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Abstract: Considering their high abundance in the earth, iron-based materials have occasionally been
regarded as promising electrode materials for supercapacitors. However, monometallic iron-based
electrodes still demonstrate an insufficient specific capacitance value in comparison to monometallic
Mn-, Ni-, and Co-based compounds and their combined materials. Herein, an enhanced iron-based
heterostructure of Fe30,@Fe;P was prepared via the in situ phosphorization of Fe304. Compared to
pristine Fe3Oy, the Fe30,@Fe;P heterostructure showed a capacity enhancement in KOH aqueous
solution. The improved electrochemical performance can be attributed to both the core shell structure,
which favors buffering the collapse of the electrode, and the synergistic effect between the two iron
compounds, which may provide abundant interfaces and additional electrochemically active sites.
Moreover, the assembled asymmetric supercapacitor device using the Fe30,@Fe;P heterostructure as
the positive electrode and activated carbon as the negative electrode delivers a high energy density
of 13.47 Wh kg_l, a high power density of 424.98 W kg_l, and an acceptable capacitance retention
of 78.5% after 5000 cycles. These results clarify that monometallic Fe based materials can deliver a
potential practical application. In addition, the construction method for the heterostructure developed
here, in which different anion species are combined, may represent a promising strategy for designing
high-performance electrodes.

Keywords: Fe3Oy; Fe,P; supercapacitor

1. Introduction

Among the various types of energy storage devices, supercapacitors and batteries
have a wide range of applications and receive much attention. Compared with batteries,
supercapacitors have become an influential energy storage device with the advantages
of high power density, fast charging and discharging, good cycle stability, and high oper-
ational safety [1-3]. The inherent properties of electrode materials are important factors
affecting the energy storage performance of supercapacitors, and, so far, the widely used
materials for supercapacitors are carbon materials [4,5], metal oxides [6], and conducting
polymers [7]. Among these materials, RuO; is reported to be one of the excellent candidates
for the electrode materials for supercapacitors due to its high conductivity and high capac-
ity [8]. However, its toxicity and high cost limit its practical application in industry. Among
the many metal oxides, iron oxides have become an alternative material to RuO; in super-
capacitors and have gained widespread attention due to their various three-dimensional
electronic configurations and different morphological and physical phase compositions [9].
For example, Li et al. attached Fe3O4 nanosheet arrays to Fe wires and obtained Fe3O4
nanosheet arrays with a specific capacitance of 20.8 mF cm~! at 10 mV s~! and a retention
rate of 91.7% after 2500 cycles [10]. Tang et al. synthesized layered heterostructures of
Fe3O4@Fe,O3 core-shell nanorod arrays (NRAs) by solvothermal and electrodeposition
processes, showing large bulk capacitance (1206 F/cm?®) with a good rate capability and
cycling stability [11].
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However, most transition metal oxides have poor electrical conductivity and durability,
so researchers have begun to focus on some metal oxide derived materials, such as tran-
sition metal sulfides [12], phosphides [13], selenides [14], and nitrides [15], among which
transition metal phosphides (TMPs) have become good conductors of heat and electricity
due to their strong mechanical hardness and stability [16]. When transition metals are
combined with elemental phosphorus due to the lower electronegativity of phosphorus,
the bond ions are reduced, resulting in better metal-like properties than metal carbides
and nitrides. TMPs with different microstructures were explored; for example, Wei et al.
designed CoP nanocubes with a specific capacitance of 600 F g ~! at 1 A g~! current
density [17]. Cuiia et al. prepared carbon nanocomposites containing iron/phosphorus
compounds via porous carbon, exhibiting enhanced specific capacitance up to 447 F g~ ! at
10 A g~! and good multiplicative properties [18]. Recently, some heterostructured materials
were also widely investigated for energy storage devices. In particular, van der Waals
layered heterostructured materials can provide a large number of active sites, accelerate
the contact between the electrode material and the electrolyte, and improve ion transfer
kinetics [19,20]. Therefore, the rational design of materials with heterogeneous structures is
extremely important to improve the performance of electrode materials for energy storage
devices. So far, heterostructured materials are widely used in fields such as electrocatalysis,
while they are less reported in energy storage fields such as supercapacitors. To form
monometallic iron heterostructures, which require the exploration of interfaces composed
of a single metal and different anions, remains a challenge.

