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Potassium escaping balances the degree of
graphitization and pore channel structure in hard
carbon to boost plateau sodium storage capacityf
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Biomass holds significant potential for large-scale synthesis of hard carbon (HC), and HC is seen as the most
promising anode material for sodium-ion batteries (SIBs). However, designing a HC anode with a rich pore
structure, moderate graphitization and synthesis through a simple process using a cost-effective precursor
to advance SIBs has long been a formidable challenge. This is primarily because high temperatures
necessary for pore regulation invariably lead to excessive graphitization. Herein, innovative guidelines for
designing such HC structures are reported by leveraging the inherent potassium in biomass to optimize
the pore structure and alleviate graphitization through a novel carbothermal shock (CTS) method. During
CTS, potassium-related compounds are effectively released and counteract the tendency of the carbon

layers to graphitize by competing for thermal adsorption, thus forming pore channels while mitigating
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Accepted 6th December 2024 graphitization. The resulting HC anode exhibits an outstanding sodium storage capacity of 357.1 mA h

g™t and a high initial coulombic efficiency of 90.7% at 50 mA g~*. This work provides a new insight into
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Introduction

Sodium-ion batteries (SIBs) have been perceived as the most
suitable technology for low-power electric vehicles and grid
energy storage.' The advancement of electrode materials largely
determines the ultimate success of batteries.> The commer-
cialization of SIBs largely depends on anode materials,® with
hard carbon (HC) anodes showing the most promise,* while the
poor capacity and large capacity loss of HC in initial cycle
hinder the development of SIBs.

HC anodes exhibit two distinct sodium storage capacities:
a sloping capacity above 0.1 volts and a plateau capacity below
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0.1 volts.> The plateau capacity demonstrates high energy
density owing to its low operational voltage and strong revers-
ibility.® In detail, the plateau capacity is derived from two
sodium storage mechanisms: storage within the spaces of
carbon layers and storage within the pore structure.” Thus, it is
appealing to simultaneously optimize the pore structure while
avoiding excessive graphitization for boosting plateau capacity.
Some literature studies reported effective strategies to boost
plateau capacity from the point of pore-structure optimization,
such as using chemical vapor deposition to fill graphitic-like
carbon domains into micropores,® tightening the pore-
entrance diameter,® creating pores and altering open pores to
closed pores.*

Biomass is the most suitable precursor to synthesize HC due
to its commendable performance,'* wide precursor selectivity,*>
low cost and sustainability.”* But the development of biomass-
derived HC was restricted to some extent by the inherent ash
elements, which will be retained in the final HC, leading to
adverse effects such as weakened conductivity and occupation
of storage sites for Na'."> Currently, washing procedures before
carbonization are commonly conducted to remove ash
elements. However, the complex effects varied by the washing
process parameter (washing time, acid washing or alkali
washing) have been largely ignored.’* Moreover, the use of
harsh chemicals poses challenges in terms of cost and envi-
ronmental pollution.
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Considering the effects of ash elements on structural
evolution of HC,” and the great appeal of elevating sodium
storage performance of HC by simultaneously optimizing the
pore structure and graphitization. Herein, a novel concept is
proposed herein that potassium (a common ash element) can
act both as a pore-forming agent and a barrier to over-
graphitization in one step by optimizing the heating method
from traditional tube furnace heating (TFH) to carbothermal
shock (CTS). The HC optimized by potassium achieved
a sodium-storage capacity of 357.1 mA h g " at 50 mA g~ ' with
an initial coulombic efficiency (ICE) of 90.8%. The full coin cell
and pouch cell also exhibited excellent electrochemical
performance.

