shows that the
NiO nanoflakes are composed of numerous nanoparticles and
Well-resolved lattice spacings observed from
HRTEM images (Fig. 4C) corresponded to a d-spacing value of
0.24 nm, consistent with the (111) planes of a cubic-phase NiO.
Furthermore, the XRD pattern (Fig. S2A) also confirmed the
formation of NiO with cubic crystal structure (JCPDS card No.
47-1049). XPS measurement (Fig. S2B and S2C) is conducted to
investigate the valence state of Ni element in NiO. The main 2P3),
spectrum at 854.9 eV is standard for Ni*'. And there are also two
satellite peaks of nickel at the high binding energy side of the Ni
2ps); and 2p;; edge.* >

Accordingly, we study the electrochemical performance of
NiO nanoflakes cathode with three-electrode measurement in the
positive potential window of 0~0.45 V. Before the measurement,
the as-grown NiO nanoflakes on CFP is electrochemical activated
by CV at the scan rate of 20 mV s™' for 500 cycles, which is like
the process of activating NiCo,0O4 nanowires in our previous
report.® From Fig. 4D, two sharp peaks are observed in the CV
curve, which reflect the reversible redox reaction of Ni"O + OH"
~Ni"MOOH + ¢. The GCD curves shown in Fig. 4E shows
obvious charge and discharge platforms, which are in good
agreement with the redox peaks in CV curves. Furthermore, the
as-grown NiO nanoflakes exhibit a large specific capacitance of
1520 F g' at 2 A ¢! and 91.6% capacitance retention rate at a
high current density of 30 A g (shown in Fig. 4F). The small
ohmic resistance (real axis intersection point) and charge-transfer
resistance (the diameter of the semicircle) can fully explain their
excellent rate performance.

Considering the excellent electrochemical performance of both
the Fe,O; nanowires anode and NiO nanoflakes cathode, we can

nanopores.

93
3

see that CFP is an ideal conductive substrate for the hydrothermal
growth of electrochemical active materials followed by
calcination. Without redundant surfactant or template,
homogeneous nanostructures are grown on the CFP substrate
with strong cohesion initiated by heteronucleation. The unique
nanostructure is quite beneficial to the rapid electrolyte flow to
more accessible electrochemical active sites, and thus Fe,O;
nanowires anode and NiO nanoflakes cathode can fully utilize
their large theoretical pseudocapacitance in the corresponding
complementary potential windows.

Based upon above experimental results and discussion, the
perfect matching between NiO nanowires and Fe,O; nanoflakes
on CFP is quite obvious. From Fig. SA, they exhibit large
pseudocapacitance in the exactly complementary potential
windows. Thus, the NiO nanowires and Fe,O; nanoflakes on CFP
cathodes and anodes to assemble NiO
nanowires//Fe,0; nanoflakes AASCs, respectively (as shown in
Fig. 5B). The energy storage mechanism based upon faradaic
reactions is explained as follows. During charging of the as-
assembled AASCs, the anode of Fe,O; nanowires undergo
reduction process as 1/2 Fe,05+¢” +3/2H,0—Fe"(OH), +OH" at
the potential of about -1.15 V, and the cathode of NiO nanoflakes
are oxidized following the process of Ni"O + OH'— Ni"OOH +
¢ at about 0.35 V. As to discharging, the process reverses. This
explains why the NiO nanowires//Fe,0O; nanoflakes AASCs
exhibits a sharp peak (Fig. 5C) at approximately 1.5 V
(corresponding to (0.35+1.15)V) during charging process under
the potential window of 0~1.8 V. And the sharp peak at about
0.85 V during discharging is also in good accordance with the
data of three-electrode systems. Besides, Fig. 5C also shows that
increasing the potential limit from 1.0 to 1.8 V, more
pseudocapacitance of Fe,O; nanowires and NiO nanoflakes can
be utilized with the enlarged area of CV curves. However, further
increasing the potential to 1.9 V, the CV curve becomes distorted

were used as

This journal is © The Royal Society of Chemistry [year]
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at the high potential arising from decomposition of water. decomposition of water, which is also confirmed in CV curves.
Accordingly, the GCD curves in Fig. 5D also show that with 10 Furthermore, the coulombic efficiency under 0~1.8 V is as high
increasing potential limit from 1.0 to 1.8 V, more as 91% (shown in Fig. S3), indicating the good reversible
pseudocapacitance of the full cell can utilized with longer properties of the electrochemical process. Thus, 0~1.8 V is
s charging-discharging platforms. And the corresponding specific chosen as the safe potential window for the NiO
capacitance increases from 48 to 240 Fg' as well (Fig. S3). nanoflakes//Fe,O; nanowires AASCs, which is exactly the

