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Abstract

Rational assembly of unique branched heterostructures is one of the facile techniques to improve
the electrochemical figure of merit of materials. By taking advantages of hydrogen bubbles
dynamic template, hydrothermal method and electrochemical polymerization, branched
polypyrrole (PPy) nanoleaves decorated honeycomb-like hematite nanoflakes (core-branch
Fe,O3;@PPy) are fabricated. X-ray diffraction, X-ray photoelectron spectroscopy, scanning
electron microscopy, transmission electron microscopy (TEM), high-resolution TEM, and
scanning transmission electron microscopy in high angle annular dark field mode with electron
energy loss spectroscopy were combined to elucidate the mechanisms underlying formation and
morphogenesis evolution of core-branch Fe,O3;@PPy heterostructures. Benefiting from the
stability of honeycomb-like hematite nanoflakes and the high conductivity of PPy nanoleaves,
the resultant core-branch Fe,O;@PPy exhibits an ultrahigh capacitance of 1167.8 F g at 1A g’
in 0.5 M Na,SO4 aqueous solution. Moreover, the assembled bi-metal oxides asymmetric
supercapacitor (Fe,0;@PPy//MnO,) gives rise to a maximum energy density of 42.4 Wh kg™
and a maximum power density of 19.14 kW kg ' with an excellent cycling performance of
97.1% retention after 3000 cycles at 3 A g'. These performance features are superior than
previous reported iron oxide/hydroxides based supercapacitors, offering an important guideline

for future design of advanced next-generation supercapacitors.
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Introduction

Supercapacitors, bridging the gap between high energy batteries and high power dielectric
capacitors, have been regarded as an important class of energy storage devices for high power
supplies, electric and hybrid vehicles, and portable electronics [1]. Typically, the energy density
(E, Wh kg™ of supercapacitors depends on the cell potential (V) and specific capacitance (Csp, F
gh), E=2"* CSpV2 [2-6]. Due to the limited cell potential (e.g. the value of commercial MAWELL
capacitors is ca. 0.7 V) [4], the energy density of conventional symmetrical supercapacitors is
much lower in comparison to that delivered by batteries. In such a case, asymmetrical
supercapacitors (ASCs) with wider cell potential came into being, which basically are made up
of a battery-type Faradaic positive electrode (as the energy source) and a double-layer-type
negative electrode (as the power source) [5-7]. Up to date, various metal oxides and conductive
polymers have been extensively investigated as positive electrodes, [8-9] coupling with negative
electrodes, like carbon sheets [10], activated carbon (AC) [11], carbon nanotubes (CNTs) [12],
and graphene [13-14] for possible application in high-performance ASCs. Advances in this
prototype have yielded ASCs with good power density; whilst, the low specific capacitance of
carbon materials (maximum ca. 300 F g™) severely limits their energy density [15-18]. In order
to push the energy-density limit of ASCs, the exploration of alternative, state-of-the-art negative

electrodes with higher capacitance than carbon materials is highly valuable and significant.

Recently, some emerging transition metal oxides or sulfides, such as V,0s[19], V3S4[20], In,O3
[21], M0O3[22], and CogSg [23] as negative electrodes for ASCs application have drawn attention
of researchers. Hematite (a-Fe;O3) is one of the most promising candidates because of its large
theoretical specific capacitance (3265 F g for the voltage window of -1.0 V-0 V), suitable

working window, low cost, abundance, and non-toxicity [9, 24]. However, the practical



implementation of Fe,O3; based negative electrodes was prevented by its poor electrical
conductivity (~10** Sf/em) [25]. To tackle the limitation and improve its electrochemical
performance, great efforts have been made to construct nanostructured Fe,Os, like oxygen-
deficient nanorods [9], nanoflowers [25], nanowires [26], and nanoneedles [27]. Other
researchers alternatively combined Fe,O3 with highly conductive materials such as CNTs [28],
graphene [29-31] and poly (3, 4-ethylenedioxythiophene) (PEDOT) [6] by taking advantages of
the excellent conductivity of carbon or conductive polymer species. For example, X. H. Lu et al.
designed a Ti-Fe,O3s@PEDOT core-shell electrode, showed a relatively high specific capacitance
of 311.6 F g* at 1 mA cm 2 with superior cycling durability and more than 96% capacitance
retention after 30,000 cycles [6]. But nonetheless, the obtained specific capacitance (~9.5%) is
far lower than the theoretical specific capacitance and it enhanced the life cycle by sacrificing its
energy density,” which is expected to be improved via designing three-dimensional (3D)

branched nanoarchitectures self-aligned on the substrate [32].

