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Transport electrification and grid storage hinge largely on fast-charging
capabilities of Li- and Na-ion batteries, but anodes such as graphite with
plating issues drive the scientific focus towards anodes with slopped storage
potentials. Here we report fast charging of ampere-hour-level full Na-ion
batteries within about 9 minutes for continuous 3,000 cycles based on hard
carbonanodes. These anodes, in addition to displaying a sloped storage
voltage, provide capacity at a nearly constant voltage just above the plating
potential, without observing Na-metal plating under high areal capacity.
Comparingthe electrochemical behaviour of Liand Nain hard carbon
through experimental and computational techniques, a unified storage
mechanismrelying on the dimensions of wedge nanopores and drawing
parallels with underpotential deposition for metals is brought forward,
providing arational guide for achieving fast storage in hard carbon anodes.

The unsatisfactory power density of rechargeable batteries causes
the recharging time of electric vehicles to be much longer than the
refuelling time of internal combustion engine cars'. The anode side
iswidely believed to be the bottleneck for achieving fast charging®. For
example, the standard graphite anode for commercial Li-ion batteries
(LIBs) suffers from Li plating during fast charging, which accelerates
battery degradation and induces safety issues. Because of the low Li
storage potential plateau (-0.1V versus Li/Li*), even small overpoten-
tials due to limited Li-ion kinetics can initiate plating’. To solve this
issue, a series of advanced anode materials such as graphene-Nb,O;
composites®, Nb,,W0,’, black phosphorus-graphite composites™
and Li,,,V,0,", demonstrating good kinetics have been proposed, all
relying on a sloping voltage profile that is typically associated with
superior kinetics.

Hard carbons with tunable structure and low reaction strain
have been applied for some high-power-type LIBs to excavate the
high-power potential, delivering 82% capacity retention at 6 C after

500 cycles in pouch cells'?. Hard carbons with good comprehen-
sive performance are also promising anode choices™" for Na-ion
batteries (NIBs)"” . Although previous work showcased that the
use of small-sized pouch cells (<0.01 Ah) with limited areal capac-
ity (-1.3 mAh cm™) and lifetime (~100 cycles) can demonstrate fast
charging'®, there has been no report on fast-charging NIBs based on
Ah-level cells with thick hard carbon anodes up to now. Achieving a
long cycling life with high areal capacity under high rates is particularly
challenging.

The simultaneous existence of sloping and plateauregionsinthe
sodiation voltage response (Supplementary Fig.1) is often considered
challenging to enable high-power applicationsin practical large-sized
NIBs. Further, clarifying the relationship between the complex car-
bonstructure, storage mechanism and fast-charging performance of
alkali-metalion batteries has so far proved inconclusive'**°. Despite Li
and Na storage in hard carbons having been reported” %, most previ-
ous work investigated the Li and Na storage behaviour separately.
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Fig.1|Ultrafast NIBs. a, Cycling performances of Na(Cu,,Ni,,cFe;;;Mn,/3)0,//HCS-1,200 NIBs at a current rate of 6.5 C (insets: the digital pictures of the 26700-type
cylindrical celland its anode after 3,000 cycles). b, Surface temperature distribution of NIBs during fast charging at ambient temperature.

Anin-depth quantitative parallel analysis may provide adeeper under-
standing of the structure-performance relationship.

In this work, the superior fast-charging performance and long
cyclinglife of Ah-level Na-ion cylindrical cells with hard carbon anodes
isdemonstrated. Through simultaneousinvestigation of the Liand Na
storage in hard carbons via cross validation and quantitative analysis,
the origin of fast-charging NIBs with hard carbon anodes is unravelled,
where a unified Liand Na storage mechanism of adsorption pore filling
isproposed to address the mechanistic debates and the underpotential
deposition (UPD)-like storage process rationalizes the excellent kinet-
ics of carbon anodes. Moreover, utilizing nanoscale and mesoscale
simulations to evaluate critical thermodynamic and kinetic properties,
the observed potential gap (30 to40 mV) in the plateau region between
Li and Na is interpreted by the interface energy difference between
Li/Na and hard carbon. This work brings insight to understand the
Liand Na storage behaviour in hard carbon anodes and provides uni-
versal structure design principles to tune their microstructures for
further performance improvement.

