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ABSTRACT Iron-based mixed phosphates are considered as 
promising cathode materials for sodium-ion batteries (SIBs) 
due to their low cost, non-toxicity, and high structural stabi
lity. However, their electrochemical performance is limited by 
poor electronic conductivity and sluggish ion diffusion. In this 
study, Na 4Fe 3(PO 4) 2(P 2O 7) with porous coral-like S-doped 
carbon (NFPP-U0.5%) is presented as cathode materials for 
SIBs. The porous coral-like structure of the S-doped carbon 
layer, along with the C–S–Fe interaction, significantly en
hances both electronic conductivity and sodium ion diffusion. 
NFPP-U0.5% delivers excellent rate performance, achieving a 
capacity of 80.3 mAh g−1 at 20 C. Moreover, the in-situ X-ray 
diffraction analysis reveals that the C–S–Fe interaction, com
bined with the unique carbon structure, contributes to a small 
lattice volume change during cycling. NFPP-U0.5% finally 
reached an ultra-long cycling life (capacity retention of 82.66% 
after 25,000 cycles at 20 C). The outstanding electrochemical 
performances and the unique interface interaction demon
strate that the S-doped carbon coating NFPP is of high po
tential as a cathode material for low cost and long-lasting 
cyclability energy storage system. 
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coating, rate performance 

INTRODUCTION 
For many years, people have been exploring and improving 
technologies to utilize renewable energy sources such as wind, 
solar, and tidal energy. Among these efforts, the development of 
large-scale electric energy storage technologies (EESs), which 
can convert the renewable energy sources that are highly 
regionalized and cannot continuously and stably output into 
electrical energy, is very essential [1–9]. Sodium-ion batteries 
(SIBs) are considered as one of the most suitable choices for 
large-scale EESs due to abundant and widely distributed sodium 
resources, lower costs, and longer cycle lives. However, achiev
ing high-performance SIBs is still a great challenge, especially to 
obtain high-performance and low-cost cathode materials for 

SIBs. 
There are many kinds of cathode materials have been reported 

for SIBs, such as prussian blue analogs [9–15], transition-metal 
oxides [16–20], and polyanion compounds [21–30]. Considering 
the successful application of LiFePO 4 in lithium ion batteries and 
the mature production technology [31], many researchers have 
paid attention to the polyanion or mixed-polyanion compounds, 
which have three-dimensional (3D) framework that can provide 
strong structural support for the migration of Na+ ions. Among 
various polyanion compounds, Na 4Fe 3(PO 4) 2(P 2O 7) (NFPP) 
exhibits a high operating potential (~3.1 V vs. Na+/Na) and high 
theoretical capacity (129 mAh g−1) [32–34]. NFPP is a typical 
NASICON-type (sodium superionic conductor) structure 
material, which has a 3D crystalline framework that enables fast 
Na+ transmission. Besides, it also has the advantages of low cost, 
high abundance, non-toxicity, and high structural stability. 
Although NFPP shows great potential, its practical electro
chemical performance is still unsatisfied due to its low electronic 
conductivity and sluggish Na+ diffusion kinetics, which lead to 
unstable cycle performance and unsatisfactory rate capabilities 
[32–36]. Therefore, it is crucial to find a low-cost and effective 
way to obtain a high rate and stable NFPP. 

In order to reach the target of getting a high rate and stable 
NFPP, researchers have made various efforts. One of the most 
common modification methods is doping with other metal ions, 
usually transition metals or some inactive metal ions, such as Mg 
[37–39]. However, compared to Fe, the addition of other metals 
will increase the manufacturing costs, which will somehow 
increase the difficulty of the practical application of SIBs in the 
commercial EES market [34–37]. Another modification method 
is carbon coating, carbon coating can modify the electronic 
transport and enhance the electrochemical performance [40–44]. 
Currently, the carbon coating modification of NFPP mainly 
includes two categories: one focuses on using 3D structured 
graphene to support NFPP. Graphene-coated NFPP can achieve 
a significant performance improvement. However, graphene is 
expensive, and the synthesis process requires the addition of 
organic solvents, which does not align with the industrialization 
goals of sodium-ion battery cathodes. The other modification 
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approach involves element doping of the carbon coating layer, 
but the mechanism of element doping of the carbon coating 
layer remains incomplete. Herein, we propose a simple and 
efficient S-doped carbon coating strategy that can greatly 
improve the rate performance and stability of NFPP and propose 
a new perspective on how S-doped carbon coating can influence 
the NFPP. 

