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HIGHLIGHTS

e Nano-space confinement regulates heterogeneous nucleation of quasi-metallic Na clusters in closed graphitic pores of hard carbons,

suggesting a coupled “intercalation-pore filling” and stage-wise storage mechanism for high Na-storage capacities.

® A new stage near the end of slope region was identified, where confined nano-spaces at 0.4-0.6 nm facilitate pre-desolvation and

enhance Na-ion transport kinetics for high-rate capabilities.

e Rational design of stage-wise closed pores was achieved in hard carbons, resulting in superior performance of 500 mAh g~! at 50 mA
¢! and 344 mAh g~! at 2000 mA gL,

ABSTRACT

Hard carbons are emerging as the most viable anodes for the commercialization of Na- Unified mechanism

ion batteries. However, their performance limits are far from being disclosed because of

ambiguous Na-storage mechanism. Here, we report that nano-space confinement regu-

N
o

lates heterogeneous nucleation of quasi-metallic Na clusters in closed pores, uncover-

o

ing a coupled “intercalation-pore filling” and stage-wise storage mechanism for high

capacities. Theoretical studies reveal that the energy barrier for Na-cluster growth
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Potential (V vs. Na/Na*)

decreases as the nanocavity size decreases; however, it remains energetically unfa-

vorable at potentials (V vs. Na/Na*) > 0. Interestingly, in the coupled storage, Na-ion
0.5

intercalation in nanoconfined orifices triggers stepwise pre-nucleation, reducing energy

barriers for spontaneous Na-cluster growth in progressively larger cavities at positive o
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potentials, thus enabling Na-cluster deposition into previously unused closed pores. Capatity (mAh )

This understanding guides the rational design of stage-wise closed pores, resulting in
superior performance of 500 mAh g~! at 50 mA g! and 344 mAh g! at 2000 mA g~'. Mechanistic studies further identify a new stage, where
confined nano-spaces at 0.4—0.6 nm facilitate pre-desolvation and enhance Na-ion transport kinetics for high-rate capabilities. This work identi-

fies the origin governing Na-storage behavior in the closed pores of hard carbons, boosting their overall performance beyond prior expectations.
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1 Introduction

The abundance of sodium (Na) reserves in the earth’s
crust makes sodium-ion batteries (SIBs) a sustainable and
cost-effective alternative to lithium-ion batteries (LIBs)
[1-3]. However, limitations in energy and power densi-
ties currently restrict SIBs to being positioned as supple-
mentary energy storage systems alongside LIBs [4-6].
On the cathode side, potential materials such as layer
oxides (NaNi,;Co,;3Mn,;;;0,) [7], polyanion compounds
(NaFePO,, Na;V,(PO,),) [8, 9], Prussian blue derivatives
[10, 11] are constrained by well-defined performance ceil-
ings, specifically their theoretical capacities. In contrast, on
the anode side, the performance limits of the most viable
anode material, hard carbon (HC), remain unclear [12—14].
Therefore, fully exploiting the potential of HCs presents a
promising approach for advancing the development of SIBs.
A major hurdle, however, is that HCs are amorphous mate-
rials with short-range order, often described by a “house
of cards” model [15], making it challenging to establish
the relationship between the pore structure of HCs and Na-
storage behavior.

Massive efforts have been devoted to clarify the Na stor-
age mechanism in HCs [16—18]. Despite ongoing debates
[19-21], there is a general consensus that the Na storage
in HC basically follows “adsorption-intercalation/filling”
mechanism [22]. The uptake of Na ions in HCs begins with
their adsorption at defective sites and the surfaces of open
pores, leading to a slope region in the high-potential range
between 1.0 and 0.1 V [23-25]. Following this, intercala-
tion of Na ions between graphitic layers and pore filling of
quasi-metallic Na clusters into closed pores occur, either
separately or concurrently, contributing to the low-potential
plateau region below 0.1 V [26, 27]. The plateau capac-
ity typically accounts for 60%—-90% of the total capacity,
depending on the size and geometry of the closed pores
[28-30]. Thus, closed pores play a critical role in determin-
ing the energy density for practical applications. However, it
has been reported that only 60% of the closed pores are filled
after sodiation, indicating the substantial room for further
improving the Na-storage capacity [31, 32]. Moreover, it is
generally believed that increasing the capacity contribution
of the plateau region from the closed pores could reduce
the rate capability [33, 34]. Therefore, finding strategies to
access the unused closed pores without compromising rate
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performance is essential for maximizing Na-storage perfor-
mance in HCs. However, the consensual mechanisms do not
provide a clear solution.

In previous studies, the Na storage mechanism was
addressed only through the detected form that Na adopts
within the pores (i.e., adsorbed/intercalated ions or quasi-
metals). However, the critical question remains: what gov-
erns the form of Na in the pores? Moreover, electrodeposi-
tion of bulk Na metal occurs at potentials (V vs. Na/Na") <0,
whereas the deposition of quasi-metallic Na clusters within
the closed pores takes place at potentials > (0. What drives
this potential upshift? By correctly addressing the underly-
ing mechanism, the relationship between the pore structure
of HCs and Na-storage behavior can be analyzed, offering
guidance for maximizing Na-storage performance. A key
observation is that the electrochemical behaviors of Li and
Na deposition differ significantly on the surface of graphitic
carbons [35, 36]. It inspires us that the interaction between
Na and the graphitic walls may be the fundamental factor
determining the distinct storage behaviors. The question thus
arises as to the mechanism by which closed pores modulate
those interfacial interactions.

Herein, we report that nano-space confinement is the ori-
gin governing interfacial interactions within the orifices and
cavities of closed graphitic pores, which ultimately raises the
deposition potential of quasi-metallic Na clusters above zero
and drives highly efficient Na storage in HCs. Deriving from
heterogeneous nucleation in confined nano-space, a coupled
“intercalation-pore filling” storage mechanism is suggested
for high capacities. It is revealed that an orifice with highly
confined interlayer spacings permits Na ions to intercalate at
the onset of the plateau region. With appropriate control of
closed pore size and geometry, this intercalation can subse-
quently induce stepwise pre-nucleation for the spontaneous
Na-cluster growth in progressively larger cavities at posi-
tive potentials, thus capable of accessing previously unused
closed pores for high Na-storage capacities. Furthermore,
mechanistic studies indicate that the confined nano-spaces
between 0.4 and 0.6 nm not only facilitate pre-desolvation
but also improve Na-ion transport kinetics near the end of
the slope region, determining high-rate performance. All
these insights have been validated by atomic-level imag-
ing, in situ spectroscopic analysis, and density-functional-
theory (DFT) calculations. Accordingly, a type of stage-wise
closed graphitic pores with the optimal orifice and cavity
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sizes was realized experimentally, achieving superior Na-
storage performance in both half cells and full cells. This
work may provide universal design principles for HCs to
promote the sustainable development of high-performance
Na-ion batteries.

