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As one of the cathode materials for phosphate-based sodium ion batteries, FePO4 has received extensive
attention due to its excellent theoretical capacity and stability. However, the FePO, cathode has the
problem of low ionic conductivity and electronic conductivity, which limits its application in sodium-ion
batteries. The phase composition and microstructure of FePO,4 are crucial to ensure the excellent
electrochemical properties. Therefore, in this paper, the nano-sized amorphous FePO4-2H,0O/C with
a particle size of only 50 nm was prepared by ultrasonic-assisted precipitation. The carbon black
oxidized can be uniformly dispersed in samples and form a spatial network structure. Four kinds of
crystalline cathode materials were successfully prepared by further treatment of FePO,4-2H,O/C,
including amorphous FePO,4/C, hexagonal FePO,/C, monoclinic FePO4-2H,O/C and monoclinic/
orthogonal FePO,4-2H,O/C. The microstructure, phase composition, particle size distribution and
specific surface area of the samples were characterized by XRD, SEM, TEM, EDS, Raman, and BET. The
results show that the amorphous FePO,4/C particle size is smaller, and the specific surface area is larger.
The electrochemical properties of samples were analyzed by CV and EIS. The results show that the

crystal structure affects the specific charge—discharge capacity, Na* diffusion coefficient, and charge
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transfer The amorphous FePO,4/C has excellent electrochemical

performance, the specific discharge capacity is 149.8 mA h g%, the Na* diffusion coefficient is 2.71 x
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1 Introduction

Lithium-ion batteries are currently one of the most common
rechargeable batteries, and they are widely used in electronic
devices, automobiles, power storage and so on. However, due to
the limitation of lithium resources, and people's demand for
low cost, strong safety, resource sustainability and higher
energy density, the research and development of other
secondary battery technologies, such as potassium ion
batteries, aluminum ion batteries, and sodium-ion batteries,
have gradually attracted attention." However, these batteries
come with their own set of limitations and challenges. For
example, aluminum ion batteries are prone to side reactions
during charging and discharging, especially hydrogen evolution
reactions, affecting their cycle stability and energy efficiency.”
Potassium ion batteries face challenges such as volume

“College of Materials and Chemistry, Southwest University of Science and Technology,
Mianyang, Sichuan, 621010, China. E-mail: huojichuan@163.com
’School of Chemistry and Chemical Engineering, Mianyang Techers' College,
Mianyang, Sichuan, 621000, China. E-mail: liushuxin88@126.com
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5ra00107b

© 2025 The Author(s). Published by the Royal Society of Chemistry

107 cm? s7L, and the charge transfer resistance is 139 Q. The results show that the amorphous
structure is effective for improving the electrochemical performance of FePO, cathode materials.

expansion and slow kinetics, resulting in poor performance
during high-rate charge and discharge.® And sodium-ion
batteries have problems such as poor conductivity.* For potas-
sium ion batteries, Zhang et al® reported the ternary Bij 4-
Sb, ¢Te; nanoparticles coupled with few-layered graphene
hybrids, which exhibit a mitigated expansion of 28% during the
potassiation/depotassiation process. At the same time, aiming
at the problems existing in aluminum ion batteries, Zhang
et al.® designed a deep eutectic electrolyte named HEE30 to
significantly improve the reversibility and electrochemical
stability of aluminum ion batteries in a wide temperature range
of —20 to 60 °C. For sodium-ion batteries, Hu et al.” designed
a series of Nasicon-type Nas.,MnTi; ,V,(PO,); cathode mate-
rials, which have multi-electron reactions, and have a high-
voltage platform. Yang et al® proposed an interconnected
microchip composed of carbon nanotubes and sulfur-doped
TiO,(CNT/S-TiO,) as a high-performance anode material for
SIBs, enhancing the conductivity and improving the ion trans-
port kinetics. In a word, researchers are constantly exploring the
technical improvement and development of various secondary
batteries in terms of performance improvement, cost control,
material selection and charge-discharge efficiency.
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In recent years, sodium-ion batteries have attracted more
and more attention due to their low cost and abundant resource
advantages, especially cathode materials. The cathode materials
mainly include layered oxide, Prussian blue and polyanionic
compounds. Among these promising cathode materials, FePO,
has become a research hotspot due to its simple preparation
process, high structural stability, high safety, and one-
dimensional Na' channe.”'* Although the FePO, cathode
material has many advantages, its low ionic and electronic
conductivity limits its application.*