Aiming to improve the charge transfer and Na+ kinetics and 
modify the morphology regulation of NFPP, we prepared NFPP 
with S-containing raw materials (FeSO 4) in which the S will 
transfer from the raw materials into the carbon coating layer and 
the content of S could be controlled with urea [45]. The S- 
contained samples are marked here as NFPP-S and NFPP- 
U0.5%. NFPP-S and NFPP-U0.5% have a coral-like structure 
and contain rich 3D pores, which are beneficial to increase the 
contact area between NFPP and electrolyte. We also studied the 
interaction between S-doped carbon coating and NFPP. The S 
element that was doped into the carbon layer will interact with 
the Fe2+ in NFPP to form C–S–Fe. The formation of C–S–Fe will 
help to improve the electron conductance and sodium ion dif
fusion property of NFPP. Besides, the C–S–Fe can also stabilize 
the lattice structure of NFPP during the cycle. Compared with 
the undoped NFPP/C composite material (NFPP), NFPP-U0.5% 
which regulates the S content by adding 0.5 wt% urea, shows 
highly enhanced rate performance (capacity of 80.3 mAh g−1 at 
20 C) and ultra-long cycle life (15,000 cycles at 20 C, capacity 
retention rate of 92.63%). We proved the existence of C–S–Fe 
interaction through X-ray photoelectron spectroscopy (XPS), 
and revealed the impact of C–S–Fe interaction on the sodium 
ion diffusion through electrochemical kinetics analysis and 
material calculation. In addition, we also studied the lattice 
volume change of NFPP-U0.5% during charging and dischar
ging through in-situ X-ray diffraction (XRD) analysis. This 
reasonable strategy makes NFPP a cost-effective, environmen
tally friendly, and highly stable cathode material for energy 
storage systems, which may promote the practical application of 
SIBs in the commercial EESs market in the near future. 

RESULTS AND DISCUSSION 

Morphology and structure characterizations 
We successfully prepared the S-doped carbon coating NFPP 
using a facile one-step sol-gel method. The S source for the S- 
doped carbon coating comes from the sulfate in the raw material 
(FeSO 4). Since the ratio of raw materials is fixed in the synthesis 
process, we need to explore other methods to adjust the content 
of S in the carbon layer. Previous studies have shown that S in 
carbon materials is unstable and can easily combine with oxygen 
to produce SO x by-products [46,47], which will greatly reduce 
the stability of the carbon material. However, the addition of N 
element will reasonably inhibit the combination of S element 
and O, thus may increase the content of S in the carbon layer. To 
achieve this, we introduced urea (CO(NH 2) 2) with a mass frac
tion of 0.5% to increase the N content in the carbon layer, 
thereby raising the S content. To confirm that N doping could 
increase the S in the carbon layer, we conducted CHONS testing 
to analyze the contents of N and S. As the results showed in 
Table S2, after adding 0.5% mass fraction of urea, the S element 
content was significantly increased by 0.456% along with the 
increase of N element by 0.07%. At the same time, to avoid the 
influence of the N element in NH 4H 2PO 4 on the experimental 

results of the increase of S content influenced by the urea 
addition, we synthesized the NFPP-NON (NFPP synthesized 
without N-containing raw materials) and NFPP-NON-U0.5% 
(NFPP synthesized without N-containing raw materials but 
added 0.5 wt% urea) to experimentally verify the effect of urea 
on increasing S content. The results in Table S2 showed that 
there is indeed a positive correlation between the content of N 
and S. 

