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ABSTRACT

Ternary nanocomposites based on Fe;0,@C core@shell nanoparticles encapsu-
lated in polyaniline were synthesized by using an efficient, two-step procedure
and used as supercapacitor electrode materials for the first time. The mor-
phology of the resulting Fe;O,@C@PANIi nanocomposites was characterized by
transmission electron microscopic measurements, and further structural insights
were obtained by Raman, X-ray diffraction, and X-ray photoelectron spectro-
scopic studies. In electrochemical measurements, the resulting Fe;O,@C@PANi
electrode exhibited a high specific capacitance of 420 F g~ ' at 0.5 A g~ ' as well
as an energy density of 32.7 Wh kg™ at the power density of 500 W kg~ .
Additionally, the Fe;0,@C@PAN] electrode showed excellent long-term stabil-
ity with 82% retention of the capacitance after 5000 cycles at 10 A g~ '. These
results suggest that Fe;0,@C@PANi-based supercapacitors may serve as high-
rate energy storage systems.
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10* W kg™ 1), and excellent rate stability [3-8]. These
significant advantages make supercapacitors

Introduction

In recent years, with the rapid development of
portable electronic devices and electrical vehicles,
rational design and development of safe and
advanced energy storage devices with high power
and energy densities have been attracting extensive
interest in both fundamental and technological
research [1, 2]. Among these, electrochemical capac-
itors, or so-called supercapacitors, represent a unique
technology due to their long lifetime(10* cycles), wide
range of working temperature, rapid charge-dis-
charge performance, high power density (from 10 to

promising energy storage devices for diverse appli-
cations since they can fill the gap between batteries
and traditional dielectric capacitors [9-14]. However,
despite a high power density (P), the energy density
(E) of supercapacitors is generally low (from 0.2 to
10 Wh kg™"), which hampers their practical applica-
tions [15-21]. The energy density can be enhanced by
increasing the specific capacitance (C) and/or the
operating potential window (V) as E = 4CV?. This is
directly related to the choice of the electrode material,
which dictates the energy storage mechanism, as
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supercapacitors can be classified into two categories:
electrical double-layer capacitor (EDLC), and pseu-
docapacitor [22-28]. In general, the energy density of
carbon-based EDLCs is much lower than that of
conventional batteries. To achieve a better electro-
chemical performance, increasing research efforts
have been devoted to advanced pseudocapacitors.
Binary composites based on transition metal oxi-
des/hydroxides and conducting polymers have been
widely used as pseudocapacitor electrode materials
owing to their relatively low costs, ease of prepara-
tion, high theoretical specific capacity, and electro-
chemical reversibility [29-32]. Yet, their low
conductivity and unsatisfactory durability signifi-
cantly limit their practical applications [31, 33, 34]. To
mitigate these issues, substantial efforts have been
devoted to the rational design and engineering of
ternary composites, in particular, hybrids of car-
bonaceous materials, transition metal oxides, and
conducting polymers, as a new promising candidate
of electrode materials [29, 31, 35-38]. Of these, acti-
vated carbon is an ideal carbonaceous material due to
excellent electrical conductivity, good mechanical
strength, and chemical inertness [39-41]. Of the metal
oxides/hydroxides, Fe;O,4 represents a viable struc-
tural component owing to its good redox activities,
environmentally friendly nature, large operational
potential window (—1.2 to +0.25 V), high theoretical
capacity (2299 F g~'), natural abundance, and low
costs [42—46]. For the conducting polymers, polyani-
line (PANI) is a popular choice, because of its low
costs, ease of synthesis, high theoretical specific
pseudocapacitance, high doping-dedoping rate dur-
ing the charge-discharge process, and high electrical
conductivity [47-49]. Note that PANi can store char-
ges at the electrical double layer as well by faradaic
charge transfer. Moreover, like other transition metal
oxides, the low electrical conductivity of Fe;O4
results in compromises of power density. To address
this issue, our work focuses on incorporation of Fe;O,
into electrically conductive frameworks, such as
PANi, forming Fe;O4 conductive framework hybrid
nanostructures. Indeed, ternary composites by the
combination of PANi with activated carbon and
transition metal oxides have been recognized as a
high electrochemical properties material for
enhanced energy storage capacity [50, 51]. Owing to
the synergistic effect of the different components in
the ternary composites, the electrode not only pro-
vides high electrical conductivity and remarkable
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cycling stability, but also increases the specific
capacitance and energy density of the overall
structure.