In this experiment, spherical Fe3O4 was first prepared by the solvothermal method
and then phosphorylated in a tube furnace to obtain the Fe304@Fe;P heterostructure. The
heterostructure was subjected to a series of structural and morphological characterizations
and applied to a supercapacitor as a working electrode for a series of electrochemical tests.
The electrochemical performance of the Fe;O,@Fe, P heterostructure is significantly better
than that of Fe3Oy in the three-electrode system, with a specific capacitance of 651.25 F g~ !
at 0.5 A g~!. When Fe30,@Fe,P is composed of asymmetric supercapacitor devices with
activated carbon (AC), it exhibits excellent capacitive behavior with a power density of
424.98 W Kg~! at a maximum energy density of 13.47 Wh Kg~! and a capacitance loss of
only 21.5% after 5000 cycles at 6 A g1, with an excellent capacitance retention rate, showing
good cycling stability. Finally, after a full charge, two sets of all-solid-state asymmetric
supercapacitors connected in series can light up a red LED and keep it lit for one minute,
showing good commercial potential.

2. Experimental Section
2.1. Materials

The reagents used in this experiment were all of analytical grade and did not need
to be purified. Ferric chloride hexahydrate (FeCl;-6H,0), anhydrous sodium acetate
(CH3COONa), polyethylene glycol (PEG), and sodium hypophosphite (NaH,PO,) were
purchased from Sinopharm Chemical Reagent Co., Ltd., Ningbo, China. Ultra-high-capacity
porous carbon activated carbon (AC) with a specific surface area of 2000 m? g~! and a
particle size of 10 um was purchased from Aladdin, and ethylene glycol (EG) was purchased
from Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. Synthesis of Fe30,4@Fe, P
2.2.1. Preparation of Fe304

First, 1.35 g of FeCl3 6H,O, 3.6 g of anhydrous sodium acetate (CH3;COONa) and 1.0 g
of polyethylene glycol (PEG) were weighed, dissolved in 40 mL of ethylene glycol (EG),
sonicated for 30 min, and stirred at room temperature to mix the solution well. The above
mixture solution was then transferred to 100 mL of PTFE liner, loaded into a stainless steel
reactor, screwed on, and reacted at 200 °C for 10 h. After the reaction kettle was cooled to
room temperature, the product was centrifuged and washed more than three times with
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deionized water and ethanol. Finally, the target product Fe;O4 was obtained by vacuum
drying in a vacuum-drying oven at 60 °C overnight.

2.2.2. Preparation of Fe;0,@Fe, P Heterostructure

First, 0.2 g sodium hypophosphite (NaH,;PO;) and 0.1 g Fe3O,4 were placed in two
porcelain boats, respectively, in the upper and lower reaches of the tubular furnace. Un-
der the protection of N, atmosphere, the final product Fe;O4@Fe,P heterostructure was
obtained by calcination for 2 h in the tubular furnace at 350 °C.

2.3. Characterization

The crystal structure and phase composition of the samples were tested and analyzed
by X-ray diffraction (XRD) with a sweep speed of 8°/min and a test range of 10° to 80°.
Surface morphology and internal structure of the samples were analyzed by field emission
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The
fully automated specific surface area and pore size of the samples were tested by Brunau-
er—-Emmett-Teller (BET) with full pore test conditions. The elemental composition and
chemical valence of the samples were analyzed by X-ray photoelectron spectroscopy (XPS).

2.4. Electrochemical Measurements

Electrochemical experimental tests (including EIS, CV, GCD, and cycling perfor-
mance tests for two or three electrodes) were performed. In the three-electrode system,
Fe;04@Fe,P was used as the working electrode, Pt sheet electrode as the auxiliary elec-
trode, and saturated glycury electrode as the reference electrode, and the electrolyte was
1 mol/L KOH aqueous solution [21]. The working electrodes were prepared as follows.
Firstly, the pretreatment of nickel foam was carried out, and the nickel foam was cleaned
in acetone and 1 mol/L aqueous hydrochloric acid, deionized, ultrasonicated in hydrous
ethanol for 10 min, and then dried under vacuum at 60 °C overnight. Subsequently, the
working electrode was prepared by weighing 15 mg of active substance sample, 3 mg of
acetylene black, and 2 mg of PVDF (mass ratio 75:15:10); mixing well with a mortar and
pestle; adding 3 drops of 1-methyl-2-pyrrolidone (NMP); uniformly grinding into a slurry;
and then applying the slurry to 1 x 1 cm square of nickel foam. Then, it was dried under
vacuum at 60 °C for 12 h. Finally, the working electrode was obtained by pressing the
nickel foam under the pressure of 25~30 MPa, and finally the coated slurry was partially
soaked in 1 mol/L KOH aqueous solution for more than three hours for pre-activation. The
activated carbon electrode was made using the same process as the sample electrode.

