
www.afm-journal.de

© 2022 Wiley-VCH GmbH2211257 (1 of 8)

Mg-Doped Na4Fe3(PO4)2(P2O7)/C Composite with 
Enhanced Intercalation Pseudocapacitance for Ultra-Stable 
and High-Rate Sodium-Ion Storage

Fangyu Xiong, Jiantao Li, Chunli Zuo, Xiaolin Zhang, Shuangshuang Tan, Yalong Jiang, 
Qinyou An,* Paul K. Chu, and Liqiang Mai*

Na4Fe3(PO4)2(P2O7) (NFPP) is considered as a promising cathode material 
for sodium-ion batteries (SIBs) due to its low cost, non-toxicity, and high 
structural stability, but its electrochemical performance is limited by the 
poor electronic conductivity. In this study, Mg-doped NFPP/C composites 
are presented as cathode materials for SIBs. Benefiting from the enhanced 
electrochemical kinetics and intercalation pseudocapacitance resulted from 
the Mg doping, the optimal Mg-doped NFPP/C composite (NFPP-Mg5%) 
delivers high rate performance (capacity of ≈40 mAh g−1 at 20 A g−1) and 
ultra-long cycling life (14 000 cycles at 5 A g−1 with capacity retention of 
80.8%). Moreover, the in situ X-ray diffraction and other characterizations 
reveal that the sodium storage process of NFPP-Mg5% is dominated by the 
intercalation pseudocapacitive mechanism. In addition, the full SIB based on 
NFPP-Mg5% cathode and hard carbon anode exhibits the discharge capacity 
of ≈50 mAh g−1 after 200 cycles at 500 mA g−1. This study demonstrates the 
feasibility of improving the electrochemical performance of NFPP by doping 
strategy and presents a low-cost, ultra-stable, and high-rate cathode material 
for SIBs.
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1. Introduction

The development of renewable energy 
such as solar, wind and tidal energy is of 
great significance for achieving a sustain-
able human society.[1,2] Considering the 
intermittency of these energy sources, 
establishing smart grids based on large-
scale energy storage systems (LSESSs) 
is vital for realizing their efficient utili-
zation.[3,4] Sodium-ion batteries (SIBs) 
are considered as a promising choice for 
LSESSs owing to the low cost, high abun-
dance, and wide distribution of sodium 
resources.[5–7] However, although many 
efforts have been devoted to the develop-
ment of SIBs, it remains a challenge to 
obtain high-performance and low-cost 
cathode materials for SIBs that meet the 
requirements of LSESSs.

Inspired by the great successful of 
LiFePO4 in LIBs, many researchers 
have paid attention to Fe-based phos-
phates as cathode materials for SIBs.[8,9] 

Moreover, Fe-based phosphates possess the advantages of low 
cost, high abundance, non-toxicity, and high structural sta-
bility.[10,11] Unfortunately, different from LiFePO4, the thermo-
dynamically favorable NaFePO4 is maricite structure without 
Na-ion diffusion channels, thus it displays low electrochemical 
activity as cathode materials for SIBs.[12–14] Therefore, many 
researchers transfer attention to other Fe-based phosphates, 
such as Na2FeP2O7,[15,16] Na2FePO4F,[17,18] Na3Fe2(PO4)3,[19,20] 
and so forth.[21,22] Among these, Na4Fe3(PO4)2(P2O7) (NFPP) 
exhibits relatively high operating potential (≈3.1  V vs Na+/Na) 
and theoretical capacity (129 mAh g−1), and low volume change 
(≈4%).[23,24] Furthermore, NFPP has 3D Na-ion diffusion chan-
nels, which is beneficial for realizing high-rate capability.[25] 
Although NFPP shows great potential, its practical electro-
chemical performance is unsatisfied due to the poor electronic 
conductivity.[26–29] Therefore, various NFPP/C composites have 
been fabricated to modify the electronic transport and achieve 
enhanced electrochemical performance.[9,28–32] However, fab-
ricating NFPP/C composites only can facilitate the electronic 
transport outside NFPP particles, but cannot change its own 
conductivity, i.e., the electronic conductivity inside particles 
is still poor. Doping is identified as an efficient approach to 
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improve the electronic conductivity of materials by introducing 
impurity energy levels and has been widely used in various 
electrode materials for rechargeable batteries.[33–35] Therefore, 
fabricating the doping modified NFPP/C composites holds 
high promise to realize fast electron transport both outside and 
inside NFPP particles, thereby achieving superior electrochem-
ical performance, but related report is still rare.

Herein, Mg-doped NFPP/C composites were presented and 
evaluated as cathode materials for SIBs. Mg was chosen as 
dopant because of its high abundance, low molar mass, and 
similar ionic radius (0.72 Å) with high-spin Fe2+ (0.78 Å).[36–38] 
Moreover, the positive role of Mg doping in some other cathode 
materials for SIBs was confirmed.[39–41] In this work, compared 
to undoped NFPP/C composite (NFPP-0), the 5% Mg doped 
NFPP/C composite (NFPP-Mg5%) displays highly enhanced 
rate performance (≈40  mAh  g−1 at 20  A  g−1) and ultra-long 
cycling life (14 000 cycles at 5 A g−1 with capacity retention of 
80.8%). The role of Mg doping was revealed by the electrochem-
ical kinetic analysis and the sodium storage mechanism was 
investigated by the in situ X-ray diffraction (XRD), ex situ X-ray 
photoelectron spectroscopy (XPS), and electrochemical analysis. 
The enhanced electrochemical kinetics and intercalation pseu-
docapacitance of NFPP-Mg5% are demonstrated as the origin 
for the enhanced rate performance and ultra-long cycling life. 