Here, we successfully prepared the S-doped carbon coating 
NFPP with the 0.5 wt% urea relative to the mass of citric acid 
and marked it as NFPP-U0.5%. We also prepared S-doped 
NFPP/C without using urea which is marked as NFPP-S, and 
NFPP/C which does not contain S but adds the same amount of 
urea and is marked as NFPP. To evaluate the phase constitution 
and lattice structure changes, XRD data were collected and 
refined for all samples. The Rietveld-refined results of NFPP- 
U0.5% with satisfactory weighted profile R-factors (R wp = 
2.714 %) are shown in Fig. 1a and Fig. S1, refined lattice para
meters (a = 17.83976 Å, b = 6.49747 Å, c = 10.74048 Å, and V = 
1244.963 Å3) while the other two samples’ refined lattice para
meters are NFPP-S (a = 17.83445 Å, b = 6.46308 Å, c = 
10.76465 Å, and V = 1240.794 Å3) and NFPP (a = 17.78447 Å, 
b = 6.45956 Å, c = 10.77852 Å, and V = 1238.234 Å3). The 
Rietveld refinement results are tabulated in Table S1. The refined 
lattice parameters and the left shift of XRD peaks (Fig. 1b) 
indicate that the lattice volume of NFPP, NFPP-S, and NFPP- 
U0.5% gradually increases. The unmatched diffraction peaks in 
the XRD pattern are attributed to the formation of the NaFePO 4 
impurity phase during the synthesis process. As shown in 
Fig. 1c, NFPP belongs to the orthorhombic Pn21a space group. 
It has a typical NASICON-type framework structure with open 
3D robust frameworks [32–45]. The open 3D robust frameworks 
provide sufficiently large vacant spaces for sodium ions diffu
sion. Theoretically, the increase in lattice volume will also lead to 
a larger channel inside NFPP, which is more conducive to the 
diffusion of sodium ions. Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) technologies were 
employed to investigate the morphology of NFPP, NFPP-S, and 
NFPP-U0.5%. Fig. 1d shows the SEM image of NFPP, where no 
obvious pores are observed. In contrast, the SEM images of 
NFPP-S (Fig. 1e) and NFPP-U0.5% (Fig. 1f) clearly reveal a 
porous, coral-like structure. Fig. 1g illustrates the carbon coating 
layer with a thickness of 7 nm on the surface of NFPP-U0.5% 
nanoparticles, which is produced by the pyrolysis of citric acid at 
high temperatures. From the high-angle annular dark-field 
scanning TEM (HAADF-TEM) image and energy dispersive X- 
ray spectroscopy (EDS) elemental mappings of NFPP-U0.5% 
(Fig. 1h), it is evident that the locations of the S element cor
respond well with the sites of other elements in NFPP. Fur
thermore, the areas containing the carbon element indicate that 
the carbon coating is uniform. TEM images (Fig. S2) show that 
the sample, after S doping in the carbon layer, is composed of 
irregular nanoparticles with sizes below 100 nm. This is likely 
due to the formation of C–S bonds that stabilize the carbon 
structure, effectively inhibiting the expansion and agglomeration 
of NFPP particles during the sintering process. This greatly 
reduces the size of the grains. To further investigate the 
morphologies of the NFPP, NFPP-S and NFPP-U0.5%, we 
characterized the samples via Brunauer–Emmett–Teller (BET) 
and Raman spectra. BET was employed to evaluate the specific 
surface areas and porosity of all samples. As shown in Fig. 1i, the 
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isotherms of all three samples belonged to Type IV isotherms. 
This allows for the determination of pore size and distribution 
through analysis of the isotherm hysteresis loops. The specific 
surface area of NFPP-S (63.7069 m2 g−1) and NFPP-U0.5% 
(68.7155 m2 g−1) are much higher than that of NFPP 
(24.6606 m2 g−1) which is consistent with SEM characterization. 
Besides, the adsorption average pore width of the BET test in 
Fig. 1j reveals that, compared to the NFPP-S and NFPP-U0.5%, 
NFPP does not have pores with diameters between 10 and 
100 nm. These pores likely form due to the SO 2 produced by 
SO 42− decomposition at high temperature, along with the vola
tilization of S which comes from the SO 2 reduced at high tem
perature with C and H 2 [46,48]. The relatively larger surface area 
and abundant pore volume observed in NFPP-S and NFPP- 
U0.5% are attributed to the coral-like structure. This structure 
increases the contact area and provides more channels for 
electrolyte diffusion, offering abundant electrochemical active 
sites and improving sodium-ion diffusion. 

Moreover, we also applied the Raman test to explore the 
structure of the carbon materials. In the Raman spectra of car
bon materials, the D-peak represents the degree of defects in the 
carbon layer, while the G-peak corresponds to the tensile 
vibration of the C atom sp2 mixed plane. Usually, we use the 
ratio of peak D to peak G (I d/I g) to analyze whether the carbon 
material tends to be amorphous or graphitized. We fitted the 
spectra and calculated the I d/I g of all samples. Results are shown 
in Fig. 1k. The I d/I g of NFPP, NFPP-S, and NFPP-U0.5% are 
1.212, 0.856, and 0.906, respectively. The I d/I g of NFPP-S and 
NFPP-U0.5% are much lower than that of NFPP, indicating that 
the carbon layer containing S element possesses a higher gra
phitization degree. This is most likely due to the fact that S 
element will form the stable C–S–C bond in the carbon layer to 
improve the stability of the carbon layer [49]. Generally, a higher 
degree of graphitization in the carbon layer indicates greater 
stability, making the structure less likely to collapse during 
cycling. Consequently, the carbon layer structure of the S-con

