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NaxFex(SO4)s (NFS), as a promising cathode for sodium-ion batteries, is still plagued by its poor intrinsic
conductivity. In general, hybridization with carbon materials is an effective strategy to improve the
sodium storage performance of NFS. However, the role of carbon materials in the electrochemical
performance of NFS cathode materials has not been thoroughly investigated. Herein, the effect of
carbon materials was revealed by employing various conductive carbon materials as carbon sources.
Among these, the NFS coated with Ketjen Black (NFS@KB) shows the largest specific surface area, which
is beneficial for electrolyte penetration and rapid ionic/electronic migration, leading to improved
electrochemical performance. Therefore, NFS@KB shows a long cycle life (74.6 mA h g~! after 1000
cycles), superior rate performance (61.5 mA h gt at a 5.0 A g3, and good temperature tolerance (—10 °
C to 60 °C). Besides, the practicality of the NFS@KB cathode was further demonstrated by assembling
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Introduction

Due to energy shortage and environmental pollution, devel-
oping renewable clean energy sources (such as solar energy,
wind energy, and geothermal energy) has become a hot topic.*
The intermittent characteristics of renewable clean energy
make large-scale energy storage systems play a key role in its
efficient utilization. Electrochemical energy storage technolo-
gies with the advantages of high energy conversion efficiency
and long cycle life show huge potential for large-scale energy
storage systems.”* As a typical electrochemical energy storage
technology, lithium-ion batteries (LIBs) are already commer-
cially available in various applications.®> However, the limited
and uneven distribution of lithium resources hinders its
application in large-scale energy storage systems. Sodium-ion
batteries (SIBs) based on an abundant element of Na are
regarded as an ideal complement to LIBs.*
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The relatively large radius of Na' (r = 1.02 A) requires high
structural stability and a large ion diffusion channel of elec-
trode materials ensures superior electrochemical performance.”
Among the discovered cathode materials, polyanionic
compounds have attracted extensive attention due to their
robust crystal structures.*'* Until now, they have been be
specifically classified into olivine-type materials,"*** NASICON
materials,”*™® pyrophosphate materials,"*>* and sulfate-based
materials.>*?® Iron-based sulfate materials with the merits of
low cost and high operation voltage have been considered
promising candidates for SIBs. A representative iron-based
sulfate, Na,Fe,(SO,4); (NFS), was first reported as a 3.8 V (vs.
Na'/Na) cathode material for SIBs by Yamada's group in 2014,%
and exhibits a high energy density. However, its poor electronic
conductivity results in unsatisfactory rate performance. Corre-
spondingly, hybridization with carbon materials has been
widely proposed to improve the surface electronic conductivity
of NFS.***' For example, Chen et al** designed a Na,Fe,(-
S0,);@C@GO composite, which exhibits excellent rate perfor-
mance (107.9 mA h g" at 12 mA g% 75.1 mA h g™ ' at
1200 mA g ). In general, most of the reports focus on boosting
sodium storage of NFS; the effect of conductive carbon mate-
rials on the electrochemical performance is still a mystery.

Herein, Ketjen Black (KB), Super P, acetylene black, and
conductive graphite KS6 were applied to disclose the effect of
carbon materials on electrochemical performance. A series of in
situ carbon-coated NFS (NFS@C) composites were prepared
through a simple solid-phase synthesis method. Among these,

Chem. Sci., 2024, 15, 4135-4139 | 4135


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06956g&domain=pdf&date_stamp=2024-03-08
http://orcid.org/0000-0002-7493-5533
http://orcid.org/0000-0002-6966-0272
http://orcid.org/0000-0002-4342-6816
http://orcid.org/0000-0003-1155-6082
https://doi.org/10.1039/d3sc06956g
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NFS@XKB shows the best electrochemical performance due to its
superior electrochemical reaction kinetics. The NFS@C
composite material exhibited excellent cycling performance (a
reversible capacity of 74.6 mA h g~" after 1000 cycles) and rate
performance (61.5 mA h g~ at 5 A g !). In addition, the
NFS@C//HC full cell delivers electrochemical
performance.