In addition, to prepare a two-electrode system, asymmetric supercapacitors
(Fe30O4@Fe,P | | AC) were assembled with activated carbon (AC) selected from KOH/PVA
as the gel electrolyte. The specific capacitance [22] (C, F g~1), energy density (E, W hkg™1),
and power density [23] (P, W kg~!) were calculated as follows:

IAt
€= mav @
E=—1 sav®xcC 2)
- 2x36
E x 3600
P=—"& ©)

where I, At, m, and AV represent current density, discharge time, mass load, and voltage
window, respectively.

3. Results and Discussion

In this experiment, Fe3O4 was first synthesized by the solvothermal method, with
ethylene glycol (EG) as the solvent and FeClz-6H,O as the only iron source. NaAc not
only played the role of dispersant but also played the role of structural guide. The amount
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of NaAc in the reaction can control the size of the Fe;O, particles. Since NaAc can form
an electrostatic balance in the system, electrostatic repulsion and steric hindrance can be
generated between the static and growing particles. Therefore, NaAc acted as a dispersant
in the reaction system. PEG molecules as polymers can be bonded to the surface of Fe304
particles by hydrogen bonding when dissolved in EG. The formation of Fe304 involved the
following reaction equation [24]:

FeCl3-6H,0 + NaAc + HOCH,CH;OH — Fe30y4 4)

Then, the Fe304 and NaH,PO, formed the Fe304@Fe,P heterostructure by the solid-
phase phosphating method. NaH;PO, can be decomposed to produce PH3 gas at 350 °C,
and PHj; was deposited on Fe3O4 by the flow of N,. The surface of Fe3O,4 was partially
phosphated with PHj gas to form the Fe3O4@Fe;P heterostructure, as shown in Figure 1.

o® ——
: = ] : V, > 1 NaHZ POZ Fe3o4
O Fedt [ | —N EA i -
® PEG Y \)
200 C,10h 350 °C,2h 1 =
. NaAc \ ") EG ] Fe304 Fe304@Fe2P

Figure 1. Schematic illustration of the fabrication of Fe;O,@Fe;P heterostructures.

The composition and crystal structure of the samples were analyzed by XRD, as shown
in Figure 2. The diffraction peak of the Fe;0, intermediate was sharp, which indicated
that it has good crystallinity. In addition, the diffraction peak angle and intensity were
basically consistent with the XRD standard card (JCPDS No.19-0629). The diffraction peaks
at 26 = 35.42°, 56.94°, and 62.52° corresponded to the (311), (511), and (440) crystal planes
of Fe30y, respectively. From the burr of the diffraction peak, we can see that the purity of
Fe3;04 was not very good. The reason may be that some unwashed impurities interfered
with the diffraction peak. The Fe304@Fe, P sample after phosphating treatment had a small
amount of Fe3Oy diffraction peaks, and the intensity was slightly weakened. There were
other weak peaks. It was found that it was in good agreement with the XRD standard card
of Fe,P (JCPDS No.27-1171) after comparison, and the intensity was slightly weakened.
The reason may be that the degree of phosphating or the diffraction peak of Fe304 magnetic
interference was not enough.

— Fe,0,
Fe,0,@Fe,P

o

TRV U

Fe,0, JCPDS No.19-0629

] | || ] [ T ]
Fe,P JCPDS No.27-1171
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20(degree)

Intensity(a.u.)

Figure 2. XRD patterns of Fe;0, and Fe30,@Fe;P.
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Figure 3 shows the microscopic morphology of the samples before and after phos-
phorylation by field emission scanning electron microscopy (SEM). Figure 3a—c are the
SEM images of Fe3Oy, at different magnifications. Fe;Oy self-assembled nanospheres under
solvothermal conditions can be seen by electron microscopy. The Fe30O4 nano—-microspheres
were relatively uniformly distributed, and the size was maintained at about 300 nm. Dif-
ferent degrees of pores can also be observed on the surface, which greatly increased their
specific surface area. The SEM images of the Fe304@Fe,P sample after partial phosphating
are shown in Figure 3b—d, which basically maintained the spherical structure, indicating
that the high-temperature calcination during the phosphating treatment did not cause too
much damage to the structure of Fe3O4. In addition, the surface of Fe3O4 nanospheres was
observed to a layer of flocculent material, which may be due to the partial phosphide Fe,P
left during the phosphating treatment.