Figure 1 Materials characterizations. (a) Rietveld refinement of XRD pattern of NFPP-U0.5%. (b) XRD peak shift of NFPP, NFPP-S and NFPP-U0.5%. 
(c) Schematic for the crystal structure of NFPP. SEM images of (d) NFPP, (e) NFPP-S, and (f) NFPP-U0.5%. (g) TEM image of NFPP-U0.5%. (h) HAADF- 
TEM image and EDS elemental mappings of NFPP-U0.5%. (i) Surface area map. (j) Aperture profile of all samples. (k) Raman spectra of all samples.  
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taining samples will be more stable than that of the non-S- 
containing samples. Besides, we also found that the I d/I g of 
NFPP-U0.5% is a little higher than that of the NFPP-S. This is 
probably because the addition of S elements can produce certain 
defects on the carbon layer with the increase of S content. In 
addition to the C–S–C bonds, S doping in the carbon layer also 
exists in forms such as C=S. The presence of these S species 
introduces defects into the carbon lattice. As the overall S con
tent increases, the concentration of these specific S configura
tions also rises, consequently leading to the defects in the carbon 
layer increase [50]. The existence of these defects is also con
ducive to the conduction of sodium ions [46]. 

To explore how the carbon coating affects the NFPP, XPS test 
was applied to all samples. In the high resolution Fe 2p spectra 

(Fig. 2a, d, g), two peaks located at around 710.8 and 724.5 eV 
are observed, which are identified as Fe 2p 3/2 and Fe 2p 1/2, 
respectively [42,51]. Compared to NFPP, a peak centered at 
714 eV for samples which have S in the carbon layer (NFPP-S 
and NFPP-U0.5%) emerges, representing the interaction of C– 
S–Fe between the carbon layer and NFPP [47,52–58]. Addi
tionally, Fe 2p 3/2 and Fe 2p 1/2 peaks of NFPP-S and NFPP-U0.5% 
have lower binding energy values than those of NFPP, which can 
be attributed to the electron transfer from Fe to more electro
negative S due to the C–S–Fe interaction [47]. In Fig. 2c, f, i, the 
C 1s spectra are fitted. Peaks at binding energies of 286.15, 
286.29 and 286.31 eV correspond to C–O for NFPP and C–O/ 
C–S for NFPP-S and NFPP-U0.5%. The peaks around 287.72, 
288.05 and 288.14 eV belong to the C=O bond, and the peaks at 

Figure 2 XPS spectra of NFPP (a) Fe 2p, (b) S 2p, (c) C 1s. XPS spectra of NFPP-S (d) Fe 2p, (e) S 2p, (f) C 1s. XPS spectra of NFPP-U0.5% (g) Fe 2p, (h) S 
2p, (i) C 1s. (j) HAADF-STEM and the corresponding lattice of NFPP-U0.5%. (k) Lattice structure of NFPP-U0.5% constructed by XRD refinement and 
HAADF-STEM images. (l) PDF patterns of NFPP and NFPP-U0.5%.  
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around 289 eV correspond to O–C=O. In Fig. 2b, e, h, we 
analyzed the characteristic peaks of S. As the result shows, no 
characteristic peaks are found in NFPP, which does not contain 
S. However, in NFPP-S and NFPP-U0.5%, the 2p peak of S has 
spin-orbit splitting, and we can confirm that the characteristic 
peaks at 163.96, 164.02 and 165.12, 165.26 eV correspond to the 
S 2p 1/2 and S 2p 3/2 of C–S–C bond. The length of the C–S–C 
bond (0.178 nm) is longer than that of C–C bond (0.154 nm), 
the formation of C–S–C bond in carbon layers can increase the 
distance between layers which is favorable for transport of 
sodium ion [46]. Minor peaks at 161.28, 161.14 and 162.30, 
162.53 eV are identified as the S 2p 1/2 and S 2p 3/2 of Fe–S. 
Considering the structure between the carbon layer and NFPP, 
along with the Fe 2p spectrum, we considered the peaks to be C– 
S–Fe [47,59]. Furthermore, the peak centered at around 168 eV 
should be ascribed to the sulfate species (–SO x–) [60], owing to 
the unavoidable surface partial oxidation of carbon layer in the 
air. The presence of C–S–Fe strengthens the contact between the 
carbon layer and NFPP, making the carbon layer structure less 
likely to collapse during cycling. It also acts as a stabilizing chain 
for the crystal structure of NFPP, which will be further reflected 
in the electrochemical characterization of the material. 

