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ABSTRACT

Fe-based phosphates with excellent physical and chemical features are potential electrode materials for
supercapacitors. In this work, we successfully synthesized Fe-based phosphates with different
dimensions, morphologies, and compositions by one-step hydrothermal method. Influence factors on
the chemical composition and morphology of the as-prepared materials were explored and the energy
storage performance of the as-prepared samples were tested under the traditional three electrode
system. Two-dimensional (2D) iron metaphosphate (Fe(POs);) showed the best electrochemical
performance. For Fe(POs); electrode materials, the layered structure can provide a larger specific surface
area than the bulk structure, which is conducive to the diffusion and transport of electrolyte ions during
charging-discharging and further improves the rate performance and cycle stability of supercapacitor. 2D
Fe(POs); and activated carbon were used as electrode materials to construct a 2D Fe(POs)s//AC
supercapacitor. The supercapacitor showed high energy density, high power density, and excellent
cycling stability, which indicates 2D Fe(POs); is a promising electrode material for supercapacitors.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Electric energy produced from unstable and renewable energy
can be stored and integrated into energy storage devices. For
example, wind and solar energy can be converted into electric
energy using wind turbines and solar cells, respectively. Therefore,
it is necessary to develop reliable and efficient energy conversion
and storage equipment [1-3]. Consecutive new electrochemical
energy storage devices, such as supercapacitors, have attracted
considerable attention due to various advantages [4-8]. Two-
dimensional (2D) nanomaterials have been extensively investigat-
ed as electrochemical capacitors electrode materials. The layered
structure is conducive to the transport and diffusion of electrolyte
ions during charging-discharging. In particular, 2D materials can
ensure arapid and efficient redox reaction on the electrode surface,
thus improving the rate performance and cycle stability of
supercapacitors [9-12].

Transition metal oxides/hydroxides/sulfides are excellent elec-
trode materials for supercapacitors. Currently, the most studied
transition metal electrode materials are iron-based, cobalt-based,
nickel-based, manganese-based, and vanadium-based electrode
materials [13-20]. Among these materials, Fe micronutrient is an
essential heavy metal for animals and plants. A large number of
articles have indicated that Fe sitescan provide active centers. Fe-
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based electrode materials with several oxidation states or
structures, rich resources, low cost, environmental friendliness,
high potential windows, and good energy storage performance at
both positive and negative electrodes are particularly promising
supercapacitor electrode materials [21-29]. Fe-based electrode
materials mainly include iron oxide [21,22], ferric oxide [23,24],
hydroxy iron oxide [25,26], ferric nitrate [27,28] and ferric chloride
[29].

Phosphate-based materials have been identified as potential
electrode materials for supercapacitors. The flexible coordination
of phosphate/pyrophosphate groups can resist the deformation
due to any structural distortion by changing their local positions
and stabilizing the intermediate state of the ions of the transition
metal [30-34]. Some reports have also suggested that the
phosphate framework can stabilize active sites in metal phos-
phates [35-37]. Fe-based phosphates with excellent physical and
chemical featuresare mainly used in lithium-ion batteries, sodium
ion batteries, and oxygen evolution catalyst, but less in super-
capacitors, and still need a lot of research [38-40]. Different
synthetic routes have been reported to synthesize Fe-based
phosphate hydroxide or Fe-based phosphate. However, 2D Fe-
based phosphate synthesis using the one-step method has
received little attention.

In this study, Fe-based phosphate with different morphologies
and compositions were successfully synthesizedusing the hydro-
thermal method. Influence factors such as the amount of sodium
tartrate and solvent, reaction time, and reactant ratio on the
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chemical composition and morphology of the as-prepared
materials were explored. To explore the influence of morphology
and chemical composition on the electrochemical properties of the
as-prepared electrode materials, the materials was characterized
under the traditional three electrode system. Among them, sample
F3 with the morphology of 2D nanosheets showed the best
electrochemical performance. Then, sample F3 and activated
carbon were used as electrode materials to construct a 2D Fe
(PO3)3//AC supercapacitor to explore its performance in a two
electrode system.