2 Experimental Section
2.1 Materials

Hexamethylenetetramine (C4H,,N,, HMTA), resorcinol
(C4H¢O,), and ethanol were purchased from Sigma-Aldrich.
The electrolyte was purchased from Duoduo Reagent Com-
pany. Milli-Q water (18 MQ) was made by PUXI GWB-2.
All of the analytical reagents mentioned above were used
without further purification. A glass Petri dish with a diame-
ter of 9 cm and a height of 1.6 cm was used. Metallic sodium
disks, CR20232 battery case components, the separator of
glass fibers (Whatman GF/D) and Polypropylene (PP) mem-
branes were purchased from Kelude Company.

2.2 Synthesis of A-, B-, C-Stage Phenolic Resins

After mixing 0.432 g of resorcinol with 1.160 g of HMTA,
the mixture was dissolved in 10 mL of a 7:2 (v/v) etha-
nol-water solution under continuous stirring for 60 min to
yield a clear transparent solution. The solution was then
transferred into Petri dishes and aged for 12, 48, and 120 h
at room temperature to obtain the A-stage, B-stage, and
C-stage prepolymers, respectively. Afterward, the aged pre-
polymer solutions were thermo-polymerized at 80 °C for 12 h
to obtain the A-stage, B-stage, and C-stage phenolic resins.

2.3 Synthesis of Hard Carbons Using B-staged Resin

The B-stage resin was ground, and the resulting powders
were subjected to a two-step carbonization process in a
high-temperature furnace under an Ar atmosphere (60 ccm).
The process consisted of: (1) heating to 800 °C at a rate
of 5 °C min~! and holding for 30 min for pre-carboniza-
tion; and (2) further heating to 1100, 1300, or 1500 °C at
2 °C min~"!, followed by a 2h hold for complete carboniza-

tion. The furnace was then cooled to 800 °C at 2 °C min~",
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further to 500 °C at 5 °C min~!, and finally allowed to cool
naturally to room temperature.

The preparation methods for HCs from A- and C-stage
resins remain the same as the aforementioned method,
except that the maximum pyrolysis temperature was adjusted
to 1300 °C only (A- and C-stage resin-derived HCs).

2.4 Characterizations

Transmission electron microscopy (TEM) analysis was
performed using an FEI Tecnai F20 instrument operated at
200 kV. The porous texture characterization was conducted
through a combination of: (i) gas physisorption measure-
ments (ASAP 2460 analyzer) with N, at 77 K and CO, at
273.2 K, (ii) true density determination via helium pycnom-
etry (AccuPyc II 1340), and (iii) small-angle X-ray scatter-
ing (SAXS) experiments (Xeuss 3.0 system). X-ray diffrac-
tion (XRD) patterns were recorded on a Bruker D8 Advance
diffractometer equipped with Cu Ka radiation (1 =1.54 A)
in Bragg—Brentano geometry. Fourier-transform infrared
(FTIR) spectra were acquired using a Bruker VERTEX 70
spectrometer in attenuated total reflectance (ATR) mode.
X-ray photoelectron spectroscopy (XPS) measurements were
carried out on an ESCALAB 250 Xi system employing mon-
ochromatic Al/K, excitation. The in situ XRD test, in situ
Raman test, and ex situ characterizations can see more dis-
cussion in supporting information.

2.5 Electrochemical Measurements

HC electrodes were fabricated in the following steps: (1) mix
80 wt% as-prepared HCs, 10 wt% Super P conductive car-
bon, and 10 wt% PVDF binder in NMP to form a homogene-
ous slurry. (2) The slurry was uniformly coated onto copper
foil and vacuum-dried at 60 °C for 10 h, yielding an active
material loading of ~ 1.0 mg cm~2. (3) The as-dried elec-
trodes were cold rolled at a rolling pressure of 10 ton. The
electrochemical performance of the as-prepared HC samples
was then evaluated using CR2032 coin cells assembled in an
argon-filled glove box. The half-cells were constructed with
sodium metal disks serving as counter/reference electrodes
and HCs as the working electrode. For coin-type full-cell
assembly, a half-cell was first constructed using an HC-1300
anode (derived from B-stage resin carbonized at 1300 °C)
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and Na metal. The half-cell was cycled for five cycles at
0.1 A g_l to a charged state of 2.5 V, after which it was
disassembled and the pre-cycled HC-1300 electrode was col-
lected. The resulting pre-cycled HC-1300 anode was then
paired with a Na;V,(PO,); (NVP) cathode to assemble the
coin-type full cells, with the positive/negative (P/N) capacity
ratio precisely controlled at 1.05. The ether-based electrolyte
system comprised 1.0 M NaPF; dissolved in DME (NP-035
purchased from DodoChem, 225 pL), while glass fiber sepa-
rators (Whatman GF/D) were implemented to prevent elec-
trode shorting. All galvanostatic charge—discharge cycling
tests were conducted using a NEWARE CT-4008 battery
tester under voltage ranges of 0.01-2.5 V (half cells) and
1.6-3.5 V (full cells). Cyclic voltammetry (CV) tests were
conducted using a Bio-Logic electrochemical workstation.
Galvanostatic intermittent titration technique (GITT) meas-
urements were carried out on the same NEWARE system
with identical voltage cutoffs.

In pouch cell configurations, commercial
Na,Fe;(PO,),P,0; (NFPP), purchased from Shenzhen OME.
Co., was used as the cathode and HC-1300 as the anode (a
mass loading of ~6.3 mg cm™2), with a rigorously controlled
positive/negative (P/N) capacity ratio of 1.2:1. Al foil was
used as the current collector for the anode. The pouch cells
were assembled in Ar-filled glovebox with polypropylene
membrane as the separator and NP-035 as the electrolyte
(3.5 mL). Galvanostatic charge—discharge cycling tests were
systematically performed using a NEWARE CT-4008 bat-
tery testing system within an operational voltage range of
1.0-4.0 V.

The energy densities of the sodium-ion full cell are calcu-
lated by numerically integrating the galvanostatic discharge
profiles using Eq. 1 [26]:

2
E=/ Ly (1
tl

m

where m refers to the total mass (kg) of the anode and cath-
ode. I and U represent the discharge current (A) and oper-
ating voltage (V), respectively. T (s) is ¢ (start time of the
discharge) —t, (end time of the discharge).

Ex situ characterizations. Half-cells discharged to
0.01 V were disassembled in an argon-filled glovebox (O,/
H,0<0.1 ppm), and the fully sodiated electrodes were
rinsed thoroughly by dimethoxyethane (DME) solvent, fol-
lowed by vacuum drying. For ex situ XPS tests, Ar* ion sput-
tering at 1 keV was used to etch the surface of HCs before

© The authors

XPS analysis. For ex situ high-resolution TEM (HRTEM),
the active materials were collected via mechanical scrap-
ing, which was then ultrasonically dispersed in fresh DME
solvent for sample preparation.

