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Abstract: This data set collects, compares and contrasts the capacities and
structures of a series of hard carbon materials, and then searches for correla-
tions between structure and electrochemical performance. The capacity data
of the hard carbons were obtained by charge/discharge tests and the materials
were characterized by XRD, gas adsorption, true density tests and SAXS. In
particular, the fitting of SAXS gave a series of structural parameters which

Potential vs. Na/Na'/V

Hard carbon

Specific capacity/(mAh/g)

showed good characterization. The related test details are given with the structural data of the hard carbons and the electro-
chemical performance of the sodium-ion batteries.
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Specifications table

Subject
Specific subject area
Type of data

How data was acquired

Data format
Experimental factors
Experimental features

Data source location

Data accessibility

Material

Sodium-ion batteries

Table and image

The discharge and charge tests were conducted using the LAND CT2001 battery tester (LAND, Wuhan, China)
within a voltage range of 0-2 V. X-ray Diffraction (XRD, D8 Advance, Bruker, Germany) was employed to
characterize the microcrystalline structures of HCs. Pore structure analysis was performed using CO, and N, as
adsorbents on a Micromeritics TriStar IT 3020 and BELSOPR-max II analyzers, respectively. The true density
(AccuPyc 1I 1340, America) was performed using helium as analysis gas and the closed pore volume was
calculated by true density. Further information of pore structure was obtained by small-angle X-ray scattering
(SAXS, Xenocs Xeuss 2.0, French).

Raw and analyzed

Samples, assembled coin cells metallic sodium foil as cathodes and fitting process.

Capacity performance of discharge and charge, structural character and SAXS fitting results.

CAS Key Laboratory of Carbon Materials, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan,
China

The data is with the article and available from the URL:
https://www.scidb.cn/detail?dataSetld=7¢7687dfcf9042ec91d36¢33dcfcc992.

Value of the data

® Detailed electrochemical performance and structural characterization data might be used for further studies.
o SAXS fitting method and result data can be used for more scientific analysis of microstructure of the closed pore and carbon layers of hard carbon materials.
® Electrochemical performance and structure data of hard carbon materials can be utilized to compare together and used for the optimization of material design.

the SAXS fitting result data (Table 4). In addition, a

series of structure-performance correlations are sum-

In this data article, the detailed electrochemical
performance and structural characterization data of the
hard carbon materials are presented. The data include
the electrochemical capacity performance (Fig. 1, raw
data in Table 1), the structure characterization data
(Table 2), capacity performance data of hard carbon

anodes obtained from other literatures (Table 3) and
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Table 1 Electrochemical discharge capacity performance of hard carbon materials

sample ICE/% Capacity/mAh g” Slope capacity/(mAh g') Percentage of slope capacity/% Plateau capacity/(mAh g') Percentage of plateau capacity/%