Compared with OD nanoparticles, 1D nanowires and 2D nanosheets, 3D branched
nanoarchitectures possess extraordinary advantages, including structural hierarchy, higher
surface areas and direct electron and ion transport pathways, and thus holds great promise on the
functionality of composite for various application fields, like solar cell, water splitting, lithium-
ion batteries and supercapacitors etc [32-35]. In spite of these merits, for batteries and
supercapacitors application, controlling the size, dimension, and composition of the building
blocks of branched nanostructures in an expected manner, and maintaining their structure
stability and good electrical conductivity during repeated cycling are still great challenges [32].
On the other hand, B. A. Lu et al. reported that the honeycomb-like CoM0oO, (96.3% capacitance

retention) was more stable than CoMoQO, with nanowires (74.14% capacitance retention) and



nanosheets (84.69% capacitance retention) structure during a continuous life cycling for 1000
times at 15.71 A g ' [36]. With this in mind, honeycomb-like matrix using as the backbone of
branched nanoarchitectures to form core-branch nanostructure may further boosts their cycle life.
Meanwhile, PPy species serving as a protective shell of metal oxides (like layered double
hydroxide [16], MnO, [37], and MoS, [38] forming core-shell nanostructures have been
evidenced to be a powerful tool for effectively improving the electrochemical behavior of
positive electrodes. Further, C. Debiemme-Chouvy et al.’s report about the fabrication of well-
defined PPy nanowires on Au film through simple electropolymerization by exerting control over
the weak-acidic and non-acidic anions content in the deposition electrolyte sheds light to
construct high conductive ordered branch structure on backbone matrix [39-40]. In fact,
researches combining the merits of stability of honeycomb-like matrix (metal oxides) on the ion
transportation and the superiority of branch structure (conductive polymers) on the electron
transferring are still scarce, to saying nothing of reports elucidating the mechanisms underlying
formation and morphogenesis evolution of core-branch nanostructure to extract design principles

that may enable the conductive polymer formation on other metal oxides with similar capabilities.

Herein, for the first time, we synthesized a core-branch honeycomb-like Fe,O3 nanoflakes@PPy
nanoleaves arrays grown on three-dimensional nickel foam (NF) scaffold, comprising one-
dimensional (1-D) leaves-like PPy, 2-D mesoporous Fe,O3 nanoflakes, and 3-D macroporous NF,
as displayed in Schematic 1 and thoroughly investigated the formation mechanism of branched
PPy nanoleaves. The as-prepared core-branch Fe,O3@PPy electrode shows a remarkably large
specific capacitance of 1167.8 F g ' at 1 A g * with a good rate capability. To the best of our
knowledge, these are the best specific capacitance values ever reported for iron

oxides/hydroxides based electrodes (see the comparison in Table S1).
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Experimental Section

Synthesis of MnO, nanosheets on nickel foam (NF): The MnO, nanosheets were synthesized
by a cathode electrodeposition technology in a three-electrode system according to Liu et al.’s
report [41-42]. By employing cathodic electrodeposition, MnO, nanosheets were deposited on
NF (active area: 1.5 cmx 2 cm; thickness: 1.8 mm, pore density: 110 ppi, Changsha Liyuan New
Material), which was first cleaned by acetone and deionized water. Platinum (Pt) plate and
saturated calomel electrode (SCE) were served as the counter and reference electrodes,
respectively; and 0.02 M manganese acetate and 0.02 M sodium sulfate aqueous solution worked
as the electrolyte. The electrodeposition of MnO, on NF substrate was carried out at a constant
potential of -1.6 V for 150 s. After that, the obtained sample was rinsed in deionized water for
several times and then it was dried at 200 °C for 2 h.