Results and discussion
The effects of potassium retention on the HC structure

In this part, three different HCs were synthesized to investigate
the impact of heating methods on the structural evolution of
HC (Fig. S1 and S2t). Specifically, G-TFH1400 was synthesized
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via the TFH method using potassium-rich primitive gourd,
while G-CTS2800 was synthesized through the CTS method also
using the same precursor. Potassium-poor washed gourd was
used to synthesize WG-CTS2800 via the same CTS process to
examine the effects of potassium in CTS. Initially, the Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
and Energy Dispersive Spectroscopy (EDS) techniques were
employed to investigate the content of ash elements (Table S17).
The analysis of potassium residual shows that G-CTS2800 has
the highest potassium reduction, compared to G-TFH1400 and
WG-CTS2800. Moreover, the result of X-ray Photoelectron
Spectroscopy (XPS) also shows the different potassium content
of these HCs (Fig. S3t). Furthermore, high-resolution trans-
mission electron microscopy (HRTEM) images enable a more
detailed examination of structural differences (Fig. 1A-C),
where G-CTS2800 displays the most enriched pore structure and
the largest Dy, of 0.465 nm, aligned with its highest reduction
of potassium. In contrast, G-TFH1400 exhibits a denser struc-
ture characterized by a higher degree of graphitization, with
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Fig. 1 Structural characterization of G-TFH1400, G-CTS2800 and WG-CTS2800. (A—C) HRTEM images. (D) N, adsorption/desorption
isotherms. (E) Pore size distribution according to the BJH method and (F) SAXS patterns of various HCs. (G) A graph illustrating the pore-forming
effect induced by potassium: the fraction of potassium reduction and the pore volume in various HCs. (H) The broad XRD peak of (002) is divided
into two regions: an amorphous region and a graphite-like region. (I) The mapping of Raman spectra quantified by the intensity ratio of the Dz

band to the G band (Ip,/Ig).
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a minimal Dgyy, of only 0.389 nm. Meanwhile WG-CTS2800
shows a decreased pore structure and increased graphitiza-
tion, corresponding to its decreased potassium reduction.

The pore structure was further analyzed by N, adsorption/
desorption measurements. The isotherms of the three HCs
exhibit a type-IV curve (Fig. 1D). According to the Brunauer-
Emmett-Teller (BET) theory, the specific surface areas (SSAs)
are 3.83m>g ', 7.02m” g ", and 5.20 m> ¢~ for G-TFH1400, G-
CTS2800, and WG-CTS2800, respectively. Pore distribution, as
shown in Fig. 1E, indicates that all HCs contain both mesopores
(2-50 nm) and macropores (>50 nm) but are dominated by
pores with diameters around 4 nm. In comparison with G-
CTS2800, WG-CTS2800 exhibits a decrease in SSA, pore
volume and especially of mesopores, indicating that the pores
(mainly mesopores) are, to some extent, induced by potassium
escape. Small-angle X-ray scattering (SAXS) is used to detect not
only open pores but also closed pores. The SAXS patterns show
a shoulder between 0.1 and 0.5 A~* (Fig. 1F), which results from
the closed micropores.* The shoulder position around 0.2 A™
for G-CTS2800 and WG-CTS2800 is lower than that for G-
TFH1400, indicating a more favorable formation of larger
closed pores by CTS." As summarized in Fig. 1G, the increased
reduction of potassium corresponds to a higher pore volume,
validating the pore formation induced by potassium escape.
The broadened peak of (002) in the X-ray diffraction (XRD)
pattern can fit into two regions (Fig. 1H). Specifically, G-
TFH1400 has the highest proportion of the graphite-like
region, reaching up to 61.5%, consistent with the results from
HR-TEM. WG-CTS2800 exhibits an increased graphite-like
region compared to G-CTS2800 from 37.6% to 45.8%, because
the heat competition of potassium with the carbon layer is
weakened.”® For the Raman test, all three HCs exhibit typical
spectra of HC, with three broad peaks situated at ~1350 cm™*
(D-band), ~1500 cm™ " (Ds-band) and 1590 cm ™" (G-band). The
intensity ratio of the D; band to the G band (I, /I;) serves as an
indicator for amounts of defects and oxygen functional groups,
with smaller I, /I corresponding to fewer defects. As depicted
in Fig. 11, G-CTS2800 and WG-CTS2800 display the lowest I, /I,
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which implies that the CTS method is more effective in breaking
heteroatom groups than the TFH method. Conversely, WG-
CTS2800 exhibits lower defectiveness compared to G-CTS2800,
which aligns with the theory that potassium, acting as
a competitor for heat absorption, results in more heat being
applied to break the heteroatom groups.

