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Boron-catalyzed graphitized carbon coating in NajFes(P0O,),P,0-
cathodes boosts reaction kinetics for high-rate and long-cycle
sodium-ion batteries
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Sodium-ion batteries (SIBs) have emerged as a compelling alternative to lithium-ion batteries (LIBs) for large-scale energy
storage applications, primarily due to the natural abundance, low cost, and uniform geographic distribution of sodium
resources. Among available cathodes, the polyanionic cathode NasFes(P0O4),P.0; (NFPP) combines both excellent cycling
stability and a high theoretical capacity. However, the intrinsically low electronic conductivity of NFPP, attributable to the
insulating nature of its POs-linked FeOg units, markedly impedes charge-transfer kinetics. Here, we introduce a boron-
assisted carbon coating on NFPP (NFPP/B-C), where boron doping generates p-type carriers and enhances carbon
graphitization, increasing the conductivity from 4.76 X 10 to 8.4 X 10 S cm™. As a result, the optimized NFPP/B-C cathode
delivers an initial charge capacity of 127.2 mAh g at 0.1C and 89.2 mAh g at 50C, with 91.0 % capacity retention over
10,000 cycles at 20C. These results establish boron-assisted graphitized carbon coatings as an effective strategy for enabling
high-power and durable NFPP cathodes for sodium ion batteries.

Keywords: Sodium ion battery; NasFes(P0O4),P.07; Boron doping; Rate capability; Cycling stability.

1 Introduction

Developing cost-effective and durable sodium-ion batteries (SIBs) is essential for accelerating the global transition toward
cleaner energy infrastructures and enabling next-generation power systems.!* Especially in energy-storage scenarios with
stringent dynamic-response requirements such as grid-frequency regulation, batteries must possess high power density,
excellent long-term cycling stability, and high safety.>® The iron-based phosphate NasFes(PO4),P207 (NFPP) exhibits
remarkable cycling stability and thermal safety due to its stable P-O covalent bonds and minimal lattice volume change during
charge and discharge processes.” Moreover, NFPP offers a theoretical specific capacity of about 129 mAh g and consists of
highly abundant, low-cost Fe and P elements, giving it outstanding economic appeal and application prospects for large scale
energy storage. However, the FeOg octahedra in NFPP are isolated by PO, tetrahedra, leading to intrinsically poor electronic
conductivity (typically below 108 S cm™).8 This fundamental limitation suppresses charge-transport kinetics and significantly
compromises the rate capability, thereby hindering its deployment in power-intensive applications.

Carbon coating is a widely adopted strategy to compensate for their intrinsically low electronic conductivity for
polyanionic cathodes.? Nevertheless, the typical low-temperature calcination process of NFPP (500°C) results in a relatively
low degree of carbon graphitization during pyrolysis, providing limited improvement in electronic transport.1° To overcome
this constraint, many studies introduce highly conductive additives such as reduced graphene oxide or carbon nanotubes to
construct multidimensional percolation pathways and accelerate interparticle electron transfer.11-14 However, these strategies
usually require a high total carbon content (>5.0 wt%), which significantly reduces the active-material fraction and electrode
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compaction density, thereby compromising the volumetric energy density. Heteroatoms such as nitrogen,sulfur, and
phosphorus can modulate the electronic structure of carbon coatings, thereby enhancing electronic coR&UEVAFPWABREIRCERE
need for large amounts of conductive additives. For example, Han et al. utilized a nitrogen-doped carbon coating derived from
polyvinyl pyrrolidone to increase carrier concentration via n-type doping.'® Yet, such heteroatom doping is often accompanied
by the formation of structural defects. Particularly at high operating voltages, nitrogen-doped amorphous carbon can catalyze
electrolyte decomposition, aggravating interfacial side reactions and consequently reducing cycling stability.16-*® Therefore,
constructing a highly graphitized carbon coating on NFPP with minimal carbon content (< 2.5 wt%) remains a major challenge
for its practical application and industrial development.