Fast-charging capability of hard carbon anodes
Here we choose specific hard carbon spheres (HCSs) (Supplementary
Fig.2) as amodel system to study the origin of fast-charging proper-
ties. Two different carbonization temperatures (1,200 and 1,600 °C)
were adopted to tune the microstructures of HCSs. Comprehensive
characterizations (Supplementary Figs. 2-8) reveal that the increase
of graphiticlayer ordering and closed pore volume, and the decreasein
defect concentration and CO, specific area with increasing carboniza-
tion temperature, all align with findings reported in the literature'>*.
Fast-charging/discharging tests for the large-format NIBs
(26700-type cylindrical cells), utilizing the layered O3-Na(CuysNi,o
Fe,sMn,;)O, cathode” and HCS anode, were performed. The HCS-
1,200-based full cell delivers -3 Ahat 0.1 Cand boosts a high areal capac-
ity of ~2.2 mAh cm™. It is demonstrated in Fig. 1a that the Na-ion full
cellwithan HCS-1,200 anode maintains 83% of its capacity after 3,000
cyclesata 6.5 Crate cycling. Even with rapid charge/discharge cycles,
taking approximately 9 minutes, no Na precipitation is observed, as
confirmed by ex situ optical tests (Supplementary Fig. 9a,b). In Sup-
plementary Fig. 9c, the high average Coulombic efficiency of ~99.93%
also indicates the absence of Na precipitation over the 3,000 cycles.
Moreimportantly, the highest value of NIB surface temperature during
the charging process is only ~44.3 °C due to the small internal resist-
ance (Fig. 1b and Supplementary Fig. 10). Enhanced kinetics can be
expected withanincreaseintemperature, but stable cycling canstillbe

achieved due to the high thermal stability of our NIB system***°, We can
speculate thatboth the sloping and plateau regions of HCS-1,200 have
favourable resilience against fast charging, evident from the distinct
galvanostatic charge/discharge curves of the full cell under different
rates (Supplementary Fig.11). The HCS-1,600-based full cell also shows
ahigh-capacity retention of 81% after 1,500 cycles and 60% after 3,000
cycles under 6.5 C rate (Supplementary Fig. 12), which is relatively
poorer thanthat of the HCS-1,200. Considering the fast-charging per-
formance, which would be influenced by the kinetics of the cathode,
anode and electrolyte of a cell, we deliberately changed the relevant
component. Itis found that anode side has more pronounced influence
on fast-charging performance, which is similar to commercial LIBs
with graphite anode®* (Supplementary Fig. 13). The above results
underscore the capability of HCSs in realizing fast charging/discharg-
ing of NIBs, motivating further in-depthinvestigationstounderstand
the underlying mechanisms.

We first evaluated the storage behaviours of HCSs for Li and Na
in half cells, with the corresponding potential curves shown in Sup-
plementary Figs. 14 and 15 and Fig. 2. The potential decreases sharply
upon Liand Nainsertion into the HCS matrix (Fig. 2a,b). The capacity
inthese sloping voltage regions of HCSs for Li and Na storage is sum-
marized in Supplementary Fig. 16. Interestingly, we found that the
sloping capacity of Li storage is about 1.8 times that of the Na storage
for both HCS-1,200 and HCS-1,600. The 1.8 ratio can be confirmed
by the data in previous literature, as shown in Supplementary Fig. 17.
Following the sloping region, the potential curve reaches a potential
plateauaround 0-0.1V (Li) or 0.15V (Na).

To obtain an in-depth understanding of the storage mechanism,
itis crucial to investigate the voltage curves up to the point where a
characteristic ‘V’' shape is reached (Fig. 2c,d). This feature is caused
by the alkali-metal nucleation barrier, indicating the discharge state
where the HCSs achieve the maximum reversible capacity. For this
reason, overdischarge below O V was applied to both Li and Na half
cells. For the Li case, a hidden and significant plateau is observed
(Fig.2c) below 0 Vversus Li metal, where the capacity improves further
by 140 and 441 mAh g for HCS-1,200 and HCS-1,600, respectively. In
contrast, the capacity below O V versus Na/Na* only contributes an
additional 11 and 18 mAh g™ to Na plateau capacity for HCS-1,200 and
HCS-1,600, respectively (Fig. 2b). The above observation reveals that
the previously discussed trend—the increase of plateau capacity witha
risein carbonization temperature—applies toboth Liand Nasystems.
Thus, our findings challenge the common viewpoint that hard carbon
anodes prepared by high carbonization temperature deliver a higher
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plateau capacity for Naas compared with Li storage because previous
reports (Supplementary Fig. 17) overlooked the capacity below O V
(ref.22). Thereversibility of the Liand Na storage of <0 Vis also verified
by charging tests in Supplementary Fig. 18. Furthermore, differential
capacity (dQ/dV) analysis reveals that completed peaks can be obtained
once undergoing overdischarge, and the average reaction potential of
the plateau regionis lower for Li storage than for Na storage.