Furthermore, to investigate the reason for the increased S 
content, we analyzed the N 1s spectra of NFPP, NFPP-S, and 
NFPP-U0.5%. Besides, XPS tests were also conducted on NFPP- 
NON, NFPP-NON-U0.5%, and NFPP-NON-U1%. N 1s spec
trum analysis on NFPP, NFPP-S, and NFPP-U0.5% is shown in 
Fig. S3. It was found that N elements in these materials mainly 
exist in four forms within the carbon layers: pyrrolic N, pyridinic 
N, graphitic N, and oxidized N. Among them, pyrrolic N and 
pyridinic N are active N sites. Pyrrolic N has a unique five- 
membered ring structure with a lone pair of electrons on the N 
atom, which makes it have a high chemical reactivity. Pyridinic 
N, located in a six-membered ring with sp2 hybridized orbitals, 
has a lone pair of electrons that do not participate in conjuga
tion. Although it is less active than pyrrolic N, its chemical 
reactivity is still high. By comparing the relative intensity ratios 
of XPS peaks, it was observed that samples containing S had a 
relatively higher content of pyrrolic N. Additionally, the inten
sity ratios of the peaks indicated that the addition of urea 
increased the signal of the oxidized N peak, suggesting an 
increase in its relative content. This is likely related to the 
increased S content, as S is unstable during the doping process 
and readily combines with oxygen to form SO x by-products. 
This not only reduces the S content incorporated into the carbon 
layers but also significantly decreases the stability of the carbon 
materials. The introduction of N can effectively inhibit the 
combination of S and oxygen, potentially increasing the S con
tent in the carbon layers. The XPS testing results of NFPP-NON, 
NFPP-NON-U0.5%, and NFPP-NON-U1% are shown in Fig. S4. 
The forms of N are more evident in the high-resolution N 1s 
spectra. It can be seen that NFPP-NON shows no signal for N, 
which is consistent with experiment design and verifies the 
accuracy of the CHONS test. In contrast, the N 1s spectra of N- 
containing materials NON-U0.5% and NFPP-NON-U1% show 
characteristic peaks for pyrrolic N, pyridinic N, and oxidized N, 
with the largest increase in pyrrolic N content, consistent with 
the N spectrum analysis results of the third chapter samples. The 
appearance of oxidized N in the N spectrum supports the 
hypothesis that the increase in S content is likely due to the 
reaction of active site N with oxygen to form oxidized N, thereby 

effectively inhibiting the combination of S and oxygen. 
Moreover, we combined HAADF-STEM with XRD refine

ment to help construct the lattice structure of NFPP-U0.5%. As 
Fig. 2j shows, we obtained the clear atomic image. Comparing it 
with the NFPP lattice structure, we determined that the bright 
spot in the figure represents the PO 42− group. After matching the 
atomic image, the interplanar spacing of (402) (003) crystal faces 
was determined to be 0.343 and 0.1853 nm, respectively, mat
ched well with the results calculated from refined lattice para
meters. Therefore, we established a lattice model of NFPP- 
U0.5% based on the refined XRD data and HAADF-STEM 
which is shown in Fig. 2k. The Na+ extraction sequence of NFPP 
is Na3 (5-coordinated) → Na1 (6-coordinated) → Na4 (6- 
coordinated). It is worth noting that the last Na+ located at Na2 
(7-coordinated) can not be extracted [61,62]. The X-ray pair 
distribution function (PDF), which is sensitive to the distance 
between atomic pairs, is also employed to study the atomic 
structure. After comparison with the NFPP-U0.5% model, we 
ensure that the distinct peaks at around 1.5, 2.0, and 2.4 Å 
correspond to the P–O, Fe–O, and Na–O atomic pairs, respec
tively (Fig. 2l). Compared to NFPP, a minor peak at around 
2.85 Å appears. After comparing it with the NFPP-U0.5% model 
and reviewing the literature, we believe that this is the peak of 
Fe–S [59,63]. 