Besides, the full SIBs based on NFPP-Mg5% were assembled 
and display good electrochemical performance, which further 
demonstrates the application potential of NFPP-Mg5%.

2. Results and Discussion

The XRD patterns of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% 
(Figure S1, Supporting Information) are similar and match well 
with the previously reported NFPP (orthorhombic, space group: 
Pn21a),[23] indicating that replacing 5% or 10% of Fe by Mg only 
makes slight change on the crystal structure. Some diffraction 
peaks slightly shift to higher angle after Mg doping (Figure S1, 
Supporting Information), indicating the decrease of cell param-
eters. Moreover, the Rietveld refinements of XRD patterns of 
NFPP-0 and NFPP-Mg5% were performed to further compare 
the difference in crystal structure of NFPP before and after Mg 
doping (Figure  1a; Figure  S2, Supporting Information). The 
Rietveld refinement results (Table  S1, Supporting Informa-
tion) show that the lattice parameters of NFPP shrink slightly 
after Mg doping. The slight shrinkage of lattice parameters is 
ascribed to the smaller ionic radius of Mg2+ (0.72 Å) compared 
to Fe2+ (0.78  Å), implying that the Mg dopant is successfully 
introduced into the crystal structure of NFPP. Moreover, the 
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Figure 1. Materials characterizations. a) Rietveld refinement of XRD pattern of NFPP-Mg5%; b) Schematic for crystal structure of NFPP with Mg 
doping; c) FTIR spectra of NFPP-0 NFPP-Mg5%, and NFPP-Mg10%; d) TEM image, e) HRTEM image and f) SAED pattern of NFPP-Mg5%; g) EDS 
spectra of NFPP-0, NFPP-Mg5%, and NFPP-Mg10%; h) HADDF-STEM image and EDS elemental mappings of NFPP-Mg5%.
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average length of NaO bonds increases from 2.50 to 2.56  Å
after Mg doping, facilitating the Na-ion diffusion.[41] In NFPP, 
the [Fe3P2O13]∞ layers are linked by [P2O7] units to form a 3D 
framework with large ionic channels (Figure  1b), which is 
benefit for realizing the fast sodium-ion diffusion.[23,42] The 
introduced Mg is expected to occupy on Fe site due to the 
similar radii of Mg2+ and high-spin Fe2+. Moreover, Fourier 
transforms infrared (FTIR) spectroscopy was employed to 
study the bonding structure. In the FTIR spectra of three sam-
ples (Figure  1c), the peaks corresponding to the vibrations in  
the both PO4 (450–650  cm−1 and 975–1200  cm−1) and P2O7 
(719 and 963  cm−1) units are observed.[9,43] In the Raman 
spectra (Figure S3a, Supporting Information), the broad D and 
G bands at 1350 and 1590  cm−1, respectively, demonstrate the 
existence of carbon in three samples.[44,45] Moreover, the Raman 
spectra of three samples in the Raman shift range from 900 
to 1900 cm−1 can be deconvoluted into several peaks by fitting 
(Figure  S3b–d, Supporting Information).[46,47] The bands at 
≈1350 cm−1 (D) and 1590 cm−1 (G) are ascribed to the disordered
graphitic lattice and ideal graphitic lattice, respectively.[46] The
A (≈1500 cm−1) and I (≈1200 cm−1) bands are assigned to amor-
phous sp2-bonded forms of carbon and the polyene-like struc-
tures, respectively.[48,49] In addition, the band at ≈1000  cm−1 is
ascribed to the [PO4]3−/[P2O7]4− groups of NFPP.[50] The fiting
D/G ratios of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% are
1.19, 1.21, and 1.22, respectively. The similar D/G ratios dem-
onstrate that the Mg doping has an ignorable effect on the
graphitization degree of the carbon coating layer. Moreover,
thermogravimetric (TG) analysis was employed to determine
the carbon contents of three samples (Figure  S4, Supporting
Information). Meanwhile, in order to evaluate the composition
of NFPP after the heating test, the XRD pattern of NFPP-0 after
annealing at 600 °C in the air for 2 h was measured (Figure S5,
Supporting Information). The XRD pattern indicates that
the heated product of NFPP is composed of Na3Fe2(PO4)3
major phase (JCPDS 45–0319) and Fe2O3 secondary phase
(JCPDS 86–0550). Therefore, the speculated reaction of NFPP
during annealing in the air is described as the following
equation:

12Na Fe PO P O 9O 16Na Fe PO 2Fe O4 3 4 2 2 7 2 3 2 4 3 2 3( )( ) ( )+ → +  (1)