Many methods have been tried to improve the electro-
chemical performance of FePO,, including phase structure
controlling, nanocrystallization and adding conductive agents,
etc. The crystal phases of FePO, are mainly amorphous,
hexagonal, monoclinic, and orthogonal. Heterosite FePO,, as
one of the orthogonal phases, is a metastable structure that
cannot be directly prepared but is obtained by selective deli-
thiation in LiFePO,."* Most FePO, crystal phases can be ob-
tained by hydrothermal or direct precipitation, but the particle
size is usually in the micron scale.'”® To get a smaller particle
size or nanocrystallization of FePO,, ball milling is the key
technique, and to enhance the ionic and electronic conduc-
tivity, conductive agents were usually added, including gra-
phene, carbon nanotubes, carbon black, etc. Wang et al*
directly synthesized nanostructured amorphous FePO,-carbon
nanotube (CNT) composites with high purity FePO,/C ratio
controllable, the particles were refined to about 20 nm by ball
milling, and showed a discharge specific capacity of
175.8 mA h g '. However, the preparation process becomes
more complicated and has higher energy consumption because
of the implementation of the ball milling, so a new and simple
method for nanoscale FePO,/C cathode materials with excellent
performance is urgent.

In this work, different phase compositions, microstructures,
and nano-sized FePO,-2H,0/C and FePO,/C cathode materials
were prepared by ultrasonic-assisting technique with carbon
black preoxidation technique. The particle size reached about
50 nm and the carbon black was evenly distributed. Meanwhile,
it showed excellent electrochemical performance.

® Oxygen-containing functional groups

Surface oxidation

Fig. 1 Preparation mechanism diagram.
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2 Materials and methods
2.1 Materials preparation

The amorphous FePO,-2H,0/C was prepared by ultrasonic-
assisted precipitating with carbon black preoxidation tech-
nique. Firstly, carbon black was oxidized in an oil bath at 80 °C
for 5 h by H,0, and oxidized carbon black with strong hydro-
philicity was obtained, next, the oxidized carbon black (5% wt)
was dispersed into NH,H,PO, (1 M, 60 ml) solution under
strongly stirring, and then the NH,H,PO,/oxidized carbon black
solution was slowly dropped into Fe(NO;);-9H,0 (1 M, 60 ml)
solution to obtain a mixed solution. The mixed solution was
heated to 80 °C in the mechanical-ultrasonic assisted instru-
ment with ultrasonic power 300 W and stirring speed 300 rpm,
and an appropriate amount of NH,-H,O was slowly dripped to
adjust pH, then the reaction was continued for 4 h and stand for
1 h. Finally, the amorphous FePO,-2H,0/C was obtained. The
preparation mechanism is shown in Fig. 1.

Other four kinds of cathode materials were prepared by
further treatment of amorphous FePO,-2H,0/C: (1) amorphous
FePO,-2H,0/C was calcined at different temperature in
a nitrogen atmosphere for a certain time, the amorphous and
hexagonal FePO,/C without crystal water were separately ob-
tained. (2) FePO,-2H,0/C was dispersed in 5 mol L' H;PO,
solution, then heated and aged at different temperature in the
closed reactor for different time, the monoclinic FePO,-2H,0/C
and orthogonal/monoclinic FePO,/C-2H,O were separately
obtained.