HC-1 91.20 304.6 95.5 31.4 209.1 68.6
HC-2 91.24 297.3 95.7 322 201.6 67.8
HC-3  88.62 284.3 79.0 27.8 205.3 72.2
HC-4 88.41 315.3 63.7 20.2 251.6 79.8
HC-5 83.58 250.8 123.7 49.3 127.1 50.7
HC-6  83.09 250.4 95.7 38.2 154.1 61.8
HC-7  90.90 295.7 59.7 20.2 236.0 79.8
HC-8 89.84 285.8 711 27.2 208.1 72.8
HC-9 - - - - - -
HC-10 87.06 287.3 76.0 26.4 2113 73.6
HC-11  90.93 319.8 67.3 21.1 252.4 78.9
HC-12 89.79 299.7 74.8 25.0 224.9 75.0
HC-13  89.87 337.8 71.7 21.2 266.1 78.8
HC-14 90.89 313 51.3 16.4 261.7 83.6
HC-15 88.99 285.9 74.0 259 211.9 74.1
HC-16 88.86 302.3 95.7 31.7 206.6 68.3
HC-17 91.67 308.8 72.0 23.3 236.9 76.7
HC-18  89.62 297.9 86.5 29.0 211.4 71.0
HC-19 89.88 307.7 78.2 25.4 229.5 74.6
HC-20 88.97 311.1 72.0 23.1 239.1 76.9
HC-21 87.08 292.8 75.0 25.6 217.8 74.4
HC-22 88.21 351.5 69.1 19.7 282.4 80.3
HC-23 87.50 296.1 84.0 28.4 212.1 71.6
HC-24  90.02 358.6 71.8 20.0 286.8 80.0
HC-25 89.34 338.5 76.0 22.5 262.5 71.5
HC-26 88.66 299.5 74.0 24.7 225.5 75.3
HC-27 - - - - - -
HC-28 83.18 248.4 60.2 24.2 225.5 75.8
HC-29 88.21 328.5 80.0 243 248.5 75.7
HC-30 86.05 317.1 91.2 28.8 225.9 71.2
HC-31 84.37 257.6 82.0 31.8 175.6 68.2
HC-32 85.10 294.8 66.2 22.5 228.6 77.5
HC-33 85.98 295.8 88.5 29.9 207.3 70.1
HC-34 91.97 301.2 71.7 23.8 229.5 76.2
HC-35 90.60 305.9 73.0 23.9 232.9 76.1
HC-36 91.36 294.4 66.0 22.4 228.4 77.6
HC-37 90.69 288.1 66.3 23.0 221.8 77.0
HC-38 91.38 298.4 67.8 22.7 230.6 77.3
HC-39 86.59 279.6 62.5 22.4 217.1 77.6
HC-40 87.56 283.3 62.0 21.9 2213 78.1
HC-41 - - - - - -
HC-42 81.25 268.8 70.8 26.3 198 73.7
HC-43 91.59 302.7 66.2 21.9 236.5 78.1
HC-44 91.79 310.5 67.5 21.7 243.0 78.3
HC-45 89.70 299.2 69.2 23.1 230.0 76.9
HC-46 87.13 295.5 74.0 25.0 221.5 75.0
HC-47 86.68 267.7 107.7 40.2 160.0 59.8
HC-48 85.86 277.4 94.7 34.1 182.7 65.9
HC-56 87.00 346.8 86.6 24.9 260.2 75.1
HC-57 84.05 311.3 78.0 25.1 2333 74.9
HC-61 89.49 401.8 72.0 17.9 329.8 82.1
HC-62 85.89 318.6 72.2 22.6 246.5 77.4
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Table 2 Structure parameters of the hard carbon materials

Sample dyy Le La SBETZ (I\,J%) Sger 2(C92) True der}iity Closed pore }Ilolume
/ /nm /nm /(m°g) /(m°g) /(gem™) fem” g™)
HC-1 3.88 0.87 2.99 6.13 3.00 2.07 0.041
HC-2 3.8 1.41 2.18 5.04 6.15 2.07 0.041
HC-3 3.9 0.84 3.99 1.82 33.90 1.99 0.061
HC-4 3.8 0.83 4.07 3.24 107.54 1.96 0.068
HC-5 3.6 0.73 2.00 2.63 216.76 2.02 0.053
HC-6 3.9 0.82 4.25 12.48 117.64 1.91 0.081
HC-7 3.8 0.86 435 11.51 145.86 1.86 0.095
HC-8 3.9 0.82 2.96 4.06 10.18 1.96 0.068
HC-9 3.8 1.49 4.26 5.12 18.30 2.06 0.043
HC-10 3.8 0.91 3.89 6.04 46.65 2.04 0.048
HC-11 3.8 0.61 3.89 14.03 9.23 1.95 0.070
HC-12 3.8 0.59 4.86 10.97 9.34 2.03 0.051
HC-13 3.8 0.53 5.12 5.58 21.21 2.05 0.046
HC-14 3.8 0.66 431 2.03 49.83 2.02 0.053
HC-15 3.9 0.61 3.43 5.28 13.58 2.03 0.051
HC-16 3.9 1.33 4.86 7.52 13.94 2.06 0.044
HC-17 3.8 0.65 4.85 5.33 12.43 2.00 0.058
HC-18 3.8 0.69 4.01 8.39 13.92 2.06 0.043
HC-19 3.8 1.06 3.34 9.18 14.12 2.05 0.044
HC-20 - - - 6.27 4.16 - -
HC-21 - - - 6.45 0.47 - -
HC-22 - - - 6.69 24.44 - -
HC-23 - - - 6.49 5.00 - -
HC-24 3.9 - - - - - -
HC-25 3.8 - - - - - -
HC-26 3.8 0.64 3.99 6.42 16.95 2.07 0.042
HC-27 3.8 0.61 4.31 4.43 47.84 2.07 0.040
HC-28 3.6 0.57 4.26 8.82 9.34 1.91 0.082
HC-29 3.8 1.20 2.41 5.21 55.89 2.09 0.040
HC-30 3.9 0.59 4.08 9.98 429.43 2.16 0.020
HC-31 3.8 0.80 3.95 5.05 34.49 2.03 0.050
HC-32 3.8 0.58 3.90 21.61 21.05 1.76 0.124
HC-33 3.8 0.68 3.23 5.23 11.99 2.08 0.038
HC-56 3.8 0.90 4.14 - 569.20 -
HC-57 3.8 0.90 4.18 - 82.00 - 0.124
HC-58 3.6 0.99 3.57 - 268.95 - 0.120
HC-59 3.7 1.03 3.65 - 229.92 -
HC-60 3.9 0.99 3.81 - 353.06 - 0.073
HC-61 3.8 0.95 3.97 - 561.77 - 0.010
HC-62 3.7 0.94 4.11 - 555.23 - 0.042
HC-71 3.5 - - - - - -
HC-72 3.8 - - - - - -