Based on this equation, the carbon contents of NFPP-0, 
NFPP-Mg5%, and NFPP-Mg10% were calculated to be 16.1%, 
15.0%, and 14.2%, respectively. Besides, XPS was utilized to 
investigate the element composition and chemical state of 
NFPP-0, NFPP-Mg5%, and NFPP-Mg10% (Figure  S6, Sup-
porting Information). The Na, Fe, P, O, and C signals are 
detected in the survey XPS spectra of all three samples 
(Figure  S6a, Supporting Information). Moreover, the Mg 1s 
peak is observed in Mg 1s XPS spectra of NFPP-Mg5% and 
NFPP-Mg10% but absent in that of NFPP-0 (Figure  S6c, Sup-
porting Information), indicating that the Mg element is success-
fully introduced in NFPP-Mg5% and NFPP-Mg10%. Besides, 
according to the inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES) results, the Mg/Fe/P molar ratio of 
NFPP-0, NFPP-Mg5%, and NFPP-Mg10% are 0.00:3.11:4.00, 
0.16:2.92:4.00, and 0.33:2.76:4.00, respectively, which are close 
to the expected values.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) technologies were employed to inves-
tigate the morphology of NFPP-0, NFPP-Mg5%, and NFPP-
Mg10%. The SEM (Figure  S7, Supporting Information) and 
TEM images (Figure  1d; Figure  S8a,b, Supporting Informa-
tion) show that all the three samples are composed of irregular 
nanoparticles with size of below 200  nm. The lattice fringes 
corresponding to the (402) plane of NFPP were observed in 
the high-resolution TEM (HRTEM) image of NFPP-Mg5% 
(Figure  1e). In addition, the HRTEM images of NFPP-0, and 
NFPP-Mg10% (Figure S8c,d) display the lattice fringes that 
match well with the (210) and (011) planes of NFPP, respec-
tively. The selected area electron diffraction (SAED) pattern of 
NFPP-Mg5% (Figure  1f) displays the polycrystalline feature of 
the nanoparticle aggregation. Besides, the energy dispersive 
spectroscopy (EDS) results (Figure  1g) demonstrate the exist-
ence of Mg element in NFPP-Mg5% and NFPP-Mg10%, but no 
Mg signal for NFPP-0. Moreover, the EDS elemental mappings 
(Figure 1h) show the even distribution of Na, Mg, Fe, P, and O 
in NFPP-Mg5% sample, implying that the Mg was introduced 
into the NFPP crystal rather than segregated to MgO or other 
Mg species alone.

To evaluate the effects of Mg doping on the sodium storage 
properties of NFPP, the cyclic voltammetry (CV) and galvano-
static charge/discharge tests of three samples were carried out. 
In the CV curves of NFPP-Mg5% at 0.1 mV s−1 (Figure S9b, Sup-
porting Information), four couples of oxidation/reduction peaks 
at 2.83/2.46, 3.00/2.83, 3.20/3.11 and 3.28/3.19 V (vs Na+/Na) are 
observed, implying the multi-step sodium-ion extraction/inser-
tion process of NFPP. The oxidation peaks at 2.83 and 3.00 V 
are corresponding to the transformation of Na4Fe3(PO4)2(P2O7) 
to Na2Fe3(PO4)2(P2O7) with the extraction of Na-ion at Na3 
(5-coordinated) and Na1 (6-coordinated) sites.[28,42] In addi-
tion, the oxidation peaks at 3.20 and 3.28 V are assigned to the 
transformation of Na2Fe3(PO4)2(P2O7) to NaFe3(PO4)2(P2O7) 
with the extraction of Na-ion at Na4 site (6-coordinated).[28,42] 
The reduction peaks are assigned to the corresponding reverse 
processes. The CV curves of NFPP-0 (Figure  S9a, Supporting 
Information) and NFPP-Mg10% (Figure  S9c, Supporting 
Information) are similar with that of NFPP-Mg5%, indicating 
the similar multi-step sodium storage process of three sam-
ples. At 0.05 A g−1, NFPP-Mg5% displays a reversible capacity 
of 104  mAh  g−1, which is slightly lower than that of NFPP-0 
(110 mAh g−1) because the introduced Mg-ion is electrochemi-
cally inactive in the potential range employed (Figure 2a). More-
over, the discharge curves of three samples deliver multiple pla-
teaus in 2.75–3.25 V and slope below 2.5 V, which correspond 
well with the CV curves. In addition, three samples exhibit 
excellent cycling stability at 0.05  A  g−1 (Figure  2b). Except for 
the slight decay in the first several cycles, the capacities of three 
samples remain stable in the 100 cycles. The rate performances 
of three samples are displayed in Figure 2c. Even at 20 A g−1, 
the capacity of NFPP-Mg5% still remains ≈40 mAh g−1, which 
is superior to that of NFPP-0 (≈0 mAh g−1) and NFPP-Mg10% 
(≈10  mAh  g−1). The modified Peukert plots of three samples 
(Figure  S10, Supporting Information) display that the NFPP-
Mg5% exhibits highest capacity when the current density is 
over 1 A g−1. More importantly, the capacity retention of NFPP-
Mg5% is higher than that of NFPP-0 under all tested current 
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densities (Figure  S11, Supporting Information). Meanwhile, 
the corresponding charge–discharge curves of three samples 
(Figure  S12, Supporting Information) show that NFPP-Mg5% 
displays smaller overpotential compared to NFPP-0 and NFPP-
Mg10%, especially at high current densities. These results 
demon strate that the suitable amount of Mg doping plays posi-
tive role on the rate performance of NFPP. In addition, the rate 
performance of NFPP-Mg5% is superior to many reported 
NFPP-based cathode materials for SIBs (Table  S2, Supporting 
Information).[9,25–32,42,50,51] In order to investigate the effect of 
carbon content, the bare NFPP and NFPP-0 with lower carbon 
content (denoted as NFPP-0-LC) were synthesized. However, 
the XRD pattern (Figure  S12a, Supporting Information) indi-
cates that the synthesis of bare NFPP failed. The XRD pattern 
of NFPP-0-LC (Figure S12b, Supporting Information) is match 
well with NFPP. Based on the TG plot (Figure S12c, Supporting 
Information), the carbon content of NFPP-0-LC was calculated 
as 9.41%. Compared to NFPP-0, NFPP-0-LC displays inferior 

rate performance (Figure S12d, Supporting Information), dem-
onstrating the carbon is beneficial for achieving better electro-
chemical performance. This indicates that the high carbon con-
tent is responsible for the good electrochemical performance 
of NFPP-0 and the excellent electrochemical performance of 
NFPP-Mg5% is attributed to the synergistic effect of carbon 
coating and Mg doping. Furthermore, the long-term cycling sta-
bility of NFPP-Mg5% was evaluated (Figure  2d). After 14  000 
cycles at 5 A g−1, a capacity retention of 80.8% is still remained. 
To the best of our knowledge, this is the longest cycling life for 
the reported NFPP-based cathode materials for SIBs (Table S2, 
Supporting Information).[9,25–32,42,50,51] These results demon-
strate that combining carbon coating and doping is an prom-
ising strategy to obtain high-performance NFPP-based cathode 
materials.