In this work, we exploit the low electronegativity of boron, which facilitates strong interactions with oxygen, to construct
a B-doped carbon coating on NFPP. Boron doping not only realizes p-type doping and enhances carbon graphitization, which
increases the electronic conductivity from 4.76x10 to 8.4x10% S cm™?, but also modulates Fe active sites and strengthens Fe-
O orbital interactions to stabilize the NFPP lattice structure. The optimized cathode material delivers an initial charge capacity
of 127.2 mAh g* at 0.1C, retains 89.2 mAh g at an ultrahigh rate of 50C, and maintains 91.0 % after 10000 cycles at 20C. These
outstanding electrochemical performances demonstrate that boron-assisted graphitized carbon engineering constitutes an
effective strategy for achieving high-power and long-life NFPP cathodes for sodium ion batteries.

2 Results and discussion

To elucidate the influence of boron doping on the electronic structure of the carbon coating, X-ray photoelectron spectroscopy
(XPS) was employed to analyze the bonding configurations. As shown in Fig. 1a, the B 1s spectra identifies four bonding states,
corresponding to B4C, BC3, BC>0, and BCO; species at progressively higher binding energies.'® The superior conductivity associated with
BC; arises from effective p-type doping within the sp? carbon network, where boron atoms introduce hole carriers.?’ By contrast, a
higher B/C ratio, as in BC4, favors the formation of localized B-B bonds, which provides limited additional benefit to electrochemical
performance. The quantitative distribution of each bonding configuration is summarized in Fig. S1. Accordingly, NFPP/2.4%B-C exhibits
the highest BC3 content, accounting for its optimal electronic conductivity. Consistent with the optimized BCs content, NFPP/2.4%B-C
also exhibits the highest degree of graphitization, as evidenced by Raman spectra in Fig. 1b. The electronic conductivity of the samples
was further evaluated by four-probe measurements. As shown in Fig. 1c, NFPP/2.4%B-C exhibits a pronounced enhancement in
electronic conductivity compared with the other samples, which can be attributed to its optimized bonding configuration characterized
by the highest BC; content.?! Further insight into the boron-induced structural evolution was obtained from depth-profile XPS analysis.
Depth-profile XPS analysis provides additional insight into the surface-subsurface structural evolution of the carbon coating. As shown
in Fig. 1d and Table S1, NFPP/2.4%B-C exhibits an increased oxygen content at the surface accompanied by a reduced oxygen
concentration in the subsurface region, indicating the formation of a favorable oxygen distribution that preserves an intact sp? carbon