Besides, it was found that setting the potential limit to 1.9 V15 summation of the individual potential limit of anodes (1.35 V)
results in a platform approaching the upper limit due to the and cathodes (0.45 V).
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Fig. 5. (A) Cyclic voltammetry curves of NiO nanoflakes and Fe,O5 nanowires on CFP at 5 mV s, (B) Schematic diagram of the as-assembled NiO
nanoflakes//Fe,O; nanowires AASCs. And electrochemical performance of the as-assembled NiO nanoflakes//Fe,O; nanowires AASCs (C) cyclic

20 voltammetry curves at various potential window at 5 mV s™'. (D) Galvanostatic charge-discharge curves at the current density of 4 A g under various
potential windows. (E) Galvanostatic charge-discharge curves at various current densities from 4 to 40 A g under the potential window of 0~1.8 V
(based on the mass of Fe;O5 nanowires on CFP). (F) Specific capacitance at various current densities, which are based on the total mass of NiO nanoflakes
and Fe,05 nanowires on CFP (inserted with Nyquist plots in the frequency range of 100 kHz to 0.01 Hz). (G) Ragone plot. (H) Capacitance retention rate
with cycle number at a current density of 5 A g”' (based on the mass of Fe,O3 nanowires on CFP) in the potential window of 0~1.8 V.

s Furthermore, even at a high current density of 15 A g, the 3 small diameter of the semicircle of only 4.1 Q. The nearly
GCD curve (Fig. 5E) still exhibits negligible IR drop at 1.8 V, vertical line versus real axis shows their ideal capacitance
showing the small internal resistance. It is also reflected from its properties. Calculated from GCD curves based on the total mass
Nyquist plot inserted in Fig. 5F by a small real axis intersection of Fe,O; nanowires and NiO nanoflakes, the as-assembled AASC
of 0.6 Q. A small charge transfer resistance is confirmed by the exhibits a high specific capacitance of 240 F g' at 4 A g and
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still retains 199 F g at 40 A g' (Fig. 5F). Furthermore, we
provided the corresponding Ragone plot in Fig. 5G, an extremely
high energy density of 105 Wh kg is obtained at the power
density of 1400 W kg™ and retains 72.6 Wh kg™ at 12700 W kg,
Such an remarkable electrochemical performance is much
superior to most of reported AASCs in literatures as shown in
Table 1 especially with its significantly enhanced energy density.

As far as we know, there have been many literatures reporting
pseudocapacitive cathodes with comparable good -capacitive
performance as ours or even better. Thus, the significantly
enhanced electrochemical performance of our NiO
nanoflakes//Fe,O; nanowires AASCs compared with previous
reported literatures is mainly attributed to the perfect Fe,0;
nanowires anode with broader negative potential window and
larger specific pseudocapacitance. For example, NiMn-
LDH/CNT cathode is reported to deliver a high specific
capacitance (2960 F g at 1.5 A g') with good rate capability,
which is much higher than our NiO nanoflakes on CFP (1520 F g’
"at 2A g). However, when matching NiMn-LDH/CNT cathode
with a reduced graphene oxide/carbon nanotube (RGO/CNT) film
anode, a maximum energy density of only 88.3 Wh kg (at a
power density of 850 W kg!) is obtained®', which is lower than
our NiO nanoflakes//Fe,O; nanowires AASCs. This is due to the
restriction of the relatively low specific capacitance of RGO/CNT
anode, which adds much more total mass to the full AASCs so as
to meet the charge balance between cathodes and anodes.