superior

Results and discussion

The NFS@C materials were obtained via a low-temperature
solid-state reaction method with different conductive carbon
materials (Fig. 1a). Based on the type of conductive carbon,
these samples were named NFS@KB, NFS@SP, NFS@AB, and
NFS@G, respectively. For comparison purposes, a bare NFS
material without conductive carbon was also prepared. As
shown in Fig. 1b, common impurity phases were not observed
in NFS and NFS@C according to X-ray diffraction (XRD). The
valence of iron in NFS and NFS@C was investigated by X-ray
photoelectron spectroscopy (XPS), and large amounts of Fe**
and negligible Fe** were detected in the NFS@C samples
(Fig. 1c). Noticeably, the Fe®* content in bare NFS is much
higher than that in NFS@C samples, suggesting that the
introduction of conductive carbon is beneficial for avoiding the
oxidation of Fe*" to Fe** during the preparation process. In
addition, the characteristic peak (601 cm ') of the vibrational
bonds between Fe>* and O>~ within the isolated FeOg units was
also observed by Fourier transform infrared spectroscopy (FT-
IR, Fig. S1, ESIt).® The peak at 995 cm ™" and 1080 cm ™" was
indexed to symmetric stretching and asymmetric vibration of
the SO, units, respectively.

Raman spectroscopy was employed to disclose the form of
carbon in the NFS@C composites (Fig. S2, ESIT). The intensity
ratio (Ip/Ig) of the D band to the G band of NFS@KB, NFS@SP,
NFS@AB, and NFS@G is 1.14, 1.11, 1.6, and 1.28, respectively,
indicating that the amorphous carbon in these carbon matrices
is dominant.*® The specific surface area of NFS@C materials
was analyzed by nitrogen adsorption and desorption. As shown
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Fig.1 (a) Schematic illustration of the synthesis of NFS@C samples. (b)
XRD patterns, (c) XPS spectra of Fe 2p, and (d) nitrogen adsorption—
desorption isotherm of NFS@QC composite materials and bare NFS.
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in Fig. 1d, the specific surface area significantly increased in the
presence of conductive carbon, which is in favor of electrolyte
infiltration enabling an improved electrochemical perfor-
mance. Noticeably, NFS@KB shows the largest specific surface
area of 18.85 m”> g~ '. Meanwhile, all of the NFS@C materials
show superior thermal stability (>400 °C, Fig. S3, ESI{).

The morphology and microstructure of NFS@C composite
materials and bare NFS were investigated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 2a-d and S4 (ESIY), the particle size of
NFS was significantly decreased after introducing conductive
carbon. This phenomenon indicated that conductive carbon
plays a key role in avoiding agglomeration of NFS, leading to
a small particle size. The decreased particle size effectively
reduces the Na' diffusion length ensuring a good electro-
chemical performance. In addition, the active particles of NFS
in the NFS@C composites have been tightly covered by a thin
carbon layer (Fig. 2e-h), which can enhance the surface elec-
tronic conductivity. As shown in Fig. S5 (ESIt{), the HRTEM
image also demonstrates that the as-prepared NFS@C
composites exhibit good crystallinity. Meanwhile, elemental
mapping images reveal that Na, Fe, S, O, and C are uniformly
distributed in the obtained NFS@C composite materials (Fig. 2i
and S6, ESIT).

The effect of conductive carbon materials on the electro-
chemical performance of NFS materials was investigated using
half cells. As shown in Fig. 3a, a considerable improvement in
the initial discharge capacity was observed when introducing
conductive carbon into NFS. All NFS@C composite materials
show a smaller overpotential, compared with bare NFS. Among
them, NFS@KB exhibits an initial coulombic efficiency of
98.28%, much higher than that of 89.85% in NFS@SP, 92.64%
in NFS@AB, and 89.61% in NFS@G, indicating its smallest
irreversible capacity loss during the first charge-discharge
process. This may be attributed to the construction of a stable
cathode-electrolyte interphase on the NFS@KB surface. Mean-
while, the NFS@C composite materials also deliver improved
cycling stability and rate performance (Fig. 3b, ¢, S8 and S9,
ESIY). These results indicated that conductive carbon materials
can effectively boost the sodium storage performance of NFS,
which could be attributed to their good electronic conductivity

Fig. 2 FESEM images of (a) NFS@KB, (b) NFS@SP, (c) NFS@AB, and (d)
NFS@G. HRTEM images of (e) NFS@KB, (f) NFS@SP, (g) NFS@AB, and (h)
NFS@G. (i) HAADF image and the corresponding Na, Fe, C, O, and S
elemental mappings of NFS@KB.
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Fig. 3 (a) The first cycle charge/discharge curves, (b) cycling perfor-
mance, and (c) rate performance of NFS@QC composite materials and
bare NFS, (d) comparison of the rate performance in this work with that
in other reported studies, (e) the average working voltage of NFS@KB
at different current densities, (f) comparison of energy density
between this work and other iron-based polyanionic materials, (g) the
cycling performance of NFS@KB at 2.0 A g%, and (h) charge/discharge
curves of NFS@KB in different cycles at 2.0 A g~