network for efficient electron transport while maintaining surface functionalities beneficial for interfacial properties.?2-24
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Fig. 1 Characterization of NFPP/B-C samples. (a) B 1s XPS spectra; (b) Raman spectra; (c) electronic conductivity; (d) XPS depth profiles;
(e) FTIR spectra; (f) XRD patterns; (g) refined XRD result and (h) high-resolution TEM image.
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In the FTIR spectra of the boron-doped samples (Fig. 1e), three distinct bands located at 993.1, 1074.5, and 1194,J.cmikcan,be
clearly identified, which are assigned to B-C, O-B-O, and B-O vibrational modes, respectively.?5> The enhanc&énf 67 54P6RLF8IGES
vibrational features, accompanied by the attenuation of the C-O-C vibration at 953.5 cm™, confirms the successful incorporation of
boron into the carbon coating. X-ray diffraction (XRD) patterns reveal that all samples crystallize in the orthorhombic Pn21a space group,
indicating that boron incorporation does not alter the crystal structure of NFPP (Fig. 1f). Rietveld refinement results (Fig. 1g and Fig. S2)
show negligible changes in lattice parameters and unit-cell volume between NFPP/2.4%B-C and pristine NFPP/C, indicating that boron
incorporation does not perturb the bulk crystal structure and remains confined to the carbon coating. Detailed refinement results are
listed in Table S2. Scanning electron microscopy (SEM) images of the secondary particles (Fig. S3) show that all four samples exhibit
comparable particle size distributions. However, upon the addition of excessive boric acid (NFPP/3.6% B-C), a pronounced reduction in
particle size is observed, which can be attributed to the mild etching effect of boric acid on the precursor during synthesis. In contrast,
NFPP/2.4% B-C maintains well-defined micron-sized secondary spheres assembled from nanoscale primary particles and delivers a tap
density of 2.3 g cm™3 under a compaction pressure of 220 MPa (Fig. S4). High-magnification TEM image is provided in Fig. 1h to further
elucidate the local morphological features, NFPP/2.4%B-C is uniformly coated with an ~8 nm thick carbon layer, which is slightly thicker
than that of NFPP/C (~3 nm, Fig. S5). This increase suggests a reduced carbon-layer density, likely resulting from the expansion of closed
pores induced by moderate boron doping, which is beneficial for Na* insertion/extraction.® The steep increase in N, adsorption at P/P, =
0.05-0.3 observed for 2.4%B-C confirms the above analysis (Fig. S6) .The high-resolution TEM image of NFPP/2.4%B-C shows clear lattice
fringes with a crystal plane spacing of 0.27 nm, corresponding to the (424) crystal plane of NFPP (Fig. S7). The EDS element distribution
maps indicate that Na, Fe, P, O, C and B elements are uniformly distributed in the sample (Fig. S8).
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Fig. 2 (a) Initial charge-discharge profiles at 0.1C; (b) the corresponding dQ/dV curves; (c) initial CV curves at 0.1 mV s%; (d) rate
performance at 0.5-50C of NFPP/C and NFPP/2.4%B-C; (e) Comparison of capacities under different current densities with reported
work; Cycling performance at (f) 1C and (g) 20C of NFPP/C and NFPP/2.4%B-C.

Coin-type half cells were assembled to evaluate the electrochemical performance of all samples. NFPP/2.4% B-C delivers an initial
charge capacity of 127.2 mAh g* and a discharge capacity of 110.5 mAh g1, corresponding to a first-cycle Coulombic efficiency of 86.7%.
In comparison, pristine NFPP/C exhibits a lower initial charge capacity of 116.2 mAh g and a discharge capacity of 105.6 mAh g%, with
a slightly higher first-cycle Coulombic efficiency of 90.9% (Fig. 2a). Differential capacity (dQ/dV) analysis shows that NFPP/2.4% B-C
exhibits a reduced polarization of 0.1058 V at the Nal site compared with 0.1308 V for NFPP/C (Fig. 2b). This reduction in polarization
is further confirmed by cyclic voltammetry (CV) at a scan rate of 0.1 mV s (Fig. 2c), which indicates lower polarization at both the Nal
and Na4 sites and suggests enhanced electrode reaction kinetics. Rate capability tests reveal that NFPP/2.4% B-C delivers a high
discharge capacity of 89.2 mAh g at 50C, corresponding to a power density of 12.1 kW kg* (Fig. 2d, Fig. S9), while maintaining relatively
low polarization across the wide rate range of 0.1C-50C (Fig. S10). Compared with literature-reported NFPP-based cathodes, NFPP/2.4%
B-C demonstrates competitive rate performance at both 10C and 50C (Fig. 2e).1% 27-32 Long-term cycling tests show that NFPP/2.4% B-C
retains nearly full capacity after 200 cycles at 1C (Fig. 2f). Even after 10000 cycles at 20C, the material maintains a discharge capacity of
88.9 mAh g with 91.1% capacity retention, significantly higher than NFPP/C (66.3 mAh g!) (Fig. 2g). Capacity-decay modeling further

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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predicts that NFPP/2.4% B-C reaches 80% capacity retention after 1733 h of cycling at 20C, compared with 1308 h for NFRR/C(Fig. S11).
These results indicate that the enhanced graphitization of the carbon coating effectively mitigates structural s¥Pés50dQAng préfeRged
cycling, thereby improving rate performance and long-term cycling stability. To evaluate the practical application potential, we
assembled coin-type full cells with hard carbon (HC) as the anode. As shown in Fig. 512, the discharge specific capacities of NFPP/2.4%B-
C//HC at 0.5C, 1C, 2C, 5C, and 10C are 105.9, 101.9, 96.4, 81.5, and 68.3 mAh g, respectively, which are higher than those of
NFPP/C//HC (96.0, 92.8, 86.6, 68.9, and 53.7 mAh g!). Furthermore, NFPP/2.4%B-C//HC retains a capacity of 102.6 mAh glafter 500
cycles at 1C, with a capacity retention of 97.8%.