The electrodes were fabricated by applying a
slurry of 93% (mass fraction, the same below) of act-
ive materials, 2% of Super P, 2% of carboxymethyl
cellulose (CMC) and 3% of styrene-butadiene rubber
(SBR) to copper foil current collector and then drying
in a vacuum oven at 100 °C for 12 h to remove water
totally. The average loading mass of active materials
is 5 mg cm . The CR2032 coin cells were assembled
in a glove box (H,0, O, < 0.1x10°°) with the elec-
trodes, counter-electrodes (sodium metal), separators

Vol. 40 | Issue 5 | Oct. 2025 |

(glass fibers) and electrolyte (1.0 mol L™' NaPF, in
EC/DEC = 1 : 1, weight). The Galvanostatic dis-
charge and charge tests were conducted using the
LAND CT2001 battery tester (LAND, Wuhan, China)
within a voltage range of 0-2 V at approximately
25 °C. The discharge process was carried out by
means of multiple discharges at small currents, in or-
der to ensure complete sodiation of the hard carbon by
repeated discharges to 0 V at 0.2 C, 0.15 C, 0.12 C,
0.08 C, 0.06 C, 0.05 C, 0.04 C, 0.03 C, 0.02 C,
0.015 C, 0.012 C, 0.01 C, 20 pA and 10 pA in turn.
Chargeto 2 V at 0.1 C.
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The statistics of the capacity performance are
presented in Fig. 1. As shown in Fig.1a, the total capa-
city of hard carbons are concentrated around
300 mAh g, which are mainly contributed by the
plateau capacity. In addition, the slope capacity is less
than 100 mAh g, and the distribution is more con-
centrated than plateau capacity. We compared the
electrochemical performance of commercial hard car-
bon with that of the hard carbon in the latest article,
and found that the capacity and ICE are in the same
range. The percentages of capacity are shown in
Fig. 1b, in which we can conclude that the main con-
tribution of capacity is plateau capacity, which is con-
centrated around 80%. And several types of hard car-
bon have a percentage of slope capacity more than
50%, which means a greater kinetic performance.

The SAXS curves were fitted with Origin 2025.
First, import the .dat file of the SAXS results into the

®
2

Origin Sheet, and then select the scattering vector and
the mean scattering cross section as X and Y for scat-
ter plots, respectively. Then, convert the X, Y-axis to
log-log scale and the scatter plots will show a
shoulder-like peak in the mid-angle region (Fig. 2a).
As shown in Fig. 2a, the fitting process can be con-
sisted of 2 parts. The one is the shoulder-like
peak fitted using the Teubner-Strey model developed
by Damien Saurel et al, from which a series of struc-
tural parameters are revealed like d (pore-pore dis-
tance), r (average pore diameter), f, (pore connectiv-
ity) and & (correlation length that limits the extension
of the order)”. The other is the linear-part at the end
of the shoulder-like peak, and the absolute value of
the slope is D (fractal dimension), which is related to
the degree of bending of the carbon layer'’. The de-
tailed SAXS fitting parameters are displayed in
Table 4.
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(a) The statistical results of total capacity, slope capacity and plateau capacity. (b) The percentage of slope capacity and plateau capacity

