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HIGHLIGHTS

® A cooperative pair of pyridinic-N and carbonyl groups creates a trap-and-repel microenvironment that actively programs interfacial

reactions.
e The functional differentiation drives a sustained bottom-up anionic flux, steering decomposition toward an anion-derived pathway.

e The resulting inorganic-rich solid-electrolyte interphase enables 91.9% initial Coulombic efficiency and 96.5% capacity retention

over 5,000 cycles.

ABSTRACT Hard carbon anodes for sodium-ion batteries suffer from unstable solid-electrolyte interphase formation, leading to low initial

Coulombic efficiency and poor cycle stability. Herein, we demonstrate a molecular-
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electrolyte bulk to the hard carbon interface. By engineering a synergistic pair of @ L P oo

pyridinic-N and carbonyl groups on the carbon surface, we create a functional-
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differentiation microenvironment where pyridinic-N selectively anchors PF¢~ anions,

Thin, uniform and inorganic-rich SEI

while the cooperative carbonyl repels solvent molecules. This dual functionality

establishes a sustained concentration gradient that drives a continuous reverse flux of Talored Hard Garbon Surface gmmls!ry
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anions toward the interface, fundamentally redirecting the electrolyte decomposition

pathway from solvent-dominated to anion-preferential. The tailored surface lowers the PF;~ decomposition barrier by over 70%, yielding a
thin, inorganic-rich solid-electrolyte interphase dominated by NaF and Na,O. The optimized anode achieves 91.9% Coulombic efficiency
with high reversible capacity of 368.2 mAh g~!, and 96.5% capacity retention after 5,000 cycles. A pouch cell assembled with NFPP
cathode achieves an energy density of 239.1 Wh kg™! and stable operation over 500 cycles, demonstrating strong practical potential. This

work establishes active surface-guided anionic transport as a powerful strategy for interphase engineering in advanced sodium-ion batteries.
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1 Introduction

The escalating demand for sustainable energy storage has
positioned sodium-ion batteries (SIBs) as a compelling
alternative to lithium-ion batteries, owing to sodium’s nat-
ural abundance, inherent safety, and manufacturing com-
patibility [1]. Hard carbon (HC) is the most commercially
viable anode for SIBs due to its high theoretical capacity
(>300 mAh g1, suitable redox potential (~0.1 V vs. Na*/
Na), and low cost [2, 3]. However, its practical application
is severely hindered by low initial Coulombic efficiency
(ICE) and inadequate cycling stability [4, 5]. These draw-
backs originate from the unstable solid-electrolyte inter-
phase (SEI), whose uncontrolled formation continuously
consumes sodium and degrades the electrode [6, 7]. The
structure, composition, and properties of the SEI directly
dictate the kinetics of ion transport, the extent of irreversible
sodium consumption, and the long-term structural integrity
of the electrode.

Extensive research has focused on engineering the SEI
to enhance battery performance. One approach center on
electrolyte engineering, including the use of film-forming
additives and the development of concentrated electrolytes.
Additives such as fluoroethylene carbonate (FEC) can pref-
erentially reduce to form a more robust SEI, while concen-
trated electrolytes alter the solvation structure, shifting the
primary decomposition from solvent molecules to anions
[8, 9]. These strategies primarily modulate the composition
of species arriving at the electrode surface, determining
whether solvents or anions dominate the flux approaching
the interface. Once these species reach the surface, their sub-
sequent decomposition pathways are largely governed by the
chemical nature of the electrode. The HC surface, with its
inherent defects and random functional groups, remains a
reactive participant in these interfacial reactions [10].

In parallel, efforts to modify the HC anode have focused
on two main directions, including bulk structural engineer-
ing and surface functionalization. Bulk modifications, such
as heteroatom doping and closed-pore construction, enhance
Na* storage capacity but often lack precise control over
interfacial processes [11, 12]. In contrast, surface function-
alization offers a more targeted approach directly to regulate
interfacial chemistry and to tailor its surface properties. For
instance, implanting carbonyl (C=0) groups can catalyze
anion decomposition [13, 14], while grafting passivation
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layers converts reactive surface groups into more stable moi-
eties [15]. Despite these advances, most surface treatments
still regard the electrode as a static substrate that passively
responds to species arriving from the electrolyte, rather than
actively orchestrating the decomposition pathway.

The interplay between electrolyte composition and sur-
face chemistry ultimately determines SEI properties. While
electrolyte engineering can enrich anions at the interface, the
subsequent decomposition selectivity depends critically on
how the electrode surface interacts with these anions rela-
tive to solvent molecules. Our group has previously estab-
lished fundamental structure—performance relationships of
hard carbon and explored electrolyte engineering strategies
to modulate interfacial chemistry [16, 17]. However, the
extent to which the electrode surface itself can be designed
to actively steer decomposition pathways, working in con-
cert with the electrolyte, has yet to be established.

