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stry regulation by orbital
hybridization for superior kinetics of hard carbon in
an ester-based electrolyte
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Chengkun Guo,a Yunfeng Chao, *a Xinwei Cui *a and Caiyun Wang b

Hard carbon is the most commercially viable anode material for sodium-ion batteries (SIBs), yet its

application in ester-based electrolytes is hindered by sluggish interfacial ion diffusion and limited sodium

nucleation kinetics. After comprehensive evaluation, an interfacial chemistry regulation strategy was

proposed based on orbital hybridization between bismuth and electrolyte ions, which was realized

through the introduction of ammonium bismuth citrate. The surface bismuth particles regulate the

formation of a NaF-rich SEI through improved anion affinity. In collaboration with the in situ generated

highly ion-conductive Na3N, a thin, compact and homogeneous SEI was constructed to enable fast and

stable interfacial Na+ migration kinetics. Moreover, the Bi atoms can diffuse into the hard carbon

structures, expanding the carbon interlayers to facilitate ion diffusion and intercalation as well as

enhancing the sodiophilicity in closed pores to lower the nucleation barrier. Benefiting from these

merits, the resulting T2-BiN exhibits superior sodium-storage kinetics with outstanding rate capability

(185.6 mA h g−1 at 0.5 A g−1) and long-term cycling stability (84.4% after 400 cycles at 0.5 A g−1) in the

ester-based electrolyte. Even the practical full cell showed no capacity decay over 400 cycles at 2C. This

work provides a simple and effective interfacial modification strategy, offering new insights into the

advancement of hard carbon anodes for high-performance SIBs.
Introduction

Due to their abundant resources, low cost, and moderate energy
density, sodium-ion batteries (SIBs) have emerged as a cost-
effective alternative or supplement to conventional lithium-ion
battery systems.1 Among various anode materials, hard carbon
is considered one of the most promising candidates for SIBs
owing to its high reversible capacity, low working potential,
scalability, and low raw material cost.2,3 Extensive progress has
been made in understanding the sodium storage mechanisms
of hard carbon, especially regarding the role of pore structure,
which has inspired a variety of structural engineering strategies
to enhance capacity.4–6 However, in ester-based electrolytes—
which offer greater commercial viability—the rate performance
of hard carbon is still limited. Recent studies have identied the
solid electrolyte interphase (SEI) formed between hard carbon
anodes and the electrolyte as the key rate-limiting factor,
particularly in processes involving desolvation and ion migra-
tion across the SEI.7–9
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Ester-based electrolytes offer advantages such as low cost
and excellent high-voltage stability, but their reduction prod-
ucts typically form thick and heterogeneous SEI layers
(Fig. 1a(1)). During discharging, anions are repelled from the
Helmholtz layer owing to the electric eld and their poor
adsorption on the anode surface.10,11 Meanwhile, the decom-
position of solvent molecules results in loose and inhomoge-
neous organic components, causing continued electrolyte
decomposition, increased polarization, and capacity fading
during cycling. Nitrogen-based inorganic species such as Li3N
and Na3N exhibit superior ion conductivity, which provides
a feasible way to improve the interfacial Na+ transport of hard
carbon.12–15 However, solely introducing nitrogen-containing
precursors or Na3N is insufficient to effectively suppress the
formation of organic components for uniform interfacial Na+

transport (Fig. 1a(2)). Recent studies have highlighted the
essential role of LiF or NaF in enhancing the homogeneity,
mechanical strength, and stability of the SEI.16–19 An ideal SEI
enriched with both mechanically robust NaF and highly ion-
conductive Na3N (Fig. 1a(3)) is expected to be very thin, dense,
and uniform, thereby enabling excellent interfacial ion migra-
tion kinetics. Among the various strategies proposed to modu-
late LiF or NaF formation, surface engineering offers
advantages in eliminating the negative effects on electrolyte
properties and cathode performance.8,17 High anion-adsorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Guidelines for an interfacial chemistry regulation strategy. (a) Effects of different interfacial structures on sodium-storage behaviors; (b)
preparation of T2-BiN and its approach to implementing interfacial chemistry regulation; (c) adsorption energy of Na+ and PF6

− on the substrates
of neat carbon (C–C), nitrogen-doped carbon (C–N), Bi metal and Na3Bi; (d) zeta potential of original T2, T2-N and T2-BiN in ester electrolyte; (e)
LUMO of PF6

− on the substrates of C–C, C–N, Bi metal and Na3Bi.
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and an electron-rich surface have been identied as two critical
factors for implementing surface engineering, which have not
been fully resolved in hard carbon anodes.7,17,20