Table 3 Comparison of electrochemical properties of hard carbon with the latest literature

Sample Current density/(A/g) Capacity/(mAh/g) ICE/%

HC-N!" 0.02 356.0 88.1
HC-P! 0.02 266.0 83.5
0.02 320.0 —

HCK-1" 0.05 303.0 —
0.10 285.0 80.4

HCK-0.5" 0.10 235.1 77.2
HCK-2" 0.10 272.6 77.7
HC-NB" 0.02 301.2 86.6
HC-DB-6" 0.02 350.0 86.8
HC-DB-12" 0.02 288.9 86.1
HC-220" 0.03 190.0(plateau) —
HC-300"! 0.03 230.0(plateau) —
HC-320"" 0.03 210.0(plateau) —
PP-1400"" 0.03 274.7 85.4
TS-1400"! 0.03 261.6 84.7
THFS-1400" 0.03 296.8 86.8
THFI-1400" 0.03 309.7 91.0
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Table 4 SAXS fitting results of the hard carbon materials

Sample d/nm &nm fom r/nm D/
HC-1 4.00 0.37 0.50 0.71 2.34
HC-2 3.89 0.38 0.45 0.69 2.38
HC-3 4.42 0.47 0.39 0.77 2.56
HC-4 4.02 0.53 0.19 0.56 2.68
HC-5 — 0.18 235 1.13 2.00
HC-6 4.65 0.47 0.42 0.82 2.66
HC-7 4.26 0.48 0.33 0.71 2.62
HC-8 4.48 0.42 0.48 0.80 2.61
HC-9 4.46 0.45 0.43 0.79 2.53
HC-10 4.58 0.47 0.40 0.80 2.61
HC-11 4.00 0.48 0.28 0.64 2.64
HC-12 4.61 0.47 0.42 0.81 2.60
HC-13 4.03 0.50 0.24 0.61 2.71
HC-14 4.50 0.49 0.37 0.77 2.72
HC-15 4.13 0.48 0.31 0.68 2.53
HC-16 4.12 0.48 0.31 0.68 2.50