2.2 Materials characterization

X-ray diffractometer (XRD) was used to collect the diffraction
pattern of the powder to obtain the crystal structure informa-
tion. The microstructure of the samples was measured by field
emission scanning electron microscopy (SEM) and high reso-
lution transmission electron microscopy (HRTEM). The
stretching vibration of carbon materials and main functional
groups was analyzed using Raman spectroscopy. The particle
size and specific surface area of the samples were analyzed by
nitrogen adsorption/desorption testing.

Preparation
= e
H,0, Oxidized carbon black |
+NH H,PO, =

® Carbon black FePO,-2H,0

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00107b

Open Access Article. Published on 25 February 2025. Downloaded on 12/21/2025 12:25:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.3 Battery assembling and electrochemical measurements

The active material was mixed with conductive agent (Super P)
and binder (PVDF) according to the mass ratio of 8:1:1 into
a uniform slurry, coated on aluminum foil, and baked in
a vacuum drying oven at 80 °C for 20 h. After that, the positive
electrode sheet required to assemble the half battery was ob-
tained. The active material was used as the positive electrode,
the sodium sheet as negative electrode, the electrolyte was
1 mol L' NaPF, (EC : DEC: EMC = 1:1:1 vol%) solution, and
the separator was glass fiber (GF/D Whatman).

The constant current charge-discharge and cycle perfor-
mance of the half-cell were tested by the LAND C2001A test
system, the test voltage range was 1.5-4.5 V (vs. Na/Na'), and the
charge-discharge current density was 0.1C, which defined 1C =
178 mA g . The electrochemical impedance spectroscopy (EIS)
was employed using a CHI660E electrochemical workstation
over the frequency range from 0.01 to 100 kHz with an ampli-
tude of 5 mV. The cyclic voltammetry of the half-cell was tested
using an electrochemical workstation (CHI660E) at 0.1 mV s~ .

3 Results and discussion
3.1 Characterization of materials

To analyze the phase structure and the amount of crystal water in
the initial sample without aging and calcining, the XRD, TGA,
DTG and DTA of the sample were tested. Fig. 2 shows XRD
patterns of the initial sample, and its calcined sample. As can be
seen from the figure, the XRD diffraction pattern of the initial
sample only has a wide dispersion peak at about 25°, which is an
amorphous structure, and its phase composition (including the
phase of carbon) cannot be determined. To further determine the
composition of the initial sample, the sample was calcined at
600 °C, and its diffraction pattern had strong diffraction peaks at
20.3°, 25.8°, 37.9°, etc., which were found to be consistent with
quartz-type iron phosphate (COD number: 96-901-2513) standard
card has a high degree of coincidence, indicating that the main
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Fig. 2 XRD patterns of the initial sample and its calcined sample.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

phase of the initial sample prepared by ultrasonic assisted
precipitation is iron phosphate. Meanwhile, thermal analysis was
performed on the initial sample to further determine the crystal
water content of the synthesized iron phosphate by precipitation.
Fig. 3 shows the thermal analysis curves of the initial sample
at a heating rate of 10 °C min~". It can be seen from the TGA
curve (Fig. 3a) that the quality of the sample begins to decline at
about 40 °C until 500 °C, the weight of the sample is reduced by
23.95%. Combined with the analysis of the DTG curve, it can be
found that the weight loss rate of the sample is the highest at
125 °C, followed by 255 °C, corresponding to the wide endo-
thermic peak of the DTA curve (Fig. 3b) around 125 °C, it is
speculated that the decomposition of crystal water and adsor-
bed water occurs in this temperature range. And after 500 °C,
the TGA/DTG curves remain level, and the DTA curve is smooth
and no difference. No significant mass loss or other physical/
chemical reactions occurred in the sample, indicating that the
crystal water and adsorbed water were completely removed.
According to thermal analysis, the weight percentage of the
dehydrated sample is 76.05%, and the sample contains 5%
carbon. By calculating the actual weight percentage of the
dehydrated sample is 74.79%, and according to formula (1), the
number of crystal water is 2.83. Since the sample contains part
of adsorbed water, there should be two crystal water. Therefore,
it can be concluded that the initial sample prepared in this
experiment is amorphous FePO,-2H,0/C cathode material.