Recent studies suggest that surface chemistry can regu-
late interfacial ion behavior. For example, constructing a
weakly solvating interface enriched with sp>-carbon reduces
solvent adsorption and promotes anion ingress into the Na*
solvation sheath [18]; a polymer-induced SEI using a pol-
yethylene-sulfonyl fluoride coating enriches PF,™ anions at
the HC interface [19]; a targeted functionalization that con-
verts surface oxygen groups into a Si-O-Si molecular layer
enhances anion anchoring [20]; and a grafting technique
that attaches a highly fluorinated molecule to HC assists in
forming a NaF-rich SEI [21]. These pioneering works con-
firm that tailored surface chemistry can positively influence
SEI formation and improve electrochemical performance.
Nevertheless, most existing strategies focus on introducing
single functional groups or passive coating layers, which
primarily serve to mitigate side reactions or enrich anions
at the interface. The concept of using two distinct functional
groups with complementary roles, one that strongly captures
anions and another that repels solvents, to actively program a
sustained, directional anionic flux from the bulk electrolyte
to the interface has not been the central focus of previous
studies.

In this work, we demonstrate that molecular-level
engineering of the HC surface can fundamentally redi-
rect the competitive adsorption and decomposition path-
way at the electrode—electrolyte interface. By positioning
pyridinic-N and carbonyl groups as a cooperative pair,
we create a precisely tailored microenvironment where
the two functionalities assume distinct yet synergistic

https://doi.org/10.1007/s40820-026-02339-w
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Fig. 1 Anionic bottom-up reverse flux for steering interfacial solvation structure by molecular-level surface design. (The diamond represents the
hexafluorophosphate anion, and the ellipse represents the G2 solvent molecule)

roles. Pyridinic-N acts as a Lewis base to selectively
adsorb PF,~ anions, while the proximal carbonyl group
simultaneously weakens solvent affinity. This functional
differentiation alters the interfacial solvation structure
and establishes a sustained bottom-up anionic reverse
flux from the electrolyte bulk (Fig. 1). The synergis-
tic pair enriches anions at the interface and lowers the
PF,~ decomposition barrier, steering decomposition
toward an anion-preferential pathway and yielding a thin,
inorganic-rich SEI. The optimized anode achieves a high
ICE of 91.9%, remarkable rate capability (162.1 mAh g~
at 10 A g71), and exceptional cycling stability with 96.5%
capacity retention after 5,000 cycles. By integrating theo-
retical and experimental analyses, this work decouples
the surface-mediated anionic dynamics and provides a
rational design pathway for active interphase engineering
in advanced batteries.

) SHANGHAI JIAO TONG UNIVERSITY PRESS

2 Experimental Section
2.1 Materials

In this study, peanut shells (PS) were chosen as the pre-
cursor for hard carbon synthesis. Prior to heat treatment,
the PS undergo crushing in a crusher and are then passed
through a 200-mesh sieve. The resulting powder is subse-
quently soaked in 0.1 M dilute hydrochloric acid for 24 h,
thoroughly washed with ultrapure water, and finally dried.
The obtained PS was heated to 350 °C at a rate of 5 °C min™"
and kept for 3 h under an air atmosphere. The obtained pre-
cursor is termed as pre-PS. Subsequently, pre-PS was heated
to 1400 °C at a rate of 2 °C min~! and kept for 3 h in a tube
furnace under a flowing argon atmosphere. After cooling to
room temperature, the target hard carbon (termed P-HC)
was obtained. Additionally, P-HC was heated to 600 °C at

a rate of 5 °C min~! and kept for 0.5 h under a flowing
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ammonia atmosphere, and the obtained sample was denoted
as R-HC.

2.2 Electrochemical Measurement

Electrochemical measurements were conducted using a
CR2032 coin-type cell. The working electrode was prepared
by coating a slurry of the active material, super P, and CMC
at a weight ratio of 8: 1: 1 on copper foil followed by drying
at 80 °C overnight. The mass loading of the active mate-
rial is 1.0-1.2 mg cm™2. A pure Na sheet was used as the
counter electrode, and glass fiber was used as a separator.
The applied electrolyte was 1 M NaPF; dissolved in diglyme
(G2). The cells were assembled in an argon-filled glove box
with moisture and oxygen concentrations below 1 ppm.
The galvanostatic charge/discharge cycles of the cells were
measured between 0.01 and 3.0 V versus Na/Na* at various
current densities using a LAND battery testing instrument
under 27 °C. Cyclic voltammograms (CV) were recorded at
a scan rate of 0.1 mV s~! in a potential range of 0.01-3.0 V.
Electrochemical impedance spectra (EIS) were recorded at
an amplitude of 5.0 mV for a frequency range of 100 kHz to
0.01 Hz. Both the CV and EIS measurements were carried
out on a CHI 660C electrochemical workstation. The pouch
cell was assembled by using Na,Fe;(PO,);P,0, (NFPP) as
cathode, the mass loading of anode is 1.4 mg cm2, the mass
loading of cathode is 4.1 mg cm™2, and the N/P ratio was
1.09. The applied electrolyte was 1 M NaPF, dissolved in
diglyme (G2). The electrochemical performance of pouch
cell was measured between 1.5 and 3.4 V.

3 Results and Discussion

3.1 Theoretical Insights into Anionic Dynamics on HC
Surfaces

The formation of the SEI is intrinsically governed by the
competitive adsorption between solvent molecules and ani-
ons at the electrode—electrolyte interface, which dictates the
primary decomposition pathway [9]. While heteroatom dop-
ing alters carbon surface properties, how specific functional
groups atomically direct these interfacial reactions remains
unclear. Previous studies often conflate individual contribu-
tions of N or O sites [22], leaving their synergy in steering
interfacial dynamics unexplored.