Synthesis of honeycomb-like Fe,O3 nanoflakes on NF: The obtained MnO, nanosheets sample

was employed as the sacrificed template to synthesize the honeycomb-like Fe,O3 nanoflakes by a



previously reported method with slight modifications [43]. And the detail process is as following:
Then, 21 mg of FeSO4-7H,O (Aladdin, 99.9 %) was dissolved in 30 mL of mixed ethylene
glycol and deionized water (v/v = 1/7). After stirring for about 10 min, this translucent solution
and the as-prepared MnO; nanoflakes on NF were both transferred into a 50 mL Teflon-lined
stainless steel autoclave, followed by heating at 120 °C for 0.5 h in an electric oven. After
heating, the autoclave was cooled naturally to room temperature. The nickel foam with iron
hydroxides were obtained due to the following reaction during the hydrothermal process

(equation 1 and 2),

[Fe(H,0)4]** — [Fe(OH)(H,0)s]* + H* D
2Fe?* + MnO, + 4H* - 2Fe3* + Mn?* + 2H,0 (2)
[Fe(H,0)4]3* — Fe(OH)3(s) + 3H* + 3H,0 (3)

Then, the samples were taken out and rinsed thoroughly with absolute ethanol and dried at room
temperature. The honeycomb-like o-Fe,O3 nanoflakes were obtained by annealing the as-
prepared iron hydroxide product at 400 °C in air for 2 h with a heating rate of 2 °C min™
(equation 3).

Synthesis of PPy nanoleaves decorated honeycomb-like hematite nanoflakes on NF:
Afterwards, the aforementioned honeycomb-like Fe,O3 nanoflakes on NF were worked as the
working electrode for the deposition of PPy nanoleaves. The PPy species were deposited at a
constant potential of 1.0 V vs SCE. in the medium aqueous of 80 mM pyrrole, 100 mM LiClOy,
and 140 mM sodium dodecyl sulfate. Finally, the obtained sample was washed with deionized
water several times, and then it was dried at 60 °C. The mass of PPy shell and core Fe,O3 species
was determined by a high-precision microbalance with sensitivity of 0.1 mg.

Assembly of an ASC: For the construction of an asymmetric supercapacitor device, MnO,



nanosheets and core-branch Fe,O;@PPy and piece of commercial supercapacitor separator
membrane (DR2012, thickness: 0.12 £ 0.01mm, Suzhou Beige New Materials & Technology Co.
Ltd.. ) were used as the positive, the negative electrodes and separator, respectively (as shown in
the inset of Figure 5D). And the electrodes, 0.5 M Na,SO, and separator were enveloped in
aluminium plastic bags. The mass ratio of negative electrode to positive electrode was calculated
based on charge balance theory according to the electrochemical data shown in Figure S11 and
12.

Microstructural Properties Characterization: The as-synthesized samples were characterized
using X-ray powder diffraction (XRD; Rigaku RU-300 diffractometer; monochromated Cu Kal
radiation, A = 1.540 598 1 A; 60.0 kV, 30.0mA), field emission scanning electron microscope
(SEM, 5.0 kV, SU-8010, Hitai), transmission electron microscopy (TEM, 200kV, Tecnai F20,
FEI), scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-
EELS, 200 kV under a high angle annular dark field (HAADF), Tecnai F20, FEI). Energy
dispersive X-ray spectrometer (EDS), X-ray photoelectron spectroscopy (XPS, Escalab 250Xi)
and Raman Spectrum (incident wavelength: 514 nm, InVia-RENISHAW).

Electrochemical Properties Measurement: The electrochemical performance of MnO;
nanosheets and core-branch Fe,O;@PPy electrodes and the corresponding asymmetric
supercapacitor was characterized by CV, GCD, and EIS (recorded at open circuit potential with
amplitude of 5 mV in the frequency range of 10%-10° Hz) techniques on a CHI 760E
electrochemical workstation at ambient temperature. All the measurements were carried out in a
0.5 M Na,SO, aqueous solution. In the three-electrode system, a Pt plate of 2.0 cm x 2.0 cm and
a SCE were applied as the counter and reference electrodes, respectively. The specific

capacitance measured by chronopotentiometry was calculated according to the equation as



follows:
C,, = xAt/(AV xm) (4)

where Cs, (F g 1Y) is the specific capacitance of the electrode (Csp-e) Or ASC (Cspa), | (A) is the
constant discharging current, At (s) is the discharging time, AV (V) is the voltage change
excluding IR drop at a constant discharge current, and m (g) is the active material mass of a
single electrode or the total active material mass of positive and negative electrodes.