_ M[(l *(1))

X Wil (1)

where M, is the molar mass of FePO, (151 g mol™'), M, is the
molar mass of H,O (18 g mol '), X is the number of crystal
water, o is the percentage of the weight of the sample after
dehydration.

In addition to determining the amount of crystal water in the
sample, it can also be found through the thermal analysis that
there are exothermic peaks in the DTA curve at about 520 °C and
556.6 °C, while the corresponding TGA/DTG curve does not
change significantly. It is inferred that the crystal trans-
formation of iron phosphate from amorphous to quartz type
occurs at this time.

To get different phase structures FePO,-2H,0/C, the amor-
phous FePO,-2H,0/C was aged at different temperature in the
closed reactor for different time. Fig. 4a shows the XRD patterns
of aged samples. First of all, we know that the FePO,-2H,0/C
without aging is an amorphous structure, and with the
increase of aging temperature, the amorphous structure grad-
ually transforms into a crystal structure. Further analysis find
that the samples aged at 50 °C are amorphous structures. When
the aging temperature is 70 °C and the time is 2 h, some weaker
diffraction peaks appear at around 19°, 20.5°, 24.5° and 32°,
which belong to monoclinic structure (COD no. 96-431-8789),
and the aging time is extended to 4 h, these diffraction peaks
gradually increase. When the aging temperature is 90 °C and
the time is 2 h or 4 h, the phase structure of samples still
remains in monoclinic structure. When the temperature rises
further, some new diffraction peaks appear at around 16°, 22°
and 29° which belong to orthogonal structure (COD no. 96-901-

RSC Adv, 2025, 15, 6281-6290 | 6283
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Fig. 3 TGA/DTG (a) and DTA (b) curves of the initial sample.
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(b)

Intensity (a.u.)

(d)

Intensity (a.u.)

=2 g g2
= 82 90 °C-24h
) A A A““ A
e o 90 °C-10h
I 90 °C-8h
R A ~
d o 90 °C-6h
- Aen
Al 90 °C-4h

[ v ' A“ %

---J~L..« ,. 90 °C-2h
P s COD No.96-901-0008
I.ill.. il b [ P .||I,|||| [T |

bl e o, CODNO96431-8789
10 20 30 40 50 60 70
2 Theta (degree)

I COD No. 96-403-0357
1l 11, . 3‘: u 4
ll .. ... COD No.9-810-3722
10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 4 The XRD pattern of samples aged at different temperatures for a-FPH/C (a), aged at 90 °C in different time for a-FPH/C (b), calcined at
different temperature for a-FPH/C (c), and calcined at different temperature for om-FPH/C (d).
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In order to study the phase transform process of the
FePO,-2H,0/C, amorphous FePO,-2H,0/C was aged at 90 °C
for different time. From Fig. 4b, it can be found that the
orthogonal diffraction peaks of FePO,-2H,0 (COD no. 96-901-
0008) increase gradually with aging time, and the monoclinic
diffraction peaks did not diminish, the orthogonal and mono-
clinic structure coexist.