In situ Raman test. Raman spectra were acquired using
a HORIBA XploRA PLUS spectrometer equipped with
a 532 nm excitation laser. Electrodes were fabricated by
homogenizing active materials with polyvinylidene fluoride
(PVDF) binder in a 9:1 mass ratio using N-methyl-2-pyrro-
lidone (NMP) as solvent, followed by blade-coating onto
porous copper foil current collectors. In situ electrochemi-
cal Raman characterization was performed in a customized
spectro-electrochemical cell with a quartz plate, employ-
ing 120s integration time per spectral acquisition. Electro-
chemical testing was performed within a voltage window
of 0.01-2.5 V at a constant current density of 100 mA g~
All optical measurements were conducted under ambient
conditions with thermal equilibrium verified prior to testing.

In situ XRD test. Work electrodes were fabricated with
90 wt% active material and 10 wt% polyvinylidene fluoride
(PVDF) binder. Operando characterization was conducted
using a customized in situ electrochemical cell equipped
with a beryllium (Be) window for X-ray diffraction (XRD)
monitoring. Electrochemical testing was performed within a
voltage window of 0.01-2.5 V at a constant current density
of 100 mA g~'.

2.6 Computation Methods

First-principles calculations were performed by using the
Vienna ab initio Simulation Program (VASP) [37, 38]. The
Perdew—Burke-Ernzerhof (PBE) exchange—correlation func-
tional [39] and the projector-augmented wave approach [40]
were adopted. The van der Waals corrections was taken with
the Semiempirical Grimme parameter DFT-D3 correction
[41]. The convergence criteria of structure optimization
were chosen to be the maximum force on each atom less
than 0.01 eV/A with an energy change less than 1x107%eV.
Bilayer graphene sheet calculations were performed using
slab configurations with a vacuum of ~ 15 Ainc direction,
where the cut-off energy for planewave basis set and gamma-
centered [42] k-point for sampling the Brillouin zones were
selected to be 400 eV and 3 X3 X 1, respectively. The cal-
culation was conducted in two subsequent relaxation steps:

https://doi.org/10.1007/s40820-026-02223-7
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first, with increased layers of pure metallic Na included in
the bilayer graphene sheets, both the carbon matrix and Na
were relaxed, from which the interlayer spacings of the car-
bon matrix were determined to be 0.82, 1.05, 1.19, 1.48,
1.82, and 2.18 nm, respectively. Next, the electrochemical
process was simulated by filling the graphitic pore with Na
atoms one by one in energy competing positions and per-
forming geometrical and energy optimizations, where the
carbon matrix was locked in position, allowing only Na to
relax. The enthalpies of formation (H) were obtained based
on the calculated energies according to the following for-
mula [43-45]:

H= ENaX +C, ENaXCn - ENa 2)

Where Ey, ¢, E. and Ey, represent the total energies of xNa
in the carbon matrix (C,), carbon matrix, and the Na atom
on the surface of its metallic crystal form, respectively. H <0
corresponds to V> 0.

Ab initio molecular dynamics (AIMD) simulations were
performed using cut-off energy of 400 eV and k-point mesh
of 1x1x 1. The Nosé-Hoover thermostat was used to run all
the AIMD simulations in the canonical ensemble (NVT),
which has a constant number of atoms, volume, and tem-
perature [46, 47]. Newton’s equations of motion were inte-
grated using Verlet’s logarithm in the velocity form with a
time step of 1 fs at 300 K for all the structures. 18 DME
molecules and 2 Na atoms were packed randomly in a vac-
uum space of 16.79x9.95x19.82 A% and pre-conditioned
for 10 ps to simulate the electrolyte environment. The num-
ber of solvent molecules was evaluated by using the density
of liquid solvent (0.87 g cm™ for DME). Next, a discharged
graphitic electrode was constructed on the left side of the
electrolyte box. Excess Na atoms were sandwiched between
two graphene nanosheets, and two sets of this sandwiched
structure were separated by d spacings of 0.6, 0.8, and
1.0 nm, respectively. Another graphene nanosheet was posi-
tioned vertically to set a periodic boundary condition. The
solid-electrolyte interface was passivated by H atoms.
Finally, an electrochemical half-cell consisting of 682 atoms
was constructed, with a total dimension of
16.79%9.95x42.96 A>. During AIMD, the left part of the
simulation cell was fixed in order to maintain the electron-
enriched nano-space with pre-determined d spacing. The
average potential of the intercalation reaction was evaluated
using Eq. 3, by calculating the total energies of the opti-
mized intercalated structure as Ey, c and the optimized
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structure with one less Na atom before intercalation as Ey, ¢
,C

V= _(ENaxHCn - ENaAC” - ENa) 3)

e

For data analysis and molecular visualizations, the appli-
cation VMD [48] and Materials Studio were utilized.

3 Results and Discussion

3.1 General Considerations of Nano-Space
Confinement

Owing to the quasi-metallic nature, Na-cluster stor-
age in the closed pores of HCs is expected to proceed
through nucleation and growth stages, analogous to the
electroplating of bulk metals on surfaces. A key distinc-
tion, however, is that these stages are further modulated
by confined nano-space within the orifice and cavities of
the closed graphitic pores. We begin our discussion with
the theory of heterogeneous nucleation, which defines a
critical nucleus size governed by the surface properties
of the Na clusters, the graphitic walls, and the interac-
tions between them (Fig. S1). Once this size is surpassed,
the clusters continue to grow. The critical radius of the
nucleus () and the activation free energy (AG") of heter-
ogenous nucleation can be described according to Eqgs. 4
and 5 [49, 50]:

. 2y T, 2y T,

" TTAH, 'T,-T T AH, AT @

m

AG" = 167ry§ ' <£>2 ‘ <2 — 3 cos 0 + cos® 0> )
3AH r AT 4

Where y is the surface free energy of the nucleus, AH, is

the specific latent heat, T,, is the solidification temperature

of the nucleus, AT is the degree of supercooling, 0 is the

contact angle (Fig. Sla, b). In electrochemical deposition,

T,, and AT can be understood as the equilibrium potential
and overpotential of the solidification reaction, respectively.

As illustrated in Fig. 1a, as the size (d) of the closed pore
decreases, two embryos touch and r* decreases, then the
new critical radius of the nucleus (+*) can be related to d’
in Eq. 6 (Fig. Slc):
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"o d’ 6
" 2(1 = cos ) ©)

7

Assuming that 7*' follows the condition given by Eq. 5
(Fig. S1b), by substituting Eq. 6 into Eq. 4 and Eq. 5, we can
obtain the following equation (Eq. 7):

zy(2 + cos H)d,2

AGY =
12

@)

Equations 6 and 7 suggest that as the available space
becomes more confined, the critical nucleus size decreases
in a square relationship, thereby favoring nucleation at
lower energy compensation in a nanoconfined space. This
underscores the favorable role of nano-space confinement in
promoting the formation of Na clusters within the cavities
of closed graphitic pores. However, the question remains
whether Na clusters grow spontaneously within the decreas-
ing size of cavities at positive potentials (V> 0).