Beyond this, many recent reports have revealed the sodium
storage process in hard carbon, involving Na+ adsorption,
nucleation, and pore-lling in closed pores.2,21 As the starting
point of pore-lling, the adsorption–lling process is critical for
plateau capacity and rate performance, but is oen over-
looked.1,22 This process is strongly inuenced by both the pore
size and surface characteristics of closed pores.23,24 Sodium
lling preferentially occurs in smaller closed pores, with
a higher nucleation barrier observed in closed macropores.25,26

It commonly results in relatively low sodium lling efficiency
and pore utilization. Strategies such as the introduction of
heteroatoms or functional groups have been proposed to acti-
vate the electrochemically inert closed pores for an improved Na
lling rate and Na ling capacity.24,27,28 Introducing metallic
species can lower the surface energy and act as nucleation
sites.27,29 However, the Na+ affinity of transition metals is poor
© 2025 The Author(s). Published by the Royal Society of Chemistry
and incorporating them before carbonization oen leads to
over-graphitization and collapse of the pore structure.30 To
address these challenges, Bi can be an optimal choice to
simultaneously modulate NaF formation and nucleation
kinetics though orbital hybridization. The low melting point
(271.3 °C) and small atomic radius (0.143 nm) of Bi enable
efficient incorporation at relatively low temperatures, prevent-
ing negative impacts on the intrinsic structure of hard carbon.
The hybridization between the active p orbital of Bi and the s
orbital of Na+ or F in PF6

− endows Bi with a strong dual-ion
affinity, thereby promising to regulate NaF formation in SEI as
well as Na+ nucleation in closed pores.31

Based on above concepts, commercially available hard
carbon (T2) was modied using ammonium bismuth citrate as
the precursor (Fig. 1b). Aer carbonization, a nitrogen-rich
carbon matrix was formed on the hard carbon surface, which
contributed to Na3N generation during initial sodiation.
Meanwhile, the surface Bi metal effectively mitigates anion
depletion through strong PF6

− adsorption. Its electron-rich
Chem. Sci., 2025, 16, 17630–17639 | 17631
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character further promotes anion decomposition to form
a uniform NaF-rich SEI and inhibits continuous electrolyte
degradation. Furthermore, Bi atoms diffused into the carbon
interlayers to expand the interlayer spacing, promoting Na+

diffusion and intercalation. The presence of Bi in closed pores
also modulates the surface energy and Na+ affinity for enhanced
sodium nucleation behaviour. As a result, the modied T2-BiN
anode demonstrated outstanding electrochemical performance
in ester-based electrolytes: a high capacity of 320.2 mA h g−1 at
0.05 A g−1, an excellent rate capability of 185.6 mA h g−1 at 0.5 A
g−1, and a high capacity retention of 84.4% aer 400 cycles at
0.5 A g−1. Even in full cells, it achieved a high energy density of
237.2 W h kg−1 with a retention of 98.8% aer 400 cycles at 2C.
These results clearly conrm the effectiveness of the proposed
interfacial chemistry regulation strategy and its signicance for
the scalable production of hard carbon-based high-perfor-
mance sodium-ion batteries.

Results and discussion
Simulation of the interfacial chemistry regulation

To evaluate the effectiveness of using Bi and N elements to
engineer hard carbon, DFT calculations were rst performed to
evaluate the adsorption energies of Na+ and PF6

− on various
substrates (Fig. 1c), including pristine carbon (C–C) and
nitrogen-doped carbon (C–N). Given that low-melting-point Bi
metal tends to formmetallic clusters on the hard carbon surface
and readily reacts with Na+ to form Na3Bi within the voltage
range of 0.3–0.5 V, both Bi and Na3Bi were included in the
investigation. The results show that the pristine carbon
substrate has adsorption energies of−1.37 eV for Na+ and−3.87
eV for PF6

−. Aer nitrogen doping, the adsorption energy for
Na+ increases to −2.40 eV, while that for PF6

− slightly decreases
to −3.31 eV. This suggests that while low-electronegativity N
enhances Na+ affinity, it cannot capture anions to regulate NaF
formation. In contrast, metallic Bi exhibits strong dual-ion
adsorption capabilities, with adsorption energies of −8.74 eV
for Na+ and −11.19 eV for PF6

−. Even aer sodiation, Na3Bi still
shows considerable adsorption energies of−1.51 eV for Na+ and
−6.08 eV for PF6