To obtain different phase structures of FePO,/C without
crystal water, the amorphous FePO,-2H,0/C was calcined at
400 °C, 450 °C, 500 °C and 600 °C in a nitrogen atmosphere for
2 h. Fig. 4c is the XRD patterns of FePO,/C prepared at different
calcination temperature, it can be found that the calcination
temperature has a major impact on the phase structure of
FePO,, when the calcination temperature is 400 °C, the phase
structure of FePO, is amorphous structure, which indicates that
when FePO,-2H,0/C is calcined below 400 °C, the phase
structure is amorphous structure. With the calcination
temperature rising, a rise of only 50 °C, the amorphous struc-
ture transforms into hexagonal structure, it has a high match-
ing degree with the diffraction peaks of hexagonal FePO,
indexed in the standard card (COD no. 96-901-2513), and there
are no other peaks, indicating that the FePO, crystal can be
synthesized at 450 °C. As temperature calcination continues to
rise, the phase structure does not change. When the tempera-
ture rises to 600 °C, the anorthic Fe,P,0, phase (COD no. 96-
810-3722) appears at nearly 30°, which indicates that Fe*" is
reduced to Fe”" by carbon black, the reaction mechanism could
be: 2FePO, + C = Fe,P,0, + COT, 2FePO, + CO = Fe,P,0, +
CO, 1. The above analysis indicates that the amorphous and
hexagonal FePO,/C without crystal water can be only obtained
by calcining amorphous FePO,-2H,0/C, and other phase
structure FePO,/C without crystal water cannot be obtained.

To obtain monoclinic or orthogonal FePO,/C without crystal
water, the monoclinic/orthogonal FePO,-2H,0/C were calcined
at 300 °C, 500 °C, 600 °C for 8 h, the XRD patterns shown in
Fig. 4d. When the calcination temperature is 300 °C and 500 °C,
the main phase is the orthorhombic Fe;P,0,4 (COD no. 96-403-
0357) and little anorthic Fe,P,O, (COD no. 96-810-3722), it
indicates that some of Fe*" are reduced. When the calcination
temperature is 600 °C, the main phase is the anorthic Fe,P,0,
indicating that most of Fe*" are reduced, this can be attributed
to the fact that Fe®" is reduced by carbon black. These experi-
ments indicate that the monoclinic or orthogonal FePO,/C
without crystal water cannot be synthesized by calcination due
to the presence of carbon black.

Based on the above analysis, the samples of the initial
amorphous FePO,-2H,0/C without aging and calcining (a-FPH/
C), monoclinic FePO,-2H,0/C (m-FPH/C) and orthogonal/
monoclinic FePO,-2H,0/C (om-FPH/C) prepared by aging a-
FPH/C at 90 °C for 2 h and 8 h, and amorphous FePO,/C (a-
FP/C) and hexagonal FePO,/C (h-FP/C) prepared by calcining
a-FPH/C at 400 °C for 2 h and at 600 °C for 2 h are used as
research objects.

Fig. 5 is the Raman spectrum of the samples, and the char-
acteristic Raman peaks belonging to carbon can be detected.
The G band corresponds to the E,; phonon at the Brillouin zone
center, which indicates sp> hybridized carbon atoms arranged

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectrum of the samples.

in a graphitic structure, the D band arises from defects and
disorder within this structure. By comparing the peak areas of
the G band and D band, the large ratio of peak area (Table 1) of
the G band relative to the D band exhibits a high degree of
graphitization, and highly graphitized carbon materials are
known to possess enhanced electrical conductivity.'®**2¢
Meanwhile, all of the ratios of I;/Ip are basically equal, which
indicates that the oxidizing, calcining and aging processes do
no effect carbon black. Furthermore, it can be observed that
a broad band centered at 1064 cm™ " is present in the Raman
spectrum of m-FPH/C, om-FPH/C and h-FP/C, it is the charac-
teristic of iron being tetrahedrally coordinated attributed to the
formation of tetrahedrally-coordinated iron atoms to the
enhanced surface energy kinetics at lower crystallite sizes,*”>°
whereas this band is not present in a-FPH/C and a-FP/C, further
demonstrating their amorphous structure.