Quantitative analysis for sloping region
Thesloping regionis usually explained as an adsorption or intercalation
mechanism by most previous reports®>*, Insitu Raman tests (Supple-
mentary Fig. 19) revealed that there is no peak splitting of the D or G
band, and no new peaks appear, indicating thatLi*and Na* do not inter-
calate into the layers of carbon®**’. The I//,; (the integrated intensity
ratio of the D1-band over the G-band) values show nearly no variation
inthesloped voltage region for both Liand Na (Supplementary Figs. 20
and 21), suggesting arelatively weak interaction between Li, Naand the
HCSs. The following hypothesis is that HCSs anodes provide sloping
capacity through adsorption. Several density functional theory (DFT)
studies have explored the nature of defect adsorptionon vacancies and
heteroatoms, revealing various adsorption environments with broad
storage potential distributions and rationalizing the sloping voltage
region®®. Herein alkali-metal edge adsorption on graphene is studied
with DFT (Fig. 3a,b), which predicts gradually decreasing high-voltage
response for both Li and Na, matching the observed behaviour. Both
alkalimetals utilize the same binding spots, acquiring a zig-zag configu-
ration. However, Liions can stabilize directly across from each other
(Fig. 3b), which s predicted to be unstable for the Na case, indicating
that the smaller size of Li allows more storage on the active edges for
the same surface.

Experimentally, the ratio of sloping capacity of Li to Na and
the ratio of the projected area of Na to Li ions is both 1.8. (Supple-
mentary Fig. 22), suggesting the same active sites for Li and Na

storage in the sloping region. For a detailed quantitative analysis,
temperature-programmed desorption coupled with mass spectrom-
etry was employed to accurately determine the quantity of carbon
defects, whichinclude edges, vacancies and dislocations®. In Supple-
mentary Fig. 23a,b, the total amount of CO and CO, from HCS-1,200
is higher than that from HCS-1,600, which is similar to the evolution
tendency of H,0 and H,. Considering the occupied area of edge carbon
sites by a chemisorbed oxygen atom is 0.083 nm?, the related active
surface areas of HCSs can be calculated in Supplementary Fig. 23c.
Assumingions cover the entire active area, we successfully predict the
sloping capacity in Fig. 3c, matching the experimental values and the
1.8ratio of Li/Nastorage. Elemental analysis for HCSs revealed that the
content of heteroatoms such as oxygenis less than1% (carbon: >99%),
with limited capacity contribution (Supplementary Fig. 24).

Quantitative analysis for plateau region

For the plateau region, most of the previous reports explained pore fill-
ing or intercalation as the primary mechanism”**. The possibility of an
intercalation mechanismis further ruled out through the in situ Raman
tests, ex situ X-ray diffraction and transmission electron microscopy
(Supplementary Figs. 19 and 25). Besides, several investigations®*
have found hard carbons with a high plateau capacity (>300 mAh g™)
thatis unfeasible to be reached throughintercalation. Then pore struc-
tures are considered to clarify the correlation with the plateau region.
DFT analysis was carried out to interpret the microscopic origin of
the storage process underlying the plateau capacity. A wedge-pore
model, featured with edges, vacancies and pore structures, was built
to mimic the typical microstructure of HCSs (Supplementary Fig. 26).
Theelectrochemical process was simulated by filling the wedge-pore
with Li and Na atoms in energy competing positions and perform-
ing geometrical and energy optimizations. On the basis of the lowest
enthalpy pathin Fig. 3d, we can obtain the Li and Na voltage profiles,
shown in Fig. 3e.
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g, Stable sodiation phases at the end of the sloping region (left) and at the voltage
plateau (right). h, Valence electron heat map through Bader charge analysis of
the sodiated pore. The figure quantifies how much electron density has been
donated from Na to the carbon matrix. A value of 1 (white colour) indicates that
Nais present as an atom keeping 100% of its valence electron density, and a value
of O (black colour) indicates that Na has donated 100% of its valence to the carbon
matrix, thusis presentin anionic form.

