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ABSTRACT: Hard carbon (HC) has emerged as a strong [
anode candidate for sodium-ion batteries due to its high

theoretical capacity and cost-effectiveness. However, its sodium Capacity
storage mechanism remains contentious, and the influence of

the microstructure on sodium storage performance is not yet Rate capability
fully understood. This study successfully correlates structural - —
attributes with electrochemical performance, shedding light on Cycling'stability
what makes HC effective for sodium-ion storage. It is found

that HC featuring larger interlayer spacing and smaller and
thinner pseudographite domains is beneficial for facile Na*

intercalation. Conversely, the presence of a long-range ordered

graphite structure should be avoided, which may result in the reduction of reversible capacity. Through detailed analysis of
three commercial HC products, including in situ X-ray diffraction and Raman measurements, the “adsorption-intercalation-
filling” mechanism is validated as a convincing explanation for the varying sodium storage behaviors. Consequently, this work
is expected to deepen our understanding of the sodium storage mechanism and provide insightful criteria for the further
development of advanced HC materials.

n recent years, the greenhouse gas emissions resulting anode candidate for commercial SIB implementation.ls_21
I from the extensive use of fossil fuels has presented a global However, the sodium storage mechanism of hard carbon (HC)

challenge, and their substitution by clean energies is remains a topic of debate due to its structural complexity.
becoming the spotlight of worldwide research.'™* This raises Additionally, the structure-electrochemical performance corre-
higher requirements for advanced battery technologies, lation has not been fully elucidated, which poses a great
especially for the emerging application demands of large- challenge in promoting the technological progress of hard
scale energy storage. Lithium-ion batteries (LIBs) have carbon materials for SIBs.
dominated the consumer electronics market, but the scarce To date, researchers have employed various techniques tzcz)
abundance and rising cost of lithium resources raise urgent investigate the sodium storage characteristics of hard carbon.

In 2000, Stevens and Dahn®”** initially observed the
diffraction intensity from nanopores fluctuating with voltage
by in situ small-angle X-ray scattering (in situ SAXS)
characterization and, thus, proposed the “intercalation-filling”
mechanism to explain the sodium storage behavior of glucose-
pyrolyzed hard carbon. However, this mechanism has been
challenged by several experimental observations that contradict
its predictions. For example, Tarascon and colleagues™

concerns for large-scale applications. Accordingly, the
utilization of a cheaper and more abundant metal charge
carrier to replace Li* has attracted wide attention.”™” Sodium,
which occupies a similar position to lithium in the periodic
table, has emerged as a promising candidate due to its
widespread presence in the Earth’s crust and oceans and the
lower cost.”™"' One of the main hurdles for sodium-ion
batteries (SIBs) is the development of cost-effective and high-
performance electrode materials. This makes it particularly

important to explore suitable anode materials for Na* storage, Received: December 19, 2023
as the commonly used graphite-anode material is not Revised:  February 22, 2024
12-15

Accepted: February 22, 2024

applicable. Hard carbon, composed of randomly oriented
Published: February 26, 2024

graphite regions and disordered turbostratic nanodomains
(TNs), which provides abundant defects and nanovoids for
sodium storage sites, has stood out as the most promising
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Figure 1. (a) Schematic illustration of sodium ions migrating in hard carbon with different structures. TEM diagrams of PG (b), PG/GL (c),
and PGS/GL (d). (e) X-ray diffraction patterns. (f) Raman spectra. (g) SAXS profiles.

conducted in situ X-ray diffraction (XRD) measurements and
did not observe the expected shift in the position of the (002)
peak. They put forth the “adsorption-filling” mechanism, which
suggested that the capacity contribution above 0.1 V was
related to the adsorption of defects, while the plateau capacity
below 0.1 V corresponds to nanopore filling. Furthermore, Ji et
al’® proposed the “adsorption-intercalation-filling” mecha-
nism. They conducted galvanostatic intermittent titration
(GITT) tests and found that the apparent diffusion coefficient
of Na* in the slope region was larger than that in the plateau
region. Despite these efforts, the sodium storage behavior of
hard carbon is still ambiguous, and a clear understanding of
how the basic microstructure of hard carbon relates to the
mechanism of sodium storage has not been universally
established.