Fig. 6 is the SEM and TEM of the samples. In the figures, the
amorphous FePO,-2H,0/C (a-FPH/C) particles are globular and
uniform in size, about 50 nm (Fig. 6b). The monoclinic m-FPH/C
and orthogonal/monoclinic om-FPH/C are flake (Fig. 6¢c-f), and
there are some small flocculent particles in these samples, they
should be carbon black, and the flake of m-FPH/C is bigger than
om-FPH/C, the thickness of flakes is about 20 nm. Both amor-
phous a-FP/C and hexagonal h-FP/C have near-spherical shapes
(Fig. 6g-j), the particle dispersion is more uniform, and the
particle size is about 50 nm (Fig. 6h and j), and in contrast to the
a-FPH/C, the calcination temperature and phase changing are
almost no effects on particles size. At the same time, because the
samples of a-FPH/C, a-FP/C and h-FP/C are spherical and the
particle size is small, carbon black is not easy to identify.

In order to further prove the existence of carbon and the
distribution of each element, elemental analysis of amorphous
FePO,-2H,0/C (a-FPH/C) is carried out by energy dispersion
spectroscopy (EDS), and the results are shown in Fig. 7. As
shown in the figures, all elements are evenly distributed, the
molar ratio of Fe/P is close to 1:1, and the content of carbon
black is 5 wt%. In summary, the nano-size FePO,-2H,0/C
cathode materials with uniform particle distribution were

RSC Adv, 2025, 15, 6281-6290 | 6285
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Table 1 Raman spectra peak position and /g/Ip ratio of the samples
Peak D Peak G

Samples Area Position (em™") Area Position (em™") I/
a-FPH/C 247 988.48 1370.1 182993.54 1584.2 0.738
m-FPH/C 236 596.62 1370.6 166 715.26 1592.9 0.705
om-FPH/C 203 405.07 1363.4 145787.86 1586.3 0.718
a-FP/C 170298.07 1363.4 120221.00 1584.2 0.706
h-FP/C 161 927.08 1363.9 119 317.61 1582.3 0.737

Fig.6 SEMand TEM of samples. (a) and (b) are SEM and TEM of a-FPH/C, (c) and (d) are SEM and TEM of m-FPH/C, (e) and (f) are SEM and TEM of
om-FPH/C, (g) and (h) are SEM and TEM of a-FP/C, (i) and (j) are SEM and TEM of h-FP/C.

17 39 B 77
Energy/ keV

FeKa1 PKa1l

Fig. 7 Element distribution mappings of a-FPH/C.

successfully prepared by ultrasonic-assisted preparation, and
carbon black to form a conducting network structure in
samples.

6286 | RSC Adv, 2025, 15, 6281-6290

Fig. 8 shows the N, adsorption-desorption isotherm and
pore size distribution of the samples. The adsorption-desorp-
tion curves of the five samples display IV-type isotherms with
H1 hysteresis loop, H3 hysteresis loop, and H4 hysteresis loop,
H1 hysteresis loop, H3 hysteresis loop, respectively. The type of
hysteresis loop corresponds to the specific pore structure
information. Among them, H1 is a uniform pore model, which
can be considered as a cylindrical pore, while H3 and H4 have
a large adsorption amount under high pressure, which can be
considered as a narrow pore formed by the accumulation of
flake particles or a large pore formed by the accumulation of big
particles. At the same time, the pore size distribution also
further verifies that the pore of samples is mainly mesoporous.
Table 2 shows the specific surface area and pore size of the
samples. It can be seen that the amorphous structure a-FPH/C
and a-FP/C have a larger specific surface area of 85.021 m* g *
and 70.289 m* g '. This is because the calcining changes
particle size and porosity, and heating and aging change
particle size and shape.

3.2 Electrochemical performance analysis

Fig. 9 shows the electrochemical properties of samples prepared
by ultrasonic-assisted preparation. Fig. 9a illustrates the
Nyquist plot of samples, all of the curves comprise a straight
line at low frequencies and a semicircle at high to medium
frequencies, where the linear portion signifies sodium ion
diffusion within the electrode, while the semicircular part
denotes charge transfer occurring on the cathode surface.***
The corresponding equivalent circuit model is presented in

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00107b

Open Access Article. Published on 25 February 2025. Downloaded on 12/21/2025 12:25:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

(b)