The cycling stability of the as-assembled AASCs is further
evaluated by means of GCD cycling between 0~1.8 V at the
current density of 5 A g shown in Fig. 5H. It shows an initial
capacitance decrease of 20 % in the first 1000 cycles. After that,

Table 1. Performance for selected aqueous asymmetric supercapacitors.

w
s

40

4

o

60

the capacitance decrease slows down. Up to the 5000™ cycle, the
capacitance retention rate is 68%. It shows an initial capacitance
decrease of 20 % in the first 1000 cycles. After that, the
capacitance decrease slows down. Up to the 5000™ cycle, the
capacitance retention rate is 68%. In order to study the causes for
the capacitance reduction, FE-SEM images for Fe,O; anode and
NiO cathodes after 5000 cycles of GCD are provided in Fig. S4.
As can be from Fig. S4A and S4B, the morphology of Fe,O3
nanowires have turned to small aggregated particles with a
diameter of about 20 nm. And the NiO on CFP (Fig. S4C and
S4D) shows no obvious morphology change and remains as
homogeneous nanoflakes. Thus, the capacitance reduction of the
assembled NiO nanoflakes//Fe,0; nanowires AASCs may be
mainly ascribed to the relatively poor stability of Fe,O; anode
caused by Fe dissolution in the electrolyte®® and its structural
change during charging and discharging process. Furthermore,
Nyquist plots before and after 5000 cycles of GCD are also
provided in Fig. S5. Larger charge-transfer resistance and more
inclined curve to Z’ axis in the low frequencies are observed after
5000 cycles, which is mainly due to the more aggregated
structure of Fe,O; anode and its irreversible redox reactions
during charging-discharging. When compared with previous
reports on iron-based electrodes or assembled-supercapacitors,
the cycling stability of our NiO nanoflakes//Fe,O; nanowires
AASCs shows enhancement. For example, the graphene/Fe,0;
electrode loses up to 25% initial capacitance at 20 mVs™ in the
first 200 cycles and the Fe,0:/N-rGO loses 43.3% at 4 A g after
5000 cycles. Next, we are going to focus on improving the
cycling stability of the Fe,O;-based AASCs, such as by coating
Fe,0; with conductive polymers.

Cathode Anode Voltage window /V F /Whkg P/ Wkg' Ref.
Ni(OH),-MnO,-RGO Reduced graphene oxide 1.6 54.0 392 R
Ni(OH), Porous activated carbon 1.6 ~68 (Epax) 44000 (Pa0) >3
Carbon-MnO, Activated carbon 2.0 63 227 2
NiO 3D graphene 1.5 ~42 ~11000 28
NiMn-LDH/CNT reduced graphene oxide/carbon 1.7 88.3 850 El
nanotubes
NiCo,0,4/graphene Highly functionalized activated 1.55 48 230 48
carbon
MnO,/GNS FeOOH/GNS/CNTs 1.7 30.4 237.6 26
HCoOx@Ni(OH), core—shell NWs  fRGO@Fe;0, 1.7 453 1010 4
CFP@ NiCo,0, Graphene foam 1.6 34.5 547 2

4. Conclusions

In summary, a novel low-cost anode of homogenous Fe,O3
nanowires growing on CFP is prepared through a simple process.
Taking advantages of the nanostructures of Fe,O3 nanowires with
a small diameter of about 10 nm, they exhibits a high specific
capacitance of 908 F g™ at 2A g™ and excellent rate performance
(90 % capacitance retention up to 10 A g) in a wide potential
window of 0~-1.35 V. Cathode of NiO nanoflakes prepared
through a similar process exhibits an excellent capacitive
behavior of 1520 F g' at 2 A g' in 0~0.45 V. The
complementary potential window and excellent -capacitive
behavior make the as-prepared Fe,O; nanowires a perfect

75

80

85

candidate to match with NiO nanoflakes cathode, achieving a
high total specific capacitance of 240 F g for the assembled
AASCs in the potential window of 1.8 V. Furthermore, an
extremely high energy density of 105 Wh kg™ is obtained at the
power density of 1400 W kg™ and still retains 72.6 Wh kg™ at
12700 Wkg™', which is much superior to most of reported AASCs
and exceeding those of Ni-MH batteries. Thus, the low-cost
Fe,0; nanowires anode with such a remarkable supercapacitive
performance holds great promise for application in high-energy-
density supercapacitors in the real world.
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