To comprehensively probe the Na* transport kinetics across the cathode electrolyte interphase (CEl) and the interfacial charge-
transfer process, temperature-dependent electrochemical impedance spectroscopy (EIS) measurements were carried out in the
temperature range of 0-50°C, and the corresponding activation energies were derived based on the Arrhenius formalism.33 As shown in
Fig. 3a, NFPP/2.4%B-C exhibits a markedly attenuated temperature dependence of the charge-transfer resistance (Rct) relative to
NFPP/C, giving rise to a lower activation energy of 43.31 kJ mol?, as opposed to 46.66 k) mol! for the NFPP/C. The reduced energy
barrier implies more favorable Na* transport kinetics within the NFPP bulk. A similar trend is observed for the surface film resistance
(Rsf). The activation energies associated with Rsf are calculated to be 26.31 kJ mol? for NFPP/C and 20.70 kJ mol* for NFPP/2.4%B-C,
respectively (Fig. 3b), indicating facilitated Na+ migration across the CEl layer in the NFPP/2.4%B-C cathode. The EIS spectra and the
corresponding distribution of relaxation times (DRT) analyses for NFPP and NFPP/2.4%B-C are shown in Fig. 3c and 3d. DRT analysis was
employed to decouple the contributions of different electrochemical processes by resolving the characteristic peaks at distinct time
constants.34 As the charging voltage increases beyond 3.1V, the cathode-electrolyte interfacial impedance of both electrodes decreases,
with Rct exhibiting an initial decline followed by a slight increase. Throughout the charging process, NFPP/2.4%B-C consistently exhibits
lower Rct values than NFPP/C. Moreover, at the end of charging, the diffusion-related impedance of NFPP/2.4%B-C is notably smaller,
confirming significantly enhanced Na* diffusion kinetics.
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Fig. 3 (a, b) The calculated activation energies of Na-ion diffusion within the interface charge transfer and CEl film; (c, d) in-situ EIS
spectra and the corresponding DRT contour plots; (e, f) slopes analysis of i, vs. vi/2and (g) Na-ion diffusion coefficient calculated by GITT
of NFPP/C and NFPP/2.4%B-C; (h) EIS spectra and (i) linear fitting of Z’ vs. w™1/2 of NFPP/C and NFPP/2.4%B-C after 10000 cycles at 20C.

Based on the cyclic voltammetry (CV) results (Fig. S13), a linear relationship was fitted between the peak current (ip) and the square
root of the scan rate (v¥/2) for the Nal and Na4 redox couples (Fig. 3e and 3f). Notably, the slopes corresponding to the respective peaks
of the NFPP/2.4%B-C composite are the largest, which confirms that this material possesses superior Na-ion diffusion kinetics. In
addition, GITT measurements also reveal that NFPP/2.4%B-C has a higher Na-ion diffusion coefficient than NFPP/C over all tested voltage
ranges (Fig. 3g). To further evaluate the kinetic stability of the samples upon long-term cycling, EIS measurements were conducted after
10,000 cycles at 20C (Fig. 3h). After cycling, the Rsf and Rct values of NFPP/C increased significantly, accompanied by a distinct
enlargement of the Ry semicircle. This suggests that NFPP/C underwent more severe side reactions (e.g., electrolyte decomposition)
during the late cycling stage, which induced continuous formation and rupture of the CEIl film. From the linear fitting in the Warburg

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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region of the EIS spectra, the slope of Z’ versus w2, known as the Warburg factor o, is varies inversely with the sodiuny,ign,diffésiop
coefficient(Fig. 3i).The slope for NFPP/2.4%B-C (4.4) is smaller than that for NFPP/C (7.5), indicating that the moditdlhEREPidl TANRERI RS
lower ionic diffusion resistance and enables faster sodium ion migration even after extended cycling.