© The authors

To investigate the effect of the functionalized HC surface
on SEI formation, multiscale simulations were performed.
Crucially, the molecular dynamics (MD) simulations explic-
itly account for the modulation of the solvation structure
by the functionalized carbon surface, moving beyond the
description of isolated electrolyte behavior with ideal HC
surface. As illustrated in Fig. 2a-c, three distinct HC models,
including oxygen-functionalized (O-HC), nitrogen-func-
tionalized (N-HC), and nitrogen—oxygen co-functionalized
(N/O-HC), were immersed in a 1 M NaPF¢-diglyme (G2)
electrolyte. This setup captures the heterogeneous interfacial
environment, where solvation structures are perturbed near
the surface, leading to localized anion enrichment, altered
desolvation processes, and potential co-intercalation behav-
ior, in contrast to the unperturbed state in bulk-like regions.

Radial distribution functions (RDFs) derived from the
MD simulations reveal a spatially reorganized distribution
of species from the bulk to the interface (Fig. 2d-f). As a
baseline, the pristine electrolyte (without any carbon sur-
face) exhibits a solvent-dominated solvation sheath, with
Na*—F and Na*—O(G2) coordination numbers of 1.62 and
2.76, respectively (Fig. S1). Upon introducing functional-
ized surfaces, quantitative analysis of coordination num-
bers (Fig. 2g) demonstrates that Na*™—F(PF,~) coordina-
tion increases substantially in the N/O-HC system (3.65)
versus O—HC (1.88) and N-HC (2.62), while Nat—0(G2)
coordination remains stable. Population analysis (Tables S1-
S3) further confirms solvation structures containing two
PF,™ anions are significantly enriched on N/O-HC (11.53%
vs. 3.34% for O—HC). These observations establish a ther-
modynamically favorable concentration gradient of anions
from the electrolyte bulk toward the N/O-functionalized
interface, which provides the driving force for a sustained
directional transport of anions, a process referred to as a
bottom-up anionic flux.

Furthermore, as shown in density functional theory
(DFT) calculations results (Figs. 2h and S1-S2). All func-
tional groups exhibit a stronger affinity for NaPF, than for
the G2 solvent, with amino-N (—2.44 eV) and pyridinic-
N (—2.20 eV) showing exceptional anion adsorption. This
establishes a clear thermodynamic driving force for anion
enrichment at the interface, where these N sites act as Lewis
bases coordinating with the P atom in PF¢~ [23]. The ther-
modynamic preference, combined with the spatial proximity
revealed through MD simulations, establishes the essential
conditions for sustaining a directional anionic flux. In this

https://doi.org/10.1007/s40820-026-02339-w
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Fig. 2 a—c Snapshots of the structure of O-HC, N-HC, and N/O-HC immersed in the electrolyte calculated from MD simulations, and the
atoms are represented by C: brown, O: red, H: pink, P: purple, and F: blue. d—f Na* radial distribution function obtained from MD simulation. g
RDF values. h G2 and PF,™ adsorption energy

process, anions are continuously drawn from the bulk by the ~ PF,~ adsorption (—1.90 and —2.14 eV), indicating com-
string adsorption sites at the interface, maintaining a steady-  petitive co-adsorption. In contrast, the pyridinic-N/C=0
state concentration gradient. A comparative analysis of  pair exhibits distinct functional differentiation, in which
spatial configurations (Fig. S3) reveals critical fine-tuning.  pyridinic-N serves as the primary anchor for PF,~ (-2.28
In the pyrrolic-N/C =0 pair, both sites show comparable  vs. —1.82 eV for C=0), while the C=0 group shows the
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weakest solvent interaction (—0.47 eV). This creates a syn-
ergistic interface where pyridinic-N dynamically captures
incoming anions from the bulk, while C=0O sustains a
solvent-depleted local environment that enables unimpeded
anion transport toward the surface, effectively orchestrating
a continuous bottom-up flux [24].

Molecular orbital analysis provides deeper insight into
the interfacial electronic interactions. The pyrrolic-N/NaPF,
complex exhibits a significantly stabilized LUMO (-3.75
vs. —2.86 eV for pristine NaPF), while the pyridinic-N/
NaPF, complex shows a slightly higher LUMO (=2.79 eV)
but a substantially lowered HOMO (—5.28 eV compared
to —5.11 eV for the pyrrolic-N complex and —4.96 eV for
pristine NaPFg, Figs. S5-S7). Although the LUMO of the
pyridinic-N/NaPF, complex is not lower than that of pris-
tine NaPFg, the strong adsorption affinity of pyridinic-N
for PF,~ (—2.28 eV) can locally enrich anions at the inter-
face and alter the Na'/PF,~ ion-pair configuration, thereby
reducing the kinetic barrier for PF,~ decomposition. The
complementary roles of orbital energy shifts and interfacial
adsorption collectively steer the decomposition toward an
anion-preferential pathway [8]. Beyond steering decom-
position, N—O co-functionalization optimally modulates
Na* adsorption, critically enhancing storage reversibility.
Analysis of isolated functional groups shows strong Na*
adsorption for pyrrolic-N (—3.25 eV) and pyridinic-N
(—2.54 eV) (Fig. S8). However, coupling these N sites with
C =0 groups significantly moderate the adsorption strength
(Fig. S9). In the pyrrolic-N/C = O configuration, the energy
decreases to —2.40 eV. For pyridinic-N/C =0, both sites
exhibit identical, moderated energies of —2.59 eV. This
systematic ensures sufficient Na* binding for efficient stor-
age while promoting facile desorption for highly reversible
cycling, thereby mitigating irreversible sodium trapping.