For the two-electrode configuration, the energy (E, Wh kg™) and power densities (P, kW kg™)

were calculated by using the following equations:

AV?
b_ AVI )

2m

sp—d

2

C
E=

where Cgp.q (F gh), AV (V), I (A) and m (g) are the specific capacitance of the asymmetric
supercapacitor, the voltage change excluding IR drop at a constant discharge current, discharging

current and the total active material mass of positive and negative electrodes, respectively.

Results and discussion

The composition, structure, and morphology of as-prepared samples were investigated by
different characterization techniques including X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and a combination of scanning transmission electron
microscopy (STEM) in high angle annular dark field (HAADF) mode with electron energy loss

spectroscopy (EELS).
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honeycomb-like Fe,O3 nanoflakes@PPy nanoleaves (E-F).

As shown in Figure 1A and B, quasi-vertical MnO, nanosheets were first grown on NF through
hydrogen bubbles dynamic template induced by an externally applied voltage of -1.6 V [41-42].

And then, the obtained MnO, nanosheets worked as the sacrificed template for the subsequent
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growth of Fe,Os; species through hydrothermal methods. From 1C, it is clear that the
honeycomb-like Fe,O3 in the form of a seamless interconnected network comprised of ordered
oriented nanoflakes almost replicated the morphology of MnO, nanosheets without collapsing
and cracking. High magnification SEM in Figure 1D reveals that Fe,O3 nanoflakes are composed
of numerous nanoparticles. The EDS in Figure S1 confirms that all MnO; species in nanosheets
have been converted to Fe,O3 species. Additionally, the honeycomb-like Fe,O3 nanoflakes at
various reaction stages were presented in the Figure S2 by setting the reaction time,
demonstrating the importance of controlling the reaction time of hydrothermal process. PPy
species were successfully deposited onto the wall of Fe,O3 nanoflakes by further electrochemical
polymerization, as displayed in Figure 1E. High magnification image in Figure 1F confirms that
the Fe,O3 nanoflakes were fully wrapped by PPy nanoleaves with a length of ca. 100 nm to form
Fe,O3@PPy core-branch arrays, which provides a large interfacial area for reaction, and
numerous channels for rapid diffusion of electrolyte ions as discussed below. Moreover, to
optimize the functionality of the structure of Fe,O3;@PPy, the parallel experiment in terms of
controlling the deposition of PPy was also conducted (Figure S3). As the electrochemical
polymerization proceeded, the PPy nanoleaves grew into locally jammed structure, which not
only blocks the electrolyte ion accessibility but also may deteriorate their electrochemical

performance.
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Figure 2. TEM images of MnO, nanosheets (A-B), honeycomb-like Fe,O3 nanoflakes (C-D)

and honeycomb-like Fe,O3; nanoflakes@PPy nanoleaves (E-F).

The nanosheets structure of MnO, sample was further confirmed by TEM inspection as shown in
Figure 2A. And Figure 2B reveals that the interplanar spacing is ca. 0.235 nm, which is indexed
to &-MnO, (JCPDF#12-0141) [41-42]. The resultant Fe,O3 nanoflake (Figure 2C) is made of a
large variety of small nanopartices with diameter from 2 nm to 6 nm, and thus presents a
mesoporous structure in the plane of nanoflakes. The well-resolved lattice fringes with spacing
of 0.27 nm and 0.37 nm shown in Figure 2D correspond to the distance between (104) and (012)
planes for a-Fe,O3 (JCPDS NO. 33-0664) [6, 44-45]. Moreover, PPy nanoleaves strongly
coupled with mesoporous Fe,O3; nanoflakes forming a homogenous structure, as proved by
Figure 2E. Additionally, there are no exposed Fe,O3; nanoparticles, further demonstrating the

mesoporous Fe,O3 nanoflakes were well wrapped by PPy nanoleaves (Figure 2F).
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Figure 3. STEM-EELS chemical composition maps of core-branch Fe,O3;@PPy obtained from

the red-rectangle area shown in the STEM micrograph (A), simultaneously obtained HAADF
STEM micrograph (B) and relative compositions (C) of Fe, O, C and N (The scale bar is the
same for all composition maps). (D) Schematic illustrates the formation mechanism of PPy
nanoleaves on Fe,O3 nanoflakes, Step (i): immersing Fe,O3 nanoflakes in the solution of aqueous
of 80 mM pyrrole, 100 mM LiCIO4, and 140 mM sodium dodecyl sulfate, Step (ii):