For the structural evolution of biomass-derived HC in the
CTS method, the inherent potassium not only can effectively
escape but also plays dual beneficial roles: on the one hand,
potassium escapes from the biomass interior to form pore
channels; on the other hand, potassium competes with carbon
layers for heat absorption to mitigate the mobility of the carbon
layers at high-temperature and thus alleviates the degree of
graphitization to retain a large Dgy,. In the TFH method,
compared to G-TFH1400, G-TFH2000 was synthesized at 2000 °©
C which successfully enabled the escape of potassium (Fig.
S4at). However, the larger thermal input in TFH not only
resulted in the collapse of mesopores (Fig. S4b¥) but also caused
over-graphitization (Fig. S4c and df). It is obvious that potas-
sium plays an important role during the hard carbon pyrolysis
process, and the patterns of structural evolution of biomass-
derived HC in the CTS method and TFH method are summa-
rized in Fig. 2.

The structural evolution of HC by the escape of potassium

To investigate potassium evolution and its impact on the HC
structure during the CTS process, we initially conducted an ex
situ study by varying heating temperature and holding time at
a rate of 50 °C s, ranging from 1200 °C to 2800 °C. For
simplicity, the synthesized HCs are labeled by synthesis time:
for example, HC-56s represents heating to 2800 °C at 50 °C s
without holding, while HC-86s represents heating to 2800 °C at
50 °C s~ ' with a 30 s holding time. The samples with synthesis
times over 56 seconds include additional holding periods at
2800 °C. Additionally, to further explore the effects of heating
temperature and rate on HC structural evolution, we denote
synthesized HC samples as G-T-R-t (for gourd-derived) or WG-T-
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Fig. 2 The patterns and effects on hard carbon structural evolution induced by potassium in the TFH method and CTS method.
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R-t (for washed gourd-derived), where T is the heating temper-
ature, R is the heating rate, and ¢ is the holding time, and
comprehensive characterization techniques were conducted
during the ex situ CTS process. The analysis of potassium states
was first performed through XPS (Fig. 3A). Notably, there were
no potassium peaks in primitive-gourd and HC-24s, until the
HC-40s. This absence could be attributed to the limitations of
XPS, which primarily probes the surface of the samples, while
potassium might be predominantly stored within the interior of
precursor particles. As the thermal input increases (elevating
temperature and holding time), potassium migrates to the
surface and is accessible to XPS. HC-40s exhibits a distinctive
potassium signal, showing a potassium content of 7.15 wt%.
Subsequently, the potassium content decreases with increased
thermal input (Fig. 3A, S5 and S6t). In HC-56s, the potassium
content is reduced to only 1.93 wt%, and it has essentially been
eliminated by extending the holding time post 56s. All HCs
show a broad XRD peak at 26 of ~24° (Fig. 3B), corresponding to
the (002) diffraction of typical amorphous carbon, while the
peak of K-related species disappears as the reaction progresses.
The structural evolution was further examined through Raman
spectroscopy. Both the D-band and G-band show narrowed half-
width at half-maximum accompanied by increased intensity
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with increased thermal input (Fig. 3C), signifying an augmented
formation of graphite-like regions, consistent with the obser-
vations from HRTEM images (Fig. S7t). Notably, HC-86s (with
the highest thermal input) exhibits the most pronounced
graphite-like regions indicated by the sharpest G-band.
However, the mapping of Ip /I (Fig. 3C) reveals a declining
trend from HC-40s (0.95) to HC-86s (0.35), underscoring the
efficacy of heightened thermal input in defect reduction.
Furthermore, N, adsorption-desorption measurement was
conducted to evaluate the pore structure. HC-40s exhibits
a type-III isotherm (Fig. 3D), suggesting a weak interaction
between the HCs and N, molecules at low relative pressures (P/
P,). Meanwhile a noticeable increase is observed at higher
relative pressures (P/P, > 0.9), indicating the presence of mac-
ropores but a lack of micropores. The pore size distribution
further illustrates the predominance of macropores (Fig. 3E),
possibly inherited from the primitive-gourd. With an increase
in thermal input, HC-48s exhibits a mixed type-Ill and -IV
feature, wherein the adsorbed quantity progressively increases,
particularly at higher relative pressures (P/P, > 0.9). This
suggests the existence of a hierarchical pore structure
comprising mesopores and macropores. The pore size distri-
bution revealed the collapse in macropores but the formation of