HC-17 4.02 0.53 0.18 0.55 2.64

HC-18 4.73 0.42 0.53 0.84 2.47
HC-19 4.30 0.47 0.36 0.74 2.59

HC-20 — — — — —

HC-21 — — — — —

HC-22 — — — — 2.72
HC-23 — — — — —

HC-24 3.76 0.53 0.12 0.43 2.72

HC-25 431 0.57 0.19 0.60 2.74

HC-26 — — — — 2.6
HC-27 — — — — 2.64

HC-28 — — — — 1.94

HC-29 3.88 0.49 0.23 0.58 2.64

HC-30 3.46 0.48 0.13 0.42 2.52
HC-31 — 0.34 1.75 1.66 2.49

HC-32 5.15 0.52 0.42 0.91 2.77

HC-33 — — — — 2.42

HC-34 3.93 0.49 0.23 0.59 2.65
HC-35 5.09 0.45 0.53 0.90 2.61

HC-36 5.67 0.43 0.63 0.98 2.63

HC-37 — — — — 2.6

HC-38 — — — — 2.63
HC-39 5.31 0.47 0.52 0.94 2.64

HC-40 5.07 0.47 0.49 0.90 2.61

HC-41 5.19 0.45 0.54 0.92 2.58

HC-42 5.25 — 0.56 0.93 2.51
HC-43 4.24 0.45 0.39 0.74 2.59

HC-44 4.30 0.46 0.37 0.74 2.62

HC-45 — — — — 2.68

HC-46 — — — — 2.59
HC-47 — — — — 2.25

HC-48 — — — — 2.54

HC-49 4.01 0.48 0.27 0.64 2.64

HC-50 4.12 0.45 0.36 0.70 2.62

HC-51 437 0.44 0.43 0.77 2.63

HC-52 4.39 0.45 0.42 0.77 2.65

HC-53 5.49 0.41 0.64 0.94 2.59

HC-54 — — — — 2.61

HC-55 — — — — 2.36

HC-56 3.45 0.54 0.01 0.14 2.74

HC-57 5.87 0.39 0.71 0.95 2.55

HC-58 9.92 0.37 0.90 7.07 2.52

HC-59 8.49 — 0.87 1.01 2.02

HC-60 6.87 0.48 0.68 1.14 2.72

HC-61 6.82 0.50 0.64 1.16 2.78

HC-62 8.99 — 0.92 0.89 2.21

HC-63 4.54 0.51 0.34 0.77 2.66

HC-64 3.99 0.52 0.20 0.57 2.57
HC-65 4.92 0.42 0.55 0.87 2.50
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The statistical distributions of the parameters ob-
tained from the SAXS curve fitting are presented in
Fig. 2b-f. We can learn from these figures that the mi-
crostructure of hard carbons is characterized by the
fact that these parameters are not randomly distrib-
uted, they are concentrated in a certain range instead.
The distributions of ¢ and D are similar, they are con-
centrated between 0.4-0.5 and 2.5-2.7, respectively.
And there are a few types of hard carbon concentrate
independently, where a D value is around 2, and their
XRD parameters show soft carbon nature!’.,

We attempted to systematically correlate the
electrochemical performances with the interlayer dis-
tance of hard carbon by determining the R* coeffi-
cient. The electrochemical performance evolution is
represented as a function of d,, and the obtained data
are fitted with a linear function, which give the de-
termination factor R’. The detailed fitted data are
presented in Fig. 3a-¢, while Fig. 3f gathers the R val-
ues for all electrochemical performance parameters. It
is clear that none of the correlations between d,,, and
electrochemical performances are strong. Among
them, the slope capacity, the plateau capacity and the
percentage of capacities have a low correlation with
the interlayer distance. In addition, it can be seen that
the percentage of plateau capacity increases with dy,,

while the slope capacity and plateau capacity show

opposite correlations. It may originate from the fact
that a larger d,, provides a higher insertion capacity
which result in a higher slope capacity, while a smal-
ler d,,, implies a more regular internal structure and
less closed pores, resulting in a lower plateau capa-
city. It is worth noting that we can only draw this con-
clusion from the difference in trends, but the very low
correlation suggests that d, is not a decisive influ-
ence on the capacity of the hard carbon anode. In fact,
the d,,, peak of hard carbon broadens rather than a
spike due to defects, cross-linked structures and
closed pores, which results in an average interlayer
distance for hard carbon materials, which may con-
tain variations in interlayer distance due to the vari-
ous disordered structures mentioned above.

Further, we analyzed the correlation of the
closed-hole pore volume and small-angle X-ray scat-
tering fitting parameters with the plateau capacity and
found some stronger correlations than d,,. As shown
in Fig.4a and Fig.4b, the closed pore volume and d
have weak correlations with plateau capacity. Mean-
while, the plateau capacity decreases with » in Fig. 4c.
It is interesting that with the increase of d,, and aver-
age pore diameter, the plateau capacity decrease.
Therefore, we believe that the mere size of the sodi-
um storage space is not a determining factor for plat-

eau capacity. As shown in Fig.4d-f, £, £ and D show
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Fig.2 (a) Schematic of the SAXS curve fitting. (b-f) Statistical distribution of SAXS curve fitting results: (b) d (pore-pore distance), (c) r (average pore dia-

meter), (d) f, (pore connectivity), (e) & (correlation length that limits the extension of the order) and (f) D (fractal dimension)
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Fig. 3 The relationship among interlayer distance of hard carbon and different electrochemical performances. (a) Specific capacity. (b) Plateau capacity.
(c) Slope capacity. (d) Percentage of capacities (blue plots: plateau capacity, orange plots: slope capacity). (e) Initial Coulombic Efficiency (ICE).

(f) Interlayer distance correlations with electrochemical performances given by R* coefficient of determination
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Fig. 4

stronger correlations with plateau capacity and the
plateau capacity is negatively correlated with £, and
positively correlated with & and D. Obviously, the av-
erage pore diameter increases as the pore connectivity
increases, since multiple pores connected will form a
larger pore. Meanwhile, the increase of ¢ and D means
the increase in the degree of disorder in the hard car-
bon structure, which would provide more sodium stor-

age sites and lead to a larger plateau capacity.

Vol. 40 | Issue 5 | Oct. 2025 |

Relationship among plateau capacity and structural parameters. (a) Closed pore volume. (b-f) d, r, f,, £ and D fitting from SAXS curve
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