Electrochemical properties 
Cyclic voltammetry (CV) of NFPP-U0.5% was carried out at a 
scan rate of 0.1 mV s−1. As displayed in Fig. 3a, no obvious 
discrepancies are found over the three cycles, which indicates the 
good reversibility of NFPP-U0.5%. Two pairs of main redox 
peaks at 2.994/2.835 and 3.27/3.17 V along with a pair of weak 
peaks at 3.21/3.09 V are observed, suggesting a multi-step 
sodium-ion extraction/insertion process in NFPP-U0.5%. The 
oxidation peaks at 2.994/2.835 V correspond to the extraction of 
Na-ion at Na3 (5-coordinated) and Na1 (6-coordinated) sites. 
Additionally, the oxidation peaks at 3.20 and 3.28 V are attrib
uted to the extraction of Na-ion at Na4 site (6-coordinated). 
Fig. 3b displays the galvanostatic charge/discharge profiles of 
three samples at 0.2 C (theoretical specific capacity = 
129 mAh g−1) within the voltage of 1.5–4.0 V. To exclude the 
effect of carbon material on performance, we subtract the mass 
of carbon coating in the capacity calculation. The C-rate per
formances of the three samples are displayed in Fig. 3c. The 
charge was conducted at the same current rate with the dis
charge process. The discharge capacities of NFPP-U0.5% are 
much higher than those of the NFPP at rates of 0.2, 0.5, 1, 2, 5, 
10 C and even up to 20 C. It is worth noting that the perfor
mance of NFPP-S sample lags behind NFPP-U0.5% starting 
from 5 C. However, the discharge capacity of all three samples 
can almost fully recover when the rate returns to 0.1 C, reflecting 
the excellent endurance of NFPP at high C-rates. 

Fig. 3d, e display the electrochemical cycling of NFPP, NFPP-S 
and NFPP-U0.5% at 0.2 and 1 C respectively. At the rate of 
0.2 C, capacities of NFPP-S and NFPP-U0.5% remain stable over 
the 500 cycles, while NFPP shows significant capacity loss. At 
1 C, NFPP-S and NFPP-U0.5% still exhibit impressive cycle 
stability, with 90.87% and 96.24% capacity retention after more 
than 1000 cycles, while the capacity retention of NFPP is only 
49.49%. The fluctuation after 400 cycles in Fig. 3d was caused by 
the malfunction in the temperature-controlled battery test 
chamber. Furthermore, the long-term cycling stability of NFPP- 
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U0.5% was evaluated at 20 C (Fig. 3f). After 15,000 cycles at 
20 C, a capacity retention of 92.63% is still retained, and after 
25,000 cycles, 82.66% still remained. The fluctuations between 
5000 and 10,000 cycles were caused by drastic temperature 
changes due to a malfunction in the temperature-controlled 
battery chamber, but the battery subsequently returned to nor
mal operation. It is significantly better than NFPP, which has a 
capacity retention of only 54.6% after 15,000 cycles (Fig. S6). 
Even among the NFPP-based cathode materials for SIBs repor
ted so far, the performance of NFPP-U0.5% is also impressive 
(Table S3). Besides, in order to figure out if the N in the carbon 
layer would influence the cyclic stability of NFPP, cycling tests 
were conducted on NFPP-NON, NFPP-NON-U0.5% and NFPP- 
NON-U1%. As shown in Fig. S5, there is no significant differ
ence in the cyclic stability of the three samples at 1 C, indicating 
that the N content in the raw materials has little/no impact on 
the cycling performance of the modified NFPP. The improve
ment in cycling performance is more likely related to the pre
sence of S. 

Dynamics  
The rate performance is closely related to the sodium ion dif

fusion and the electron conductivity of the cathode materials. 
We first applied electrochemical impedance spectroscopy (EIS). 
The EIS plots (Fig. 4a) showed that NFPP-S and NFPP-U0.5% 
have smaller semicircle compared to NFPP, indicating that lower 
charge transfer resistance (R CT) is achieved after S doping. To 
further compare the R CT of three samples, EIS plots were fitted 
using an equivalent circuit model (insert of Fig. 4a). In the 
model, R S stands for solution (electrolyte) resistance, R C for 
contact resistance and R CT for transfer resistance. The fitting 
results (Table S4) show that the R CT of NFPP-S and NFPP- 
U0.5% are 89.34 and 76.17 Ω, which are lower than that of NFPP 
(317.3 Ω). The results indicate that moderate S doping can 
improve the electronic conductivity which is one of the most 
crucial factors for enhancing C-rate performance. Typically, 
carbon coating modifications improve conductivity via the outer 
carbon layer and do not alter the intrinsic electronic con
ductivity of the cathode material itself. However, the formation 
of C–S–Fe interactions affects the crystal structure of NFPP in 
the layers in contact with the carbon layer. To a certain extent, it 
also influences the electron energy-level distribution of NFPP, 
thereby causing a change in the band structure. The above 
prediction was validated through UV-vis to investigate the band 