A ... Ofs Gz B A C
B 058, HC-86s [l HC-76s
- 085
= = 3
; 5 \ i : 075
= K2p 5 : Ioa/ls
2 N 5 : 0.65
£ K2p = i 2
£ A HC-40s ON :
A A oo R 0.55 HC-48s
M\.‘A HC-48s HC-48s [ .HC-40s M
P ¥e, o e 04
| o ¥
>rimitive gourd ]
“"“:A:—*‘” — —Jt OKCl ® K:O ¥ KiCOs 0.35 l 5 o &
600 500 400 300 0 | 20 25 30 35 40 45 50 1200 1400 1600 1801
Binding Energy (eV) 2 Theta/*(Cu Kq) Raman shift(cm™')
D1 E oo F (left fine)
8 0.025 (middle line)
=16 HC-48s 0,020 (right line)
En” g 0.015.
Ero 2 0010
k) 3
30 3 oous
£ 2 3038
a a
S & 0020 -~ HC-48s
> 50015
§ B i g 0010
Y WYY R YT Ry e e %_W
0.000
00 02 04 06 08 10 10 100
HC-40s HC-48s HC-56s HC-66s HC-76s HC-86s
Relative Pressure (P/Po) Pore Diameter (nm)

OC @K @0 @cCl

ngh temperature &
rapid heating

o

Gourd

\_/ Escape ofpotassm:n\'/ Pore lormatio"n\T\/v

(g

'.'-‘.

Hard Carbon

Fig. 3 Structural evolution from the precursor to hard carbon varies in an ex situ process at different times in the CTS method. (A) XPS patterns.
(B) XRD patterns. (C) Mapping of Raman spectra by the intensity ratio of the Dz band to the G band (Ip.//c) and the Raman spectra. (D) The N,
adsorption—desorption isotherms. (E) The pore size distribution according to the BJH method of various HCs. (F) The variations in potassium
reduction, SSA, and pore volume of HCs with the increase in time. (G) Scheme showing how the gourd is heated in the CTS method: the inherent

potassium in the gourd itself facilitates pore formation.
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mesopores (Fig. 3E). The collapsed macropores could be
attributed to the rearrangement of carbon layers, while the
formed mesopores might have been induced by the 1.68 wt% of
potassium-escape. When further increasing the thermal input,
the adsorption/desorption isotherm transforms into a type-IV
curve, indicating the prevalence of mesopores. The significant
increase in mesopores is attributed to the 1.57 wt% of
potassium-escape. However, for HC-66s/HC-76s/HC-86s, the
adsorption/desorption isotherms remain similar to that of HC-
56s (Fig. 3E), which suggests that extending the dwelling time at
2800 °C (post 56 seconds) has minimal influence on pore
distribution.

As illustrated in Fig. 3F and Table S2,} the elevated thermal
input facilitated the escape of potassium, resulting in the
formation of pore channels. This is reflected in the increased
pore volume, increasing from 0.006 cm® g~' (HC-40s) to 0.024
cm?® g~ ! (HC-86s), and a concurrent rise in SSA from 1.07 m>g ™"
(HC-40s) to 10.5 m” g~ " (HC-86s). With increased thermal input,
the pore volume and potassium-escape ratio increase continu-
ously, suggesting an ongoing formation of pore channels.
Interestingly, the SSA exhibits three patterns of variation:
increasing from HC-40s to HC-56s, decreasing from HC-56s to
HC-76s (G-CTS2800), and again increasing from HC-76s to HC-
86s. This implies that at relatively low temperature, the
increased thermal input is more applied to form pore channels,
while extending the dwelling time at 2800 °C has a more
pronounced impact on restructuring the pores, promoting the
formation of closed pores, consequently leading to a reduction
in the SSA;* the collapse of some macropores during this stage
also contributes to the decreased SSA. Conversely, some closed
pores reopen with excessive thermal input,* resulting in an
increased SSA from HC-76s to HC-86s.