To elucidate the effects of nano-space confinement on
the form of Na deposited within closed pores at positive
potentials (V>0), DFT calculations were performed fur-
ther. Firstly, we built sodiation models with 2 to 7 layers
of bulk metallic Na contained within graphitic cavities.
After optimization without fixation of the graphitic walls,
the interlayer spacings of 0.82, 1.05, 1.19, 1.48, 1.82, and
2.18 nm were obtained. Secondly, with these interlayer spac-
ings fixed, the electrochemical processes were then simu-
lated by filling the corresponding the graphitic cavities with
Na atoms one by one in energy competing positions and
performing geometrical and energy optimizations. On the
basis of the lowest enthalpy path, we can obtain formation
enthalpy (H) profiles along with the Na sodiation process
(Fig. S2). The enthalpies of formation were obtained accord-
ing to previous studies [51-53], where H <0 corresponds to
the average potentials V> 0. Accordingly, formation enthal-
pies located below the pink dashed line in Figs. 1b and S2
indicate energetically favorable Na storage at V> 0.

A typical example of a 1.82 nm cavity is shown in Fig. 1b.
If the stored Na maintains the crystal structure of metal-
lic Na, theoretically, 34 Na atoms can be accommodated
within the 1.82 nm cavity. Interestingly, the electrochemical
process simulated in Fig. 1b shows that after storing 16 Na
atoms, the formation enthalpy rises sharply to a high posi-
tive value, indicating that only 16 Na atoms can be practi-
cally stored in the confined 1.82 nm cavity at V> 0. This

© The authors

may be one of the factors contributing to the formation of
quasi-metallic Na clusters rather than bulk Na metalin the
closed pores. Energy barriers of nucleation are also present
in Figs. 1b and S2. Based on these data (red dots in Fig. 1c),
the energy barriers can be correlated with cavity size in a
square relationship (red dashed line in Fig. 1¢), which cor-
responds well with the trend predicted by Eq. 5. Moreover,
the purple squares in Fig. 1c show that the average Bader
valence of the stored Na clusters decreases with increasing
cavity size. Therefore, combining the number of Na atoms
practically stored and the corresponding average valence, the
capacity can be calculated to be 501 mAh g~! for 1.82 nm
cavities and 642 mAh g~! for 2.18 nm cavities. This result
clearly demonstrates the capacity potential of Na storage in
large closed pores.

Therefore, although the energy barrier for Na-cluster
growth decreases as the nanocavity size decreases, it remains
energetically unfavorable at V> 0. More importantly, both
Eq. 5 and Fig. 1c highlight a trade-off: while large cavities
favor high capacity, they also demand greater energy input
(i.e., larger AG* or higher energy barrier) for Na-cluster
nucleation.

Fortunately, nano-space confinement plays a crucial role
once again. As also shown in Fig. 1c, when the interlayer
spacing is smaller than 0.82 nm, the energy barrier disap-
pears. This prompts us to conduct further calculations on the
formation enthalpies of intercalated Na—C compounds when
the interlayer spacing between two graphitic walls is smaller
than 0.7 nm (i.e., the orifice of closed pores). Figure 1d
shows that the intercalation of Na into the orifice between
0.39 and 0.7 nm is energetically favorable at V> 0. This is
understandable because, in such highly confined spaces,
each Na atom interacts strongly with both graphitic walls,
rather than only one as assumed in the derivation of Eq. 7,
thereby reducing the energy cost associated with smaller
exposed surface.

Motivated by this result, we constructed complete closed
pores by connecting orifices with different cavities and re-
simulated the electrochemical process in these cavities. One
typical example is shown on the left part of Fig. le. It is
interesting that the spontaneous Na—ion intercalation in the
0.5 nm orifice at V>0 can reduce the energy barrier to nega-
tive values for Na-cluster nucleation in the cavities up to
1.48 nm (green lines in Fig. S2b—d). However, the energy
barrier remains positive for the closed pore with a 0.5 nm
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cavity size, providing practical capacities based on the optimized sodiation structures. d Formation enthalpy changes with orifice size. Insets are charge
density difference diagrams for the orifices of 0.375 nm, 0.5 nm, and 0.7 nm. e Calculated pre-nucleation structures for the connected pores of 0.5 nm-
orifice//1.2 nm-cavity and 1.2 nm-cavity//1.82 nm-cavity, illustrating spontaneous stepwise nucleation and growth at positive potentials. Pink: Na; gray:

C; yellow: electron rich; cyan: electron deficient. Isosurface: 0.0009
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orifice and a 1.82 nm cavity (the green line in Fig. 1b). Thus,
we next constructed a two-stage cavity by linking the 1.2 nm
cavity to the 1.82 nm cavity, as shown on the right side of
Fig. le. In this case, the energy barrier decreases to negative
values (the orange line in Figs. 1b and S2e). Thus, when the
size difference between the orifice and cavity, and between
adjacent cavities, is sufficiently small, spontaneous nuclea-
tion and growth of Na clusters occur in progressively larger
cavities at positive potentials, thereby raising the deposi-
tion potential of quasi-metallic Na clusters within closed
pores above zero. This clearly suggests that a highly coupled
“intercalation-pore filling” and stage-wise storage process is
effective for Na-cluster deposition into large cavities, ena-
bling high capacities.

Based on our calculations in Fig. S2, the second-stage
cavity should range from 0.82 to 1.48 nm, and the third-
stage cavity should range from 1.48 to 2.18 nm. Having
more than three stages may complicate fabrication. There-
fore, we propose a stage-wise closed pore structure with an
average cavity size around 2.0 nm as a rational and feasible
design, potentially providing a practical capacity exceeding
500 mAh g~!. It should also be noted that the above discus-
sion is simplified by neglecting various defects within and
outside the closed pores. These effects will be considered in
our subsequent discussion.

3.2 Superior Na Storage in Stage-Wise Closed Pores

To fabricate stage-wise closed pores, resin, as a potential
precursor for commercial HCs [54-56], was chosen as the
precursor. Apart from previous studies of resin-based HCs
[57, 58], we sought to control the degree of crosslinking in
the prepolymer structure of resin prior to thermo-polym-
erization. In this work, resorcinol (R) and hexamethylene-
tetramine (HMTA) were mixed in ethanol-water solvent
(7:2 v/v). As shown in Fig. 2a, HMTA first undergoes
hydrolysis to produce formaldehyde (HCHO) and ammonia
(NH;), where NH; continue to serves as a weak basic cata-
lyst to regulate the polycondensation reaction rate between
HCHO and R [59]. The HCHO to R ratio is controlled to
be 1.8:1. After aging for 12 h (A-Stage), 48 h (B-Stage),
and 120 h (C-stage) at room temperature, polycondensation
reaction progresses but no gelation forms (Figs. 2a and S3),
implying the suppressed crosslinking during aging. Sub-
sequently, the aged solutions were thermo-polymerized at
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80 °C for 12 h to initiate substantial crosslinking, resulting
in powders from the A-Stage and large resin chunks from the
B-Stage and C-Stage. After grinding, the resin powders were
subjected to progressive pyrolysis at elevated temperatures.
Based on the performance shown in Figs. S4 and 2, B-Stage
resin was finally selected for the fabrication of HCs with the
targeted pore structure and for detailed analysis.