−. This strong dual-ion affinity can be attrib-
uted to the orbital hybridization between Bi and Na+ or F in
PF6

−.31 The strong Na+ adsorption can denitely promote
sodium anchoring, nucleation, and pore-lling within the
closed pores, while the high PF6

− affinity is essential for miti-
gating anion depletion to modulate the SEI content.31 There-
fore, it can be concluded that this interfacial chemistry
modulation is fundamentally established through orbital
hybridizations. Bi atoms feature accessible 6p orbitals that can
overlap with the lled F 2p orbitals in PF6

− or the Na 3s orbitals,
enabling robust dual-ion affinity that facilitates NaF formation
in the SEI and Na nucleation in closed pores. In combination
with the introduced N, this strategy leads to a NaF/Na3N-rich
SEI with a sodiophilic surface inside closed pores, thereby
enhancing sodium storage in hard carbon anodes.

These ndings are consistent with the zeta potential
measurements (Fig. 1d). Specically, the pristine T2 hard
carbon exhibits a zeta potential of 3.09 mV in 1 M NaPF6 EC/
17632 | Chem. Sci., 2025, 16, 17630–17639
DEC (1 : 1, v/v) electrolyte, indicating predominant adsorption
of Na+—likely due to surface oxygen-containing functional
groups. Aer nitrogen doping (T2-N), the zeta potential
increases slightly to 3.35 mV, conrming enhanced cation
affinity. In contrast, the Bi/N co-modied sample (T2-BiN)
exhibits a signicantly reduced zeta potential of 0.83 mV, clearly
demonstrating that Bi incorporation effectively anchors anions
in the Helmholtz layer and lays the foundation for NaF forma-
tion in the SEI layer.19,32 To further explore the potential for PF6

−

decomposition, the lowest unoccupied molecular orbital
(LUMO) energy levels of PF6

− on different substrates were
calculated (Fig. 1e). The LUMO levels on pristine and N-doped
carbon are relatively high, whereas the electron-rich Bi and
Na3Bi substrates lower the PF6

− LUMO levels to −1.70 eV and
−1.11 eV, respectively. The decreased PF6

− LUMO favors its
decomposition to generate NaF, which further demonstrates
the essential role of Bi on regulating SEI formation.33 Further-
more, DFT calculations were employed to reveal the Na+ diffu-
sion properties of different SEI components. The results reveal
diffusion barriers of 0.666 eV for NaF, 0.013 eV for Na3N and
0.196 eV for the potentially formed Na3Bi (Fig. S1). It under-
scores the critical role of Na3N in enhancing Na+ transport
through the SEI, whereas NaF mainly stabilizes the SEI by
serving as a passivation layer against electrolyte decomposition.
Characterization of the engineered hard carbon

A comprehensive morphological and structural characteriza-
tion study was conducted to reveal the forms of Bi and N in the
T2-BiN sample. SEM images (Fig. S2, SI) show that both pristine
T2 and T2-BiN retain irregular micron-sized polyhedral
morphologies, with no signicant changes observed aer
modication. Elemental mapping via SEM and TEM (Fig. S3)
conrms the uniform distribution of C, O, N, and Bi across the
hard carbon particles, indicating successful co-doping. Notably,
partial aggregation of Bi was observed in the electron micros-
copy images and Bi mapping maps, suggesting the formation of
surface Bi metal clusters. To further investigate the spatial
distribution of N and Bi within the particles, cross-sectional
analysis of T2-BiN electrodes was performed. As shown in Fig.
S4, both elements are evenly distributed throughout the elec-
trode thickness. Elemental mapping of the enlarged area
(Fig. 2a) conrms the uniform distribution of C, O, N, and Bi
within the hard carbon particles. Line-scan proles across the
cross-section (Fig. S5) further evidence the even distribution of
N and Bi. HRTEM images (Fig. 2b and c) reveal that both T2 and
T2-BiN exhibit short-range ordered and long-range disordered
characteristics, along with abundant closed pores.34 It is note-
worthy that the carbon lattice of T2-BiN appears less ordered,
with an expanded (002) interlayer spacing in the range of 0.382–
0.414 nm, larger than that of T2 (0.366–0.373 nm). This
expanded interlayer results from the diffusion of molten Bi
metal atoms within the carbon domains.35,36 It also aligns with
the slight low-angle shi of the (002) diffraction peak in the
XRD pattern (Fig. 2d), which facilitates Na+ diffusion and
intercalation. Additionally, characteristic peaks of metallic Bi
are present in the XRD pattern of T2-BiN, in agreement with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural characterization of T2-BiN. (a) Cross-sectional SEM and the corresponding element mapping images of T2-BiN anode; HRTEM
images of T2 (b) and T2-BiN (c); XRD (d) of T2, T2-N and T2-BiN; (e) XPS C 1s spectrum of T2 and depth-profiling C 1s spectra of T2-BiN; (f) O 1s
XPS spectrum of T2 and depth-profiling C 1s spectra of T2-BiN; depth-profiling XPS Bi 4f (g) and N 1s (h) spectra of T2-BiN.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
11