Figure 3. SEM images at different magnifications of Fe304 (a—c) and Fe30,@Fe;P (d—f).

The internal structure of the sample can be further characterized by TEM test, as shown
in Figure 4. Figure 4a—c show the TEM images of Fe3O; at different magnifications, showing
a spherical shape with a uniform size; the size was about 300 nm. As opposed to the SEM
of our previously analyzed samples, it can be seen that there were pores of different sizes
internally distributed, showing a clear porous structure. Figure 4c is a high-magnification
TEM. It can be clearly seen that the interplanar spacing was 0.469 nm. After comparison,
it was found that it corresponded to the (111) crystal plane of Fe304 (JCPDS No.19-0629),
which further proved the conclusion of XRD. Figure 4d—f show the TEM image of the
sample after phosphating; it still remained spherical after phosphating, and the spherical
surface was covered with a layer of flocculent material, which may be the new product
Fe,P after partial phosphating. Figure 4f is a high-magnification TEM. From the picture,
the clear boundary can be seen; the part with lattice fringes in the middle was Fe3O,, and
the edge part was Fe, P, which proves this was Fe3O4@Fe, P with a heterostructure.

To further verify the porous structure of the samples, the samples were analyzed by
N, adsorption—desorption experiments to determine the specific surface area and pore
size distribution of the samples, as shown in Figure 5. The shapes of the N, adsorption—
desorption curves of the samples before and after phosphorylation remained consistent.
In addition, there was a clear hysteresis loop (Figure 5a). The specific surface area of
the original Fe;O4 sample was only 2.22 m? g~!, and, as the reaction proceeded, the
hysteresis loop of the phosphorylated sample increased, and the specific surface area
reached 7.10 m? g~!, probably because the calcination during phosphorylation caused a
certain expansion effect on the spherical structure. From Figure 5b, it is easy to see that the
two samples mainly consisted of mesoporous structures of 20-50 nm, while the Fe304@Fe,P
samples also had a small number of microporous structures of 1-2 nm, further indicating
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that the Fe30,@Fe;P heterogeneous structure had more abundant pore structures than
Fe304, which greatly increased the effective electrode material and electrolyte during the
electrochemical test. Moreover, the rich pore structure can also provide a large number of
active sites for reversible redox and form fast-diffusion channels for ions, thus improving
its electrochemical performance.

Figure 4. TEM images at different magnifications of Fe304 (a—c) and Fe304@Fe,P (d—f).
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Figure 5. Nitrogen adsorption—desorption isotherm (a) and pore size distribution (b) of Fe;O, and
Fe3O4@Fe2P.

In order to further characterize the chemical element state of the sample, the Fe30,@Fe,P
heterostructure was selected for the XPS test; as shown in Figure 6, the full spectrum (Figure 6a)
shows that the selected sample has three elements: Fe, O, and P. Figure 6b shows that the Fe
2p spectrum can be divided into two peaks at 713.28 and 727.18 eV, proving the existence
of Fe**, and two peaks at 710.78 and 724.48 eV, proving the existence of Fe?". In the O 1s
high-resolution spectrum (Figure 6¢), three peaks at different positions were fit, 530.78, 531.38,
and 531.88 eV, which correspond to Fe-O, P-O, and O-H, respectively. Figure 6d shows the
high-resolution spectrum of P 2p, which is mainly fit with two peaks of P-O and Fe-P. Based on
the above XPS peak separation results, it can be concluded that the product after phosphating
was the Fe3O,@Fe; P heterostructure.
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Figure 6. (a) XPS survey spectra, (b) Fe 2p high-resolution spectra, (c) O 1s high-resolution spectra,
and (d) P 2p high-resolution spectra of Fe3O4@Fe,P.