The detailed experimental conditions, preparation methods,
and experimental part are shown in Table S1 (Supporting
information). Sodium tartrate is used as the complexing agent,
which releases more Fe3* (ferric ion) in the reaction solution. It can
also play a key role in the preparation of nanomaterials such as
stabilizer and dispersant. Samples F1, F2 and F3 are the products
obtained by adding 0 g, 0.05 g and 0.10 g of sodium tartrate into the
reactant, respectively. Figs. 1a and b show the X-ray diffraction
(XRD) diagrams of samples F1-F3. The XRD pattern of sample F1
corresponds to NH4Fe,(PO4),(OH)-2H,0 (PDF #41-0593), and the
chemical composition of samples F2 and F3 is iron metaphosphate
(Fe(POs3);) (PDF #44-0772). This is because more ferric and
phosphate ions participate in the reaction due to the addition of
sodium tartrate. Fig. S1 (Supporting information) and Figs. 2a and b
show the scanning electron microscope (SEM) images of samples
F1, F2 and F3 at different magnifications, respectively. It can be
seen from the SEM images that the morphology of sample F1 is
agglomerated particles. With the addition of sodium tartrate, the
morphology of sample F2 is 3D flower-like, composed of 2D
nanosheets. When the amount of sodium tartrate is increased to
0.10 g, the morphology of sample F3 becomes 2D nanosheets,
which shows that sodium tartrate releases Fe>* ions uniformly in
the reaction solution, and hence, the morphology of the crystal is
controlled by sodium tartrate to some extent. The difference in the
morphologies of samples F2 and F3 is due to the fact that a higher
amount of sodium tartrate plays the role of complexing agent and
dispersant in the preparation of sample F3.
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Fig. 1. (a) XRD pattern of sample F1. (b) XRD patterns of sample F2 and sample F3.
(c) XRD patterns of sample F3, F5-F12. (d) XRD pattern of sample F12.

Fig. 2. (a, b) SEM images of sample F3 at different magnification. (c, d) TEM images
of sample F3 at different magnification. (e) HRTEM image of sample F3. (f)
Schematic crystal structure super cells (2 x 2x2 slabs) drawn according to the data
from inorganic crystal structure data (ICSD-88,848).

The amount of solvent has a great influence on the reaction rate.
Sample F4 was obtained by increasing the amount of solvent to
20 mL. When the amount of solvent is 10 mL, the concentration of
the reactant increases, and the reaction is relatively violent. A large
number of nucleated crystals are formed at the beginning of
reaction, and these crystals further grow along the layered
structure at a high temperature of 160 °C. When the amount of
solvent is increased to 20 mL, the concentration of the reactant
decreases. At the beginning of the reaction, there are fewer
nucleation crystals. As the reaction progresses, the crystals are
easily adsorbed on the surface of the crystals formed at the
beginning, and gradually grow forming a 3D flower structure
resulting in the accumulation of 2D nanosheets. The SEM images of
sample F4 are shown in Fig. S2 (Supporting information). To sum
up, when the amount of sodium tartrate is 0.10 g, and the amount
of solvent is 10 mL, 2D nanosheets with a uniform morphology can
be obtained. Subsequently, the effect of the molar mass ratio of iron
source to phosphorus source on the products can be explored
under the experimental conditions.

Samples F3 and F5-F12 were obtained with different ratios of
iron source to phosphorus source in the reactant. It can be seen
from the XRD and SEM images shown in Figs. 1c,d and 3 that when
the mass of ferric sulfate is less thanor equal to 0.60 g (molar mass
ratio of Fe>* to PO, is about 1:2), the chemical composition of the
products is the same as that of sample F3, and the morphology is
2D nanosheets. When the mass of ferric sulfate is 0.90 g (molar
mass ratio of Fe>* to PO, is about 3:4), sample F10 corresponds to
the complexes of Fes(PO4)4(OH)3-2H,O (PDF #45-1436) and
NH,4Fe,(PO,4)2(OH)-2H,0 (PDF #41-0593), and the morphology is
composed of different bulk structures. This is due to the high
concentration of ferric sulfate and reactant, which is suitable for
the growth of the above-mentioned two crystals. When the mass
of ferric sulfate is more than 1.20 g (molar mass ratio of Fe* to
PO,>~ is greater than 1:1), the XRD peaks of samples F11 and F12
are the same as the standard card of Fes(PO4)4(OH)3-2H,0 (PDF
#45-1436), and there are no other phases. Figs. 3h and i and Fig. S3
(Supporting information) show the SEM images of samples F11 and
F12, which are regular 3D structures with hollow cube and
carambola-like morphologies. This is due to the increase in Fe>*
ions involved in the reaction, resulting in the accumulation and
growth of Fes(PO4)4(OH)3-2H,0 crystals.