:0
5:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Bi clusters observed in SEM and TEM images. Fig. S6a shows the
Raman spectra, with the AD1/AG ratio increasing from 1.29 for T2
to 1.35 for T2-N and 1.38 for T2-BiN. The change in AD1/AG
reveals the formation of additional structural defects, primarily
originating from the nitrogen-doped carbon layer generated by
precursor decomposition.37 Correspondingly, the BJH surface
area, as determined by the N2 adsorption–desorption
measurements, increases from 7.44 to 10.41 m2 g−1 (Fig. S6b).
SAXS measurements (Fig. S7) of both T2 and T2-BiN exhibit
a broad peak around 2 nm−1, conrming the existence of closed
pores in the carbon matrix. Fitting results indicate that the
average diameters of the closed pores were 1.823 nm for T2 and
1.725 nm for T2-BiN. This suggests that Bi diffusion generates
more small-sized closed pores, thereby reducing the overall
average diameter. It can thus be concluded that a layer of defect-
rich nitrogen-doped carbon is formed on the surface of hard
carbon, while the generated metal Bi thermodynamically
diffuses into the hard carbon, slightly increasing the interlayer
spacings of the carbon layers.

XPS and depth-proling XPS analyses were conducted to
further examine chemical composition and bonding states. The
C 1s XPS spectra (Fig. 2e) of both samples show peaks corre-
sponding to C–C (284.5 eV), C]C (285.1 eV), C–O (286.8 eV),
C]O (289.0 eV), and CO3

2− (290.7 eV) bonds.38 An additional C–
N peak at 285.8 eV appears in the C 1s spectra of T2-BiN,
© 2025 The Author(s). Published by the Royal Society of Chemistry
supporting the successful introduction of N. Besides, an
intensied CO3

2− peak and a new C–Bi peak at 283.9 eV were
observed on the surface of T2-BiN, both of which are attributed
to precursor decomposition. The O 1s XPS spectrum of T2
(Fig. 2f) exhibits two peaks at 532 eV and 533.4 eV, corre-
sponding to carbonyl C]O and hydroxyl C–O, respectively.39 T2-
BiN possesses similar signals with an additional weak Bi–O
peak. As the sputtering time increases from 0 s to 200 s, the
overall O 1s intensity of T2-BiN signicantly decreases without
changes in bonding states. This can be attributed to the pres-
ence of more oxygen-containing functional groups on the
surface. Fig. 2g presents the Bi 4f depth prole of T2-BiN. At an
etching time of 0 s, the two peaks detected at 159.4 eV and 164.7
eV correspond to Bi3+ 4f7/2 and Bi3+ 4f5/2, likely due to surface
oxidation. Following sputtering, metallic Bi peaks emerge at
157.7 eV and 162.9 eV, conrming the presence of metallic Bi
within the carbon matrix. The N 1s XPS spectra of T2-BiN in
Fig. 2h show pyridinic N (398.5 eV), pyrrolic N (400.0 eV), and
graphitic N (401.6 eV), with pyrrolic N being dominant.37 The
progressive decrease in intensity with depth suggests that
nitrogen is predominantly concentrated near the surface,
facilitating the subsequent formation of Na3N within the SEI
during sodiation. All these structural features support the
simultaneous incorporation of N and Bi on the hard carbon
surface, as well as the diffusion of Bi into the interior structure,
Chem. Sci., 2025, 16, 17630–17639 | 17633
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which aligns well with the design strategy and lays a solid
foundation for the interfacial chemistry regulation strategy.
Sodium-ion storage performance