In order to reveal the origin for the enhanced rate perfor-
mance of NFPP-Mg5%, galvanostatic intermittent titration 
technique (GITT) and electrochemical impedance spectroscopy 
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Figure 2. Electrochemical performance. a) Charge/discharge profiles and b) cycling performance of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% at 
0.05 A g−1; (c) Rate performance of NFPP-0, NFPP-Mg5%, and NFPP-Mg10%; d) Long-term cycling performance of NFPP-Mg5% at 5 A g−1; (e) GITT 
curves of NFPP-Mg5%; f) The Na-ion diffusivities of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% during discharge process calculated from GITT test; 
g) EIS plots and equivalent circuit fitting results of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% after 3 cycles at 0.05 A g−1 and the equivalent circuit
model (insert).
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(EIS) were utilized to analyze the electrochemical kinetics of 
NFPP-0, NFPP-Mg5%, and NFPP-Mg10% samples. During 
the GITT test, NFPP-0, NFPP-Mg5%, and NFPP-Mg10% dis-
play discharge capacities of 110, 104, and 78  mAh  g−1, respec-
tively (Figure  2e; Figure  S14, Supporting Information). Based 
on the GITT test, the sodium-ion diffusivities were calculated 
(the detailed calculation method are displayed in Figure  S15 
and Table  S3, Supporting Information). During the discharge 
process, the calculated sodium-ion diffusivities of three sam-
ples exhibit similar decrease trend (Figure 2f). In the potential 
range of main discharge plateaus (2.6–3.3  V vs Na+/Na), the 
Mg-doped samples (NFPP-Mg5% and NFPP-Mg10%) display 
higher sodium-ion diffusivities than pristine one (NFPP-0), 
demonstrating that the Mg doping enhances the sodium-ion 
diffusion in NFPP. Specifically, the average sodium-ion dif-
fusivities of NFPP-0, NFPP-Mg5%, and NFPP-Mg10% are 
1.72 ×  10−10, 2.77 ×  10−10, and 2.97 ×  10−10  cm2 s−1, respectively, 
which are similar to the previously reported results.[28–31] In the 
EIS plots (Figure 2g), NFPP-Mg5% and NFPP-Mg10% display 
smaller semicircle compared to NFPP-0, implying that the lower 
charge transfer resistance (RCT) is obtained after Mg doping. To 
further compare the RCT of three samples, the EIS plots were 
fitted using an equivalent circuit model (insert of Figure 2g). In 
the model, RS, RC, and RCT are solution (electrolyte) resistance, 
contact resistance and charge transfer resistance, respectively. 
Ma is the “modified restricted diffusion” element, and RMa, 
one parameter of Ma, is related to the resistance of solid-state 
diffusion.[52–56] The fitting results (Table  S4, Supporting Infor-

mation) show that the RCT of NFPP-Mg5% is 92.2 Ω, which is 
lower than that of NFPP-0 (123.1 Ω). Meanwhile, NFPP-Mg5% 
delivers a lower RMa (102.2 Ω) compared to NFPP-0 (220.6 Ω). 
Moreover, the electronic conductivities of NFPP-0 and NFPP-
Mg5% calculated from I–V plots (Figure S16, Supporting Infor-
mation) are 1.24 × 10−4 S m−1 and 1.73 × 10−4 S m−1, respectively, 
demonstrating the positive effect of Mg doping on the elec-
tronic conductivity. These results indicate that the suitable Mg 
doping can improve both the electronic conductivity and Na-ion 
solid-state diffusion kinetics of NFPP, which is responsible for 
the enhanced rate performance of NFPP-Mg5%.