Figure 3 Electrochemical performance. (a) CV curves for the initial three cycles of NFPP-U0.5% at the scan rate of 0.1 mV s−1 and the voltage range of 
1.5–4.0 V (vs. Na+/ Na). (b) Charge/discharge profiles. (c) Rate performance of NFPP, NFPP-S and NFPP-U0.5%. (d) Cycling performance of NFPP, NFPP-S 
and NFPP-U0.5% at 0.2 C. (e) Cycling performance of NFPP, NFPP-S and NFPP-U0.5% at 1 C. (f) Long-term cycling performance of NFPP-U0.5% at 20 C.  
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gaps and electron conductivity of NFPP and NFPP-U0.5%. As 
shown in Fig. 4b, we calculated the band gap with the Tauc-plot 
method. The optical band gaps of NFPP and NFPP-U0.5% were 
1.653 and 1.388 eV, respectively [64]. The findings suggest that 
the S-doped carbon layer can reduce the band gap of NFPP 
which makes it easier for electrons to transition between energy 
bands, thereby reducing electronic transition resistance and 
improving the conductivity of the material. 

In addition to electronic conductivity, the diffusion of sodium 
ions is also a key to the rate performance. The ab initio mole
cular dynamics (AIMD) simulations were carried out in NFPP 
and NFPP-U0.5% to obtain the diffusion coefficient D of Na3, 
Na1 and Na4. As shown in Fig. 4c, the Na+ diffusion coefficient 
D of NFPP-U0.5% is higher on average than that of NFPP (the 
simulation process is shown in Fig. S8). To further verify the 
improvement of sodium ion diffusion by S doping, we applied 
the galvanostatic intermittent titration technique (GITT) to get 
the sodium-ion diffusivities. Based on the GITT test (Fig. 4d), 

the sodium-ion diffusivities were calculated (the detailed calcu
lation method is displayed in Fig. S7). During the discharge and 
charge process (Fig. 4e, f), the calculated sodium-ion diffusivities 
of three samples exhibit a similar trend. In the potential range of 
main discharge plateaus (2.6–3.4 V vs. Na+/Na) and main charge 
plateaus (2.1–3.6 V vs. Na+/Na), the S-doped samples (NFPP-S 
and NFPP-U0.5%) display higher sodium-ion diffusivities than 
NFPP, demonstrating that the S doping enhances the sodium- 
ion diffusion in NFPP. 

Furthermore, to validate the stabilizing role of the C–S–Fe 
during the cycle, we combined in-situ XRD and refinement for 
the analysis. The in-situ XRD patterns of NFPP-U0.5% and 
corresponding potential time profiles are displayed in Fig. 4g. 
The structural evolution is shown in Fig. S9. During the sodium- 
ion extraction process, the (022) and (222) diffraction peaks of 
NFPP-U0.5% shift to a higher angle, and reversibly return to 
initial states during the Na+ insertion. Thus, it can be confirmed 
that the Na+ insertion/extraction in NFPP-U0.5% is a one-phase 