In this study, we focused on examining the relationship
between the microstructure and sodium storage mechanisms in
three different types of commercial hard carbon materials with
diverse structure features. They are named as hard carbon with
pseudographite domains (PG), hard carbon with pseudogra-
phite and graphite-like domains (PG/GL), and hard carbon
presenting pseudographite with smaller interlayer spacing and
graphite-like domains (PGS/GL). Through a series of
comprehensive investigations including electrochemical evalu-
ations, in situ X-ray diffraction (XRD), and Raman measure-
ments, how the microstructure influences sodium storage
performance is uncovered. As illustrated in Figure la, short-
range ordered quasi-graphite structures with small layer
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spacing cause the carbon layer to expand during the sodium
insertion process, while long-range ordered graphite domains
can impede the intercalation of sodium ions. Additionally, the
presence of a smaller and thinner pseudographite structure
which forms the disordered turbostratic nanodomains
facilitates the intercalation of sodium ions. Furthermore, the
findings of this study support the validity of the “adsorption-
intercalation-filling” mechanism™® as an elucidation for sodium
storage behaviors observed in these three distinct types of hard
carbon. This work is expected to provide insightful criteria for
the development of advanced hard carbon materials.
Transmission electron microscopy (TEM) visualizes that
PG is mainly composed of a highly disordered and distorted
pseudographite structure, showing short-range ordered lattice
fringes (Figure 1b), whereas PG/GL contains both quasi-
graphitic and long-range ordered graphitic-like domains
(Figure 1lc), and ordered graphitic domains are also
demonstrated in PGS/GL (Figure 1d). Scanning electron
microscopy (SEM) also exhibits the difference in the surface
morphology, with spherical morphology for PG/GL (Figure
S1). To further analyze the microstructure, XRD and Raman
spectroscopy are performed. The XRD patterns (Figures le,
S2) exhibit two broad diffraction peaks corresponding to the
(002) and (100) peaks of amorphous carbon, except that the
peaks of PG/GL and PGS/GL at about 24° show asymmetric
peaks consisting of a broad peak and a sharp peak indicating
the coexistence of amorphous and graphitic structures. The
Bragg equation”” and Debye—Scherrer equation®® are utilized

https://doi.org/10.1021/acsenergylett.3c02751
ACS Energy Lett. 2024, 9, 1184—-1191
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Figure 2. CV curves at scan rate of 0.1 mV s~ with potential window of 2.0—0.001 V for (a) PG, (b) PG/GL, and (c) PGS/GL. Percentage of
diffusion-controlled and capacitive-controlled process for (d) PG, (e) PG/GL, and (f) PGS/GL. (g) Cycling performance of half-cell HC //
Na at 0.1 C. (h) The initial charge—discharge curve with normalized capacity (inset: the magnified discharge curves). (i) The capacity
contributed from slope and plateau region in the second cycle charge—discharge curve. (j) Rate performance. (k) The first, second, and third
charge—discharge curves of full cell NFM // PG with voltage of 0.5—4.0 V.

to evaluate the basic structural parameters including average
layer spacing (d,,), average layer stacking distance (L.), the
longitudinal size of structure (L,), and the number of layers
stacked in parallel (N). The empirical parameter of carbon
monolayer arrangement ordering (R) proposed by Prof. J-R.
Dahn” is further introduced to measure the structural order.
The structural parameters are summarized (Table S1), where
PG delivers the largest layer spacing dyy, and smaller L, and L,
values, suggesting the existence of smaller and thinner
pseudographite domains, which would be more favorable for
the insertion of sodium ions. Furthermore, the smaller R value
corresponds to larger electrochemical capacity.”® Raman
spectroscopy (Figure 1f) is further conducted to assess the
microstructure with typical D and G bands of carbon material.
As shown in the fitting data (Figure S3), the integral intensity
ratio I/Ig of PG is slightly larger, proving a more disordered
microstructure. The results obtained by XRD and Raman are
consistent with the observation by TEM.

Furthermore, small-angle X-ray scattering (SAXS) (Figure
1g) and Brunauer—Emmett—Teller (BET) (Figure S4) are
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applied to dissect the pore structure and specific surface area
(Sger)- It is generally believed that the scattering intensity” ">
in 0.01—0.1 A™" is directly proportional to the specific surface
area, which is consistent with the Sggpr value. The scattering
between 0.1 and 1 A™' is originated from the micropores,
whose contribution only appears in the final slope segment of
Porod with Q~* behavior.>*~*° PG and PG/GL exhibit obvious
shoulder girdles, indicating the existence of microporous
structures. It clearly demonstrates that PG with the largest
specific surface area and microporous domains indicates the
most sodium storage sites.