View Article Online

RSC Advances

(C) 200

(=@ Desorption’ =@— Desorption (—9— Desorption
—a— Adsorption 100 l—@— Adsorption —— Adsorption
o o — 0.005
Top 400 | /,\ 2-FPH/C "o oo} 8 m-FPH/C "op 160 o om-FPH/C
B ~ o - <0
s
\%300 L Fo / g A g 1ok Foe
<] w f b=t ] -
[ “ [ o E£0.002
£ 5 # £ \, 2 E &%
S ] o o =2 0.001
2200F 2 Y 2 2 80F z
9 z %@5 ] B 0.000 000-0—0—o—
> 0.00 —o > >
= = = 100
g L 8=} E 40} ° oo
§ 100 ]‘)':) e diameter(m‘;gﬂ § § 0 Pore diameter(nm) 133838
& & SN I
o ¢ oF @
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
Relative pressure Relative pressure (p/p,) Relative pressure (p/p,)
300 ( )
(d) —— Desorption! €) s —0— Desorption
—9— Adsorption; —9— Adsorption,
250F o —~ 0.0008
‘o0 e a-FP/C o0 ol - 1 h-FP/C
¥ “= = 0.0006
D 19
’OU) 3 2000004
2 150 <40 £ &
g 8 g 0. 0002
B Z z L NG
; 100 ; 0.0000 T
E= E20}
§ sof g * Pore diameter(um)__203
o o
(U3 ok

0.0 0.5 1.0
Relative pressure (p/p,)

0.0 0.5 1.0
Relative pressure (p/p,)

Fig. 8 N, adsorption—desorption isotherm and pore size distribution of a-FPH/C (a), m-FPH/C (b), om-FPH/C (c), a-FP/C (d), and h-FP/C (e).

Table 2 Specific surface area and pore size of the samples

SBET Pore volume Average pore
Sample (m> g™ (em® g™ size (nm)
a-FPH/C 85.021 0.598 24.314
m-FPH/C 22.303 0.106 19.649
om-FPH/C 46.255 0.086 19.640
a-FP/C 70.289 0.341 14.845
h-FP/C 14.579 0.066 17.513

Fig. 9a, the charge transfer resistance (R.) values of a-FPH/C, m-
FPH/C, om-FPH/C, a-FP/C and h-FP/C after fitting are 205, 833,
618, 139, 1020 Q, respectively. It can be found that the R of a-
FP/C is much lower than that of other phase structures, indi-
cating that the amorphous FePO,/C materials have better elec-
tronic conductivity. The reason is that a larger specific surface
area of a-FP/C improves the point contact between the active
particles and the carbon black, which is conducive to bipolar
diffusion,”® and the isotropic and defectless properties of
amorphous FePO, provides a large number of continuous
channels for Na*32%

Since there is a good linear relationship between the resis-
tance (Z') and the angular velocity (w™*?) (Fig. 9b), the specific
Na' diffusion rate (Dna) can be calculated according to this
relationship. The sodium diffusion coefficient in Fig. 9c is
calculated using formula (2).3+3®

RT?

Dyt = —— "
N DA FAC28

(2)

where o is the Warburg factor, C is the concentration of Na* in
the cathode, F is the Faraday constant, n is the number of

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrons transferred by each molecule of redox reaction, A is
the surface area of the electrode, T is the corresponding abso-
lute temperature, and R is the universal gas constant.