3.2 Material Synthesis and Structural Characterization

Guided by theoretical predictions, a scalable in situ structur-
ing strategy to synthesize N-O co-functionalized HC was
developed. As illustrated in Fig. 3a, peanut shell-derived HC
(P-HC) was prepared through acid pickling, pre-oxidation,
and high-temperature carbonization. R-HC was obtained by
further treating P-HC in an ammonia atmosphere. Fourier
transform infrared (FTIR) spectra of the pristine (PS) and
pre-oxidized peanut shell (pre-PS) (Fig. S10a) confirm the

© The authors

evolution of surface functionalities during pre-oxidation.
Both samples show aromatic C—H bending (800-900 cm™"),
C=C skeletal vibrations (1512-1620 cm™'), and O-H
stretching (~ 3425 cm™!) [16]. Notably, the intensities of
the C—O-C and C-O stretching modes (1000-1350 cm™}),
prominent in PS, are substantially weakened in pre-PS,
indicating sacrificial decomposition of oxygen-containing
groups and the formation of a thermally stable, cross-linked
framework dominated by C—C bonds [25]. This structural
evolution suppresses graphitic ordering during carboniza-
tion and promotes a disordered carbon matrix. Thermogravi-
metric analysis in air (Fig. S10b) reveals that PS undergoes
a distinct two-stage mass loss, involving decomposition of
hemicellulose/cellulose (commencing at ~260 °C) followed
by lignin decomposition (~375 °C) [16, 26]. These further
underscore the formation of a stable cross-linked structure
after pre-oxidation, essential for preserving structural integ-
rity throughout carbonization.

The microstructures of P-HC and R-HC were charac-
terized by transmission electron microscopy (TEM). Both
samples display a lamellar morphology (Fig. S11), with
high-resolution TEM (HRTEM) revealing distinct structural
evolution after NH; treatment (Fig. 3b). P-HC consists of
chaotically stacked short-range graphene-like layers with
an interlayer spacing of 0.393 nm (Fig. S12a-c). In con-
trast, R-HC exhibits more ordered and extended graphitic
domains with a reduced interlayer spacing of 0.388 nm
(Fig. S12d-f). Abundant nanovoids, marked by circles, are
observed in both materials and are expected to contribute to
sodium storage. XRD patterns (Fig. 3c) and fitting results
(Fig. S13) further confirm the structural differences of P-HC
and R-HC, consistent with HRTEM results. The increase
in the in-plane crystallite size (L,) from 4.486 nm (P-HC)
to 5.303 nm (R-HC) indicates lateral growth of graphitic
domains and reduced in-plane defects [27]. The slight
decrease in the stacking height (L.) from 1.197 to 1.079 nm
may result from the etching of amorphous carbon regions by
NHj;, which preferentially removes disordered carbon while
refining the crystalline domains. More detailed crystallin-
ity information emerged from the Raman spectra (Fig. 3d),
revealing two broad bands at~ 1350 and ~ 1590 cm™! for D1
and G, corresponding to the defect and crystalline graphite
carbon microstructure, respectively [12, 28, 29]. The Ap,/Ag
of R-HC (1.62) was smaller than that of HC (1.68), indicat-
ing a more ordered graphite structure and fewer defect sites
in R-HC.

https://doi.org/10.1007/s40820-026-02339-w
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X-ray photoelectron spectroscopy (XPS) analysis reveals
significant evolution in surface chemistry (Fig. S14). The
nitrogen content increases substantially from 0.99% in P-HC
to 2.78% in R-HC, confirming effective nitrogen incorpora-
tion. Deconvolution of the C 1s spectra (Fig. S15a, d) shows
an increased intensity of the C—-N/C-O peak (286.95 eV)
in R-HC, confirming N-incorporation [30, 31]. The O 1s

SHANGHAI JIAO TONG UNIVERSITY PRESS

spectra (Fig. S15b, e) reveal a transformation of oxygen spe-
cies, with a decrease in C—O/C =0 groups and an increase
in the component at 533.3 eV [32, 33]. Most critically, the
N 1s spectrum of R—-HC (Figs. 3e and S15c, f) confirms
the presence of pyridinic-N (398.6 eV, 34.3%), pyrrolic-N
(399.74 eV, 37.1%), graphitic-N (401.42 eV, 21.8%), and
oxidized-N (405.18 eV, 6.8%), while P-HC shows negligible

@ Springer
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nitrogen [34]. This synergistic nitrogen configuration, com-
bined with the modulated oxygen and carbon bonding envi-
ronments, is expected to enhance the electrochemical per-
formance of R-HC.