Cyclic voltammetry (CV) is an effective means to investigate
electrochemical behavior. The CV curves are achieved at a scan
rate of 0.1 mV s~ (Figure 2a—c), where the sharp peak near
0.1 V and the weak hump in the wide voltage range of 0.2—1.5
V correspond to the plateau and the slope region in the
charge—discharge profile, respectively (Figure S8). CV
measurement with various scan rates of 0.2—1 mV s™' is
carried out to further analyze the kinetic process of the sodium
storage mechanism (Figures SS—S7). The law i = av’ can be

https://doi.org/10.1021/acsenergylett.3c02751
ACS Energy Lett. 2024, 9, 1184—-1191
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Figure 3. In situ Raman mappings in the initial discharge—charge process of (a) PG, (b) PG/GL, and (c) PGS/GL (left: the discharge—
charge curve; middle: the magnified in situ Raman spectra; right: the corresponding in situ Raman contour pattern). (d) The developing of
the G-band position and the I;,/I; value as a function of voltage during discharge process for PG. (e) The I,,/I; value varied with voltage
during discharge process for PG/GL. (f) The evolution of the G-band position and the curve of I,/I; value variation with voltage during the

discharge process for PGS/GL.

imposed to distinguish the apportion of the intercalation and
capacitive reactions in the sodium storage process. In
particular, b = 1 represents a capacitive-controlled reaction
ascribed to the adsorption process, while b = 0.5 indicates a
diftusion-controlled reaction corresponding to the intercalation
process.”” The b value close to 1 at the hump region (Peak P)
indicates capacitive-controlled reaction in the slope region,
whereas for a sharp peak (Peak Q) PG (b = 0.65) (Figure S5b)
and PG/GL (b = 0.71) (Figure S6b) display a mixed-
controlled process while complete diffusion-controlled for
PGS/GL (b = 0.39) (Figure S7b). It is further verified by the
standardized charge—discharge curve (Figure 2h), where PGS/
GL shows diagonal change in the voltage profile, relating to the
absolute diffusion-controlled process with severe concentration
polarization, while PG and PG/GL exhibit voltage inflection
points (enlarged curve with purple circle). Moreover, the
contributions of capacitive-controlled and diffusion-controlled
in the discharge process are estimated, where the proportion of
the capacitive-controlled process increases with the scanning
rate (Figure 2d—f), manifesting preeminent rate performance.
Notably, PGS/GL is dominated by diffusion-controlled at a
different scanning rate, further suggesting that the sodium
storage behavior is mainly based on intercalation of sodium
ions.

As evidence of the above conception, a series of electro-
chemical characterizations are performed. The cycling
performance at 0.1 C and rate performance are appraised
(Figure 2g,j), where outstanding capacity retention after 100
cycles and rate performance prove prominent structure
stability. It is worth mentioning that PG delivers the highest
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reversible capacity of 293 mAh g~', while only 243.3 and 105.3
mAh g™! are delivered for PG/GL and PGS/GL, separately.
PG also presents the highest initial Coulombic efficiency (ICE)
of 85.6%, compared to that of 85.2% and 65.2% for PG/GL
and PGS/GL. In detail, the ratios of the slope and plateau
capacity in the second charge—discharge process are
demonstrated (Figure 2i), where PG delivers maximum slope
capacity and total capacity resulting from the beneficial
microstructure with maximal layer spacing, micropores, and
defects. Especially, full cells NaNi, ;;Fe;,sMn,;,;;0, (NFM) //
PG are assembled with high loading (positive electrode loading
of 13.5 mg cm™, N/P of 1.13) (Figure 2k), showing excellent
cycling performance at 0.1 C (Figure S9), with initial discharge
areal capacity of 1.67 mAh cm™.

In situ Raman spectroscopy is employed to further explore
the microstructure change during the electrochemical process,
as shown in Figure 3a—c. For typical carbon materials, the D
band (1350 cm™') represents the Aj; mode of sp® carbon
induced by respiratory vibration in disordered or defective
carbon,*® when the G band (1580 cm™) corresponds to the
E,; mode of vibration ascribed to sp> carbon in graphite rings
or chains.” The weakening and enlargement of the C—C bond
owing to the transfer of electrons or the insertion of ions in the
graphite carbon layer can lead to a red-shift of the G band,””*’
simultaneously causing the weakening or even disappearance
of the D band.*** For graphite materials, as lithiation
conducted, the G band broadened and split into two peaks
of Ezgz(i) (1575 ecm™") related to interior graphene layers of Li-
GICs and Ezgz(b) (1601 c¢m™') assigned to boundary
layers.“’_45 For PG and PGS/GL, the position of the G

https://doi.org/10.1021/acsenergylett.3c02751
ACS Energy Lett. 2024, 9, 1184—-1191
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Figure 4. Operando XRD patterns during the first discharge—charge process at 0.05 C for (a) PG, (b) PG/GL, and (c) PGS/GL. (d) The
depth diagrams of ex situ XPS Na 1s spectra in a fully discharged state for PG, PG/GL, and PGS/GL. (e) The Na* diffusion coefficient
calculated during the sodiation process. (f) The color change diagram of complete sodiation HC electrode reaction with ethanol solution
with 1% phenolphthalein. (g) Schematic diagram of sodium storage in hard carbon at different stages.