Electrodeposition of an ultrathin PPy film on Fe,O3; nanoflakes when applied a high potential of
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1.0V vs. SCE, Step (iii): Generation of OH  which overoxidizes PPy, Step (iv): Further

electropolymerization growth of the PPy species

To precisely figure out the composition in the nanoleaves and nanoflakes of core-branch
Fe,O;@PPy, STEM-HAADF and STEM-EELS have been conducted, as displayed in Figure 3.
Figure 3A and B correspond to the HAADF STEM images of the core-branch Fe,O;@PPy,
showing a general view and a magnified detail, respectively. The relative compositions of Fe, O,
C and N elements in the nanoflakes and nanoleaves region (Figure 3C) have been mapped by
means of EELS analysis using Hartree-Slater model for signal quantification and power law for
background removal. The elemental relative composition maps suggest a fairly homogeneous
distribution of Fe and O throughout the nanoflakes. Specifically, the Fe and O elements at
nanoflakes region have a relative composition of ~35 + 4 at% and 60 £ 5 at %, which is almost
equal to the nominal compositions of the Fe,O3 phase (Fe: 40 %, O: 60 %); whilst these values at
nanoleaves regions are ~20 = 4 at % and 25 + 5 at %, which is nearly equal to the nominal
compositions of the FeO phase (Fe: O=1:1). These results reveal that the Fe,O3; content
dominates the nanoflakes region, while FeO phase is mainly located at the nanoleaves region.
Meanwhile, the signals of C and N elements is relatively weak at the center of nanoflakes,
indicating there could be only an extremely thin PPy film on the surface plane of Fe,O3
nanoflakes. However, the elemental relative compositions of C and N at the nanoleaves regimes
are 25 £ 5 at%, and 45 £ 5 at%, indicating that PPy species dominate the nanoleaves region.
Furthermore, in concordance with analysis of elemental relative composition of the well-retained
Fe,O3;@PPy core-branch region, the XRD (Figure S4), XPS (Figure S5), Raman Spectrum
(Figure S6) and EELS mapping analysis (Figure S7) of flaking debris unambiguously concur the

formation of the core-branch structure.
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Furthermore, in Figure S8, the I (t) response curves of PPy electropolymerization in this case are
similar to pyrrole (Py) deposited in the weak-acidic and non-acidic anions, which results in the
formation of well-defined PPy nanowires on Au film [39-40]. Thus, the deposition of branched
PPy on Fe,O3; nanoflakes may follow a possible mechanism shown in Schematic S1. However,
the EELS map and relative composition analyses evidence that Fe element penetrates in the form
of FeO into the region where the PPy nanoleaves exist. Based on these results, the formation
process of the PPy nanoleaves on Fe,O3; naoflakes is proposed in Figure 3D. Step (i): the
obtained Fe,O3 nanoflakes immersed in the solution of aqueous of 80 mM pyrrole, 100 mM
LiClO4, and 140 mM sodium dodecyl sulfate (SDS). Due to the inducing covalent bonding
between the Fe** and the partial negative charge of the N atom in the Py structure, dodecyl
sulfate and ClO4™ ions, these anions are absorbed on the wall of nanoflakes. Specifically, ClO;™
ion was closed to the Fe,O3 nanoflakes, whereas the dodecyl sulfate of SDS was relatively far

away from the Fe,O3 nanoflakes because of its long chain structure of alkyl.

Step (ii): Electrodeposition of an ultrathin PPy film on Fe,O3 nanoflakes when applied a high
potential of 1.0V vs. SCE. The oxidation of pyrrole (Py) leads to the formation of a thin
polypyrrole under its oxidized form on the surface of Fe,O3; nanoflakes, form doped with anions
(CIOy), according to the following reaction [39]:

nPy + ynClO,  — [(Py)n(yn)+,ynClO4_] +2(n—1H* + ((2 +y)n— Z)e" (6)

where y stands for the doping level of the polymer, it generally ranges from 0.25 to 0.33.