Herein, ternary nanocomposites based on Fe;O0,@C
core@shell nanoparticles encapsulated in PANi were
prepared by a facile two-step synthetic method and
used as electrode materials for high-performance
supercapacitors for the first time. The advanced
Fe;0,@C@PANi supercapacitor device exhibited
excellent electrochemical properties, such as a high
specific capacitance of 420Fg™' at 05A g,
160Fg' at 50Ag ', an energy density of
32.7 Wh kg' (at the power density of 500 W kg™"),
and good long-term stability (82% capacitance
retention after 5000 cycles). The results suggest a new
strategy in the design and fabrication of ternary
nanocomposites for high-performance energy storage
applications.

Experimental section

Synthesis of ternary Fe;0,@C@PANi
nanocomposites

Fe;0,@C core@shell nanocomposites were synthe-
sized by a hydrothermal strategy (Scheme 1) [2].
Briefly, 0.6 g of glucose was dissolved into a solution
containing 150 mL of deionized water, 1.2 g of
FeCl;.6H,0O, 3.6 g of sodium acetate, and 30 mL of
ethylene diamine. The solution was then transferred
into a 200 mL Teflon-lined autoclave and heated at
180 °C for 12 h. The products were cooled down
naturally, separated by filtration, washed for several
times with water, and finally collected by centrifu-
gation. The obtained sample was then dried in oven
at 60 °C for 12 h, affording Fe;O,@C core@shell
nanocomposites. As a comparison, pure Fe;O, was
also synthesized in the same manner but without the
addition of glucose.

Ternary Fe;O,@C@PANi nanocomposites were
prepared by adopting a polymerization method [38],
as illustrated in Scheme 1. Briefly, 1.8 g of the
Fe;0,@C prepared above was dispersed into 160 mL
of H,SO, (0.5 M) under sonication. 0.6 mL of aniline
monomer was then added into the solution under
vigorous magnetic stirring at 0 °C for 1 h, into which
was then added in a dropwise fashion 40 mL of
H,SO,4 (0.5 M) containing 1.5 g of (NH4)»5,0g. The
obtained solution was placed in an ice bath (~ 5 °C)
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Scheme 1 Schematic illustration of the synthetic process of the ternary Fe;O04@C@PANi nanocomposites.

under mechanical stirring for 24 h to allow the
polymerization process to complete. The final prod-
ucts were collected by centrifugation, rinsed with
ethanol and deionized water to remove the impuri-
ties, and dried at 60 °C for 24 h.

Characterization

The morphologies of Fe;04 Fe;0,@C and Fe;O,@-
C@PAN]i were characterized by field-emission scan-
ning electron microscopy (FESEM, Quant 250FEG)
and transmission electron microscopy (TEM, JEOL
JEM-2010F) measurements. Elemental mapping
studies based on energy dispersive X-ray (EDX)
analysis and selected-area electron diffraction
(SAED) were carried out on the JEOL 2010F micro-
scope. The crystal structures of the samples were
investigated by powder X-ray diffraction (XRD)
measurements on a BRUKER diffractometer (D8
advance CuK, radiation source, A = 0.15406 nm), and
Raman spectra were acquired with a Renishaw in Via
micro-Raman system (Thermo Fischer DXR) with a
He-Ne laser beam at the excitation wavelength of
532 nm under ambient conditions. X-ray photoelec-
tron spectroscopy (XPS) tests were performed using a
Kratos-Axis spectrometer with a monochromatic Al
K, (1486.6 eV) X-ray source (15 kV and 10 mA) and a
hemispherical electron energy analyzer.