To sum up, when the mass of ammonium phosphate is 0.90 g
(4.4 mmol), and the mass of ferric sulfate is less than 0.60g
(1.1 mmol), Fe(PO3); nanosheets can be obtained. The morphol-
ogies of samples F4, F5 and F6 are relatively disordered when the
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Fig. 3. SEM images of (a) sample F5, (b) sample F6, (c) sample F3 and (d-i) sample
F7-12.

mass of ferric sulfate is 0.40 g, 0.50 g and 0.60 g, respectively. The
morphology of sample F3 is the most uniform and narrow when
the mass of ferric sulfate is 0.30 g. The survey X-ray photoelectron
spectroscopy (XPS) spectra of sample F3 is shown in Fig. S4
(Supporting information), which show that the compound
contains elements of Fe, P and O. Figs. S3b-d show the
corresponding high-resolution spectra. The high-resolution XPS
spectrum of Fe 2ps;; can be deconvoluted into two spin-orbit
doublets at the binding energies of 711.2 eV and 712.7 eV, and two
satellites peaks at the binding energies of 715.7 eV and 719.7 eV,
which can be ascribed to the Fe" ions state [41,42]. The XPS peaks
of P 2p3z and O 1s can be ascribed to P—O bonds [43,44].
Combined with the XRD test results, the sample is further proved
to be Fe(PO3)s.

Figs. 2c and d show the transmission electron microscope
(TEM) images of sample F3 at different magnifications. It can be
seen from the TEM images that the morphology of sample F3 is
nanosheets, which is consistent with the SEM image. The
nanosheet appears almost transparent under the TEM, indicating
the thin thickness of the nanosheet, which is conducive to electron
transport and transfer in redox reactions. As shown in Fig. 2e, the
high-resolution transmission electron microscopy (HRTEM) image
shows the lattice fringes with a lattice spacing of 0.52nm,
corresponding to the (200) plane of Fe(POs)s. Fig. 2f shows the
schematic crystal structure of sample F3 super cells (2 x2 x 2
slabs), drawn according to the inorganic crystal structure data
(ICSD-88848). The crystal with a regular pore structure is
conducive to the charge transfer between theelectrolyte and
electrode surface during the charging-discharging process.

In the traditional three electrode system, 2D Fe(POs)s3 electro-
des (sample F3) were measured using the cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) methods. Fig. 4a shows
the CV curves of 2D Fe(POs)3; nanosheets at the scanning rates of
10 mV/s, 20 mV/s, 50 mV/s and 80 mV/s. It can be seen from the CV
curves that the electrode has the characteristics of the Faraday
pseudocapacitance. Fig. 4b shows the GCD curves of 2D Fe(POs)s
electrode at current densities of 1.0, 2.0, 5.0 and 10.0 A/g. The GCD
curves show that 2D Fe(POs); has a high specific capacitance, but
its charging time is slightly longer than the discharging time,
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Fig. 4. (a) Cyclic voltammetry curves of sample F3 electrode at different scan rates.
(b) The galvanostatic charge-discharge curves of sample F3 electrode at different
current densities. samples F3, F4, F10 and F12: (c¢) Cyclic voltammetry curves at a
scan rate of 20 mV/s. (d) Galvanostatic charge-discharge curves at a current density
of 1.0 A/g.

indicating some irreversible electrochemical behaviors during the
charging-discharging process. The platforms in each GCD curve
exhibit a typical pseudocapacitance behavior. This is caused by
either the charge transfer at the electrode material and electrolyte
interface, or the electrochemical adsorption/desorption process.
During this process, the continuous consumption of active
substances on the electrode surface causes a constant change in
the ion concentration on the electrode surface. At the same time,
the concentration of redox reaction products continues to increase
and diffuse to the electrolyte. Therefore, the redox reaction
products appear concentration polarization between the electro-
lyte near the electrode surface and the bulk electrolyte, forming
voltage platforms in the charging/discharging curves.