H,0 - OH + H* + e~ (7
PPy(Cl0,) + OH: — OPPy + HCIO, + --- (8)
20H - H,0, (9)
H,0, - 0, + 2H* + 2e” (10)
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Fe,0; + 6H* — Fe3* + H,0 (11)
Step (iii): Generation of OH- which overoxidizes PPy (OPPy) based on the equations (2) and (3).
Since hydroxyl radical can also react with itself leading to H,0, that is further oxidized to O,, the
produced O, nanobubbles will protect partial PPy species against the action of OH', according to
equations of (9) and (10). And the byproduct H" around the interface of Fe,0O3 and O, bubbles
make the Fe,Os on the surface of nanoflakes region into Fe** ion due to the localized low pH
value, can be up to 1 (equations 11) [40].

nFe3* + 2nPy — 2nH* + PPy + nFe?* (12)
Step (iv): Further electropolymerization (equation 1) growth of the PPy species based on the
template composed of O, nanobubbles and dodecyl sulfate, finally leading to the formation of
PPy nanowires. At the same time, the induced Fe®" ions diffuse into the electrolyte and favorably
bind with the nitrogen-containing groups on PPy nanoleaves via complexation and electrostatic
interactions [29]. During the subsequent electrochemical growth stage of PPy nanowires, Fe®*
elements interact with Py species inside the nanowires region, simultaneously forming a
microcell for chemical polymerization (equations 12), which results in leave-like PPy nanowires
with conical shape because of the Fe** gradient in the growth direction of PPy nanowires. And
then the subsequent heat treatment in air enables the transformation of the doped Fe?* in the PPy
nanoleaves into FeO species. Indeed, the doping of Fe element into PPy regime through
electrostatic interaction is analogous to the carbonization of iron ions adsorbed onto polyaniline

nanosheet/graphene oxide hybrid material reported by Z.J. Fan et al [29].
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Figure 4. The electrochemical properties of Fe,O3 and core-branch Fe,O;@PPy with different
PPy deposition charges: (A) CV curves at 10 mV s, (B) GCD at 1A g™, (C) the relationship
between specific capacitance and current density and (D) the Nyquist diagrams.

As a proof-of-concept demonstration of the function of core-branch Fe,O3@PPy, the cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), rate capabilities and electrochemical
impedance spectroscopy (EIS) were performed in a three-electrode electrochemical cell, as
displayed in Figure 4. The CV curve of a-Fe,O3; have one pair of redox peaks, involving the
Fe?*/Fe** redox couple and probably mediated by the Na* ions in the neutral electrolyte. When
scanned to the negative potential direction, Fe** is reduced to Fe?* with a peak at about -1.05 V
vs. (Hg/HgO) [31]. To avoid the appreciable hydrogen evolution, in this work, the CV curves of

all Fe,05 based electrodes were cycled from -1 V to -0.2 V vs. SCE. Typically, Fe?* is oxidized
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to Fe** when scanned to the positive direction, consistent with the oxidation peak observed at ca.
-0.6 V vs. SCE. in CV of Fe,O3; nanoflakes electrode, as shown in Figure 4A [31]. With the
increasing of PPy deposition, the CVs of Fe,O;@PPy electrodes exhibit quasi-rectangular shape,
indicating their reversible performance. When the PPy deposition reached 1.0 C, another pair of
peaks appears which can be assigned to doping/unhoping process between PPy and Na® for
charge storage. And the redox peaks of Fe,O3;almost disappear probably because of the shielding
effectiveness of the over-deposited PPy species (Figure S3D). Among these core-branch
electrodes, the Fe,O3;@PPy electrode with 0.3C PPy deposition (donated as Fe,O;@PPy-0.3C)
possesses the largest integral area as well as the maximum current response per unit. Moreover,
even at a scan rate of 500 mV s (Figure S9), the CV profile still maintains a quasi-rectangular,
revealing its good rate characteristics. Figure 4B reveals that the Fe,O;@PPy-0.3C possesses the
longest discharge time at a current density of 1 A g*, which is consistent with the
aforementioned CV results. [46] According to Figure 4C and Figure S10 A, with the increment
of PPy deposition charges, the specific capacitance of Fe,O3;@PPy core-branch nanoflakes
increases at the beginning to a maximum (1167.8 F g* at 1 A g™) at 0.3 C PPy deposition, which
is much higher than that of the pristine Fe,O3 nanoflakes electrode (312.5 F g at 1 A g™) and
those reported previously about iron oxides/hydroxides based electrodes (Table S1). Even
considering the quasi-linear part of GCD, the specific capacitance of the optimized Fe,O;@PPy
core-branch nanoflakes (405.5 F g) is still higher than that of pristine Fe,O3 nanoflakes (265.3
F g, as shown in Figure S10 C and D. These results further demonstrate the great advantages
of core-branch structure of Fe,O;@PPy. Afterwards it decreases upon further increment of PPy
deposition because the overloaded PPy (see the SEM in Figure S3 C and D of 0.5 Cand 1.0 C