Sodiationinitiates on defects consisting of edges and vacancies,
as expected from previous discussions, to result in the sloping volt-
ageregion (Fig.3g). Further, the sodiation reaction process moves to
the pore-filling stage, and each graphene sheet of the inner carbon
surfaceisincontact with1-2 Nalayers. Bader charge analysis through
DFT calculations reveals the valence electron transfer distribution
in the fully sodiated wedge pore, where on average, and inside the
pore, 20% of the valence electron density is donated to the carbon
matrix (Fig. 3h), supporting that Na is present in a quasi-metallic
state, consistent with density of states calculations of similar pore
configurations*. The reader can additionally observe that near the
vacancy and edges, a more significant portion of electron density is
donated to the carbon matrix whereas theinner Nais almost neutral, in
linewith the literature*>**. Li exhibits a similar reaction pathway, with
the only difference being that more Li fits in the same pore size (Sup-
plementary Fig. 27). In situ solid-state nuclear magnetic resonance

(NMR) experiments further identified the Knight shift, capturing a
quasi-metallic Na peak shift at approximately 761 ppm, compared with
the ~-1,135 ppm of the Na-metal signal. This denotes partial electron
transfer, as shown in Supplementary Fig. 28, aligning with findings
from previous NMR investigations®*~*, The quasi-metallic state of Li
orNainthe closed pore was further established experimentally using
biphenyl-dimethoxyethane chemical probes (Supplementary Fig.20)
and electron paramagnetic resonance tests (Supplementary Fig. 30).
No complete metallic state was detected, indicating a high safety of
Liand Nain the closed pore. Li and Na can find an open path towards
theinside of the nanopores through site defects asrevealed by insitu
Raman tests (Supplementary Fig. 20).

Combined with the above experimental tests and further sim-
ulations (Supplementary Fig. 31), we found that the Li and Na exist
in an amorphous, quasi-metallic solid state inside the closed nano-
pores. Average Na-Na and Li-Li distances from the DFT-optimized
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Fig. 4| Wedge nanoporeXKkinetics. a, Average Na valence charge in pore versus
pore ssize distribution as calculated for the Na-in-pore system presented in
Supplementary Fig. 32; the average Na valence charge for the wedge pore

as calculated in Fig. 3his plotted as well in comparison with the average
experimental pore size of HCS-1,200 and HCS-1,600. b, Na density plot over the

18 ps MD simulation at 600 K depicted from the side and top view. The Na density
isinterconnected, covering the whole pore region, revealing that Na can quickly
diffuse, being able to access all parts of the nanopore within small time frames.

¢, Depiction of correlated diffusion in the pore. The spring subplot refers to the
Na-Nadistancesin A, and the timer countsin ps (Supplementary Video1).

wedge-pore modelstructures were predicted at 3.57 and 2.84 A, respec-
tively. According to the previous pore analysis, thereis a positive corre-
lationbetween the plateau capacity and the volume of closed pores. We
cansuccessfully predict the Li and Na specific capacity from the closed
pore volume (experimental values) and the above-calculated distances,
explaining the origin of the high-capacity voltage plateau. (Fig. 3f).
Moreover, the calculated voltage profilesin Fig. 3e masterfully cap-
ture the experimentally determined difference in voltage (30-40 mV)
between the alkali metals, showing Na at a slightly positive potential
of ~38 mV from Li, which ends up at negative potentials, rationalizing
the absence of aLi plateau without overdischarge. To understand this
differencein depth, we computationally explore surface energies, plat-
ing and interface contact potentials between Li or Na and graphene.
To do so, we compare the energetics of Liand Na layers in the vacuum
(exposed metallic surfaces) with encapsulated Liand Nalayers within
graphene sheets (no exposed surfaces) (Supplementary Fig. 32 and
Supplementary Table 1). We observe that the Liand Nalayers-graphene
interfaces stabilize the system, raising the voltage by decreasing the
energy penalty related to exposed surfaces. This effect is calculated
to be more substantial for Na than for Li, consistently resulting in
slightly higher potentials for the Na plateau. Thus, the relative stabil-
ity of the lithiated and sodiated phases (Supplementary Figs. 32-34)
isthe consequence of the lower interface energy between Lior Naand
the graphene walls compared to exposed surfaces. This observation
is the key to understanding the difference in the voltage versus the
alkali-metal potential between Li and Na, and it plays a dominant role
in the storage capacity of the plateau region, enabling Na storage in
slightly positive voltages versus Na metal, which improves the resil-
ience against polarization, thereby reducing the risk of Na plating and
facilitating fast charging™. Likewise, the system prefers to form filled
pores, where the graphene walls wet the Liand Na exposed surfaces to
take away the energy penalty. We additionally use the calculated poten-
tials of the state of the filled pore to indicate the process of Li and Na
layering inthe nanopores absent from plating (Supplementary Fig. 34).