To explore the influence of chemical composition and
morphology on the electrochemical properties, samples F3, F4,
F10 and F12 with different chemical compositions or morphologies
were selected for CV, GCD, and EIS tests. Cyclic voltammetry was
carried out in the potential range of 0.0—0.5V at a scanning rate of
20mV/s. As shown in Fig. 4c, at the same scanning rate, the
coverage area of the CV curve of sample F3 is greater than those of
samples F4, F10 and F12. It can be seen from Fig. 4d that the
discharging time of sample F3 is longer than those of samples F4,
F10 and F12 at the same current density and discharge voltage
window.

The specific capacitance (C) of 2D Fe(POs); electrode can be
calculated using the GCD curves, and the calculation formula is C=
(i x At)/(m x AV). Here, i is the discharge current (A), At is the
discharge time (s), m is the mass of 2D Fe(POs)3; loaded in the
working electrode (g), and AV is the value of the discharging
voltage window (V). Fig. S5a (Supporting information) shows the
specific capacitance of each sample calculated using the GCD
curves at different current densities. The specific capacitances of
samples F3, F4, F10 and F12 are 392.5, 345.3, 278.4 and 245.8 F/g,
respectively, at a current density of 1.0 A/g. For sample F3, the
specific capacitances are 392.5, 352.0, 323.4 and 286.7F/g at
current densities of 1.0, 2.0, 5.0 and 10.0 A/g, respectively. High
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mass specific capacitance has great potential for the application in
high-power electrical appliances. During the charging/discharging
process, OH™ in electrolyte needs enough time to insert/extract/
leave the electrode material surface. When the current density is
low, the hydroxide group has enough time to transfer, indicating
that more charge can be stored and a higher specific capacitance
can be obtained at a low current density. According to the EIS
diagram in Fig. S5b (Supporting information), the charge transfer
resistance of sample F3 is the smallest.

The process of double layer capacitance and pseudocapacitance
occurs on or near the surface of electrode material, therefore, the
morphology and specific surface area of electrode materials are
very important. Sample F3 with 2D morphology can realize rapid
charge transfer and diffusion during the charging-discharging
process, which can ensure a rapid and efficient redox reaction on
the electrode surface. However, the specific surface area of samples
F10-F12 with 3D morphology is greatly reduced, which leads to the
inadequate pseudocapacitance reaction on the electrode surface.
At the same time, the chemical composition also has a significant
effect on the electrochemical performance. There may be more
irreversible electrochemical behaviors in the redox process of
Fes(PO4)4(OH)3-2H,0 and NH4Fe,(PO,4),(OH)-2H,0 electrodes. To
sum up, sample F3 has the best electrochemical energy storage
performance among samples F1-F12 due to different structures
and chemical compositions that result in different electrochemical
properties.

Due to the limitation of the inherent electrochemical properties
of the material, the working potential window of 2D Fe(POs)s is
very small. To achieve high potential window, energy and power
density,an asymmetric supercapacitor was successfully con-
structed with 2D Fe(POs); nanosheets as positive material, active
carbon (AC) as negative material, and 3.0 mol/L of KOH solution as
electrolyte. The relationship of charge balance, ¢*=q~ (g=m x C x
AV), should be followed between the two electrodes. The mass

ratio of the positive and negative electrode materials should be
m"/m =(C x AV7) [ (C" x AV") =(200 x 1)/(392.5 x 0.5) ~ 1, in
which the specific capacitance and potential window of the
positive electrode material are measured in the above-mentioned
three electrode system. Further, the specific capacitance and
potential window of the negative electrode are the electrochemical
parameters of the purchased commercial activated carbon.