FTIR spectra (Fig. S16) illustrate the chemical evolu-
tion induced by NH; treatment. The band centered at 1615
and 1580 cm™! may be attributed to the residual C=0 and
—NH, group [35, 36]. Notably, the intensity of the peak at
1451 cm™! (aliphatic C-H bending) attenuates in R—-HC,
indicating removal of defective hydrogen-terminated carbon.
Furthermore, the characteristic aromatic C—H out-of-plane
bending peak at 880 cm™!, clearly visible in P-HC, disap-
pears completely in R-HC, suggesting substitution of edge
C-H groups by nitrogen species during NH; treatment.

Electron paramagnetic resonance (EPR) measurements
(Fig. 3f) further demonstrate the electronic structure modi-
fication. The drastically reduced signal intensity in R—-HC
confirms passivation of paramagnetic defects, while the
broadened linewidth (20.5 to 25.1 G) reflects enhanced
spin—orbit coupling due to nitrogen incorporation, indicating
transition to a delocalized z-electron system favorable for
charge transport [22, 37]. N, physisorption (Fig. 3g) reveals
a microporous structure in both materials, with R—-HC exhib-
iting higher specific surface area (111.27 vs. 68.93 m* g71)
and pore volume (0.060 vs. 0.041 cm® g™!). Pore size dis-
tribution (Fig. S17) analysis shows developed micropores
(0.5-1 nm) and mesopores (4.1-5.5 nm) in R-HC. The
resulting hierarchical pore structure in R-HC is expected to
facilitate ion accessibility and transport within the electrode
[27]. Small-angle X-ray scattering (SAXS) measurements
were further performed to probe the closed pore structure
(Fig. S18). The SAXS profiles of P-HC and R-HC exhibit
nearly identical scattering intensity trends across the meas-
ured q range, with only a marginally higher shoulder in the
low q region for R—HC. This indicates that the volume frac-
tion and size distribution of closed pores in R-HC are only
slightly increased compared to P-HC, suggesting that the
NH; treatment does not fundamentally alter the bulk closed
pore architecture.

3.3 Electrochemical Performance and Sodium Storage
Kinetics

The electrochemical performance of all samples was tested
in half-cells with metallic Na as counter electrodes. The

© The authors

R-HC electrode demonstrates substantially higher cur-
rent response, indicating enhanced reaction kinetics. Gal-
vanostatic charge—discharge (GCD) profiles at 0.05 A g~!
(Fig. 4a) show R-HC delivers 368.2 mAh g~! with 91.9%
ICE, surpassing P-HC (301.1 mAh g~', 84.1% ICE). Three
parallel R—-HC electrodes tested under the same condi-
tions yield ICE values of 91.6%, 90.2%, and 91.8% (Fig.
S19), confirming good reproducibility. It is worth not-
ing that the NH; treatment simultaneously induces bulk
structural evolution and surface N-O co-functionalization.
The bulk changes primarily contribute to the enhanced
plateau capacity by providing additional sodium storage
sites, whereas the surface chemistry governs the high ICE
and long-term cycling stability by steering the formation
of an inorganic-rich SEI. Capacity distribution analysis
indicates the performance gain primarily originates from
the plateau region (Fig. 4b, 236 vs. 194 mAh g~! for R-HC
and P-HC, respectively), while the sloping capacities
remain similar. In the second cycle (Fig. S20), the sloping
and plateau capacities decrease to 144/228 mAh g~ for
R-HC and 126/177 mAh g~! for P-HC. This attenuation
is attributed to irreversible consumption of active sodium
and electrolyte during initial SEI formation. The smaller
capacity loss in R-HC, particularly in the plateau region,
underscores the role of the stable, inorganic-dominated
SEI in mitigating continuous side reactions and preserv-
ing reversible storage sites. In contrast, P-HC experiences
more severe capacity fade due to its thicker, organic-rich
SEI and higher defect density.

Cyclic voltammetry (CV) at 0.1 mV s7! (Fig. S21)
reveals redox peaks near 0.1/0.01 V, corresponding to the
low-voltage plateau, along with a broad SEI formation peak
around 0.67 V [38]. The rate capability of R-HC signifi-
cantly surpasses that of P-HC, maintaining 162.1 mAh g~!
at 10 A g~! compared to 54.5 mAh g~! for P-HC (Fig. 4c).
Analysis of the GCD profiles (Fig. S22) reveals that capac-
ity attenuation at high rates primarily originates from the
plateau region, suggesting kinetic limitations in pore-filling
processes under substantial polarization. The performance
of R-HC exceeds most reported plateau-type hard carbons
(Fig. 4d and Table S4) [21, 26, 39-49]. Long-term cycling
at 1 A g~! demonstrates exceptional stability for R-HC, with
96.5% capacity retention after 5,000 cycles and near-perfect
Coulombic efficiency (Fig. 4e). In contrast, P-HC suffers
rapid degradation, declining from 224 to 107 mAh g~! after
3000 cycles.