PPy deposition) hinders the electrolyte ions from penetrating into the pore of Fe,O3 nanoflakes.
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Moreover, rate capability is one of the important factors in evaluating the power application of
supercapacitors as well. The GCD profiles of the pristine Fe,O3; and Fe,O3;@PPy electrodes at
different current densities were measured. From the inset of Figure 4C, the pristine Fe;Os
electrode shows a specific capacitance of 65.0 F gt at 10 A g. The Fe,0;@PPy-0.3C electrode,
by contrast, still maintains a specific capacitance as high as 113.4 F g [47]. The enhanced
capacitance and rate capability of the Fe,O;@PPy-0.3C electrode can be attributed to the
improvement of electrical conductivity of the electrode after coating with the optimized PPy
nanoleaves. The fast ion diffusion kinetics and effective electron transfer rate in the Fe,O;@PPy
nanoflakes electrode are further confirmed by the EIS in Figure 4D. The impedance at high
frequency (100 kHz) reflects the equivalent series resistance (ESR) in the electrode/electrolyte
system, which is related to the electrical conductivity of the electrode [48-49]. The ESR of
pristine Fe,O3 and core-branch Fe,O;@PPy electrodes with 0.1, 0.3, 0.5 and 1.0 C PPy
deposition charges is 1.65, 1.27, 1.14, 1.37 and 1.46 Q, together with the reduced slop of IR drop
of core-branch Fe,O;@PPy-0.3C electrode shown in Figure S10B, concurring the best
conductivity of the core-branch Fe,O;@PPy-0.3C electrode. In addition, the semicircle of the
Nyquist diagram corresponds to the faradaic reactions, its diameter represents the interfacial
charge-transfer resistance (Rc), and the linear part corresponds to the Warburg impedance, which
is described as a diffusive resistance of electrolyte into the electrode pores [50]. The R of
Fe,O3;@PPy-0.3C electrode is the lowest one among these electrodes and the highest slope at low
frequency part demonstrates its superior ion diffusion ability than other electrodes. The results
concur that the combination of high electrical conductivity pathways for charge transfer derived
from the coating of PPy nanoleaves as well as fast ion diffusion kinetics result from honeycomb-

like Fe O3 is responsible for the excellent electrochemical performance of Fe,O;@PPy-0.3C
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electrode.
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Figure 5. Electrochemical properties of bi-metal oxides ASC: (A) CV curves at different scan
rates, (B) the GCD curves at different current densities, (C) the Ragone plot, (D) the life cycle

stability at a current density of 3 A g™ (the schematic of the ASC device shown in the inset).

To further testify the potential applications for energy storage device, a bi-metal oxides ASC
device was assembled (as shown in the inset of Figure 5D, detail information see experimental
section) based on the electrochemical results of Figure S11 and S12A with the MnO, nanosheets
and the core-branch Fe,O;@PPy-0.3C electrodes as the positive electrode and negative electrode,
respectively. The as-prepared bi-metal oxide ASC exhibits an ideal capacitive behavior with
approximately rectangular CV curves from 5 to 500 mV s* (Figure 5A) within a potential