To elucidate the origin of the enhanced electrochemical performance, density functional theory (DFT) calculations were performed
to provide mechanistic understanding. Differential charge density maps (Fig. 4a) indicate pronounced electron redistribution upon
boron incorporation, where charge transfer from the delocalized m system to localized ¢ bonds induces hole generation in the boron-
doped carbon, giving rise to p-type conductivity and improved electronic transport. Among the examined configurations, the BCs
structure exhibits the highest hole density, consistent with its superior conductivity compared with BC;0 and BCO,. The effect of boron
doping on the electronic structure was further examined by density of states (DOS) analysis. As shown in Fig. 4b and 4c, boron
incorporation significantly narrows the band gap of NFPP, facilitating charge carrier transport and enhancing overall electronic
conductivity. In addition, based on d-band center theory, the bonding characteristics of Fe were analyzed.3>36 The Fe 3d partial density
of states (pDOS) (Fig. 4d) reveal that the d-band center of NFPP/2.4% B-C shifts upward from -4.12 eV to -3.45 eV relative to NFPP/C,
accompanied by bonding Fe-O states located closer to the Fermi level. This shift indicates strengthened Fe-O interactions, originating
from enhanced electronic coupling between the boron-doped carbon layer and NFPP, which promotes electron occupation in Fe-O
bonding states and stabilizes the local bonding environment (Fig. 4e). Furthermore, Na* migration calculations demonstrate that
NFPP/2.4% B-C possesses a substantially lower diffusion energy barrier than NFPP/C (Fig. 4f and 4g), suggesting accelerated Na*
transport kinetics. Such enhanced ion diffusion not only contributes to improved rate performance but also mitigates stress
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Fig. 4 (a) Differential charge density of C, BCs, BC,0 and BCO,; Calculated (b, c) total and (d) partial density of states analysis of NFPP/C
and NFPP/2.4%B-C; (e) Schematic of the energy band structural regulation; (f) Migration path of Na* and (g) corresponding Na* migration
energy barriers of NFPP/C and NFPP/2.4%B-C.

3 Conclusions

In summary, we report a boron-assisted graphitized carbon coating strategy to effectively overcome the intrinsically poor
electronic conductivity of the polyanionic NFPP cathode for sodium-ion batteries. Benefiting from boron induced p-type
charge carriers and an enhanced degree of carbon graphitization, the electronic conductivity of NFPP is substantially improved,
which markedly accelerates charge transfer kinetics and enables efficient high-rate sodium storage. As a result, the optimized
NFPP/B-C cathode delivers high reversible capacity at both low and ultra-high rates, together with exceptional cycling stability
over prolonged operation. This work not only elucidates the critical role of heteroatom engineered carbon coatings in
regulating electronic transport of polyanionic cathodes, but also provides a scalable and effective design principle for
developing high-power and long-life sodium-ion battery cathode materials.

4 Experimental section
4.1 Materials synthesis

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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NFPP/C composites were synthesized according to the designed Na:Fe:P molar ratio of 4:3:4. NaxCOs,and,a.ferric
pyrophosphate precursor (F2P-A001, Zhongwei Co., Ltd) were weighed to give a total mass of 65 g. Glu&63el (7. W4 GHa PEGE
400 (3 wt%) were added as the carbon source and dispersant, followed by an appropriate amount of H3BOs. The mixture was
dispersed in 500 mL of deionized water and milled at 800 r min-t for 5 h, after which the slurry was spray-dried to obtain the
precursor powder. Calcination was then carried out under flowing N by heating to 550 °C at 5 °C min and holding for 10 h
to obtain the final NFPP/C materials. According to the theoretical boron content in the carbon coating, the products are
denoted as NFPP/1.2%B-C, NFPP/2.4%B-C, and NFPP/3.6%B-C.