Furthermore, in situ XRD and ex situ XPS technologies were 
employed to understand the sodium storage mechanism of 
NFPP-Mg5%. The in situ XRD patterns of NFPP-Mg5% during 
first charge/discharge process and corresponding potential-
time profiles are displayed in Figure  3a. In the first charge 
process, the (022), (222), and (602) diffraction peaks of NFPP-
Mg5% shift to higher angle, indicating the lattice shrink during 
the sodium-ion extraction process. Notably, the (004) diffraction 
peak first shifts to lower angle then to higher angle in the charge 
process, confirming that the cell parameter c first increases and 
then decreases. This is attributed to the significant distortion 
of [P2O7] unit in NaFe3(PO4)2(P2O7), which leads to the shift of 
Fe1 site along the a direction, reducing the cell parameter c. 
This phenomenon agrees with the structural evolution of NFPP 
during charge process reported in the previous literatures.[24,42] 
In the subsequent discharge process, the inverse change was 
observed, proving the high reversibility. Moreover, only peak 
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Figure 3. Sodium storage mechanism. a) In situ XRD patterns and corresponding potential-time plot of NFPP-Mg5%; b) Fe 2p XPS spectra of NFPP-
Mg5% at fresh, charged and discharged states; c) CV curves of NFPP-Mg5% at different scan rates; d) CV curves of NFPP-Mg5% at 0.2 mV s−1 with 
the calculated capacitive current contribution shown by the gray shaded region; e) Capacitive capacity contribution ratios of NFPP-0 and NFPP-Mg5% 
at different scan rates.
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shift is detected in the in situ XRD patterns without the appear-
ance of new peak. This demonstrates that the sodium storage 
process of NFPP-Mg5% only involves single-phase reaction, 
which is consistent with the reported sodium storage mecha-
nism of NFPP-based cathode materials.[24–26,42] Meanwhile, the 
ex situ XRD patterns (Figure S17, Supporting Information) cor-
respond well with in situ XRD results. In addition, ex situ XPS 
spectra were obtained to reveal the chemical state change of 
NFPP-Mg5% during charge/discharge (Figure 3b). In the XPS 
spectrum of NFPP-Mg5% at fresh state, the binding energy of 
Fe 2p3/2 peak is 711.4 eV. For charged NFPP-Mg5%, the binding 
energy of Fe 2p3/2 peak increases to 712.4  eV, confirming the 
oxidation of Fe2+ to Fe3+ in NFPP-Mg5% during the charge pro-
cess. Moreover, the binding energy of Fe 2p3/2 peak decreases 
to 711.1 eV in the Fe 2p XPS spectrum of NFPP-Mg5% at dis-
charged state, indicating the reduction of Fe3+to Fe2+ during 
the discharge process. Such oxidation state change of Fe during 
the charge/discharge process is match well with the previous 
literatures.[24,25,32] In summary, the sodium storage mechanism 
of NFPP-Mg5% is demonstrated as single-phase intercalation/
deintercalation reaction accompanying with the transformation 
between Fe3+ and Fe2+.

In addition, the electrochemical sodium storage behavior 
of NFPP-Mg5% was further analyzed by multi-scan rate CV 
experiment. The multi-scan rate CV curves of NFPP-Mg5% are 
displayed in Figure  3c. Based on these results, the diffusion-
controlled and capacitive capacity contributions of NFPP-Mg5% 
at a fixed potential (V) were calculated according to following 
equation:[57–59]

( ) = +1 2
1/2i V k v k v (2)

where the k1v and k2v1/2 components represent the capacitive 
and diffusion-controlled capacity contributions, respectively, 
and v is the scan rate. The calculated capacitive capacity con-
tribution of NFPP-Mg5% increase from 72.8% to 86.1% when 
scan rate change from 0.2 to 1.0 mV s−1 (Figure 3d,e; Figure S18, 
Supporting Information). Combined with the in situ XRD and 
ex situ XPS results, it can be concluded that the sodium-ion 
storage process of NFPP-Mg5% is dominated by the intercala-
tion pseudocapacitve mechanism. Meanwhile, the capacitive 
capacity contributions of NFPP-0 were also evaluated based on 
the multi-scan rate CV curves (Figure S19, Supporting Informa-
tion). Compared to NFPP-0, NFPP-Mg5% displays enhanced 
intercalation pseudocapacitance (Figure  3e), which is respon-
sible for the enhanced rate capability and the excellent cycling 
stability. Meanwhile, the diffraction peaks of NFPP-Mg5% 
maintain well even after long-term cycling process (Figure S20, 
Supporting Information), demonstrating the excellent structure 
stability.

To further demonstrate the potential of NFPP-Mg5% in 
practical application, the full SIBs based on NFPP-Mg5% and 
hard carbon (Figure 4a) were assembled. The characterization 
results of hard carbon used are displayed in Figure  S21 (Sup-
porting Information). The full SIB displays an initial capacity of 
77.5 mAh g−1 (based on the mass of NFPP-Mg5%) at 500 mA g−1, 
which remains 50 mAh g−1 after 200 cycles (Figure 4b). However, 
the average working voltage of full SIB is <2.5  V (Figure  4c), 
which is far from the expected value (≈3.0 V). That is ascribed 
to the poor electrochemical performance of hard carbon anode 
when using 1  m NaPF6/propylene carbonate with fluoroeth-
ylene carbonate (NaPF6/PC+5%FEC) electrolyte (Figure S22a,b, 
Supporting Information), i.e., the electrolyte used in evaluating 

Adv. Funct. Mater. 2023, 33, 2211257

Figure 4. Full sodium-ion battery. a) Schematic illustration of full SIB based on NFPP-Mg5% cathode and hard carbon anode, b) cycling perofrmane 
and c) corresponding charge/discharge curves of full SIB using NaPF6/PC+5%FEC electrolyte, d) the 2nd charge/discharge curves of full SIB using 
different electrolytes, e) cycling performance of full SIB using NaPF6/DEGDME electrolyte at 500 mA g−1.
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the electrochemical performance of NFPP-Mg5%. In NaPF6/
PC+5%FEC electrolyte, the hard carbon displays low reversible 
capacity of below 125  mAh  g−1, and the charge/discharge pla-
teau at ≈0.1  V is absent (Figure  S22a,b, Supporting Informa-
tion). In contrast, hard carbon anode displays a high capacity of 
269 mAh g−1 with long charge/discharge plateau at ≈0.1 V when 
using ether-based electrolyte, 1  M NaPF6/diethylene glycol 
dimethyl ether (NaPF6/DEGDME) (Figure  S22c,d, Supporting 
Information). The difference in electrochemical performance of 
hard carbon results from the large difference in charge transfer 
kinetics originated from the different composition of solid 
electrolyte interphase in these two electrolyte.[60] Moreover, 
NFPP-Mg5% cathode also displays excellent electrochemical 
performance in the NaPF6/DEGDME electrolyte (Figure  S23, 
Supporting Information). Therefore, the full SIB using NaPF6/
DEGDME electrolyte displays higher working voltage compared 
to the full SIB using NaPF6/PC+5%FEC electrolyte (Figure 4d). 
In addition, the discharge medium voltage of full SIB using 
NaPF6/DEGDME electrolyte rises from 2.84 to 2.9 V in the first 
few cycles and stabilize at 2.9 to 3.0 V during the subsequent 
cycles (Figure S24, Supporting Information). Unfortunately, the 
capacity of full SIB using NaPF6/DEGDME electrolyte fades to 
49 mAh g−1 after 100 cycles (Figure 4e), which is relatively worse 
than that of full SIB using NaPF6/PC+5%FEC electrolyte. We 
believe that the electrochemical performance of full SIBs based 
on NFPP-Mg5% can be further improved when using more 
suitable anode material and electrolyte.