and the function of inhibiting the agglomeration of NFS. In
addition, we also tried to synthesize the sample by adding KB
after annealing, denoted as NFS ADD KB. As shown in Fig. S7
(ESIT), KB coating plays a critical role in improving the rate
performance and the capacity retention during long-term
cycling, where the introduction of KB before annealing
(NFS@KB) with a smaller particle size exhibits greatly enhanced
electrochemical performance. Remarkably, NFS@KB electrodes
show the highest reversible capacity of 85.7 mA h g ' and the
best rate performance (61.5 mA h g at 5.0 A g™ ') and cycling
stability (specific capacity remains at 87.5 mA h g~" after 100
cycles). The largest specific area of the NFS@KB composite
facilitated Na* diffusion, which was responsible for the superior
electrochemical performance. As shown in Fig. 3d and Table
S1,f at a comparative active material loading, the NFS@KB
composite material shows a more competitive rate performance
than the reported polyanionic cathode material.?*****-*¢ More-
over, NFS@KB electrodes maintain a high discharge voltage in
a wide current density range (Fig. 3e). Among the reported iron-
based polyanionic materials for SIBs, the NFS@KB composite
material shows an acceptable energy density of 311 W h kg™"
(Fig. 3f).’*>*373% The long-term cycling stability of the NFS@KB
composite was further assessed at 2.0 A g~', and a high
reversible capacity of 74.6 mA h g~ was maintained even after
1000 cycles (Fig. 3g and h). These results suggest that the
NFS@KB composite is a promising cathode candidate for SIBs.

The reason for the superior electrochemical performance of
the NFS@KB composite was first investigated by cyclic voltam-
metry (CV) and galvanostatic intermittent titration (GITT).
Representative CV profiles for different sweep rates from 0.1 to
0.5 mV s~ of the NFS@KB electrode are shown in Fig. 4a. The
CV curves show similar shapes with an increase in the scan rate.
Meanwhile, Fig. 4b and c show that the b-values of peaks from 1
to 6 of the NFS@KB electrode are determined to be 0.982, 0.857,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CV curve of NFS@KB from 0.1 mV s~ to 0.5 mV s™2 (b) the
relevant b-value determination for the anodic peaks of corresponding
NFS@KB, (c) the relevant b-value determination for the cathodic peaks
of corresponding NFS@KB, (d) galvanostatic intermittent titration
technique (GITT) curves of the NFS@KB material for the charge and
discharge process, and the chemical diffusion coefficient of Na* ions
of NFS@KB materials. (€) Comparison of diffusion coefficients between
the present work and other cathode materials. (f) XPS Fe 2p narrow
spectra of NFS@KB at different voltage states, and (g) ex situ XRD
patterns of NFS@KB at different charge/discharge states.

0.809, 0.866, 0.934, and 0.985, respectively, demonstrating the
dominant pseudocapacitive behavior in the electrochemical
process.*® Similarly, the reaction in NFS@SP, NFS@AB, and
NFS@G electrodes is also dominated by pseudocapacitive
behavior (Fig. S10, ESIt). It is worth noting that the CV curves of
bare NFS have no distinct peaks due to the sluggish electro-
chemical reaction kinetics (Fig. S11, ESIT). Therefore, conduc-
carbon materials are important to boost the
electrochemical reaction activation of NFS.

Subsequently, the Na’ ion diffusion coefficient (Dya) of
NFS@C and bare NFS was estimated by GITT measurement. The
voltage (E) is linearly related to /7 in these samples (Fig. S12,
ESIT). Hence, the corresponding Na' diffusion coefficient can be
calculated using the following equation:*®

Dy, = 4 (mB VM)Z(AES)Z (r < L )
mr \ MpS ) \AE, Dra-

where my is the mass of the active material, V,, is the molar
volume, My is the molecular weight, S is the area of the elec-
trode, L is the thickness of the electrode, and t is the current
pulse time. Fig. S13 (ESIT) shows the AEg and AE.. As shown in
Fig. 4d and S14 (ESIf), the NFS@KB composite shows the
highest Na* diffusion coefficient, which is responsible for its
superior rate performance. Noticeably, the NFS@KB composite
also shows a comparable Na' diffusion coefficient to the re-
ported cathode materials (Fig. 4e).>*?>3275

The charge compensation mechanism and structural evolu-
tion of the NFS@KB composite during the charge/discharge
process were revealed by ex situ XPS and XRD, respectively.
Several representative voltage states were selected from the first
charge/discharge curve for ex situ XPS testing, including the

tive
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initial charging stage, points at 4.0 V, 4.25 V, and 4.5 V during
the charging process, as well as points at 3.9V, 3.6 V, and 2.0 V
during the discharging process. As shown in Fig. 4f, the Fe 2p
peaks move towards a higher binding energy level during the
charging process, indicating that Fe** has been oxidized to Fe*".
When discharged to 2 V, the peak moves to the initial position,
exhibiting a reversible change between Fe*" and Fe*". Besides,
a highly reversible structure evolution can also be observed by
ex situ XRD, suggesting superior structure stability of the
NFS@KB composite (Fig. 4g). These characteristics contributed
to the outstanding cycling stability of the NFS@XKB electrode.