The above discussion hints towards an optimal pore size for the elec-
trochemical process. Large nanopores will permit the nucleation of Li
or Na to such a degree that the exposed surface penalty will result in
overpotentials, causing the voltage to drop to the cut-off point before
the pore-filling mechanism can stabilize the configuration by establish-
ingthe hard carbon-Lior Nainterface contacts. Thus, the competition
between nucleation and surface coverage suggests that there should
beanoptimum poresize (-1 nm) for the storage mechanism, consistent
with what was experimentally determined®. Moreover, the DF T calcula-
tionsindicatethat there are2-3layers (Na) or 3-4 layers (Li) inthe pore,
similar to the UPD mechanism on metal substrates. In the case of UPD,
the deposited layer isin a quasi-metallic state, and there is aninterac-
tion between the base and adsorbed layer that lowers the energy*’,
consistent with our DFT calculations. Itis alsointricately linked to the
differencein the work functions of adsorbate (Liand Na) and substrate
(C), with the former possessing a smaller work function than that of
the latter (Supplementary Fig. 35), causing the partial charge of the
adatoms. Note that UPD is not limited to monolayer adsorption, as
demonstrated by investigations that report adsorption of 1.5-2 atomic
layers*. In hard carbon, the UPD-like mechanism requires substrate
voids enabling full enclosure (minimal exposed surfaces) of Liand Na
fillings and partial electron transfer to the substrate, thus achieving
the least negative deposition potentials. The electrochemical curves
(plateauregion) of Lior Nain hard carbon are similar to the adsorption
isotherm of UPD*:,

The quasi-metallic state of Nainside the pore hasimplications both
on the optimum pore size, as discussed above, and the kinetics. This
is because larger pores are expected to induce higher metallic states,
slowing downthe (dis)charge process. Further, we quantitatively show
with DFT calculations how the average Na valence charge depends on
poresizein Fig.4a, enhancing our insights on design criteria for hard
carbon systems. Experimentally, the HCS-1,200 (pore size: ~1.08 nm)
shows a better fast-charging property than the HCS-1,600 (pore size:
~1.26 nm) inline with the above discussion. The result alsoimplies that
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keeping as many relatively small closed nanopores as possible is an
effective strategy for large and fast storage because relatively large
closed pores would induce astronger metallic state of Na storage with
lower average potential, which easily suffers from the risk of plating
during fast charging, and the Nainsertion processis also unstable with
poor reversibility*.

Wedge nanoporeKkinetics

We also performed phase-field modelling simulations to gain extra
insights into the kinetics of Na-hard carbon system. The phase-field
framework is well applied to the simulation of LIBs and can provide
insights into the mechanismregulating battery performance and guide
towards optimization®*~**. Our mesoscale modelis based on modifying
anestablished open-source code’ (details in Methods) and implement-
ing the Nainsertion mechanisms in hard carbon. Our model captures
the physics of the sodiation mechanism as explored computationally
withabinitio calculations, showing agradually decreasing, high-voltage
region followed by alow-voltage plateau.

Intheresults presented in Supplementary Figs.36 and 37, we break
down our system’s overpotential contributions, initiating a discussion
ontheimportance of nanostructure optimization affecting the reaction
kinetics and Na concentration. Acombination of good particle size and
improved nanoporosity of the particles enhances the exchange current
density and prevents Na from reaching a critical mass and initiating
plating, which is vital for NIB optimization.