In order to analyze the electrochemical performance of the prepared electrode material
samples in supercapacitors, a three-electrode system was assembled with a 1 M KOH
aqueous solution as the electrolyte and Fe304 and Fe304@Fe;P as the working electrodes
for performance testing. Figure 7a—c show the comparison of Fe;O4 and Fe;O4@Fe,P
in EIS, CV, and GCD tests, respectively. The radius size of the semicircle in the high
frequency region represented the transfer resistance of electrons, and it can be seen from
Figure 7a that the semicircle radius of the Fe;O4@Fe,P electrode was smaller than that
of Fe30y, indicating that the phosphorylated Fe;0,@Fe,P sample had a smaller charge
transfer resistance, while the slope size of the straight line in the low frequency region
showed the diffusion resistance size; and it can be seen from Figure 7a that the slope of
the Fe304@Fe,P electrode was steeper compared to that of the Fe304 sample, which also
confirmed that the Fe;O0,@Fe,P electrode had a smaller diffusion resistance. In general, the
resistance of FesO,@Fe, P was smaller, which as more conducive to the electron transfer
of the electrode material in the electrolyte transfer and ion diffusion, with more excellent
electrochemical properties. Figure 7b shows the CV curves of both electrode materials at a
scan rate of 100 mV s~ !, with a pair of obvious symmetric redox peaks in the voltage range
of 0~0.7 V, showing good pseudocapacitance characteristics. Figure 7c shows the GCD
curves of both samples at 0.5 A g~ !, showing asymmetric linearity and obvious plateaus of
charge and discharge potentials and further demonstrating the pseudocapacitive behavior
of the electrode materials, and the data showed that the Fe304@Fe,P electrode had a longer
discharge time and larger specific capacitance. Considering the results of EIS, CV, and GCD
analysis together, the Fe30,@Fe,P material exhibited superior electrochemical performance.
Therefore, the electrochemical properties of Fe30,@Fe;,P electrode materials are separately
analyzed in Figure 7d—f. Figure 7d shows the CV curves of Fe30,@Fe,P at different scan
rates. From Figure 7d, it can be seen that the CV curve area gradually increased with the
increase in sweep rate, and the curve almost kept the initial shape. Even at the maximum
sweep rate of 100mVs~!, obvious redox peak can still be observed, which indicated that
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Fe304@Fe;,P has good stability and rate performance during the charging and discharging
process. It is noteworthy that the position of the redox peak gradually and slightly shifted
in the higher/lower direction as the sweep speed increased, which may be due to the
electrode material generated by the polarization phenomenon in the electrolyte at high
sweep speeds. Figure 7e shows the GCD curves of Fe304@Fe,P electrode materials at
different current densities, all with obvious charge/discharge potential plateaus, which
also verified the conclusion of the CV curves. The specific capacitance was calculated to
be 651.25 Fg’l at0.5 A g’l. As shown in Table 1, the specific capacitance of Fe;0,@Fe;P
was compared with other similar electrode materials under this operating condition. The
excellent electrochemical properties of Fe30,@Fe,P materials may be attributed to the
formation of interfacial heterostructures with different sized pore channels, which provide
abundant redox reaction active sites” accelerated electron transfer and formation of fast-
diffusion channels for ions. Based on this, the specific capacitance of Fe3O04@Fe,P electrode
materials is higher than that of the other similar electrode materials listed in Table 1.
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Figure 7. Electrochemical properties of Fe;O4 and Fe30,@Fe,P in 1 M KOH electrolyte. (a) EIS spectra
of Fe30, and Fe;0,@Fe,P. (b) CV curves of Fe;0, and Fe;0,@Fe,P at 100 mV S~ L. (¢) GCD curves of
Fe30,4 and Fe;0,@Fe,P at 0.5 A gfl. (d) CV curves of Fe30,@Fe,P at different scanning rates. (e) GCD

curves of Fe30,@Fe,P at different current densities. (f) Cyclic stability test of Fe30,@Fe,P at 5 A gfl.

Table 1. Comparison of the specific capacitance of Fe30,@Fe, P with that of the other similar electrode
materials presented in this paper.

Current Density Specific Capacitance

Electrode Electrolyte Ag) (Fg 1) Ref.
Fe;O4,@Fe,P 1 M KOH 0.5 651.25 This work
Fe30y/carbon 6 M KOH 0.5 586 [25]
Fe304@polypyrrole 1M H,S0q4 1 290.2 [26]
Fe;0,@C@PANi 1M KOH 0.5 420 [27]
Fe;0,@C@MnO, 1M NapSOy 05 158 [28]
Na/N/P-GNS 5M H,SO4 499 [29]
Ni, P 6 M KOH 1 404.2 [30]
PPy/Ni,P 1 M NaySOq4 1 476.5 [31]
[32]