T2-BiN samples prepared with varying amounts of precursor
were rst evaluated (Fig. S8). As the precursor content
increased, a proportional rise in the AD1/AG ratio indicated the
formation of more defect-rich carbon structures. Insufficient
precursor resulted in limited performance improvement, with
severe polarization still present. On the other hand, excessive
precursor led to the formation of abundant defects, and the
excess Bi may block the Na+ diffusion pathways. Therefore, the
sample prepared with 3 wt% ammonium bismuth citrate
exhibited the best sodium storage performance and was
selected as the optimal T2-BiN composition for subsequent
studies. As shown in the rate performance (Fig. 3a), pristine T2
exhibits poor performance in ester-based electrolytes. Nitrogen
doping (T2-N) signicantly enhances the rate capability.
However, considerable capacity uctuation is still observed,
likely due to the formation of an inhomogeneous SEI. In
Fig. 3 Sodium-storage performance of T2-BiN. (a) Rate capability of T2, T
comparison of slope and plateau capacities at different current densit
different current densities; (e) cycling performance at 0.1 A g−1 and 0.5 A
and other ester-based hard carbon anodes; (g) long-term cycling test
coupled with the T2-BiN anode. The inset shows the pouch-type full-ce

17634 | Chem. Sci., 2025, 16, 17630–17639
contrast, T2-BiN delivers both the highest and most stable
capacities, reaching 321.6, 296.6, 272.0, 245.9, 185.6, and 110.4
mA h g−1 at current densities of 0.05, 0.1, 0.2, 0.3, 0.5, and 0.8 A
g−1, respectively. Upon returning to 0.1 A g−1, the capacity
recovered to 286.3 mA h g−1 and remained stable until the 100th

cycle. In comparison, although T2 and T2-N can recover most of
their initial capacity, they still exhibit capacity uctuations in
subsequent cycles. To be specic, the initial coulombic effi-
ciency (ICE) was 67.5% for T2, 64.0% for T2-N, and 62.6% for
T2-BiN (Fig. 3a). The slight reduction in ICE can be attributed to
the formation of a nitrogen-doped carbon layer on the hard
carbon surface.

The rst three dQ/dV curves (Fig. 3b and S9) provide insight
into the electrochemical reaction process. All samples display
a weak peak at ∼1.1 V during the rst discharge, corresponding
to Na+ adsorption at surface defects. An irreversible board peak
at around 0.4 V was also observed for T2, which can be assigned
to the formation of SEI. The corresponding peaks for T2-N and
T2-BiN are intensied owing to the formation of Na3N. Addi-
tionally, T2-BiN exhibits two reversible reduction peaks in the
2-N and T2-BiN anodes; (b) the first three dQ/dV profiles of T2-BiN; (c)
ies; (d) charge–discharge curves of T2, T2-N and T2-BiN anodes at
g−1; (f) comparison of rate and cycling performance between T2-BiN

s at 2C over 400 cycles with the Na4Fe3(PO4)2(P2O7) NFPP cathode
ll demo.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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range of 0.3–0.53 V, with the corresponding reduction peaks
between 0.54 and 0.8 V. They originate from the reversible
reaction between Bi, NaBi and Na3Bi.40 As the discharge process
progressed, all three electrodes exhibited sharp reduction peaks
corresponding to the pore-lling of sodium ions. It should be
noted that the redox peaks for T2-BiN are located at 0.061 V and
0.071 V, evidencing its highest nucleation potential and lower
polarization. The measured nucleation overpotentials in Fig. S9c
were 12.3 mV for T2 and 16.2 mV for T2-BiN, further supporting
the reduced nucleation barriers of T2-BiN. Fig. 3c and S10
compare the capacity contributions from the slope and plateau
regions at various current densities. T2-BiN shows a clear
advantage at high rates. For instance, the plateau capacity of T2-
BiN contributes a high ratio of 59% at 0.5 A g−1, compared to only
27% for T2 and 32% for T2-N. These improvements are also
clearly shown in the charge/discharge proles (Fig. S11). The
enlarged proles (Fig. 3d) further show that T2-BiN exhibits the
smallest polarization increase with rising current, conrming its
fast and stable electrochemical kinetics.

The effectiveness of interfacial chemistry regulation was
further validated through extended cycling tests. Following rate
evaluation, the T2-BiN electrode demonstrated excellent cycling
stability, maintaining a capacity of 256.9 mA h g−1 with
a retention of 89.2% aer 400 cycles (Fig. S12). Additional tests
with freshly assembled electrodes (Fig. 3e) revealed that T2-BiN
delivered 228.4 mA h g−1 with 76.5% retention over 400 cycles at
0.1 A g−1, outperforming T2 (78.2 mA h g−1, 34.5%) and T2-N
(190.7 mA h g−1, 61.6%). At higher current densities, T2-BiN
continued to show outstanding cycling performance. It
retained 168.3 mA h g−1 aer 400 cycles at 0.5 A g−1 (84.4%
retention), and 115.3 mA h g−1 aer 2000 cycles at 0.8 A g−1 with
89.4% retention (Fig. S13). Even at a higher areal mass of
3.26 mg cm−2 (Fig. S14), the T2-BiN anode still demonstrated
excellent cycling stability with a retention of 87.7% aer 150
cycles at 0.1 A g−1. The comparison between T2-BiN and recently
reported ester-based hard carbon anodes (Fig. 3f) clearly
evidences the superiority of this T2-BiN anode.18,38,39,41–46