The all-climate performance of NFS@KB was evaluated in
a wide temperature range from —10 °C to 60 °C. As shown in
Fig. 5a, we measured the electrochemical properties of the
NFS@KB material from 60 °C to —10 °C at a current density of
05 A g '. At —10 °C, the cycling specific capacity of
50.4 mA h g™ ' is 63.2% of the room-temperature specific
capacity, demonstrating that NFS@KB shows excellent perfor-
mance over a wide temperature range. Noticeably, the polari-
zation of the NFS@KB electrode gradually increases with
decreasing temperature (Fig. 5b). Meanwhile, the NFS@KB
electrode shows superior cycling stability at —10 °C and 60 °C,
with a capacity retention of 98.99% and 90.67% after 100 cycles,
respectively (Fig. 5¢ and S15, ESIT).

To demonstrate the potential of NFS@KB for practical
application, a sodium-ion full cell was assembled by using the
NFS@KB cathode and a hard carbon (HC) anode (Fig. 5d). The
N/P ratio of the full cell is set at approximately 1.1. Before
assembling the full cells, the NFS@KB cathode and HC anode
are both pre-activated, with NFS@KB//Na half cells cycled at
10 mA g ! for 3 cycles from 2.0-4.5 V and HC//Na half cells
cycled at 10 mA g~ for 3 cycles from 0.01-2.0 V, respectively.
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Fig.5 (a) The electrochemical performance of NFS@KB from 60 °C to
—10 °C at a current density of 0.5 A g, (b) charge/discharge curves of
NFS@KB at different temperatures, and (c) the cycling performance of
NFS@KB at —10 °C and 60 °C. (d) Schematic illustration of the
NFS@KB//HC full cell, (e) the charge/discharge curves of the
NFS@KB//HC full cell at 0.05 A g™, (f) the rate performance of
NFS@KB//HC full cells, (g) the charge/discharge curves of NFS@KB//
HC full cells at different current densities, and (h) the cycling perfor-
mance of NFS@KB//HC full cells at 0.05A g~ 2.
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The material characterization and sodium storage performance
of HC are displayed in Fig. S16 (ESIt). The NFS@KB//HC full cell
delivers a reversible capacity of 71.3 mA h g~ " with a high
operation voltage of 3.5 V (Fig. 5¢). Furthermore, the NFS@KB//
HC full cell also shows a considerable rate performance (Fig. 5f
and g). The corresponding specific capacities are as high as
80.0, 74.4, 71.3, 68.2, 65.1, 63.0, and 56.5 mA h g at current
densities of 0.01, 0.02, 0.03, 0.05, 0.08, 0.1, and 0.2 A g},
respectively. Besides, as illustrated in Fig. 5h, the NFS@KB//HC
full cell exhibits a superior cycling stability (capacity retention
of 77.3% after 100 cycles). These results indicate that NFS@KB
is a promising cathode candidate for high-performance SIBs.

Conclusions

In conclusion, various carbon materials were applied to disclose
the effect of carbon materials on the electrochemical perfor-
mance of NFS. Benefiting from the large surface area, NFS@KB
shows fast Na* diffusion kinetics. Meanwhile, NFS@KB exhibits
a highly reversible structure evolution and charge compensa-
tion mechanism during the charge/discharge process. There-
fore, the NFS@KB electrode exhibited the highest reversible
capacity 857 mA h g', the best rate performance
(61.5 mA h g7 " at 5.0 A g”'), and superior cycling stability (a
reversible capacity of 74.6 mA h g ' after 1000 cycles). In
addition, the NFS@XKB electrode delivers good cycling stability
at high temperature (90.67% after 100 cycles, 60 °C) and low
temperature (98.99% after 100 cycles, —10 °C). The NFS@KB//
HC full cells further reveal that NFS@KB is a promising
candidate for SIBs. These results provide important insights
and proof of the concept that the optimization of carbon
materials can significantly boost the sodium-storage perfor-
mance of NFS-based cathode materials.
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