Furthermore, we investigated the effects of heating param-
eters on the structural evolution of hard carbon (Fig. S8-S10 and
Table S31) by synthesizing three additional HCs: G2400-50-20s,
G2800-25-20s, and G2800-100-20s. When lowering the heating
temperature to 2400 °C for G2400-50-20s, we observed a clear
increase in the degree of local graphitization compared to
G2800-50-20s, indicating that elevated temperatures lead to
a higher degree of local graphitization. Additionally, although
the potassium escape ratio of G2400-50-20s (4.21%) was lower
than that of G2800-50-20s (4.87%), its SSA was significantly
higher (23.73 cm”® g~ ' vs. 7.02 cm? g~ *). This suggests that under
low thermal input conditions, pore channels form from the
curling and intertwining of adjacent carbon layers rather than
from potassium escape. Upon altering the heating rate, an
increase in the degree of graphitization was observed, regard-
less of whether the rate was increased (G2800-100-20s) or
decreased (G2800-25-20s). Compared to G2800-50-20s, G2800-
25-20s exhibited a higher potassium escape ratio and a larger
SSA, resulting in a higher capacity (371.4 mA h g~ ' vs. 357.1 mA
h g~"). While potassium escape somewhat alleviates graphiti-
zation, this positive effect is counterbalanced by the greater
local graphitization resulting from the larger thermal input.
Consequently, the ICE of G2800-25-20s is lower than that of
G2800-50-20s. In contrast, for G2800-100-20s, while it avoids
excessive graphitization associated with larger thermal input, it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also loses the beneficial effect of potassium escape in alleviating
local graphitization. Thus, it exhibits a higher degree of
graphitization than G2800-50-20s, leading to a lower capacity of
340.1 mA h g~ and an ICE of only 87.6%. In summary, the
optimal thermal input—varying with heating temperature, rate,
and duration—achieved through the carbothermal shock
method establishes the best balance of potassium escape, an
appropriate degree of graphitization, and the development of
pore-channel structures.

Overall, as depicted in Fig. 3G, potassium-related chemicals
(K»CO3, K,0, and KCI) exist within the internal space of the
gourd. As the temperature increases, weakly connected func-
tional groups on the surface first break, releasing small mole-
cules to form micropores. Simultaneously, the carbon layer
undergoes structural rearrangement, and K,CO; decomposes
into K,0 and CO,. But K,O and KCl will persist within the
structure enclosed by the carbon layer due to their high thermal
stability, until a sufficient temperature (above 2400 °C, after 48
seconds) is reached, at which point they sublime into gaseous
molecules. These gaseous molecules, possessing elevated free
energy, exhibit a strong tendency to escape from internal space
to external. This exerts expansive forces on the carbon layer,
serving as a buffer against the carbon layers to form graphite-
like regions. Ultimately, the potassium escapes, forming pore
channels within the carbon matrix.

Sodium storage performance and the mechanism of HC

The synthesized HCs were first assembled into Na|/HC half-cells
for the galvanostatic test at 50 mA g~ ". All displayed typical HC
voltage-capacity curves, featuring a slope-region above 0.1 V
and a plateau-region below 0.1 V (Fig. 4A). The initial reversible
capacity of G-TFH1400 was 292.5 mA h g ', with a plateau
capacity of 182.6 mA h g~'. However, it exhibited a significant
irreversible capacity loss of 13.6% in the initial cycle. The dQ/
dV-V curve of G-TFH1400 showed a notable irreversible capacity
around 1 V (Fig. S11at), indicating Na" reacting with the elec-
trolyte to form a SEI, and the disparity between the first and
second discharge curves corresponded to the maximum irre-
versible capacity (Fig. S11bf). Compared to G-TFH1400, G-
CTS2800 exhibited an increased capacity of 64.1 mA h g~ " and
a decreased capacity loss (Fig. 4A and S11df) with a highest
reversible capacity of 357.1 mA h g~'. Remarkably, the plateau
capacity increased by 77.6 mA h g '. The voltage-capacity
curves of WG-CTS2800 exhibited excellent overlap with those of
G-CTS2800, with nearly identical ratios of initial capacity loss.
WG-CTS2800 exhibited a reduction of 39.8 mA h g~ ' in the
initial reversible capacity, primarily attributed to a reduction of
35.3 mA h g~* from the plateau capacity.