3. Conclusion

The Mg-doped NFPP/C composites were successfully synthe-
sized and the NFPP-Mg5% exhibited highly enhanced rate per-
formance (≈40 mAh g−1 at 20 A g−1) and ultra-long cycling life 
(14 000 cycles at 5 A g−1). The kinetic analysis results reveal that 
the Mg doping improves the Na-ion diffusivity and reduces the 
interfacial charge transfer resistance. In addition, the sodium 
storage process of NFPP-Mg5% is dominated by the inter-
calation pseudocapacitive mechanism and the proportion of 
capacitive capacity is improved by Mg doping. The enhanced 
electrochemical kinetics and intercalation pseudocapacitance 
of NFPP-Mg5% is responsible for the enhanced rate perfor-
mance and ultra-long cycling life. Besides, the full SIBs based 
on NFPP-Mg5% were assembled and displayed the discharge 
capacity of ≈50  mAh  g−1 after 200 cycles at 500  mA  g−1. We 
believe that NFPP-Mg5% is a promising cathode material for 
SIBs and this work is helpful for the development of low-cost 
and high-performance SIBs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Experimental Section 
Materials Synthesis 

All the reagents using in the synthesis were analytical grade and purchased from the Sinopharm. 

Firstly, CH3COONa·3H2O (4 mmol), MgSO4·7H2O (0.15 mmol), FeSO4·7H2O (2.85 mmol), 

NH4H2PO4 (4 mmol) and C6H8O7·H2O (4.5 mmol) were added into deionized water (10 mL). 

After stirring for 5 min, the solution was dried at 160 °C to obtain precursor. Then, the precursor 

powders after manually grinding were pre-calcined at 300 °C for 3 h in vacuum with heating 

rate of 5 °C min−1. The calcined powders were pelletized under 15 MPa pressure disk-shaped 

mold and calcined at 550 °C for 10 h in vacuum with heating rate of 5 °C min−1. Finally, the 

pellet was ground to obtain Na4Fe2.85Mg0.15(PO4)2(P2O7) powders (denoted as NFPP-Mg5%). 

In addition, the Na4Fe3(PO4)2(P2O7) and Na4Fe2.7Mg0.3(PO4)2(P2O7) samples (denoted as 

NFPP-0 and NFPP-Mg10%, respectively) were synthesized in the same procedure by regulating 

the molar ratio of MgSO4·7H2O and FeSO4·7H2O to 0.0:1.0 and 0.1:1.0, respectively. The bare 

NFPP and NFPP-0 with lower carbon content (denoted as NFPP-0-LC) were synthesized by 

reducing the amount of C6H8O7·H2O to 0 and 2.25 mmol, respectively. 

Materials Characterizations 

X-ray diffraction (XRD) patterns were collected using a D2 Advance X-ray diffractometer 

(Bruker) with a Cu Kα X-ray source. Fourier transform infrared (FTIR) spectra were measured 

by using Nicolet iS50 FTIR spectrometer in diffuse reflectance mode. Raman spectroscopy 

experiments were performed on the HORIBA LabRAM HR Evolution micro-Raman 

spectroscopy system with the 523 nm laser. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out using Kratos Axis Supra XPS instrument. Field-emission 

scanning electron microscopy (FESEM) images were obtained by using JEOL-7100F 

microscope. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) 
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images, selected area electron diffraction (SAED) pattern, high-angle ring dark field image-

scanning transmission electron microscope (HAADF-STEM) images, and energy dispersive 

spectroscopy (EDS) elemental mappings were recorded by using a Titan G2 60-300 microscope. 

The TG analysis was conducted on a STA 449F3 thermoanalyzer under an air atmosphere from 

30 to 600 °C with a heating rate of 10 °C min−1. 

Electrochemical Measurement 

CR2016 coin cells were assembled in an Ar-filled glove box with sodium metal foil as the anode, 

glass fiber membrane (GF/A What-man) as the separator and 1 M NaPF6 dissolved in propylene 

carbonate (PC) with 5% fluoroethylene carbonate (FEC) as the electrolyte. The cathodes were 

prepared by spreading the mixed slurry composed of 70 wt% as-synthesized materials, 20 wt% 

acetylene black, and 10 wt% polyvinylidene fluoride (PVDF) to Al foils and dried at 70 °C. 