Besides, the T2-BiN and T2 anodes were tested in ether-based
electrolytes (Fig. S15), where T2-BiN again showed improved
rate and cycling performance, underscoring the universality of
this approach. To demonstrate practical viability, Na4Fe3(-
PO4)2P2O7 (NFPP, Fig. S16) cathodes were selected to assembly
the full cells. As shown in the inset of Fig. 3g, the T2-BiN‖NFPP
pouch cell successfully powered an LED panel. The charge–
discharge proles (Fig. S17a) revealed voltage plateaus around
3.1 V. Based on the anode mass (Fig. S17b), the full cell delivers
specic capacities of 267.7, 252.0, 224.0, 212.9, 189.7, and
149.4 mA h g−1 at 0.2C, 0.4C, 0.8C, 1.2C, 2C and 3.2C, respec-
tively. Even over 400 cycles at 2C, the capacity remained at
181.9 mA h g−1 with 99.8% retention (Fig. 3g). Considering the
total mass of both the anode and cathode, the energy density of
the full cell reached 237.2 W h kg−1 at 0.2C and remained as
high as 161.1 W h kg−1 over 400 cycles at 2C. Such excellent
stability at high rates in ester electrolyte is rarely found in
previous high-impact reports (Table S1), which solidly demon-
strates the superior performance and practical potential of T2-
BiN.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Evolution of electrochemical kinetics

To assess the effects of interfacial chemistry regulation, the
evolution of electrochemical kinetics during cycling was thor-
oughly analysed. As shown in Fig. S18, the charge–discharge
proles of the three electrodes reveal distinct differences in
long-term behaviour. The T2 electrode exhibits a pronounced
decline in both the plateau region and overall capacity. While
T2-N effectively mitigates plateau fading, it still suffers from
capacity decay. In contrast, T2-BiN shows the best retention in
both the plateau and overall capacity, indicating superior
structural and interfacial stability. Fig. 4a and b depict the
evolution of the oxidation and reduction peaks during cycling at
0.1 A g−1. Initially, the sodium nucleation potentials for T2 and
T2-N appear at 0.040 V and 0.043 V, respectively, whereas T2-BiN
exhibits a higher value of 0.056 V, consistent with its enhanced
nucleation kinetics. As cycling proceeds, the oxidation peaks of
T2 and T2-N shi to lower voltages (0.011 V and 0.021 V),
reecting increased polarization. In contrast, T2-BiN shows only
a slight shi to 0.048 V, indicating much more stable kinetics. A
similar trend is observed in the reduction peaks, where the peak
voltages increase from 0.096 V to 0.119 V for T2, from 0.095 V to
0.117 V for T2-N, and from 0.093 V to only 0.104 V for T2-BiN,
highlighting its suppressed polarization. Sodium-ion diffusion
behaviour was further investigated via the galvanostatic inter-
mittent titration technique (GITT, Fig. 4c), and the corre-
sponding diffusion coefficients (DNa+) were calculated
(Fig. 4d).47 All three anodes exhibit a similar trend, where the
drop in DNa+ from 0.1 V corresponds to the onset of Na+ nucle-
ation and pore-lling. For T2-BiN, a uctuation in DNa+ is
observed between 0.5 and 0.3 V during the rst discharge,
attributed to the sodiation of Bi. Compared to T2, T2-N shows
a signicantly higher DNa+, owing to the presence of a Na3N-rich
SEI. More importantly, T2-BiN consistently exhibits the highest
diffusion coefficients throughout subsequent cycling, which
can be attributed to the formation of a thin SEI enriched with
both Na3N and NaF, as well as enhanced nucleation kinetics
promoted by the diffused Bi.