The evolution of the graphitic and pore structures in
B-Stage resin-derived HCs has then been investigated with
increasing pyrolysis temperatures from 1100 to 1500 °C.
The as-prepared HC powders are denoted as HC-1100,
HC-1300, and HC-1500. X-ray diffraction (XRD) pat-
terns in Fig. 2b show a gradual shift of the (002) diffrac-
tion reflexes to higher angles as the pyrolysis temperature
increases, corresponding to a reduction in the d-spacing
of the graphitic domains from 0.386 to 0.365 nm. Scherrer
analysis reveals the dimensional growth of the graphitic
domains, as evidenced by the increase in L, and L, values
(Table 1 and Fig. S5) [60, 61], confirming the temperature-
assisted graphitization process. Ex situ Raman spectros-
copy (Fig. S6) indicates a decrease in structural defects,
with the A/A ratio reducing from 2.28 to 1.26 [62]. All
these results confirm that as the pyrolysis temperature
increases, the graphitic interlayer spacing shrinks, the gra-
phitic domains grow, and the graphitic defects are reduced.

Gas physisorption analyses, small-angle X-ray scatter-
ing (SAXS), and true density measurements were carried
out to investigate temperature-dependent evolution of pore
structures. Open pores can be detected by gas physisorp-
tion analyses using N, (77 K) and CO, (273 K) probes
(Fig. S7a). The pore size distribution combining CO,
and N, data (Fig. 2c) show three characteristic ranges:
0.45-0.65, 0.65-0.85, and 1.5-2.3 nm. Quantitative
analysis of open pore volume is present in Fig. S7b and
summarized in Table 1. It is shown that, with increasing
pyrolysis temperature, small open micropores coalesce
to larger ones, while some open micropores collapse to
form new surfaces, resulting in a reduction of the total
open pore volume at higher temperatures. The observed
trend for open pores is expected to apply to closed pores
as well. SAXS patterns of HCs show a broad peak around
g =0.5nm"!, indicating a distribution of closed nanopores
(Fig. 2d) [29]. Based on the spherical closed pore model,
the characteristic length related to the variation in scatter-
ing intensities was fitted (Fig. S8) [56], providing the aver-
age diameters of the closed pores increasing from 1.6 nm

https://doi.org/10.1007/s40820-026-02223-7
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h-j Ex situ HRTEM images of Na clusters in HC-1300 after fully discharged to 0.01 V, and the inset in (j) is the optimized structure of the Na

cluster practically stored in a 1.82 nm cavity

for HC-1100 to 2.0 nm for HC-1300, and further to 2.5 nm
for HC-1500. In the true density (p,,,.) test, helium gas was
used to obtain the density of carbon skeleton, as helium
can enter all open pores at room temperature [63, 64]. The

SHANGHAI JIAO TONG UNIVERSITY PRESS

closed pore volume was then calculated using the formula
Velosed pores = 1/ Puue — 1/2.26 [65]. Table 1 reveals a sharp
increase in the closed pore volume from 0.014 cm? g~!
for HC-1100 to 0.084 cm? g~' for HC-1300. This result
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Table 1 Physical parameters of HC-1100, HC-1300, and HC-1500 samples

Sample d [A] L, [nm] L [nm] SBET [m? g’l] Ap/Ag Open pore vol-  True density Closed pore vol-  Average
ume [cm? g‘l] [g cm™3) ume [cm? g_l] closed pore
size[nm]
HC-1100 3.81 10.61 0.92 76.30 1.51 0.034 2.190 0.014 1.6
HC-1300 3.72 11.45 1.02 66.18 1.40 0.027 1.900 0.084 2.0
HC-1500 3.65 12.71 1.06 45.63 1.26 0.021 2.032 0.050 2.5

implies the significant formation of small closed pores and
the onset of pore coalescence at 1300 °C, which is benefi-
cial for the development of stage-wise closed pores. The
closed pore volume decreases from HC-1300 to HC-1500
(0.050 cm® g7, indicating the general coalescence of
small pores into larger ones, with some collapsing into
open pores (Table 1). Considering the pore structure evo-
lution process, HC-1300 is expected to possess stage-wise
closed pores with an average size around 2.0 nm, optimal
for superior Na storage as predicted in Fig. 1.

For experimental validation, the Na-storage performance
of the three HC electrodes was evaluated using a half-cell
configuration with an electrolyte of 1 M NaPF, dissolved
in 1,2-dimethoxyethane (DME). As expected, the HC-1300
electrode demonstrates the best performance among all
three electrodes (Figs. 2e and S9). Specifically, the HC-1300
electrode can deliver a high capacity of 500 mAh g=! at
50 mA g~!, a high-rate capability of 344 mAh g=! at
2000 mA g~!, and 83.3% capacity retention over 1000 cycles
at 500 mA g~! (Fig. 2f, g). More importantly, it also exhibits
a high reversible capacity of 388.5 mAh g~! at 100 mA g~!
even at a high areal loading of 3.7 mg cm~2 (Fig. S10). To
visualize the stage-wise closed pores, a reliable approach
is to allow Na clusters to inflate the closed pores and then
characterize their shape and structure using high-resolution
transmission electron microscopy (HRTEM). Accordingly,
the HC-1300 electrode was discharged to a fully sodiation
sate at 0.01 V and examined by ex situ HRTEM. Figures 2h,
i and S11 demonstrate that, after being inflated by Na clus-
ters, the closed pores adopt a stage-wise geometry, with the
second-stage cavity size ~ 1.0 nm and the third-stage cav-
ity size ~2.0 nm. Although the orifice is difficult to clarify
in this approach of characterization, its presence is evident
in Figs. S12and S13 before sodiation, as Na atoms need to
pass through the orifice for the formation of Na clusters in
the closed pores. Meanwhile, Fig. S14 demonstrates that
Na is uniformly distributed in HC-1300. More importantly,

© The authors

the embedded Na cluster exhibits a highly defective crystal
structure in Fig. 2j. Using the optimized crystal structure
of the practically stored Na cluster in the 1.82 nm cavity
(Fig. S15b) to fit the main matrix in Fig. 2j yields a con-
sistent match, confirming the validity of our calculations
in Fig. 1b. For comparison, HRTEM images of the fully
discharged HC-1100 and HC-1500 electrodes are also pre-
sented. As shown in Fig. S16, only a few small, stage-wise
Na clusters are present in HC-1100, whereas Fig. S17 reveals
large closed pores that remain partially unfilled. Neither rep-
resents the most favorable pore size or geometry for achiev-
ing high capacities, as predicted theoretically in Figs. le and
S2. Moreover, the HRTEM images obtained after 50 cycles
(Fig. S18) reveal that the closed-pore structure in HC-1300
remains intact, with no obvious collapse under the mechani-
cal stresses induced by the repeated deposition and dissolu-
tion of Na clusters. These findings further confirm that the
structural stability of closed pores in HCs is essential for
their long-term cycling stability during Na storage.