Figure 4 Na-ion dynamics. (a) EIS plots and equivalent circuit fitting results of NFPP, NFPP-S, and NFPP-U0.5% after 5 cycles at 1 C and the equivalent 
circuit model (inset). (b) UV-vis. (c) Diffusion coefficient calculated through AIMD. (d) GITT curves of NFPP-U0.5%. (e) Na-ion diffusivities of NFPP, NFPP- 
S, and NFPP-U0.5% during discharge process calculated from the GITT test. (f) Na-ion diffusivities of NFPP, NFPP-S, and NFPP-U0.5% during charge process 
calculated from the GITT test. (g) In-situ XRD patterns and corresponding potential-time plot of NFPP-U0.5%. (h) Changes in lattice parameters produced by 
the insertion/extraction of Na+.  
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structural evolution [36,48]. Fig. 4h shows the changes of lattice 
parameters during the cycle, which was calculated from in-situ 
XRD. The lattice shrinks during the extraction of Na+, corre
sponding to a small volume change of approximately 4.1% 
during one cycle. The small volume change guarantees the long- 
term cycling stability. Combining the previous characterizations, 
the unique coral-like structure of the S-doped carbon layer 
enables the electrolyte to better infiltrate the electrode material. 
Additionally, this porous structure shortens the diffusion path of 
sodium ions into the cathode material. Consequently, the 
sodium-ion diffusion performance of NFPP-U0.5% is sig
nificantly enhanced. Moreover, the S in the carbon layer, while 
strengthening the stability of the carbon layer by forming C–S–C 
bonds, also forms C–S–Fe interactions with NFPP. This not only 
makes the carbon coating more stable but also greatly improves 
the cycling stability of NFPP. In addition, the C–S–Fe interac
tions affect the band gap of NFPP to a certain extent, increasing 
its electronic conductivity. The enhanced ionic and electronic 
conductivities endow NFPP-U0.5% with excellent rate perfor
mance. 

CONCLUSIONS  
We have successfully synthesized porous coral-like NFPP-U0.5% 
via a feasible and simple sol-gel method. The kinetic analysis 
results reveal that the S doping improves the Na-ion diffusivity 
and reduces the interfacial charge transfer resistance. Through 
XPS and PDF tests, we have identified the presence of the 
interaction of C–S–Fe. The unique coral-like porous carbon 
layer structure shortens the transport path of sodium ions into 
the cathode, and its high electrical conductivity also improves 
the conductivity of the composite cathode material. In addition, 
the presence of C–S–Fe interactions changes the structure of 
NFPP in contact with the carbon layer, thereby reducing the 
band gap of the cathode material and enhancing the intrinsic 
electronic conductivity of the material. The interaction of C–S– 
Fe enhances the stability between the cathode material and the 
carbon coating layer. The unique coral-like carbon structure 
together with the interaction of C–S–Fe enhanced the rate per
formance and enabled NFPP an ultra-long cycling life. NFPP- 
U0.5% achieved impressive rate performances (80.3 mAh g−1 at 
20 C) and excellent cycling stability at room temperature 
(82.66% capacity retention after 25,000 cycles at 20 C). HAADF- 
STEM, in-situ XRD, AIMD, and GITT testing confirm the fast 
sodium diffusion, highly stable structure, and excellent electro
chemical reversibility of NFPP-U0.5%. It is believed that the low 
cost, long-term cycling stability, and simple synthesis make 
NFPP-U0.5% a promising cathode material for SIBs. This work 
also provides valuable insights for the design and synthesis of 
low-cost, high-performance SIB cathodes. 
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高倍率及长循环稳定钠离子电池的硫掺杂碳界面相 
互作用促进Na 4Fe 3(PO 4) 2(P 2O 7)的动力学研究 

蔡雨洋1,2†, 程翰文2†, 陈卓2†, 徐翰涛2†, 李士栋1,2, 李景昊2,  
张艺博1,2, 赵历2, 豆珍珍2*, 徐林1,2,3,4* 

摘要 铁基混合磷酸盐因其低成本、无毒性及高结构稳定性, 被视为 
钠离子电池(SIBs)极具潜力的正极材料. 然而, 其电子电导率低下和离 
子扩散缓慢严重制约了电化学性能. 本研究提出一种具有多孔珊瑚状 
硫掺杂碳层的Na 4Fe 3(PO 4) 2(P 2O 7) (NFPP)作为SIBs正极材料. 硫掺杂 
碳层的多孔珊瑚状结构与C–S–Fe界面相互作用显著改善了电子电导率 
和钠离子扩散动力学. NFPP-U0.5%展现出优异的倍率性能, 在20 C高 
倍率下仍可保持约80.3 mAh g−1的可逆容量. 原位X射线衍射分析进一 
步证实, 独特的C–S–Fe界面结合特殊碳结构设计, 使材料在循环过程 
中晶格体积变化率显著降低. 经25,000次20 C高倍率循环后, 容量保持 
率达82.66%, 展现出超长循环寿命. 该硫掺杂碳包覆NFPP正极材料凭 
借卓越的电化学性能与独特的界面相互作用, 为低成本、长寿命储能 
系统提供了极具潜力的解决方案. 
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