We further evaluated whether the Nalayering in the wedge pore
posesakineticrestrictionin the nanoscale. Abinitio molecular dynam-
ics simulations are utilized as a qualitative indicator due to the large
size of the wedge-pore model (Methods). We examine the pore at
50% capacity, representing the kinetics in the middle of the forma-
tion of the completely sodiated phase, where there is an adequate
amount of space for Na movement. Na appears mobile in very short
timescales (-18 ps); the Na density plot (Fig. 4a) reveals excellent
interconnectivity as Na can access every part of the wedge pore. This
observation hints towards a relatively flat energy landscape for the
wedge-pore geometry, whichis the driving force for diffusion. Under
these conditions, even though Na prefers to group, it can quickly
movein afluid-like motion within the pore. Further, under these con-
ditions and short time frames (1-3 ps), two Na atoms can correlate
(formadipole) and diffuse in asingular correlated motion (Fig. 4b), as
depictedin Supplementary Video. The correlated jumps are expected
as there is no screening among the Na atoms in the current configu-
rational geometry, confirming that pair Li or Na migration facilitates
fast diffusion®®”.

Conclusions

In retrospect, the accurate assessment of the Li and Na capacity
in hard carbon, including the hidden capacity below O V, and the
importance of the hard carbon-Liand Na surface contact, provides
a quantitative and unified explanation of the storage mechanism.
A UPD-like behaviour is put forward, rationalizing the excellent
kinetics of hard carbon and fast charging. These insights promote
the practical design of future carbon anode with predictable elec-
trochemical behaviour to approximate the optimal fast-charging
properties of NIBs towards grid energy storage application. In
this work, we pay more attention to achieving the industrial-level
parameters of cell fabrication and the electrochemical performance
of assembled NIBs. Compared with the literature concerning NIB
technologies, which is summarized in Supplementary Table 3, to
the best of our knowledge, this Ah-level Na(Cu, ,xNi,, Fe,sMn, )0,/
HCS-1,200 cylindrical cellis among the best fast-charging technolo-
gies with one of the shortest charging times (-9 min) and one of the
longest cycling lives (-3,000 cycles) under the high charging rate
using the highest mass loading of active materials (7-8 mg cm™)
with high areal capacity of ~2.2 mAh cm™,

Methods

Materials synthesis

HCS samples were prepared by hydrothermal method and subsequent
pyrolysis. Typically, a 2 M sucrose aqueous solution (obtained from
Alfa) was positioned in a Teflon-lined stainless-steel autoclave. The
hydrothermal carbonization was executed at atemperature of 200 °C
for 12 h followed by repeated washing processes with dilute hydro-
chloricacid and deionized water. Further high-temperature treatment
was carried outat1,200 °Cand 1,600 °Cfor 2 hinatube furnace under
argon flow. The grinded samples were abbreviated as HCS-1,200 and
HCS-1,600, respectively.

Electrochemical measurements
Composite electrodes were crafted by compressing a blend of active
materials and sodium alginate, with aweight ratio of 9:1, in deionized
water as the solvent, and then applying the mixture onto Cu foil. The
active materials’ mass loading was meticulously maintained between
4 and 5 mg cm™ For electrochemical testing of the carbon materials,
CR2032 coin-type cells were constructed. Pure lithium/sodium foil, a
1M (mol ™) LiPF/NaPFsolution in ethyl carbonate (EC) and dimethyl
carbonate (DMC) (atal:1volume ratio) and glass fibre were employed
as the counter electrode, electrolyte and separator, respectively. All
fabrication procedures were carried out in an argon-saturated glove-
box. Discharge and charge tests were conducted usingaLand BT3001A
battery test system, cycling within various voltage ranges ata current
density of ISmA g™

The Na-ion Ah-level full cells were constructed using HCS-1,600/
HCS-1,200 as anode materials and 03-Na(Cu,,Ni,sFe;;sMn,;;)0,/
Na,;(VOPO,),F as cathode materials. The 26700-type cylindrical cells
(capacity is -3 Ah and energy density is ~-110 Wh kg™) using 1 M NaPF,
in EC, propylene carbonate and diethyl carbonate (1:1:1in volume) as
electrolyte were assembled and their temperature changes were moni-
tored by athermalimager (FOTRIC 289). The capacity ratio of anode to
cathode was ~1.1for the 26700-type cylindrical Na-ion full cells based
on the HCS-1,200 (the areal capacity can achieve -2.2 mAh cm™). The
mass loading of anode was -7-8 mg cm™ The power density of 6.5 Cis
~600 W kg’. The thickness of double-sided coated HCS-1,200 anodes
has reached ~170 pum after cold pressing process. Both cathode and
anode use aluminium foil as current collector, and the polyolefin sepa-
rator was used. Composite electrodes were fabricated by compressing
active materials, binder and conductive carbon at a weight ratio of
95:3:2. Theelectrolytefilling processes were carried outinadry roomat
-50 °Cdew point. The charge and discharge tests of full cells were per-
formed on the Neware battery test system (CT-4008). The HCS-based
full cells were charged and discharged between1.5and 4 V. Note that it
is constant current charging to100% state of charge without a constant
voltage step. The cells were placed in a-25 °C environment chamber.