The relationship between the pore structure, potassium-
escape ratio and plateau-capacity variation is illustrated in
Fig. 4B, indicating that pore channel formation is induced by
potassium and finally boosting plateau-capacity. This effect is
further supported by the dQ/dV-V curve, as G-CTS2800 exhibi-
ted the highest reduction peak intensity in the plateau region,
suggesting abundant Na' storage sites (Fig. S11a, ¢ and efF),
corresponding to its richest pore volume. G-CTS2800 also
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04584j

Open Access Article. Published on 09 December 2024. Downloaded on 4/6/2026 8:50:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

A? 929, capacity loss G-CTS2800 B Plateau capacity C 2501 ™ Lo
4 (mAhg)
) B %01 s0%
¥ -
3 9.19% capacity loss WG-CTS2800 :_2250- | [ eo%
g g 5
2 2001 §
§, 182.6 260.2 2249 @1000 mA/g L 403
— - < 8
3 3% capacity loss G-TFH1400 § 150
1 & L 20
0 100 Half-cell
. , : . . 0
— T : : .
0 50 100150 200 250 300 350 400 _ -~ _ 0 100 200 300 400 500
e e G-TFH1400 G-CTS2800 WG-CTS2800 Cycle number (N)
D G-TFH1400 E G-CTS2800 F WG-CTS2800
0.2 0.2 0.2
—_ 1st —_ 1st — 1st
2 — 2nd S — 2nd 2 — 2nd
& S &
z 2 z
© 04 % 0.1 ° O01f
g 2 >
2 > 2
g ) 2
3 5 kS
=00 S 00 > ool “
| Il n | Il [} | ] [}
— T — T — T
0 50 100 150 200 250 300 350 40! 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
G H — -
50 Discharge = Charge Specific capacity (mAh/g) I
G-CTS2800 ICE
40 T S _
ateau caj
2 (kb capacity
E30 260.2
S 256.8
= 2134
20 \ N\ 190.9
2 - | \} g
S, M 1\ 577
: @y o\ 411
08 06 04 02 0000 04 08 12 16 3 < (o) S oS ) ¢ oS 4 oGS
Voltage (vs. Na'/Na) WA o (T W T o (e

Fig. 4 Electrochemical behavior tests. (A) Galvanostatic initial discharge/charge curves at 50 mA g~*. (B) The graph illustrating pore-channel
formation induced by potassium, showing the changing trend of potassium reduction, SSA, pore volume and plateau capacity. (C) Long-term
cycling test at 1000 mA g~ tin the half-cell. (D—F) Galvanostatic discharge/charge curves and the enlargements in the voltage range of 0.25-0 V
at 50 mA g~ (G) Calculated diffusion coefficients of Na* in the 3 HCs from the GITT. (H) Sodium storage performance of HC varied by potassium
retention. () The graph illustrating pore-channel formation induced by potassium, showing the changing trend of potassium reduction, SSA, pore

volume and plateau capacity.

demonstrated excellent rate performance (Fig. S121). Even at
a high current density of 1000 mA g, it retained a reversible
capacity of 299.8 mA h g~' and recovered to 346.8 mA h g~*
when the current density reverted to 50 mA g ', highlighting
the structural stability during the discharge/charge process.
This was further demonstrated in long cycling tests at 1000 mA
g ', where a mere 13.2% capacity loss occurred after 500 cycles
(Fig. 4C). Table S4t1 shows a comparison of the sodium storage
performance and synthesis time between our work and the re-
ported literature, indicating the advantage of G-CTS2800 with
high reversible capacity and low synthesis time and still with an
excellent sodium storage performance.