Electrochemistry

A two-electrode cell system was employed to mea-
sure the electrochemical performance of the as-pre-
pared electrodes in 1 M KOH electrolyte with a
porous nonwoven cloth separator. The working
electrodes ware prepared by pressing a homoge-
neous slurry containing 80 wt% Fe;O4@C or
Fe;O,@C@PANI as the active materials, 10 wt% car-
bon black, and 10 wt% polytetrafluoroethylene
(PTFE) with a small amount of ethanol onto a nickel
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foam current collector (1 cm x 1 cm, under a pres-
sure of 10 MPa). The mass of the active materials
(Fe30,@C or Fe;O,@C@PAN:I) for all electrodes was
controlled to be about 1.5 mg. After being dried at
90 °C for 12 h in a vacuum oven, the working elec-
trodes were immersed in 1 M KOH aqueous solution
for 24 h to ensure equilibrium contact between the
active materials and electrolyte. All electrochemical
measurements including cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were carried
out at ambient temperature with a CHI 660B elec-
trochemical workstation.

Results and discussion
Morphology and structure characteristics

The morphologic structures of the as-prepared sam-
ples were firstly characterized by TEM measure-
ments. From Fig. 1a, one can see that the Fe;O,
nanoparticles exhibited a spindle-like shape, of ca.
100 nm in length and ca. 10 nm in cross-sectional
diameter. For the Fe;O,@C sample (Fig. 1b), it can be
clearly observed that the Fe;O, surface was uni-
formly covered by an activated carbon film. For the
Fe;04@C@PANi  nanocomposites  (Fig. 1c), the
Fe;0,@C can be seen to be encapsulated with a PANi
film and formed aggregates of 100-200 nm across.
(This is also manifested in FESEM measurements,
Fig. 1c inset.) In HRTEM and SAED studies (Fig. 1d),
the Fe;O, nanoparticles can be seen to display well-
defined lattice fringes with an interplanar spacing of
around 0.253 nm, consistent with that of the Fe;O,
(311) crystalline planes [52]. The SAED patterns
(Fig. 1d inset) are also in good agreement with those
of Fe;0y4 [52].

Further structural insights were obtained by EDX
studies (Fig. 2a), where the elements of C, O, Fe, and
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Figure 1 Representative TEM images of a Fe;0,4, b Fe;0,@C,
and ¢ Fe;04@C@PANI. Scale bars are all 100 nm. Inset to panel
(c) is a corresponding SEM image, with a scale bar of 500 nm.

N can be readily identified in the sample (Fig. 2b).
From the corresponding elemental maps (Fig. 2c—f),
these elements can be seen to be rather evenly dis-
tributed within the nanocomposites, further con-
firming the formation of ternary nanocomposites.
From the Raman spectra in Fig. 3a, one can see that
both Fe;0@C (red curve) and Fe;O,@QC@PANIi
(green curve) exhibited a pair of prominent peaks.
The one centered at 1355 cm ™' is the so-called D band
corresponding to edges and/or defective sites of
graphitic carbon, and the other at 1595 cm™' is
defined as the G band, corresponding to the vibration
of sp>-hybridized carbon. These are very well defined
with carbon black (black curve). Additionally, we
have calculated the Ip/Ig values for the D and G
bands of the samples in Raman spectra: 1.03 for car-
bon black (black curve), 1.04 for Fe;O,@C (red curve),
and 1.05 for Fe;O,@C@PANi (green curve). Two
additional peaks can also be seen at 1160 and
1490 cm™ ! with the Fe;0,@C@PANi nanocomposites,

d Representative HRTEM image of Fe;04, with a scale bar of
10 nm. Inset is the corresponding SAED patterns.

due to C-H vibrations of the benzenoid ring and C-N
stretching deformation of the quinonoid units in
PANIi. The XRD patterns of the samples are shown in
Fig. 3b. In all the curves (carbon, Fe;O,@C and
Fe;0,@C@PAN]I), the strong peak at 26° is due to the
C (002) diffraction. The XRD patterns of Fe;O,@C
composites exhibited peaks centered at 21°, 35.7°,
43.3°,53.7°,62.5°, and 67°, corresponding to the (220),
(311), (400), (422), (333), and (440) diffractions of
Fe;O4, respectively [53, 54]. These peaks can be
clearly found in Fe;0,@C@PANi nanocomposites as
well. Furthermore, no well-defined diffraction pat-
terns can be identified for PANi, suggesting its
amorphous nature [55].