The sodium storage behaviour of hard carbon was also
studied by in situ Raman spectroscopy. The contour maps are
given in Fig. 4e and f with the corresponding spectra shown in
Fig. S19. For pristine T2, the D and G bands remain basically
unchanged throughout the charge–discharge process. A slight
decrease in D-band intensity during the middle stage is likely
caused by Na+ adsorption at edge defects. In contrast, T2-BiN
exhibits noticeable spectral evolution. Shortly aer the onset
of discharge, the G-band shows a clear redshi, indicating the
elongation of C–C bonds caused by Na+ intercalation-induced
stress.6,48 It indicates the improved intercalation kinetics in
T2-BiN driven by the expanded interlayer spacing and enhanced
ion diffusion dynamics. Additionally, the intensity of the D-
band signicantly decreases along with the shi of the G
band, suggesting increased Na+ adsorption at defect sites. This
likely results from the improved kinetics that enable Na+ to
access more interlayers and pores. Electrochemical impedance
spectroscopy (EIS) was performed on T2, T2-N, and T2-BiN
electrodes (Fig. S20) to investigate the impedance properties.
Chem. Sci., 2025, 16, 17630–17639 | 17635
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Fig. 4 Reaction kinetics and sodium-storage mechanism of T2 and T2-BiN. (a) The dQ/dV profiles showing the dynamic evolution of the
reduction peak (a) and oxidation peak (b) during the cycling tests; (c) GITT profiles of the first two cycles and (d) the corresponding Na+ diffusion
coefficients; in situ Raman of T2 (e) and T2-BiN (f) showing the evolution of D and G band; (g) 2DDRT profiles of T2 and T2-BiN anodes during the
first discharging process.
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Rct and the Warburg factor (s) were tted from the equivalent
circuit model (inset in Fig. S20a) and the slopes of Z0 versus u−1/2

(Fig. S20b), respectively. Both of them were signicantly
reduced in T2-N and T2-BiN, indicating their good kinetics.
Operando EIS measurements (Fig. S21) were conducted and
interpreted via the distribution of relaxation time (DRT, Fig.
S22) to further clarify the inuence of SEI formation on inter-
facial kinetics. The DRT spectra reveal the SEI diffusion process
in the relaxation time range of 10−3 to 10−4 s and the charge
transfer process around 10−2 s.49 The 2D DRT contour maps
(Fig. 4g) clearly show that T2-BiN exhibits much lower SEI
resistance (RSEI) and charge transfer resistance (Rct). More
importantly, the relaxation times associated with RSEI and Rct

are smaller than those of T2, suggesting faster processes in T2-
BiN. This result clearly demonstrates that the superior ion
diffusion and reaction kinetics of T2-BiN are directly related to
its SEI characteristics.
17636 | Chem. Sci., 2025, 16, 17630–17639
SEI characterization

The SEI composition and structure was investigated in detail to
elucidate the mechanism behind the excellent reaction kinetics
and electrochemical performance. Cycled T2 and T2-BiN
anodes were sliced to examine the element distribution on the
cross-section of hard carbon particles (Fig. 5a, b and S23). Na
and F were evenly coated on the surface of T2-BiN, with other
elements uniformly distributed throughout the particles, indi-
cating the formation of a homogeneous NaF-rich SEI. In
contrast, the pristine T2 electrode exhibited low intensity and
irregular distributions of Na and F, suggesting an uneven SEI
and insufficient NaF content. Elemental line scans (Fig. S24)
further conrmed these compositional differences between the
two electrodes. 3D Modulus mapping (Fig. 5c) from AFM
measurements demonstrated more uniform and higher
mechanical strength on T2-BiN (average ∼1.15 GPa) than on T2
(∼0.71 GPa). This improvement can be attributed to its high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Characterization of the SEI structures. Cross-sectional SEM and the corresponding mapping images of the cross-sections for cycled T2-
BiN (a) and T2 (b) anodes; 3Dmodulus (c) and roughness (d) of the SEI on cycled T2 and T2-BiN anodes measured via AFM tappingmode; depth-
profiling XPS F 1s spectra of cycled T2 (e) and T2-BiN (f) anodes; (g) depth-profiling XPS N 1s spectra of cycled T2-BiN anode; (h) TEM image
showing the surface of cycled T2-BiN and the enlarged TEM images showing the crystal patterns of NaF (i) and Na3N (j); TOF-SIMS 3D
reconstruction distribution maps and cross projection of NaF−, C2HO− and NaN− on cycled T2 (k) andT2-BiN (l) anodes.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
11