It can be observed from Fig. 5a that when the potential window
of Fe(POs3)3//AC supercapacitor is gradually expanded from 1.2 V to
1.6 V, the coverage area of CV curve is gradually increased. The CV
curves show that the redox reaction is complete and stable at the
voltage range of 0-1.5V. Fig. 5b shows the CV curves of the
supercapacitor at the scan rate range of 10—100 mV/s in the voltage
window of 0-1.5 V. Fig. 5¢ shows the GCD curves of the Fe(PO3)s//
AC asymmetric supercapacitor with the current densities of 0.50,
1.0, 1.25 and 2.5 A/g. The shape of GCD curves was not very
symmetric, which indicates there were some irreversible electro-
chemical behaviors in charge-discharge process. The potential
platform in every discharge curve is the typical pseudocapacitance
behavior of transition metal compounds, which caused by
electrochemical absorption/desorption process or a charge trans-
fer reaction at the electrode-electrolyte interface. According to the
GCD curves, the specific capacitances at different current densities
of the asymmetric supercapacitor are calculated. Fig. 5d shows that
the specific capacitances of the supercapacitor are 126.6, 113.4,
111.0 and 94.5 F/g at the current densities of 0.50, 1.0, 1.25 and 2.5
Alg, respectively. Compared to the specific capacitance of the
supercapacitors constructed with other Fe-based compound and
activated carbon as electrode materials, the specific capacitance of
the Fe(PO3)3//AC supercapacitor is relatively high. Fig. 5e shows the
cycle performance at the current density of 0.5 A/g. After 3000
cycles of galvanostatic charging-discharging, the specific capaci-
tance retention rate of the Fe(POs)s//AC supercapacitor is 89.9%,
which proves that it has a good cycle stability.
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Fig.5. Electrochemical characterization of the Fe(PO3)3//AC aqueous device: (a) Cyclic voltammetry curves with different voltage window. (b) Cyclic voltammetry curves with
scan rate from 10 mV/s to 100 mV/s. (c) The galvanostatic charging-discharging curves with different current densities (0.50-2.50 A/g). (d) Specific capacitances at the current
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The Ragone diagram of the Fe(POs)s//AC supercapacitor is
shown in Fig. 5f. The energy density of the Fe(POs)s//AC super-
capacitor is 30.9 Wh/kg at the power density of 0.70 kW/kg. When
the power density increases to 1.70 kW/kg, the energy density is
still high at the value of 25.7 Wh/kg. These excellent electrochem-
ical performances exhibit that the 2D Fe(POs)s is an excellent Fe-
based electrode material for supercapacitors.

In this study, 2D Fe(POs); was successfully prepared. In
addition, the effects of the amount of sodium tartrate and solvent,
and the molar mass ratio of iron to phosphorus sources on the
chemical composition and morphology of the products were
investigated. It was found that the morphology of sample F3 was
uniform, which was due to the complexation and dispersion of
sodium tartrate in the reactant, and the appropriate amount of
solvent and Fe/P ratio. When the molar mass ratio of Fe>* to PO~
was high, it was easy to generate 3D materials. The energy storage
performance of electrode materials with different morphologies
and compositions were characterized under the traditional three
electrode system. Among these electrode materials, sample F3
showed better electrochemical performance than 3D Fe-based
phosphate. The superiority of 2D Fe(POs); to other bulk Fe(POs)s
can be attributed to the nanosheet structure and smaller charge-
transport resistance. Sample F3 and activated carbon were used as
electrode materials to construct the 2D Fe(POs)s//AC super-
capacitor. The supercapacitor showed an excellent cycling stability
(after 3000 cycles of galvanostatic charging-discharging, the
capacitor retention rate was 89.9%), high energy density, and high
power density (the energy density is 30.9 Wh/kg at the power
density of 0.70kW/kg). The aforementioned excellent perfor-
mance demonstrates that 2D Fe(POs)s is a promising electrode
material for supercapacitors.
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