Fe304 and «-Fe, O3

6 M KOH 0.5 274
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The two-electrode test is an important tool to analyze the effectiveness of the mate-
rial for practical applications. By comparing Fe3O4 and Fe;0,@Fe;P electrodes, it was
found that the Fe304@Fe, P heterostructure was superior to Fe3Oy4 in terms of morphol-
ogy, structure, and electrochemical properties. Therefore, Fe304@Fe;P and activated car-
bon (AC) were made into electrodes and assembled into asymmetric supercapacitors
(Fe3O4@FeyP | 1 AC), and the electrochemical performance was tested in 1 M KOH solution,
as shown in Figure 8. Figure 8a shows the CV curves of the electrode materials by changing
the voltage window at a 100 mV s~ ! sweep rate, and the CV curve shape was almost the
same as the initial one when the voltage window was increased from 0.8 V to 2 V, indicating
that the Fe304@Fe,P | | AC asymmetric electrode had good stability, and there was no
serious polarization phenomenon (Figure 8b). By changing the scan speed by selecting
the voltage window from 0 to 2 V, the area of the closed graph formed by the CV curve
increased with the increase in the scan speed; the CV curve shape also remained stable,
showing the fast electron transport; and the behavioral characteristics of the combined
layer capacitance and pseudocapacitance can be observed. Figure 8c shows the GCD curves
at different current densities. The specific capacitance of the FesO4@Fe,P | | AC double
electrode was calculated according to Equation (1), as shown in Figure 8d. According to
Equations (2) and (3), the power density and energy density of Fe3O4@Fe,P | | AC were
calculated, as shown in Figure 8e, with a maximum energy density of 424.98 W kg~ ! at
13.47 Wh kg 1. Finally, the device lost only 21.5% of its cycling capacitance after 5000 cycles
at6 A g~1, showing stable cycling performance, as shown in Figure 8f. In addition, Table 2
lists the comparison of the cycling stability of Fe;O4@Fe;P-based supercapacitor devices
reported in recent years, and it can be seen that the Fe;O,@Fe;,P prepared in this experi-
ment had obvious advantages. Among them, the inset of Figure 8f shows that two pairs of
all-solid-state asymmetric supercapacitors can be connected in series to light up a red LED,
indicating that the electrode material has a strong practical value and is worth promoting.
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Figure 8. Electrochemical performance of Fe3O4@Fe;P | | AC two electrodes. (a) CV curves at different
voltage windows at 100 mV s~1. (b) CV curves at different scan rates at 0~2 V. (¢) GCD curves at
different current densities. (d) Specific capacitance at different current densities. (e) Diagram of
power density vs. energy density. (f) Cyclic stability measured at 6 A g~! (inset: photo of a red LED
powered by two simple asymmetrical all-solid-state supercapacitors in series).
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Table 2. Comparison of the cycling stability of Fe304@Fe;P-based supercapacitor devices with that
of other similar devices.

Current Density

Electrode (Ag) Number of Cycles Retention Rate (%) Ref.
Fe;04@ Fe,P | | AC 6 5000 78.5 This work
Fe304/carbon| | CPY 5 5000 70.8 [25]
Fe3O4@Nil | AC 1 1000 80.3 [33]
Fe304@MnO,-HNS | | AC 2 5000 70.6 [34]
rGO/Fe304/PANI 1 5000 78 [35]
NiOOH/Ni3S, /3D-
G | Fe30,/1GO 1 2000 74 [36]
Fe304/Fe-CNTs | | AC 5 3000 78.9 [37]
CNTS(Jr) I Fe3O4-C(,) 1M Na2504 1000 67.7 [38]
4. Conclusions
In summary, Fe304@Fe;P heterostructures can be prepared by the solvothermal reac-
tion and solid-phase phosphorylation processes. The scanning electron microscopy and
transmission electron microscopy results show that the final products are spherical in
shape and have obvious interfacial heterostructures accompanied by pore channels of
different sizes. Fe;O,@Fe,P has been electrochemically tested as a supercapacitor electrode
material to achieve the desired performance, with a specific capacitance of 651.25 F g~!
in a three-electrode system when the current density is 0.5 A g~!. In addition, when
formed with AC as the Fe30,@Fe,P | | AC double electrode, it demonstrates super-high
power density and energy density as well as stable cycling performance, its energy density
reaches 13.47 Wh Kg~! when the power density is 424.95 W Kg~!, and the capacitance
retention rate is 78.5% after 5000 cycles at 6 A g~!. Two simple all-solid-state asymmetric
supercapacitors connected in series with a full charge can also light up a red LED lamp,
showing a broad application prospect. This can be used not only in energy storage devices
such as supercapacitors but also in other fields such as electrocatalysis and sensing.
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