The galvanostatic discharge/charge curve of HC consists of
three segments characterized by different slopes, thus dis-
tinguishing the macroscopic sodium storage capacity into three
microscopic behaviors is accurate, and the overall capacity is
distinguished into capacity I/II/III (Fig. 4D-F). The three sodium
storage behaviors are further illustrated by kinetic processes of
Na' storage from the galvanostatic intermittent titration tech-
nique (GITT) in Fig. S13.7 All exhibit a slight decrease followed

184 | Chem. Sci, 2025, 16, 1179-1188

by a sharp decrease, but recover prior to the end of discharge
(Fig. 4G). At the initial stage, Dy,+ was high, because Na' tends
to store at defective sites,>** which have a strong electron
affinity and are energetically favorable for Na* due to its low-
energy unoccupied electronic orbitals.>® At the middle stage,
the sharply decreased Dy, is imposed by the barriers from the
SEI and the repulsion from pre-adsorbed Na®>** and the
difficulty in forming a stable Na—-graphite compound.*” However
the reverse sharp increase of Dy, is due to the quasi-metallic
sodium-cluster in pores because the formation of the Na-Na
bond is more energetically favorable than Na-C.”® The rela-
tionship between microscopic structural parameters and
different-stage capacities (Fig. S14t) indicates that the capacity I
primarily arises from the adsorption of Na" at defect sites.? The
capacity II may result from the combination of intercalation and
pore adsorption, warranting further investigation for clarifica-
tion. For the capacity I1I, a study suggests that the accumulation
of Na* with a reduced positive charge (0 < * < 1) diminishes the
repulsion between Na* towards the end of the discharge, which
may induce the formation of sodium clusters.” We then

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attribute capacity III to sodium-cluster formation. Capacity II is
the largest contribution of whole reversible capacity, benefiting
from the balance between the pore structure and graphitization.
The concept is illustrated in an ex situ process. In general,
potassium progressively escapes from the gourd with increased
thermal input, facilitating the formation of pore channels that
act as storage sites for Na" (Fig. 4I), and finally enhancing
plateau capacity (Fig. 41), reversible capacity and ICE (Fig. 4H
and S15%). Interestingly, despite the continuous effects of
increased thermal input, HC-86s, with the highest pore volume,
exhibited a decrease in plateau capacity. This is attributed to
excessive thermal input causing over-graphitization and
a reduction in interlayer spacing (Fig. S97), affecting the ease of
Na' entry into pore channels and potentially leading to
incomplete filling,” despite having the most pore channels in
HC-86s. Therefore, to achieve the highest capacity, it is crucial
to balance the pore structure and the degree of graphitization.

View Article Online
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In situ Raman spectroscopy and in situ XRD were conducted
to further elucidate the sodium storage mechanism. In the
results of in situ Raman spectroscopy (Fig. 5A and B), the D-
band peak gradually broadened in the whole discharge
process, indicating that adsorption primarily controls the
mechanism.*® The intensity of the G-band and the D-band
decreases in the voltage corresponding to capacity II/III
(Fig. 5C), which is triggered by the suppression of carbon ring
breathing vibrations due to Na® adsorption on the pore
surface.®* This indicates that Na' adsorption on pore walls is
responsible for capacity II/III. The G-band shows no shift in the
voltage region corresponding to capacity I (2.0-0.07 V), but
shows a red-shift in the voltage region corresponding to
capacity II and capacity III (0.07-0.0 V), which is attributed to
Na" insertion into the carbon layers, weakening and length-
ening C-C bonds, and causing electron transfer to w* anti-
bonding bands.*> Thus, Na" intercalation behavior somewhat
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Fig. 5 In situ characterization technology to elucidate the sodium storage mechanism in hard carbon. (A) and (B) The in situ Raman mappings of
G-CTS2800 and WG-CTS2800 during the initial discharge/charge process at 50 mA g~ 2. (C) The in situ Raman spectra of G-CTS$2800 and WG-
CTS2800 during the initial discharge/charge process at 50 mA g~*. (D) The in situ XRD patterns of G-CTS2800 and WG-CTS2800 during the
initial discharge/charge process at 20 mA g~*. (E) The mechanism of sodium storage in hard carbon.
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contributes to capacity II and capacity III. However, no (002)
peak shift was observed in in situ XRD throughout the entire
discharge/charge process (Fig. 5D), and this may be because the
large Dy, and amorphous structure of G-CTS2800/WG-CTS2800
can suppress the expansion induced by Na" intercalation.* So,
Na' may randomly intercalate into the carbon layers rather than
forming a staged GIC compound in capacity II/II1.>** But a slight
narrowing of the (002) peak was observed at the end of
discharge corresponding to capacity III (Fig. S167), indicating
the sodium filling in nanopores and ultimately forming quasi-
metallic sodium-clusters.**