https://doi.org/10.1007/s40820-026-02339-w
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The sodium storage kinetics were systematically investi-
gated through a suite of electrochemical techniques. Elec-
trochemical impedance spectra (EIS, Fig. S23) demon-
strate significantly lower overall impedance for R-HC both
before and after 100 cycling, with reduced charge-transfer
resistance (R.,) and diffusion impedance (Z,,), indicating
enhanced interfacial charge transfer and ion diffusion kinet-
ics [50]. Complementing the EIS results, galvanostatic inter-
mittent titration technique (GITT) measurements performed
at a pulse current of 0.05 A g~! (Fig. $24) provide further
insight into Na* diffusion behavior. The diffusion coefficient
(Dnay)s calculated during sodiation/desodiation (Fig. 4f),
remains relatively stable in the high-potential slope region,
consistent with rapid adsorption processes on the carbon sur-
face. A pronounced drop in Dy, occurs in the low-potential
plateau region, attributed to Na* intercalation into the car-
bon interlayers, followed by a characteristic rebound near
0.05 V associated with pore-filling processes [51, 52]. To
decouple the capacitive and diffusion-controlled contribu-
tions to the total storage capacity, CV test was performed at
various scan rates (Fig. S25a, c). The peak current of R—-HC
increases more markedly with scan rate compared to P-HC.
The b values obtained from the log(i)-log(v) relationship
(Fig. S25b, d) are lower for R—HC (0.69 and 0.63) for the
two redox peaks) than for P-HC (0.78 and 0.69) [53], cou-
pled with quantitative analysis of the diffusion contributions
(Fig. 4g, h), indicating a greater contribution from diffusion-
controlled processes and faster reaction kinetics in R-HC.

In situ EIS coupled with distribution of relaxation times
(DRT) analysis was employed to dynamically monitor the
evolution of the SEI and its influence on electrochemical
kinetics during the first cycle. The continuous contraction
of the high-frequency semicircle indicates the progressive
formation and stabilization of a highly ion-conductive SEI.
The evolution of the mid-frequency semicircle, correspond-

ing to the R, experiences increase during the initial Na*

ct>
adsorption/intercalation and decreases upon nanopore fill-
ing, due to the formation of efficient conduction pathways.
In Fig. S26a, R—HC exhibits a steeper low-frequency slope
and more stable impedance response throughout cycling
than that in P-HC (Fig. S26b), indicating enhanced Na*
diffusion and interfacial stability attributable to its robust
SEI. DRT deconvolution in Fig. 4i resolves three distinct
relaxation processes, including 7z, (contact resistance), 7,
(Na™ transport through the SEL, R,), and 75 (R,,) [22]. The

sequential right-shift and subsequent left-shift of the 7, peak

sei

© The authors

suggest dynamic SEI reorganization toward a more conduc-
tive architecture. Notably, R-HC demonstrates significantly
lower intensity across all T peaks compared to P-HC (Fig.
S27), quantitatively confirming its superior kinetics.

The structural evolution of R-HC during the first cycle
has been investigated using in situ Raman spectroscopy
(Fig. 4j). As shown in Fig. 4k, a continuous redshift of both
the D1 and G bands is observed during discharge, accom-
panied by a blueshift back to the original positions upon
charge, demonstrating highly reversible lattice expansion and
electron transfer processes associated with sodium (de)inter-
calation. This phonon softening (redshift) originates from
the electron donation from sodium to the carbon matrix,
populating the z* antibonding orbitals and weakening the
C—C bonds, coupled with mechanical strain induced by ion
insertion [54]. The evolution of the I,,/I ratio further delin-
eates the stage-specific sodium storage behavior. Generally,
the initial decrease above 1 V suggests sodium adsorption
at defect sites, partially passivating these regions; the sub-
sequent increase between 1.0 and 0.5 V reflects intensified
intercalation into graphitic layers, generating new defects
and strain; the second decrease from 0.5 to 0.1 V implies a
saturation of intercalation and the onset of pore filling, cre-
ating a more ordered local environment; and the final sharp
increase below 0.1 V signifies extensive nanopore filling and
quasi-metallic sodium deposition, introducing significant
lattice distortion and defect generation. During charging,
the ratio decreases as sodium is extracted from the pores,
relieving internal stress, followed by a gradual increase and
stabilization at a slightly elevated value, indicative of minor
irreversible defect formation and SEI contribution.

Ex situ XRD patterns of R—-HC at different voltages (Fig.
S28) show that during the discharging process from 1 to
0.1 V, there is no shift in the (002) peak, indicating that
Na*is mainly adsorbed on the carbon surface in the slope
region. Further discharging to 0.01 V causes a significant
leftward shift of the (002) peak, corresponding to the sodium
filling within the nanopores in the plateau region. The stor-
age of sodium clusters in anode was further confirmed by
the discoloration of phenolphthalein. R-HC electrode was
discharged to different cutoff voltages, and soaked in the
phenolphthalein solution. The digital image in Fig. S29 dis-
plays the discoloration of the phenolic solution. At 0.1 V,
minimal color change is observed, indicating that the slope
capacity of R—-HC primarily resulted from ionic adsorp-
tion. As discharge progressed, the discoloration intensified,

https://doi.org/10.1007/s40820-026-02339-w
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with R—-HC exhibiting a high presence of sodium clusters
at 0.01 V. All these results demonstrate that sodium ions
primarily undergo adsorption in the slope region, intercala-
tion into the carbon layers, and further reduction to sodium
clusters filling in enclosed pores in the plateau region.