:0
5:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
content of mechanically robust NaF. Roughness mapping
(Fig. 5d) showed that T2-BiN had a much smoother surface with
a roughness (Ra) of 111 nm, compared to 265 nm for T2. This
can be explained by the homogeneous and compact SEI that
suppresses the electrolyte decomposition. In-depth XPS analysis
was conducted to reveal the compositional variations in the SEI
layers. Although the spectra show similar peaks, the intensity of
C 1s and O 1s indicates more organic components on the
surface of T2 and T2-N surface (Fig. S25 and S26). The carbon
atomic ratios are 43.9% for T2, 37.6% for T2-N and only 27.2%
for T2-BiN. Besides, T2-BiN showed signicantly higher NaF
content (Fig. 5e and f). Distinct Na3N signals were observed in
the N 1s spectra of both T2-N and T2-BiN (Fig. S26c and 5g). This
results not only support the successful SEI modulation via the
co-introduction of N and Bi, but also evidence the limited effect
of N incorporation alone on the SEI content.

Cryo-TEM and HRTEM further visualized SEI morphology
and composition. T2-BiN exhibited a uniform and thin SEI layer
of ∼25.6 nm thickness, compared to a thicker and irregular SEI
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the range of 31.1–48.7 nm on T2 (Fig. S27). The enlarged
section (Fig. 5h) shows the presence of homogeneously
distributed NaF and Na3N on the surface of T2-BiN. The inter-
planar spacing of 0.233 nm is in agreement with the (200)
planes of NaF (Fig. 5i), while the interlayer spacing of 0.336 nm
results from Na3N (101) planes (Fig. 5j). TOF-SIMS mapping was
employed to visualized the spatial distribution of various SEI
species. Fig. 5k, l and S28 show that the distribution of NaF−

was more abundant and homogeneous on the surface of T2-
BiN, whereas organic components like C2HO− penetrated
deeper into T2. NaN− signals were also mainly located at the
outermost surface in T2-BiN. Their intensity changes are also
clearly shown in the depth proles (Fig. S29), supporting the
enrichment of NaF and Na3N inorganics in the SEI of T2-BiN.
Besides, other NaF-related species (F− and NaF2

−) and the C−

species in Fig. S30 and S31 further evidence the NaF-less and
thick SEI on the T2 surface. These results are consistent with the
XPS and TEM results, emphasizing the formation of a thin,
dense, uniform and NaF/Na3N-riched SEI on T2-BiN. Such well-
Chem. Sci., 2025, 16, 17630–17639 | 17637
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tailored SEI characteristics were undoubtedly the reason for the
well-improved sodium-storage kinetics and performance. The
NaF/Na3N-rich SEI integrates the mechanical robustness of NaF
with the high ionic conductivity of Na3N. Moreover, NaF forms
a dense and stable passivation layer that suppresses electrolyte
decomposition, maintaining a thin SEI, thereby maximizing the
contribution of Na3N to Na+ transfer. This complementary
functionality enhances both the structural integrity and ion-
migration kinetics at the electrode/electrolyte interface, collec-
tively contributing to the superior sodium storage performance
of the T2-BiN electrode. These results also solidly veried the
effectiveness of the interfacial chemistry regulation strategy,
paving the way for the future development and practical appli-
cation of hard carbon-based anodes.
Conclusions

In conclusion, we propose an interfacial chemistry regulation
strategy to address the sluggish interfacial kinetics and limited
nucleation efficiency of hard carbon anodes in ester-based
sodium-ion batteries. Through a post-treatment approach
using ammonium bismuth citrate as the precursor, both
nitrogen and bismuth were successfully introduced, with Bi
diffusing into the internal pores, as conrmed by EDS mapping
and XPS analysis. Surface-deposited Bi effectively modulated
the interfacial chemistry by eliminating the anion-depletion
layer, thereby facilitating the formation of a thin, compact, and
homogeneous NaF-rich SEI. Concurrently, nitrogen species
were in situ converted into highly ion-conductive Na3N,
enabling an accelerated Na+ diffusion rate. Additionally, the Bi
species diffused into the pore interiors expanded the carbon
interlayer and enhanced sodiophilicity, signicantly lowering
the barriers for Na+ diffusion and nucleation. This dual-
regulation of SEI and internal pore surfaces synergistically
enhanced the sodium storage kinetics, resulting in exceptional
rate performance (185.6 mA h g−1 at 0.5 A g−1) and long-term
cycling stability (84.4% capacity retention aer 400 cycles).
The assembled full cell exhibited a practical energy density of
237.2 W h kg−1 with almost no capacity decay for over 400 cycles
at 2C. This work not only provides new insights into surface
modulation in hard carbon but also offers a generalizable and
scalable strategy to advance hard carbon anodes toward
commercial applications.
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