The calculated results (Fig. 9c¢) show that the diffusion
coefficients of Na' are 2.34 x 107'%,2.24 x 107, 2.40 x 107'°,
2.71 x 10 ** em? s7' and 1.81 x 10~'7 ecm? s~ for a-FPH/C, m-
FPH/C, om-FPH/C, a-FP/C, and h-FP/C, respectively. The
maximum Na" diffusion coefficient of a-FP/C further proves that
the amorphous structure without crystal water is favorable to
the electrochemical performance. Fig. 9d is the cyclic voltam-
metry of samples at a scan rate of 0.1 mV s~ in the voltage
range of 1.5-4.5 V at room temperature, one pair of oxidation-
reduction current peaks of Fe**/Fe®" can be seen located near
3.1 V, the wide oxidation-reduction peak proves that the
sodiation/desodiation process is a continuous one-phase
oxidation-reduction reaction. Meanwhile, a-FP/C has the
smallest potential difference, indicating the lowest degree of
electrode polarization, which also shows that the amorphous
structure, nano-sized spherical particles, large specific surface
area, spatial network structure of carbon black enhance the
sodiation/desodiation kinetics of cathode material.

Fig. 10a is the initial charge-discharge curves of samples at
0.1C at room temperature. The discharge specific capacity of a-
FPH/C, m-FPH/C, om-FPH/C, a-FP/C and h-FP/C is 124.1, 94.9,
114.6, 149.8, 68.1 mA h g~ ', respectively. From the comparison,
whether or not containing crystal water, the amorphous struc-
ture materials have higher discharge specific capacity, the
reason is the amorphous structure can provide more Na'
transport channels, meanwhile, the amorphous structure has
a larger specific surface area, which means that there are more

RSC Adv, 2025, 15, 6281-6290 | 6287
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contact surfaces with conductive carbon black and electrolytes.
Moreover, the amorphous a-FP/C without crystal water has the
maximum discharge specific capacity, this may be the crystal
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water may hinder Na* transport channel and may react with
electrolyte, reducing the reversibility of sodiation/desodiation
during charge and discharge. In the calcining amorphous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FePO,-2H,0/C process, with the increase of calcination
temperature, the amorphous structure is transformed into
hexagonal structure which has high stability, but the more
stable structure usually has lower electrochemical activity,* so
it has the minimum discharge specific capacity. Comparing m-
FPH/C and om-FPH/C, the discharge specific capacity of om-
FPH/C containing partially orthogonal structure is higher
than m-FPH/C, it shows that orthogonal structure has better
electrochemical performance than monoclinic structure.
Fig. 10b is the cycling performance of samples at 0.1C at room
temperature, the cycling performance of a-FP/C is excellent, and
with the increase in the number of cycles, the capacity retention
rate is 94.06%. It also has been found that the discharge specific
capacity of the samples with crystal water (a-FPH/C, m-FPH/C
and om-FPH/C) decreases seriously with the increase of the
number of cycles, it further shows that the crystal water will be
detrimental to charge and discharge process. Based on the
above experimental results, compared with the existing litera-
ture,"'*1%254% this work adopts a relatively simple experimental
process to synthesize amorphous structural FePO,/C cathode
materials, and obtains similar or better experimental results.

4 Conclusion

To study the electrochemical performance of FePO, with different
crystal phases, ultrasonic-assisting technique was applied to the
precipitation reaction process of FePO,/C for sodium ion battery,
and the different phase composition and microstructure cathode
materials including amorphous and hexagonal structure FePO,/C
without crystal water, and the amorphous, monoclinic and
orthogonal/monoclinic FePO,/C with crystal water were prepared.
The peroxidation for carbon black and ultrasonic application in
the preparation process obtain the high dispersity and ultrafining
cathode materials. Furthermore, the peroxidation doesn't change
the structure of carbon black. Because of the highly nano-sized
particles, higher specific surface area, and a continuous and
uniform carbon spatial network structure, all the samples showed
a certain improvement in electrochemical performance, espe-
cially a-FP/C. Moreover, the amorphous structure can provide
more Na' transport channels than other phase structures, and
the crystal water was removed by calcining which is more
conducive to ion transport, so, a-FP/C shows an excellent
discharge specific capacity, the maximum Na" diffusion coeffi-
cient, the minimum charge transfer resistance and good cycle
performance. This work provides a new insight into the prepa-
ration of the enhanced electrochemical performance for FePO,/C,
and is helpful in developing new battery materials through the
ultrasonic technique.
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