3.4 Interfacial Analysis of the Inorganic-Rich SEI

Theoretical calculations of PF,~ decomposition energy
barriers provide fundamental insight into the interfacial
reactions guiding SEI formation (Fig. S30). The dissoci-
ation energy for PF;~ is calculated to be 2.93 eV on the
oxygen-rich surface and increases to 3.31 eV on the nitro-
gen-rich surface. Strikingly, this energy barrier plummets to
0.77 eV on the N-O co-functionalized surface. This dras-
tically reduced energy requirement unequivocally predicts
a catalytically enhanced and preferential decomposition of
PF,~ anions on the R-HC anode, steering the formation of
an inorganic-rich SEL

To experimentally track the decomposition process, ex
situ XPS measurements were performed on R—HC and
P-HC electrodes discharged to different potentials (0.6, 0.3,
and 0.01 V) during the first sodiation (Fig. S31). The F 1s
spectra reveal a clear difference in the onset potential of
PF¢~ reduction. On R-HC, a distinct NaF peak (683.2 eV)
already appears at 0.6 V and its intensity increases progres-
sively with deeper discharge. In contrast, on P-HC, only the
P-F peak from undecomposed PF,~ (686.6 €V) is observed
at 0.6 V [45], a weak NaF signal emerges only at 0.3 V and
becomes noticeable at 0.01 V. This potential-dependent
evolution directly demonstrates that the N/O-functionalized
surface promotes PF,~ reduction at a significantly higher
potential, i.e., an anion-preferential decomposition pathway,
whereas on the P-HC surface, solvent decomposition domi-
nates until lower potentials.

Subsequently, XPS depth profiling with Ar* etching was
employed to experimentally elucidate the composition and
structure of the SEI. Comparative analysis between the
R-HC and P-HC samples reveals marked differences in SEI
evolution, confirming the theoretical prediction. For the C 1s
spectrum and fitting results (Figs. 5a, b and S32a), the peak
at 282.9 eV (assigned to carbides or carbon in a strongly
reduced environment) increases significantly with etching
depth in both samples, indicating exposure of the underlying
carbon substrate [55]. The peaks corresponding to organic
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species, C=0/0-C=0 (288.5 eV) and C-O (285.6 eV),
decrease with etching, suggesting the gradual removal of
the organic outer SEI layer [45, 56]. The O 1s spectra (Fig.
S33) and the calculated content ratio of functional groups
(Fig. S32b) show that the component at 530.6 eV (inorganic
oxides, Na,O) constitutes the majority in both materials and
remains stable with etching. However, the more pronounced
decrease in the organic oxygen peak (532.3 eV) in R-HC
further supports the formation of an inorganic-rich inner SEI
structure in R—HC. In the F 1s spectra (Fig. 5c, d), the peak
at 683.2 eV (assigned to NaF) [57] increases substantially
with etching time in both samples, but much more markedly
in R-HC compared to P-HC. Concurrently, the P-F spe-
cies peak (686.6 eV) diminishes more rapidly in R—-HC (Fig.
S32c) [45]. This indicates that the SEI on R—-HC contains a
higher proportion of NaF in the inner layer, a direct conse-
quence of the catalytically enhanced PF;~ decomposition,
which is critical for ion transport and interfacial stability,
while P-F compounds are predominantly located near the
surface.

To further probe the compositional distribution within
the SEI, time-of-flight secondary ion mass spectrometry
(TOF-SIMS) was employed for elemental visualization of
the cycled electrodes. As depicted in Figs. Se, f and S34-
S35, the R—HC electrode exhibits a continuous increase in
NaF,™ and NaF~ signals with sputtering time, indicating a
progressively enriched and homogeneous distribution of
NaF throughout the inner SEI. This is accompanied by a
stronger NaO™ signal, suggesting co-formation of sodium
oxides. In contrast, P-HC shows markedly weaker intensi-
ties for both NaF~ and NaO-related fragments, reflecting its
inferior inorganic content. Notably, the PF,~ signal in R-HC
remains low and predominantly localized near the surface,
consistent with efficient and preferential decomposition of
PF¢™ anions catalyzed by the functionalized surface. More-
over, significantly attenuated CF~ and C,H;0™ signals in
R-HC confirm effective suppression of organic solvent and
binder decomposition [8]. These findings collectively affirm
that the tailored surface chemistry of R—-HC directs elec-
trolyte decomposition toward the formation of a compact,
inorganic-rich SEI with minimal organic by-products [45].
Two-dimensional overlay mapping images further demon-
strate that the proportion of inorganic components higher
than that in P-HC (Figs. 5g, h and S36).