window of 1.8 V, indicating its excellent power characteristics [46]. Moreover, the GCD curves
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of the supercapacitor device at various current densities illustrated in Figure 5B maintain a good
symmetry even at a high current density of 30 A g™, demonstrating its good rate capability. After
deducted the IR drop (see Figure S12B), the obtained specific capacitance and volumetric
capacitance of ASC at various current densities are shown in Figure S12C. And the
corresponding calculated Ragone plot in Figure 5C reveals that the bi-metal oxides ASC delivers
an energy density as high as 42.4 Wh kg'1 at a power density of 268.8 W kg'1 and maintains 2.3
Wh kg™ at an extremely high power density of 19140 W kg*, which exhibits superior
performance over Co3O4/PPY/MnO.//AC (343 Wh kgt at 80.0 W kg?!) [51], MnO,
nanowire/graphene//graphene (30.4 Wh kg™* at 100 W kg™) [52], graphitic hollow carbon
spheres/MnO,//graphitic hollow carbon spheres (40.0 Wh kg* at 210 W kg%) [53],
Ni(OH),/graphene//reduced Hummers’ graphene oxide (31 Wh kg™ at 420 W kg™) [54], MnO,-
graphene foam//CNT-graphene (31.8 Wh kg™ at 453.6 W kg™*) [55] and CoO/PPy//AC (43.5 Wh
kg™t at 87.5 W kg™) [56] with graphene or AC as negative electrodes and is even higher than
MnO,//y-FeOOH bi-metal oxides ASC (37.4 Wh kg™ at 388.5 W kg™) [57]. Furthermore, the
supercapacitor possesses long-term stability over 3000 cycles at a current density of 3 A g as
shown in Figure 5D. The specific capacitance of the device retains 37.4 F g™ after 3000 cycles,
corresponding to 97.1% of its initial specific capacitance (38.1 F g), higher than MnO,
nanowire/graphene//graphene (79% after 1000 cycles) [52], iron/graphene sheets//Ni(OH),/CNTs
(78% after 2000 cycles) [29] and previous reported iron oxides or hydroxide based electrodes
shown in table S1. In order to validate this result, we further performed SEM analysis of the
core-branch Fe,O;@PPy after 3000 cycles (Figure S13). It is clear that core-branch Fe,O;@PPy
still retains the honeycomb-like structure with randomly distributed PPy nanoleaves on the wall,

revealing the protective shell PPy can tolerate the volume expansion and contraction of the Fe,05
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backbone during the cycle test. Besides, as displayed in Figure S14, a simple ASC device is
presented to drive a mini-motor (1.5V, 22.5 mW) for approximately 15 s after charged at 5 A g

for 11s, demonstrating its potential for practical application.
(A)

= Fe,0, == PPy FeO

Schematic 2. The schematic representation of the electrolyte ion and electron transportation path

(A) and volume change (B) during cycle.

The overall performances of the assembled supercapacitor using 3D core-branch Fe,O;@PPy-
0.3C as negative electrode is superior to those with OD (nanoparticles), 1D (nanotubes or
nanorods), 2D (nanosheets), nanocomposites or core-shell structures in table S1, which could be
attributed to the following structure merits: (i). the formation of honeycomb-like Fe,O3 backbone
provides large contact area between the active material and the electrolyte (as shown in the left
part of Schematic 2A), resulting in more efficient electrolyte ions transportation and greatly
increment of material utilization efficiency; (ii). the wrapped PPy branch has superior electrical
conductivity than Fe,O3 species, which could works as “superhighways”, as illustrated in the
right part of Schematic 2A. This core-branch structure leads to the fact that electrons can
transport more efficiently during charge-discharge processes, and thus large improvement in
specific capacitance; (iii). the excellent cycling stability of the obtained supercapacitor device

using core-branch Fe,O3;@PPy as negative electrode materials could be due to the strong
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synergistic effect of honeycomb-like mesoporous Fe,O; nanoflakes and PPy nanoleaves.
Specifically, the mesoporous feature of honeycomb-like Fe,O3; nanoflakes [36] and the protective
function of branched PPy nanoleaves prevent drastic volume variation of Fe,O; and FeO
nanoparticles during the electrolyte ions insertion/extraction process, [16, 37-38] which thus

together improve the life cycle, as displayed in Schematic 2B.

Conclusion

In summary, this work constitutes a novel strategy to rationally design a core-branch
honeycomb-like mesoporous Fe,O3 nanoflakes@PPy nanoleaves negative electrode by combing
hydrogen bubbles dynamic template, hydrothermal method and electrochemical polymerization.
The as-prepared core-branch Fe,O;@PPy electrode exhibits a large variety of unique physical
and chemical properties, such as large accessible surface area, high chemical stability and much
improved electrochemical performance. Moreover, the formation mechanism and morphogenesis
evolution of branched PPy nanoleaves on honeycomb-like Fe,O3; nanoflakes have been
elucidated to extract design principles that may enable the conductive polymer formation on
other metal oxides with similar capabilities. Based on this advancement, a bi-metal oxides ASC
device comprised of core-branch Fe,O;@PPy and MnO, nanosheets electrodes with a maximum
energy density of 42.4 Wh kg™ and a maximum power density of 19.14 kW kg * was achieved,
with more than 97.1% capacitance retention after 3,000 cycles, which is easy to scale up to

industrial production and holds great promise in energy storage/conversion devices.
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