The mass loading of the active material is about 1.5 mg cm−2. Hard carbon anode were prepared 

by spreading the mixed slurry composed of 70 wt% hard carbon (purchased from Guangdong 

Canrd New Energy Technology Co., Ltd.), 20 wt% acetylene black, and 10 wt% polyvinylidene 

fluoride (PVDF) to Al foils and dried at 70 °C. For full sodium-ion batteries, 1 M NaPF6 

dissolved in PC with 5% FEC or 1 M NaPF6 dissolved in diethylene glycol dimethyl ether 

(DEGDME) was used as electrolyte, and both cathode and anode were pre-cycled for 3 cycles 

before assembling. Galvanostatic charge/discharge and galvanostatic intermittent titration 

technique (GITT) tests were performed by using a multi-channel battery test system (LAND 

CT2001A). The GITT curves were obtained at the constant current pulse of 50 mA g−1 with the 

pulse time of 10 min and followed by a relaxation period of 30 min. Cyclic voltammetry (CV) 

curves and electrochemical impedance spectroscopy (EIS) plots were tested using a BioLogic 

VMP3 multichannel electrochemical workstation. The multi-scan CV curves were tested on 

IviumStat multichannel electrochemical workstation. For I-V measurement, the samples were 

pelletized under 15 MPa pressure disk-shaped mold, and then the pelletized disc was 

sandwiched between two stainless steel electrodes. The I-V plots were collected using a 

BioLogic VMP3 multichannel electrochemical workstation. 
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Table S1. Rietveld refinement data of NFPP-0 and NFPP-Mg5% 

Samples NFPP-0 NFPP-Mg5% 

Crystal system Orthorhombic Orthorhombic 

Space group Pn21a (No. 33) Pn21a (No. 33) 

Lattice parameter a 17.9346(2) Å 17.8919(2) Å 

Lattice parameter b 6.5395(5) Å 6.5371(8) Å 

Lattice parameter c 10.7090(1) Å 10.6819(3) Å 

Unit-cell volume 1255.99(8) Å3 1249.38(7) Å3 
 

 Table S2. Electrochemical performance comparison of NFPP-Mg5% and other reported 

NFPP-based cathode materials for SIBs 

Materials 
Rate performance 

Capacity (mAh g−1)/current density 
(mA g−1) 

Cycling performance 
Capacity retention/cycle 

number/current density (mA g−1) 
Ref. 

NFPP/C 
nanoparticles 

99/25.8, 97/64.5, 95/129, 92/258, 
86/645, 78/1,290 89%/300/64.5 [S1] 

NFPP/C embedded 
in graphene 

107/64.5, 99/129, 95/258, 88/645, 
85/1,290, 78/2,580, 66/6,450 83%/300/2,580 [S2] 

NFPP/C 
nanoparticles 

~105/12.9, ~100/25.8, ~80/64.5, 
~62/129, ~30/258, ~10/387, 

~5/645, ~5/1,290 
79%/50/64.5 [S3] 

3D graphene 
decorated NFPP 
microspheres# 

117.4/12.9, 111.9/25.8, 107.3/64.5, 
104.5/129, 102.7/258, 96.3/645, 

92.6/1,290, 85.3/2,580, 69.7/6,450, 
55/12,900, 32.1/25,800 

62.3%/6,000/1,290 [S4] 

NFPP@NaFePO4@C 
on carbon cloth 

127/64.5, 118/129, 113/258, 
104/645, 97/1,290, 89/2,580, 

75/6,450, 68/12,900 

>100%/3,000/1290 

~90%/3,000/6450 
[S5] 

NFPP/C 
nanospheres# 

108.2/25.8,105.2/64.5, 102.4/129, 
101.2/258, 99.6/645, 97.4/1,290, 

95.5/2,580, 92.3/3,870, 90.4/6,450, 
77.9/10,320, 67.7/12,900 

63.5%/4,000/1290 [S6] 

Nanoplate-like 
NFPP/C  

113.0/6, 108.3/12, ~105/24, 
~102/60, ~100/120, ~95/360, 

~89/600, ~84/1,200, 80.3/2,400 
69.1%/4,400/2,400 [S7] 

Nanospherical NFPP 
on MCNTs 

115.7/12.9, 107.7/25.8, 103.3/64.5, 
99.2/129, 96.7/258, 94/387, 

90.5/645, 86.6/1,032, 82.1/1,290, 
72.6/1,935, 62.8/2,580 

96%/1,200/258 [S8] 

Hollow-sphere-
structured NFPP/C 

107.7/25.8, 103.1/64.5, 101.2/129, 
98.6/258, 94.4/645, 85.5/1,290, 

72.9/2,580, 64.4/3,870 
92%/1,500/1290 [S9] 

Ultra-small NFPP 
particles embedded 

106.4/12.9, ~100/25.8, ~96/64.5 
89.0/129, ~82/258, ~68/645, 72%/5,000/6,450 [S10] 



  

4 
 

in carbon 
nanoribbons# 

~62/1,290, 57.6/2,580, 46.3/6,450, 
30.7/12,900 

Fe-deficient NFPP/C 
composite 

~113/12.9, ~111/25.8, ~107/64.5, 
~104/129, ~101/258, ~97/645, 

~93/1,290, ~87/2,580, ~70/6,450, 
~52/12,900 

~95%/10,000/1,290 [S11] 

Mn-doped 
NFPP/rGO 
composite 

107.1/129, 103.3/258, 97.3/645, 
90.8/1,290, 83.1/2,580, 77.6/3,870, 

69.6/6,450 
97.2%/2,000/1,290 [S12] 

NFPP-Mg5% 
104/50, 100/100, 96/200, 92/500, 

89/1,000, 84/2,000, 76/5,000, 
66/10,000, 40/20,000 

80.8%/14,000/5,000 This 
work 

#The capacity in original literature is based on the mass of NFPP, and the capacity in here is based on 

the total mass of composite. 