3.3 Nano-Space Confinement for Plateau Region

The systematic variation in the pore structures of HC-1100,
HC-1300, and HC-1500 provides an excellent materials
platform for revisiting the Na-storage mechanism by inte-
grating the effects of nano-space confinement. Since pore
filling occurs in the plateau region, the state of Na clusters
stored in the stage-wise closed pores were examined first, by
the reaction between the fully sodiated HC electrodes and
ethanol (Fig. S19 and Movies S1-S3). The ion conductiv-
ity test (Fig. S19b), FTIR, and '"H NMR (Fig. S20) of the
resulted solution all suggest the quasi-metallic state of Na
clusters formed in the plateau region. Furthermore, X-ray
photoelectron spectroscopy (XPS) analysis was carried out
(Figs. 3a and S21), after 110s of sputtering to remove the
solid-electrolyte interface (SEI) film from the surface of the

https://doi.org/10.1007/s40820-026-02223-7
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Fig. 3 Understanding nano-space confinement for plateau region. a XPS spectra of Na 1s spectra of HC-1100, HC-1300, and HC-1500 at the
full sodiation state (0.01 V) after Argon etching of 110s. b Discharging potential versus normalized discharge capacity for three HC electrodes.
¢ The corresponding differential curves of (b). d—f The operando XRD patterns and g—i the operando Raman mappings of three HC electrodes

during the first charging-discharging cycle

fully sodiated HC electrodes. Figure 3a shows that the bind-
ing energies of Na clusters in all three samples fall between
those of metallic Na” and ionic Na*, confirming the co-exist-
ence of intercalated Na ions and quasi-metallic Na clusters
in the fully sodiated HCs. Notably, the state of Na stored in

SHANGHAI JIAO TONG UNIVERSITY PRESS

HC-1100 appear to be more ionic than those in HC-1300 and
HC-1500, suggesting that the dominant state of Na in the
fully sodiated HC-1100 is the intercalated Na ions.

To fully explore the Na-storage mechanism in the plateau
region, the enlarged low-potential plateau regions of the
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discharge profiles are shown in Fig. 3b, with the correspond-
ing differential potential vs. normalized capacity profiles dis-
played in Fig. 3c. These results are analyzed in conjunction
with the in situ XRD and Raman data presented in Fig. 3d-i.
The apparent potential inflection point in the middle of the
discharge curve of the HC-1100 electrode indicates that the
dominant Na-storage mechanism in HC-1100 is intercalation
[66], consistent with the XPS results in Fig. 3a. This is fur-
ther confirmed by the in situ XRD diagram of the HC-1100
electrode in Fig. 3d, which shows a downshift of the (002)
reflex, indicating an expansion of d spacing in the plateau
region. In contrast, for the HC-1500 electrode, the plateau
region appears as an inclined line, with no inflection point
present throughout the discharge curve (Fig. 3b, c¢). This
clearly indicates that the dominant Na-storage mechanism in
HC-1500 is pore filling [66]. This is also aligned with in situ
XRD diagram of the HC-1500 electrode in Fig. 3f, where
no shift of the (002) reflex is shown. Up to this point, the
Na-storage behavior can be understood by the “adsorption-
intercalation/filling” mechanism [22, 67].

Here comes new insights. The plateau potential for the
HC-1100 electrode is higher than that for the HC-1500
electrode. According to Fig. 1d, Na-ion intercalation into
the graphitic walls with a d-spacing smaller than 0.7 nm is
energetically favorable at V> 0, thereby occurring at higher
positive potentials compared to pore filling. This potential
difference explains the reason why the potential inflection
point can be used as an electrochemical pointer to distin-
guish the dominant process. More importantly, the plateau
potential for the best performing HC-1300 electrode lies
between those of the HC-1100 and HC-1500 electrodes,
exhibiting a continuous inclined line with the potential
inflection point occurring near the end of the discharging
curve. It is interesting for the HC-1300 electrode that, a
downshift of the (002) reflex in the plateau region is present
in the in situ XRD diagram (Fig. 3e), indicating the signifi-
cant role of intercalation in HC-1300; meanwhile, the long
inclined line in Fig. 3b also highlights the importance of
pore filling in HC-1300. These results suggest a favorable
coupled storage mechanism, where Na-ion intercalation into
the orifices and Na-cluster formation in the cavities (pore
filling) must be closely coupled to achieve superior Na stor-
age. This provides clear experimental evidence to support
our calculations in Fig. le. Specifically, an energetically
favorable orifice intercalation is followed by stepwise pre-
nucleation, leading to Na-cluster formation in progressively
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larger cavities at V> 0. Dominance of either process alone
would diminish the overall performance.

Another important aspect can also be observed in the
in situ Raman results. For the HC-1300 electrode in Fig. 3h,
the D band (~ 1350 cm™!) almost disappears in the plateau
region at the end of sodiation process (indicated by the blue
frame), which reappears during the subsequent desodiation
process. The weakening of the D-band in the plateau region
can be ascribed to the suppression of the breathing vibra-
tion of carbon rings caused by the adsorption of Na ions
at the defective sites [57]. Because the intercalation and
pore filling are highly coupled for the HC-1300 electrode,
the disappearance of the D band in the plateau region in
Fig. 3h suggests the adsorption of Na ions at the defective
sites within the cavities. Therefore, in addition to orifice-
assisted and stepwise nucleation, these internal defects can
also serve as additional energy favorable nucleation sites for
Na-cluster formation (Fig. S22), thereby reducing the energy
barrier and facilitating pore filling in larger cavities. Using
the disappearance of the D band in the plateau region as the
starting point, the contribution of internal defect-assisted
nucleation to the total capacity was estimated to be 27.7%
of the total capacity. This might open up new pathways for
further enhancing Na-storage performance. A similar change
in the D band can be observed for the HC-1100 electrode
(Fig. 3g), but it is much less pronounced for the HC-1500
electrode (Fig. 3i) due to the reduced graphitic defects at the
high pyrolysis temperature of 1500 °C (Fig. S6).

3.4 Nano-Space Confinement for Slope Region

Before addressing the nano-space confinement effects in the
slope region, we have to clarify the orifice size of closed
pores in HCs, which plays a key role for Na storage in the
closed pores as discussed in Fig. 1. In the true density (p;.,.)
test, helium gas is considered to enter all open pores at
room temperature [29, 68]. Thus, any orifice that helium
atoms cannot penetrate should be regarded as the orifice of
closed pores. The size of a helium atom is approximately
0.26 nm [69]. Considering the n-x stacking interaction range
of 0.34 nm [70], the largest d value for the orifice of closed
pores should be at 0.6 nm. This means that, in the plateau
region, we only focus on the closed pores with the orifice
at~0.4 nm, as obtained from the change of (002) reflex in
XRD patterns (Figs. 2b and 3d—f). The significance of the
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closed pores with orifices between 0.4 and 0.6 nm, however,
should not be neglected.