To further reveal the chemical composition and
bonding nature of the various elements in the
nanocomposites, XPS measurements were carried out
and the results are shown in Fig. 4. From the survey
spectrum in Fig. 4a, four peaks can be identified for
Fe;0,@C@PANI at around 285, 400, 532, and 712 eV,
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Figure 2 a, b EDX patterns of Fe;0,@C@PANi, with the corresponding elemental maps of ¢ C, d O, e Fe, and f N in the
Fe;04@C@PANi nanocomposites.
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Figure 3 a Raman spectra and b XRD patterns of C, Fe;0,@C, and Fe;0,@C@PAN:I.

which may be assigned to the C 1s, N1s, O 1s, and Fe to C-C/C=C, C-O/C-N, and C=0O, respectively
2p electrons, respectively [56]. The formation of PANi (Fig. 4b) [52]. In Fig. 4c, the high-resolution scan of
can be seen by high-resolution scans of the Cls N1 s electrons was deconvoluted into three peaks at
electrons, where deconvolution of the spectrum 399.3, 400.1, and 401.8 eV, which correspond to imine
yielded three peaks at 284.8, 285.6, and 288.9 eV, due (=N-), amine (-NH-), and protonated amine (-N ),
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Figure 4 a XPS survey spectrum and high-resolution scans of b C 1s, ¢ N Is, d O 1s, and e Fe 2p electrons of Fe;0,@C@PAN:i.

respectively [57]. In the Ols spectrum (Fig. 4d), two
peaks were resolved at 531.7 and 533.6 eV, due to
oxygen bonded to Fe and C, respectively. Figure 4e
displays the Fe 2p spectrum, and the peaks centered
at 712.3 and 724.4 eV were consistent with the Fe 2p;,
> and Fe 2p;,, electrons of Fe;O,, respectively [58].
Additionally, based on the integrated peak areas, the
elemental composition in Fe;O,@C@PANi nanocom-
posites can be estimated to be 68.3 at.% for C,
10.2 at.% for N, 17.2 at.% for O, and 4.3 at.% for Fe.

Electrochemical characterizations

Capacitance characteristics of these nanocomposites
were then examined by CV, GCD, and EIS mea-
surements within the potential range of 0 to 4- 0.7 V.
Figure 5a shows the CV curves of the Fe;O,@C and
Fe;0,@C@PANI electrodes at the potential scan rate
of 50mVs™' in a 1M KOH electrolyte. It can be
clearly observed that all CV curves are quasi-rectan-
gular in shape without any obvious redox peaks, and

the CV curve of the Fe;0,@C@PANI electrode shows
a larger integration area than that of the Fe;O,@C
electrode, indicating a better capacitive performance
and faster charge/discharge property for power
storage of the former.

To further evaluate the charge storage properties of
these electrodes, we also measured GCD curves at the
same current density of 1 A g~ (Fig. 5b). It can be
seen that the Fe;O0,@C@PANI electrode exhibited a
longer discharge time, and the specific capacitance
(380 F g~') was indeed higher than that (120 F g™ ') of
the Fe;O,@C electrode. This suggests enhanced
charge storage property with the encapsulation of
Fe;0,4@C by a conducting polymer film of PAN], in
good agreement with the CV results. Additionally,
the GCD curves of both Fe;O,@C and Fe;O @-
C@PANI display a quasi-triangular shape, signifying
the combined contributions of both double-layer
capacitance from C and pseudocapacitance from
PANi chains as well as Fe;O4 nanoparticles (though
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potential scan rate of 50 mV s~'. b GCD curves of Fe;0,@C and
Fe;0,@C@PANi at the current density of 1 A g~'. ¢ Nyquist

no well-defined voltammetric peaks are seen in
Fig. 5a).