4.2 Materials characterizations

Morphology analysis was performed using: scanning electron microscopy (SEM, Hitachi, S-4800) for surface features,
high-resolution transmission electron microscopy (HRTEM, FEI Talos F200X) for internal structures. Compacted density was
measured by Compaction Density Tester (IEST, PRCD3100). Characterizing crystal structure by X-ray diffraction (XRD, Bruker,
D8 Advance). The corresponding lattice parameters were obtained from Rietveld refinement using the GSAS software.
Characterizing surface chemistry by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, K-Alpha). For XPS depth
profiling, argon ion sputtering was employed with an etching depth of 1 nm. Structural features were further tested via Fourier
transform infrared spectroscopy (FTIR, Thermo 1S20). The degree of graphitization was evaluated via Raman spectroscopy
(Thermo Fisher Scientific, DXR3xi). Carbon content was precisely measured using an elemental analyzer (Vario El Cube).
Electronic conductivity was measured using four-point probe resistance tester (RTS-9 type).

4.3 Electrochemical measurements

Active material (0.24 g), N-methyl-2-pyrrolidone (NMP, 0.8 g), Super P (0.03 g), and polyvinylidene fluoride (PVDF, 0.03g)
were well mixed to form a homogeneous slurry. The slurry was then coated onto carbon-coated aluminum foil and dried at
120 °C under vacuum for 12 hours. The areal density of each electrode sheet is nearly 1.8 mg cm2. Electrolyte composition:
1.0 M NaClO4, EC/ DEC (1:1), and 5 wt% FEC. Na metal anodes and glass fiber separator were used to assemble CR2032 cells
in a glovebox (Ar atmosphere). Galvanostatic charge-discharge cycling and galvanostatic intermittent titration technique
(GITT) were evaluated on a LAND-CT2001A system (1.7-4.3 V vs. Na*/Na, 1C = 129 mA g). Cyclic voltammetry (CV, 1.7-4.3 V)
and Electrochemical impedance spectroscopy (EIS, 0.1-100 kHz) measurements were conducted on electrochemical
workstation (Autolab, PGSTAT302N). MATLAB was utilized to derive distribution of relaxation times (DRT).
The formula for calculating the diffusion coefficient based on GITT:

4 (mgVy\>
peITT = = (M) (1)
nit \ Mg$

where T, mg, Vi, Mg, and S represent constant-current pulse duration (s), active material mass (g), molar volume (cm3 mol?),
molar mass (g mol1), and electrode area (cm?2).

The lifetime prediction of the material was performed using the capacity fade model established by J. R. Dahn. The core
mathematical expression of this model is as follows:

- 1(da| | da
Qu(O=Qp(1-AVE 2% +92] ) x(av(n-avy) 2)
where Qq(t) is capacity at t time, and Qg is the initial capacity. (3—3 , and Z—\Ci u) represent the absolute values of the derivative

of capacity with respect to voltage at the lower and upper cutoff voltages, respectively, during a 0.1C charging process. AV is
the value of the first cycle.

The slope of peak current (Ip) vs. scan rate’s square root (v1/2) is positively correlated with the Na* diffusion rate according to
the Randles-Sevcik equation. .
3 = 1
I, = 2.69x10°n2AD},+ Cv2 3)
Where n, A, C, and v are electron transfer number, cathode area (cm?2), Na+ concentration (mol cm3), scan rate (V s1),
respectively.

4.4 DFT calculation

Density functional theory (DFT) calculations were performed using the projector-augmented wave (PAW) method. The
carbon coating is represented as a periodic carbon layer. The exchange-correlation effects were treated within the generalized
gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional. The GGA+U method was employed to
better describe the localized electronic states of the transition metals. The U value was 4.0 eV for Fe. A plane-wave basis set
with a cutoff energy of 450 eV was employed. During structural optimizations, the total energy and atomic forces were

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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converged to 10 eV and 0.02 eV Al respectively. To avoid interactions between periodic images, a vacuum Iangeng;léléowgg
introduced along the c-axis. DOI: 10.1039/D6IMO0088F
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