These compositional differences are directly visual-
ized by HRTEM (Fig. 5i, j), which shows a thick and
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inhomogeneous SEI on P-HC, contrasted with a thin and
uniform SEI on R-HC. Notably, well-crystallized Na,O
domains are identified within the SEI of R-HC, coexist-
ing with the abundant NaF matrix as revealed by XPS and
TOF-SIMS. The presence of Na,O, likely derived from
the reduction of surface oxygen groups, complements the
NaF-rich framework by enhancing the overall mechanical

© The authors

integrity and ion transport properties of the SEI. This multi-
component inorganic composite forms a highly ordered and
ion-conductive inner layer, which is critical for interfacial
stability and fast charge transfer. As revealed in the SEM
images following long-term cycling at 1 A g=! (Fig. S37),
the R-HC electrode displays a remarkably smooth surface
with minimal microcracks or sodium plating, evidencing

https://doi.org/10.1007/s40820-026-02339-w
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uniform SEI formation and superior ionic connectivity. In
stark contrast, the P-HC electrode suffers from significant
surface deterioration. Notably, HRTEM of the R—HC elec-
trode after cycles (Fig. S38) shows that the SEI remains
thin and uniform, further confirming its long-term struc-
tural integrity. Atomic force microscopy (AFM) provides
additional insight into the mechanical properties of the SEI
layers. Three-dimensional topography reconstruction and
nanomechanical mapping (Fig. 5k, 1) reveal that R-HC
possesses a markedly uniform surface with reduced height
variation after cycling, characteristic of a homogeneous
SEI favorable for ion transport [7]. Quantitative measure-
ments show a higher average Young’s modulus of 7.6 GPa
for R-HC, compared to 4.7 GPa for P-HC, consistent with
its inorganic-rich composition. This enhanced mechanical
integrity helps maintain SEI stability during cycling, miti-
gates particle fracturing, and limits continuous electrolyte
decomposition.

3.5 Full Cell Demonstration and Practical Viability

Based on the above analyses, the superior interfacial charac-
teristics of R-HC can be attributed to the synergistic manage-
ment of nitrogen and oxygen functional groups on the carbon
surface (Fig. 6a), which orchestrates an efficient bottom-up
anionic assembly process. The introduced nitrogen species
not only enhance electronic conductivity but also serve as
catalytic sites that strengthen PF¢~ adsorption via tailored
Lewis acid—base interactions, thereby catalytically steer-
ing its preferential decomposition into NaF. Concurrently,
the residual and reconfigured oxygen functionalities con-
tribute to passivating electrochemically active defects and
modulating the local electric field, collectively weakening
solvent affinity and promoting Na* desolvation. This sur-
face regulation creates a distinctive local microenvironment
that selectively enriches anions while effectively repelling
solvent molecules, thereby lowering the energy barrier for
ion ingress and steering electrolyte decomposition toward
inorganic-rich products. The engineered anode—electrolyte
interface facilitates rapid ion transport, suppresses parasitic
reactions, and guarantees truly exceptional structural revers-
ibility, thereby laying the foundation for the outstanding
high-rate capability, high capacity, and extraordinary long-
term cyclability of R-HC anodes in SIBs.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

To investigate the practical performance of the R—-HC
anode, a pouch cell architecture is constructed with R-HC
anode paired with Na,Fe;(PO,);P,0, (NFPP). The electro-
chemical property of the NFPP is displayed in Fig. S39.
Based on the specific capacities of NFPP and R—-HC, the
as-assembled SIBs deliver an impressive initial discharge
capacity of 92.5 mAh g~! (based on cathode mass) with
a high ICE of 85.2% (Fig. 6b), demonstrating exceptional
compatibility and minimal irreversible loss. The full cell also
demonstrates remarkable rate capability, retaining a capac-
ity of 50.2 mAh g~! at an increased current rate of 2 A g~!
(Fig. 6¢, d). Figure 6e shows the cycling performance of
NFPP//R-HC at 0.5 A g~!, after 500 charge—discharge
cycles, a capacity retention of 91.2% can be achieved, indi-
cating robust cycling stability. Notably, the full cell achieves
an energy density of 239.1 Wh kg™! and power density of
7852 W kg_l relative to total electrode mass (Fig. 6f). Fur-
thermore, the assembled pouch cell enables stable operation
of a LED light board (photo inserted in Fig. 6f), demonstrat-
ing its promising prospects for practical applications.

4 Conclusion

In summary, we have demonstrated that active surface
chemistry design can fundamentally redirect interfacial
decomposition pathways in HC anodes for SIBs. By con-
structing a surface with atomically pyridinic-N and car-
bonyl groups as cooperative sites, we create a synergistic
microenvironment that enriches PF,~ anions while repel-
ling solvents, thereby orchestrating a bottom-up anionic
reverse flux and catalyzing the formation of an inorganic-
rich SEI. Through a combination of MD simulations and
DFT calculations, we revealed that this tailored surface
significantly enhances PF¢~ adsorption and reduces the
energy barrier for its decomposition, thereby steering the
formation of a thin, inorganic-rich SEI. Experimental
validation confirmed that the optimized anode delivers
an exceptional ICE of 91.9%, remarkable rate capabil-
ity (162.1 mAh g='at 10 A g™!), and ultralong cycling
stability (96.5% capacity retention after 5,000 cycles).
The NFPP//R-HC pouch cell can be cycled stably for 500
cycles with 91.2% capacity retention, demonstrating the
tremendous practical application potential. In conclusion,
the rational design of atomic-level surface chemistry
represents a fundamental strategy for active interphase
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engineering. This surface-mediated guidance not only
resolves the interfacial instability of HC anodes but also
provides a generalizable platform for developing high-per-
formance electrodes in advanced energy storage systems.
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