Previous studies have shown that within relatively large
interspacings, Na ions and ether-based solvent molecules
can co-intercalate into the graphite layers, such as in ternary
graphite intercalation compounds [71] or in the grain bound-
ary cavities and mesopores of the microcrystalline graphite
fiber [72]. Inspired by this, we investigate the effect of nano-
space confinement on the pre-desolvation process. Ab initio
molecular dynamics (AIMD) calculations were carried out to
understand the intercalation process of Na ions into the gra-
phitic layers with the d-spacing at 0.6 nm. The challenge is
how to apply the appropriate negative electric field to attract
solvated cations into the graphitic layers in DFT calculations.
Here, we use excess Na atoms to donate electrons to the gra-
phene layers, simulating the negative electric field applied
to the anode (Fig. 4a). The structural model, although ficti-
tious, creates electron-enriched internal interfaces within the
nanoconfined space of the graphitic layers, which initiates the
attraction of solvated cations. The exact electric field strength
cannot be determined using this model, but fortunately, the
average potential of the intercalation process can be derived
from Eq. 3 in Experimental section.

The stable solvation structure of Na ions with DME
molecules was first calculated using AIMD. It is shown in
Fig. S23 that three DME molecules tightly surround the cen-
tral Na ion, forming six NaeeeO in an octahedral coordina-
tion. Movie S4 shows the intercalation process of Na ions
into the graphitic layers with the d-spacing of 0.6 nm. Sev-
eral key snapshots were captured and are present in Fig. 4a.
At 572 fs, one of the surrounding DME molecules enters
the nanoconfined space, dragging the Na ion along with
it. At 1000 fs, the central Na ion enters the nanoconfined
space, but the other two surrounding DME molecules are
blocked due to steric hindrance, as they are aligned per-
pendicular to the graphitic layers. At 1818 fs, the entering
DME molecule and Na ion form a planar geometry, facili-
tating their co-intercalation into the inner part of the nano-
confined space. The average potential determined for this
co-intercalation process is 0.25 V, suggesting the occurrence
of pre-desolvation near the end of the slope region. To verify
the pre-desolvation process experimentally, we analyzed the
solvation structure evolution in HC-1300 by in situ Raman
spectroscopy (Fig. 4b, c). It is reported that the CH, wagging
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mode of ether-based solvents shifts to lower wavenumbers
with increasing salt concentration [73]. This aligns well with
our observation in Fig. 4c, where a distinct red shift is evi-
dent after full discharge to 0.01 V, attributable to Na-ion
desolvation that increases the Na-ion concentration within
the closed pores of HCs.

Interestingly, in the absence of Na ions in the electrolyte,
no intercalation of DME molecules occurs at d=0.6 nm
(Fig. S24). It shows that, without the formation of the planar
geometry with the Na ion, the free-style DME molecules are
still too large to be intercalated into this nanoconfined space.
This is an important feature, as it differentiates ion insertion
from electrolyte infiltration. The pre-desolvation near the
end of the slope region, induced by nano-space confinement,
is crucial for high-rate capability and subsequent pore filling,
because (1) desolvation can be the rate-determining step in
Na storage, and (2) co-intercalated DEM molecules influ-
ence Na-cluster nucleation within the cavities. It is noted
that the presence of DME molecules alongside Na ions may
be another factor contributing to the formation of quasi-
metallic Na clusters rather than bulk Na metal in the closed
pores. In addition, such co-intercalated solvent molecules
may also affect the long-term cycling stability and Coulom-
bic efficiency of HC anodes through SEI formation within
the cavities. The discussion of nano-space confinement on
the rate performance will be discussed in the next section.

For completeness, AIMD simulations were also per-
formed on open pores with orifices larger than 0.6 nm
(d-spacing). At a d-spacing of 0.8 nm, pre-desolvation of Na
ions occurs (Fig. S25 and Movie S5), accompanied by the
intercalation of individual DME molecules into the nano-
confined space (Fig. S26). At a d-spacing of 1.0 nm, the
solvated Na ions undergo structural deformation rather than
pre-desolvation (Fig. S27 and Movie S6), and individual
DME molecules can also intercalate in this case (Fig. S28).
These features align well with the mechanism of interca-
lation pseudo-capacitance at the middle potentials of the
slope region [74]. For pores with a d-spacing larger than the
size of the solvated Na ion, ion adsorption on the surface or
defective structures should account for the capacity at the
beginning of the slope region. Moreover, the discussion of
the electrochemical performance of HC-1300 in ester-based
electrolytes, along with its correlation with the proposed
mechanism, has also been included in Fig. S29.
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ate electron-enriched internal interfaces to attract the solvated cation. Pink: Na; gray: C; white: H; red: O; yellow: electron rich; cyan: electron
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three HC electrodes at current densities increasing from 50 to 2000 mA g~!. e Migration energy barriers of Na-ion diffusion within the highly-
confined space with the d-spacing ranging from 0.40 to 0.55 nm
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3.5 Nano-Space Confinement for Rate Capability

By understanding the effects of nano-space confinement
in both the plateau and slope regions, its impact on rate
capability can be further explored. As the current density
increase from 50 to 2000 mA g~!, the HC-1300 electrode
exhibits a capacity retention of 68.3% at a high rate of
2000 mA g~! (Fig. 4d). Although the HC-1100 electrode
exhibits the lowest specific capacity at low current densi-
ties (50500 mA g, it demonstrates a capacity retention
of 69.6% under 2000 mA g~!, which is comparable to that
of the HC-1300 electrode. In contrast, the HC-1500 elec-
trode shows moderate capacities at current densities of
50-500 mA g~! but suffers significant capacity degradation
at high rates, retaining only 27.4% under 2000 mA g~'. To
illustrate the reaction kinetics further, cyclic voltammetry
(CV) tests (Fig. S30) were performed at different scan rates,
ranging from 0.1 to 0.9 mV s~!. Two pairs of redox peaks
are present, one at~0.05 V and the other at~0.5 V. The
kinetics for each redox pair can be evaluated using the equa-
tion / = av®, where is i the peak current and the constant b
reflects the kinetics [75-77]. A larger b value indicates faster
reaction kinetics. When the b value approaches 1, it suggests
a surface-controlled reaction, indicating pseudo-capacitive
behavior. Conversely, when the b value is close to 0.5, it
indicates a diffusion-controlled reaction with slow kinetics.
It shows that the b value reaches 0.98 for the redox pair at
0.5 V (Fig. S24d), providing experimental evidence of inter-
calation pseudo-capacitance at the middle potentials of the
slope region. Regarding the redox pair at 0.05 V, the b value
remains high for the HC-1100 (0.74) and HC-1300(0.72)
electrodes, while for the HC-1500 electrode, it drops to 0.52.
This trend is also supported by the galvanostatic intermittent
titration technique (GITT) tests and EIS data (Figs. S31 and
S32) [78-80]. All these results indicate that the kinetics of
Na ion transport and Na-cluster formation in the closed pores
is faster in HC-1100 and HC-1300 than that in HC-1500.
Na-ion desolvation, Na-ion diffusion through the orifice,
and Na-cluster nucleation within the closed pores are three
consecutive steps that determine the kinetics of Na storage. As
shown in Fig. 4a, pre-desolvation is facilitated by the orifice
with the d-spacing of 0.6 nm. In addition, we also calculated
the energy barrier of Na-ion diffusion within the highly-con-
fined space with the d-spacing ranging from 0.40 to 0.55 nm
(Fig. 4e). It shows that the energy barrier is negligible for ori-
fices with d-spacing of 0.55 and 0.50 nm, but increases sharply