To evaluate the electrical conductivity of the
nanocomposites, EIS tests were carried out in the
range of 0.1 Hz-100 kHz. Figure 5c depicts the
Nyquist plots, and the equivalent circuit is shown in
the inset, where the semicircle in the high-frequency
region reflects the interfacial charge-transfer resis-
tance (R.) and the linear part in the low-frequency
region refers to the Warburg resistance (W4) due to
diffusion of electrolyte species [59]. It can be seen that
whereas the shape of the semicircle is similar for both
Fe;0,@C and Fe;O,@C@PANI, R is significantly
smaller for Fe;O,@C@PANI (1.5 Q) than for Fe;0,@C
(3.8 Q), indicative of enhanced electron-transfer
kinetics. In addition, the intercept (Rs) to the x-axis
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can be estimated to be 3.8 Q for Fe;0,@C and 1.55 Q
for Fe;0,@C@PANI, signifying that indeed the
incorporation of a PANi layer enhanced the electrical
conductivity of the nanocomposites. Notably, one can
see that the slope of the linear segments greater for
Fe;04@C@PANi than for Fe;O,@C, indicating
increasingly capacitive nature of the former. Fur-
thermore, from GCD curves (Fig. 5b), the specific
capacitance was estimated to be 120 Fg' for
Fe;0,@C and almost tripled to 380 Fg™' for
Fe;0,@C@PANi at 1 A g, as shown in Fig. 5d.
With such a remarkable performance, the Fe;O,@-
C@PANi nanocomposites were then used to con-
struct a symmetric supercapacitor (Fig. 6a). Figure 6b
displays the CV curves of the supercapacitor at var-
ious scan rates from 20 to 200 mV s~ '. All the curves
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Figure 6 a Schematic diagram of a symmetric Fe;04@C@PANI supercapacitor device. b CV curves of the device at different scan rates.
¢ GCD curves of the device at various current densities and d specific capacitance versus current density plot of Fe;04@C@PAN:.

exhibit a nearly rectangular-like shape without
obvious redox peaks even at an ultrahigh scan rate,
indicating ideal capacitive behavior and good rate
capability of our device. As shown in Fig. 6c, there is
no clear IR drop in GCD measurements within the
current density range of 0.5-50 A g, indicating
facile electron transfer and electrolyte ion diffusion in
the device. Additionally, the GCD curves were all
nearly symmetric, indicative of good charge—dis-
charge stability. The specific capacitance (C) of the
electrode can be calculated from the GCD curves,
C = IAt/(mAV), where I is the specific current, At is
the discharge time, m is the mass of the electroactive
materials in the electrodes, and AV is the voltage
range.

Figure 6d depicts the specific capacitances of
Fe;O,@C@PANI at different current densities, which

decreased with the increase in the discharge current
densities. Nevertheless, Fe;0,@C@PANi can be seen
to exhibit a high specific capacitance from 420 to
160 F ¢! as the current densities vary from 0.5 to
50 A g~'. In addition, 38% of the initial specific
capacitance was retained when the discharge rate
was increased from 0.5 to 50 A g~ '. This suggests
good rate capability due to the small charge-transfer
resistance.

Long-term cycle stability is another significant
factor in practical applications, which was evaluated
through consecutive charge—discharge process at the
current density of 10 A g™ for up to 5000 cycles, and
the results are depicted in Fig. 7a. One can notice that
more than 80% of the capacitance was retained and
the shape of GCD curves did not change appreciably,
suggesting a low leakage current and excellent long-
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term cyclic stability of the FCP electrode materials.
From the Ragone plot in Fig. 7b, one can see that the
symmetric supercapacitor device displays a maxi-
mum energy density of 32.7 Wh kg™' at a power
density of 500 W kg™ '; and even at the high power
density of 19,000 W kg_l, it still maintains an energy
density of 15.5 Wh kg~'. This suggests that Fe;0,@-
C@PANIi ternary nanocomposites may serve as
effective electrode materials for high-rate electro-
chemical energy storage devices.

Conclusions

In summary, ternary Fe;O,@C@PANi nanocompos-
ites were synthesized by a multi-step strategy and the
electrochemical properties were examined. The for-
mation of a PANi overlayer facilitated electron
transfer. Owing to the synergistic effects of the highly
conductive carbon and PANi components and sig-
nificant pseudocapacitance contributions from PANi
and Fe;O4 particles, the sandwich-like Fe;O.@-
C@PANi nanocomposites exhibited an excellent
electrochemical performance as a supercapacitor
electrode, with a large specific capacitance of
420F g at 05A ¢!, high energy density of
32.7 Wh kg™ ', and good rate capability. (Thirty-eight
percent retention with the current density increased
by 100 times.) Overall, the results offer a new, effec-
tive strategy in the design and preparation of ternary
nanocomposites for high-performance electrochemi-
cal capacitors.
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