Materials characterization

The morphologies of the carbons were examined using scanning elec-
tron microscopy (Hitachi-S4800), and transmission electron micros-
copy images were captured usingaJEOL 2100 F field emission device.
Structural characterizations were conducted using an X'Pert Pro MPD
X-ray diffractometer (D8 Bruker) with Cu-Ka radiation, inascanrange
(20) of 10°-60°. Raman spectra, ranging between 1,000 and 1,800 cm™,
were collected using an NRS-5100 spectrometer (JASCO) witha532 nm
diode-pumped solid-state laser.

Informationregarding pore structure was acquired through nitro-
genadsorption/desorption experiments at 77 K using a Micrometrics
ASAP 2460 apparatus and SAXS/wide angle X-ray scattering from a
Xenocs Nano-InXider with a Cu-Ka source. Skeletal density data were
gathered using an AccuPyc111340 analyser with heliumas the analysis
gas. Elemental analysis was conducted using a Vario Micro Cube ele-
ment analyser. Active surface areas of the carbons were determined
through temperature-programmed desorption (AutoChem 112920)

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-023-01414-5

paired with mass spectrometry (HPR-20 EGA). The test procedure
was the same as that reported in the previous literature®. The biphe-
nyl and dimethoxyethane solution was prepared by dissolving 1.54 g
biphenylinto 10 ml dimethoxyethane. The chemical states of inserted
Li or Na were determined by electron paramagnetic resonance using
JEOL JES-FA200 ESR Spectrometer with the microwave frequency of
9,068 MHz.*Namagic angle spinning solid-state NMR measurements
were carried out in a Bruker 500 MHz spectrometer (11.7 T). A spin
speed of 13 kHzwas used and the pulse length was 0.62 ps. The chemical
shifts were referenced to1 M NaCl in water as O ppm.

For the ex situ measurements, the electrode disassembled from
the coincellin an argon-filled glovebox was washed in DMC repeatedly
followed by adrying processinginan Argon-filled transferred tube. The
insituRamanspectrawere alsorecorded withan NRS-5100 spectrom-
eter (JASCO) using a 532 nm diode-pumped solid-state laser between
1,000and1,800 cm™in combination with aLand 2001A battery testing
system. Specially designed optical cells, which have central holes to
allow thelaser beamto pass through to the surface of HCS, were assem-
bled. Cells were tested at the current density of 15 mA g™ at ambient
temperature. The data of second discharging process were collected
to avoid the influence of solid electrolyte interphase. Na-metal|1 M
NaPF,in EC:DMClhard carbon cells (in aplastic cell capsule suitable for
insitu NMR measurements) with aconventional non-aqueous carbon-
ate electrolyte solution were assembled in the glovebox and studied
by in situ ?Na NMR. Solid-state NMR measurements were performed
on a Bruker Ascend 500 magnet (11.7 T) equipped with a Bruker NEO
console operating ata*Naresonance frequency of132.37 MHz. In situ
static®NaNMR experiments were performed at room temperature with
anNMR Service ATMC operando NMR probe, and the electrochemical
cellwas simultaneously controlled by a portable Maccor battery test-
ing system. During the 1D static ?Na NMR measurements, the cells
were first dischargedto O Vversus Na*/Na and charged till2 V at C/10.
Single-pulse measurements with a /2 pulse of 3 ps and recycle delay
of 0.05 swas applied toacquire the 1D static spectrums each spectrum
comprising of 7,168 scans.

Computations

First-principles calculations are performed with the Vienna ab
initio simulation package®. The Perdew-Burke-Ernzerhof>*¢°
exchange-correlation functional, and the projector-augmented wave
approach® were employed. Toaccount for Van der Wallsinteractions we
applied the DFT-D3 corrections. The energy and force convergence cri-
teriafor structure relaxation were set to10* eVand 10~ eV A, respec-
tively.Single and bilayer graphene sheet calculations were performed
using slab configurations with a vacuum of at least 15 A, where the
cut-offenergy and k-point grid were selectedtobe 500 eVand7 x 7 x 1,
respectively. For the wedge-pore system, the cut-off energy and k-point
gridwere reduced downto400and 3 x 3 x 1. This calculation occurred
intwo subsequent relaxation steps: first, for each configuration ateach
concentration, the carbon matrix waslocked in position, allowing only
Na to relax. Next, the configurations on the convex line (most stable
configurations) were re-optimized with both Na and the carbon matrix
abletorelax (Supplementary Fig.38). The enthalpies of formation (H)
and average voltages (V) were obtained based on the calculated ener-
gies according to the following formulas®***:

H=Eyc—xEy, c—1-x)E (o)

max

Ve - [EMXC —(X=YEw - EMyc]
- (x—=ye

V)

where Ey, E¢, Ey and e represent the total energies of Li or Na in the
carbonmatrix, carbon matrix, the Naor Liatomin the metallic crystal
formand the electron charge, respectively.

Abinitiomolecular dynamics calculations were performed using
400 eV and 1 x1 x 1 cut-off energy and k-point mesh, respectively.
All simulations were performed within the canonical computational
ensemble computational ensemble and utilized a 2 fs time step and a
2.5 psequilibration time. The y axis of the wedge pore was doubled to
avoid self-interaction between the Naatomsleadingtoalx2 x 1super-
cell configuration of the structure presented in Supplementary Fig. 26
with dimensions 37 x 14.8 x 30 Awith atotal of 334 C and 52 Na diffusing
atoms. At the end of the discharge process, all pore positions are occu-
pied, and the pore is completely filled. Here we selected to study the
pore at 50% capacity. In this way, we can determine whether Naatoms
can move sufficiently fast in the nanopore environment within the
time frame of the ultra-high currents measured herein experimentally.
Due to the large size of the realistic investigated pore, a quantitative
analysis was not feasible, obtaining a simulation time of 18 psat 600 K.

We build our mesoscale modelinan advanced, open-source LIBs
phase-field framework called MPET*°"%°, We modified the framework
toinclude thekinetics of NIBs. To model the system, we fit the average
opencircuit voltage (OCV) databetween charging and discharging to
obtain the chemical potential dependence on concentration. The fit-
ting was necessary because evenifthe abinitio simulations provided a
great explanation of the experimental results, the disordered nature of
the material would require adisproportional number of computations,
whileinstead fitting the OCV canimmediately provide a good model.

From the fitting of the voltage hysteresis between charge and
discharge, it was possible to obtain a non-monotonic (phase separa-
tion) zone of the chemical potential. This region corresponds to the
filling fractions 0.57-0.92, which s consistent with the observed phase
separation and the convex hull of the abinitio simulations. To complete
the phase-field model, the gradient penalty term k was included, and
considering the similarities, the same value used by Smith et al.”> to
model the lithiation of graphite was used so that k =4 x107Jm™. The
rest of the parameters can be found in Supplementary Table 3 of the
supporting information which was estimated from direct measure-
ments, including impedance results and so on. The exchange current
density, denoted as k, is considered as an effective exchange current
density that takes into account the nanoporous surface of particles.

The coreequationgoverning the physics and kinetics of the single
particleare:

Hne = OCV 3)

1-a a aen (1-a)en
M(G‘_m —e faT ) (4)

‘)= Yuck

D,
F=-— KOTCVIIHC (5)

where u1,,c is the chemical potential of the hard carbon; iis the current;
Fisthe fluxinside the particle; cis the normalized concentration; D, is
the self-diffusion coefficient; Tis the temperature; k; is the Boltzmann
constant; ais the reactor symmetry factor; k, is the reaction rate con-
stant per unit area; eis the elementary charge; a, is the activity of the
oxidized state, which also includes the activity of the electron partici-
patinginthereaction; a,cistheactivity of hard carbon; is the charge

transfer overpotential (e = pyc— 1) and Vi = ﬁ is the activity

coefficient of the transition state. For the last dependency, a square
root of the vacancy dependence was chosento assumealessimportant
effect of thefilling fraction on the reaction rate due to the amorphous
nature of the material. For comparison, Li-graphite simulations were
conducted based on the work of Torchio et al.*. A thorough and com-
plete presentation of the porous electrode model and its capabili-
ties is presented in the work of Smith et al.’>. In the latter part of the
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Supplementary Information, we provide more details on the sequence
and structural characteristics of our simulations (Supplementary

Figs.39-42).

Data and materials availability

The data supporting the findings of this study are available within the

article and its Supplementary Information files.
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