 

Table S3. The specific values of the parameters used for the calculation of Na-ion diffusivites 

from GITT results. 

Samples mB VM MB S 

NFPP-0 1.057 mg 189.21 cm3 mol−1 623.38 g mol−1 0.785 cm2 

NFPP-Mg5% 1.323 mg 189.21 cm3 mol−1 623.38 g mol−1 0.785 cm2 

NFPP-Mg10% 1.428 mg 189.21 cm3 mol−1 623.38 g mol−1 0.785 cm2 

 

Table S4. Equivalent circuit fitting parameters of EIS plots 

Elements NFPP-0 NFPP-Mg5% NFPP-Mg10% 
R0 (Ohm) 2.4 2.2 2.1 
R1 (Ohm) 57.1 67.3 52.9 
R2 (Ohm) 123.1 92.2 106.7 

RMa (Ohm) 220.6 102.2 141.6 
 

 
Figure S1. XRD patterns of XRD patterns of NFPP-0, NFPP-Mg5% and NFPP-Mg10% 
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Figure S2. Rietveld refinement of XRD pattern of NFPP-0 

 

 
Figure S3. (a) Raman spectra of NFPP-0, NFPP-Mg5% and NFPP-Mg10%, and fitted Raman 

spectra of (b) NFPP-0, (c) NFPP-Mg5% and (d) NFPP-Mg10%.  
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Figure S4. TG curves of (a) NFPP-0, (b) NFPP-Mg5% and (c) NFPP-Mg10% at 10 °C min−1 

in air atmosphere 

 
Figure S5. XRD pattern of NFPP-0 after annealing at 600 ºC in air for 2 h 

 
Figure S6. (a) Survey, (b) C 1s, (c) Mg 1s, (d) Na 1s, (e) Fe 2p and (f) P 2p XPS spectra 

ofNFPP-0, NFPP-Mg5% and NFPP-Mg10% 

 



  

7 
 

 
Figure S7. SEM images of (a, b) NFPP-0, (c, d) NFPP-Mg5% and (e, f) NFPP-Mg10% 
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Figure S8. TEM images of (a) NFPP-0 and (b) NFPP-Mg10%, and HRTEM images of (c) 

NFPP-0 and (d) NFPP-Mg10% 

 

 

 
Figure S9. CV curves of (a) NFPP-0, (b) NFPP-Mg5% and (c) NFPP-Mg10% at 0.1 mV s−1 
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Figure S10. Modified Peukert plots of NFPP-0, NFPP-Mg5% and NFPP-Mg10% 

 

 
Figure S11. Capacity retentions of NFPP-0, NFPP-Mg5% and NFPP-Mg10% during rate 

performance test. For NFPP-0-1, NFPP-Mg5% and NFPP-Mg10%, capacity retentions were 

calculated based on initial capacity, and for NFPP-0-2, capacity retentions were calculated 

based on the capacity in the fourth cycle. 
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Figure S12. Charge/discharge curves of (a) NFPP-0, (b) NFPP-Mg5% and (c) NFPP-Mg10% 

at different current densities 

 

 
Figure S13. XRD patterns of (a) bare NFPP and (b) NFPP-0-LC, (c) TG curves of NFPP-0-

LC in air, (d) modified Peukert plots of NFPP-0 and NFPP-0-LC 

 
Figure S14. GITT curves of (a) NFPP-0 and (b) NFPP-Mg10% at different current densities 
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Figure S15. Potential-time curves of NFPP-5% in one current pulse period during the GITT 

test 

 

The calculation of sodium-ion diffusivities from GITT curves was based on the following 

equation: 

𝐷𝐺𝐼𝑇𝑇 =
4

𝜋𝜏
(
𝑚𝐵𝑉𝑀
𝑀𝐵𝑆

)
2

(
△ 𝐸𝑠
△ 𝐸𝜏

)
2

 

Where τ refers to constant current pulse time, mB, VM, MB, and S are the mass, molar volume, 

molar mass, and electrode-electrolyte interface area, respectively. △ES is the voltage difference 

of one pulse-relaxation period, and △Eτ is the voltage difference of one constant current pulse 

(Figure S15). 

 
Figure S16. I-V plots of NFPP-0 and NFPP-Mg5% 
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Figure S17. XRD patterns of charged and discharged NFPP-Mg5% 

 
Figure S18. CV curves of NFPP-Mg5% at (a) 0.4, (b) 0.6, (c) 0.8, and (d) 1.0 mV s−1 with the 

calculated capacitive current contribution shown by the gray shaded region 
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Figure S19. (a) CV curves of NFPP-0 at different scan rates, and CV curves of NFPP-0 at (b) 

0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1 mV s−1 with the calculated capacitive current contribution 

shown by the gray shaded region. 

 

 
Figure S20. XRD pattern of NFPP-Mg5% after 10,000 cycles at 5 A g−1 
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Figure S21. (a) XRD pattern, (b) Raman spectrum and (c, d) SEM images of hard carbon 

 

 
Figure S22. (a, c) Charge/discharge curves and (b, d) cycling performance of hard carbon 

anode in (a, b) 1 M NaPF6/PC+5%FEC and (c, d) 1 M NaPF6/DEGDME electrolytes 
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Figure S23. (a) Rate performance and (b) corresponding charge/discharge curves at different 

current densities of NFPP-Mg5% using 1 M NaPF6/DEGDME electrolyte 

 

 
Figure S24. The discharge medium voltage at different cycles of full SIB using 

NaPF6/DEGDME electrolyte at 500 mA g−1 
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