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

to 0.25 eV for a 0.45 nm-orifice and further to 0.55 eV for a
0.40 nm-orifice. These results suggest that for closed pores,
larger orifices are preferred for achieving higher kinetics, high-
lighting the significance of closed pores with orifices between
0.4 and 0.6 nm. Based on this, the change of the kinetics in
Fig. 4d can be understood. With increasing pyrolysis tem-
perature, the size of the orifice decreases (Fig. 2b), which
reduces the kinetics of Na-ion pre-desolvation and diffusion
through the orifice. Additionally, as the pyrolysis temperature
increases, the size of the cavity increases (Fig. 2d) and the
graphitic defects are reduced (Fig. S6), which raises the energy
barrier for Na-cluster nucleation within the cavities. All these
structural features contribute to the significantly reduced kinet-
ics for Na storage in the HC-1500 electrode. Thus, benefiting
from the stage-wise closed pores with the optimized orifice
and cavity sizes, the HC-1300 electrode demonstrates the best
combination of capacity and rate capability in Fig. 4d.

3.6 A Unified Mechanism and Full-Cell Performance

By integrating nano-space confinement effects on Na-stor-
age behavior, a unified mechanism is proposed in Fig. Sa:
(1) At the beginning of the slope region, solvated Na ions
adsorb on the surface, functional groups, defects, and edges
of open pores (d> 1.0 nm) via the adsorption mechanism.
(2) At the middle potentials of the slope region (~0.5 V),
intercalation pseudo-capacitance occurs in the open
pores (0.6 nm<d < 1.0 nm), where the solvated Na ions
are deformed or partially desolvated into the open pores,
accompanied by the intercalation of individual solvent mol-
ecules. After this stage, the adsorption mechanism resumes
with newly accessed surfaces and defective structures. (3)
Near the end of the slope region (~0.25 V), pre-desolvation
occurs, and no individual solvent molecules can be inter-
calated into the orifices (0.4 nm <d < 0.6 nm) of the closed
pores. This stage is crucial for the next-stage pore filling and
high-rate capability. (4) In the plateau region (< 0.1 V), Na-
ion intercalation into the orifices (0.368 nm <d < 0.4 nm) of
the closed pores and/or pore filling in the nano-size cavities
occur. Na-ion intercalation initiates stepwise pre-nucleation
for the growth of Na clusters in larger cavities, while the
defective structures within the cavities further facilitate
Na-cluster nucleation at V> 0. Therefore, although either
intercalation or pore filling may dominate at this stage, the
highly coupled processes of intercalation and pore filling
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are preferred for achieving high-capacity Na storage. This
unified mechanism highlights the significance of nano-space
confinement, which drives the rational design of stage-wise
closed pores in HCs, enabling superior overall performance
of Na storage.

To demonstrate the potential of practical applications
of HC-1300, coin-type full cells were assembled with
Na;V,(PO,); (NVP) as the cathode and HC-1300 as the
anode (Fig. S33a). The positive to negative ratio was con-
trolled to be 1.2. The fabricated coin-type full cells exhibit
a high initial Coulombic efficiency (ICE) of 82.6% and
an average voltage of 3.25 V (Fig. S33b, c). Surprisingly,
the specific capacity of the full cell maintains as high
as 447 mAh gy~ at a current density of 50 mA gy~
in the second cycle. In addition, a high capacity of

306 mAh gHC_l at 2000 mA gHC_1 and a high capacity
retention of 83.9% after 200 cycles at 200 mAh g;;~' have
also been achieved in the full cell configuration (Fig. S33d).
Furthermore, 1.5 Ah Na-ion pouch cells (147.4 Wh kg_l,
Tables S1 and S2) were also assembled with commercial
Na,Fe;(PO,),P,0, (NFPP) as the cathode and HC-1300 as
the anode (Fig. 5b, c). These SIB pouch cells, with a photo-
graph shown in the inset of Fig. 5c, exhibit only a 0.064%
capacity loss per cycle over 700 cycles at 2000 mA, dem-
onstrating the potential of using HC-1300 in real-world
SIBs. While further efforts in precursor optimization and
process control are still needed for large-scale implementa-
tion, the present strategy provides a reliable and promising
route toward the industrial production of high-grade HCs
for high-performance Na-ion batteries.
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Fig. 5 A unified mechanism and full-cell performance. a A unified mechanism proposed by integrating nano-space confinement effects on Na-
storage behavior. b 1.5 Ah Na-ion pouch cells performance with charge—discharge curves at 500 mA and ¢ cyclability test at 2000 mA, and the

inset is a photograph of the pouch cell
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4 Conclusions

To conclude, this work identifies nano-space confinement as
the fundamental factor governing Na-storage behavior and
establishes a unified Na-storage mechanism in HCs. A type
of stage-wise closed graphitic pores with an optimal cavity
size of ~2.0 nm was proposed, and realized experimentally
through the modulation of the prepolymer structure of resins
prior to pyrolysis. Superior overall performance has been
achieved for HC-1300 in half-cell and full-cell configura-
tions. Mechanistic studies show that confined nano-spaces
modulate heterogeneous nucleation of quasi-metallic Na
clusters within closed graphitic pores, suggesting a favorable
coupled “intercalation-pore filling” and stage-wise storage
mechanism. Specifically, an energetically favorable orifice
intercalation is followed by stepwise pre-nucleation, leading
to Na-cluster formation (pore filling) in progressively larger
cavities at V> 0. Dominance of either Na-ion intercalation
or pore filling alone would diminish the overall performance.
Moreover, internal defects within the cavities can also serve
as additional energy favorable nucleation sites to facilitate
pore filling in large cavities. Furthermore, the importance of
closed pores with orifices between 0.4 and 0.6 nm has been
highlighted, which not only facilitates pre-desolvation but
also enhances Na-ion transport kinetics. Thus, a new pre-
desolvation stage near the end of the slope region has been
clarified and incorporated into the unified mechanism. This
work enriches our fundamental understanding in the cor-
relation between the pore structure of HCs and Na-storage
behavior, and may boost the overall performance of HCs
beyond previous expectations.
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