In light of the comprehensive analysis, we propose that the
storage of Na' in HC involves four distinct electrochemical
behaviors: (1) adsorption at surface active sites; (2) adsorption
at inner pores; (3) intercalation into the interlayer space; (4)
filling in nanopores and finally forming sodium-clusters, which
can be categorized into three parts of capacity (Fig. 5E). Initially,
Na' adsorbs at defect sites and oxygen functional groups on the
HC surface, constituting the primary portion of capacity I.
Subsequently, Na" adsorbs on the pore walls, forming capacity
II, which constitutes the majority of the overall capacity. It is
worth noting that, a fraction of Na" intercalates near defects,
collectively contributing to capacity II. As the discharge process
progresses, Na' tends to act as electron acceptors compared to
pore walls, and some Na" share electrons, leading to a reduction
in their positive charge and the potential formation of quasi-
metallic sodium-clusters, giving rise to capacity III along with
randomly occurring intercalation behavior.

Real implications

To further validate its practicality, G-CTS2800 was paired with
the Na,MnFe(CN)s cathode material (more detailed

186 | Chem. Sci, 2025, 16, 1179-1188

information about Na,MnFe(CN)y can be seen in Fig. S171) to
assemble a full cell (Fig. 6A), and the positive/negative ratio was
1.04. The full cell demonstrated a high discharge capacity of
111.8 mA h g " at 0.25C (based on the cathode material mass),
accompanied by a relatively high output voltage of 3.4 V
(Fig. 6B). Even after 200 cycles at 1C, the assembled full cell
retained a high discharge capacity of 82.7 mA h g~ * (based on
the cathode material mass) with a capacity retention of 82.6%,
demonstrating its exceptional cycling stability (Fig. 6C). The
energy density of the full cell was calculated to be 278.6 W h
kg™ ! using Formula (S1).7 Additionally, a pouch cell of Na,-
MnFe(CN)s||G-CTS2800 was assembled and successfully lit
a light bulb (Fig. 6D), demonstrating its technological feasibility
for energy storage applications. Rate performance tests indicate
superior kinetics of the Na,MnFe(CN)s|G-CTS2800 SIB with
a high capacity of 103.642 mA h at 1C, as shown in Fig. 6E. The
long-term cycling performance of the pouch cell at 0.5C, as
shown in Fig. 6F, revealed a capacity retention of 86.6% after 50
charge-discharge cycles.

Conclusions

It is generally believed that potassium has adverse effects on HC
and should be avoided as much as possible. However, the dual
beneficial effects of potassium have been revealed in this work:
it acts as a pore-forming agent and expands interlayer spacing,
but only with an appropriate heating method (such as CTS
conducted in this work), resulting in boosted capacity at low
potential. The optimized HC exhibits a high reversible capacity
of 357.1 mA h ¢! and an ICE of 90.1%. Importantly, with the
aim of practical application, the full coin cell and pouch cell
were constructed with prussian blue cathode, showing excellent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical performance. With the help of in situ charac-
terization techniques, the sodium storage mechanism in HC is
elucidated clearly. Looking ahead, our findings contribute to
ongoing efforts in designing and optimizing advanced HC
anodes, specifically focusing on boosting plateau capacity.
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