band hardly shifts in the slope section during the sodiation
process, while it shifts significantly in the plateau region,
indicating the intercalation of sodium ions. The offset of PG
(red shift 42 cm™) is larger than that of PGS/GL (red shift 26
cm™"), which is accordant with the larger discharge capacity of
PG. No splitting of G band is originated from the lack of
adequate graphite-like domains. While for PG/GL with a
broadened D band, the position of the G band hardly shifts
throughout the sodiation process but gradually begins to
generate a new peak at 1600 cm™’, related to the boundary
layers of Na-GICs. The absence of interior graphene layers of
Na-GICs means no intercalation of graphite-like layers. In
brief, the long-range ordered graphite-like domains hardly
accommodate the intercalation of sodium ions thus lessening
the capacity. Meanwhile, the variation of Ip/I; values with
voltage is also plotted in Figure 3d,e. The I/I; value decreases
during the sodiation process verifying the adsorption of Na* in
defect sites.

The distinct Raman results are attributed to the differences
in the microstructure, where the XRD results can be imposed
as a complement. The in situ XRD spectra during the initial
sodiation and desodiation processes are displayed in Figure
4a—c, with the corresponding charge—discharge curves on the
left side. As shown in Figures 4a and S10, the intensity of the
(002) peak for PG diminishes in the plateau region but
increases during the desodiation process, whereas the peak
position hardly undergoes a significant shift throughout the
process. It is noteworthy that the weakening for intensity of the
(002) peak corresponds to the transformation toward
disordered structure, which is caused by the insertion of
sodium ions between graphite-like layers.””** The position of
the (002) peak hardly moves because the original dyy, layer
spacing (0.375 nm) is large enough to accommodate sodium
ions, thus causing no expansion of the layer spacing, which has
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been reported in some literature.”*** A similar phenomenon is
observed for PG/GL (Figures 4b, S11), except that the
position of the graphite peak (26.36°) also hardly shifts during
the discharge process, which is in agreement with the results of
in situ Raman analysis, suggesting no sodium ion insertion in
graphite-like domains. In particular, for PGS/GL (Figure 4c)
the (002) peak position shifts to a lower angle in the plateau
section, evidencing the expansion of the interlayer spacing for
pseudographite domains, while a similar phenomenon is not
observed for the graphite-like domains (26.20°), further
proving the intercalation only occurs in the pseudographitic
regions. Once the desodiation process occurs, the (002) peak
begins to shift back, proving the contraction of the layer
spacing. It can be seen that the presence of graphite-like
domains does not effectively carry out the intercalation of
sodium ions and therefore should be prevented in the material
preparation process.

The results of in situ XRD further provide systematic
understanding of the electrochemical reaction mechanism and
structural evolution during the charge—discharge process. In
addition, the kinetic test of the sodium storage process using
GITT (Figures 4e, S12, and S14) shows that the Na* diffusion
coeflicients for PG and PG/GL reach a minimum and then
start to increase around the end of the discharge process,
proving two forms of the sodium storage behaviors and the
latter is more available to be pore filling inferred from
literature.”>*”** PGS/GL maintains the diffusion coefficient at
the end of the discharge process without significant change,
indicating that only sodium ion insertion occurs. In situ EIS
profiles for PG (Figure S13, Figure S14b) and PG/GL (Figure
S14d) also change at the end of the discharge process the same
as GITT curves, which further indicates the transformation
from an intercalation process of sodium ions to pore-filling
behavior. XPS is conducted on hard carbon electrodes in a
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fully sodiated state to analyze the state of the sodium ions
stored (Figure 4d), and the peak located at 1071 eV is
considered as the Na—O—C species,””*’ which can be found
on the surface attributed to the solid electrolyte interphase
layer (SEI). As demonstrated, the Na 1s peak for PG moves to
a higher binding energy state with deepening of the sputtering
depth from 10 to 20 nm, which proves the coexistence of
sodium ions and quasi-metallic sodium.’”*® The same
phenomenon is observed for PG/GL, whereas a similar change
does not occur for PGS/GL. The existence of quasi-metallic
sodium is further verified using the reaction of a hard carbon
electrode in a fully sodiated state with 1% phenolphthalein in
CH;CH,OH (Figure 4f). The color of the ethanol solution in
the PG and PG/GL shows purplish-red, whereas it stays
unchanged for PGS/GL. This further confirms the quasi-
metallic sodium formed in the end of discharge process for
both PG and PG/GL.*** Such quasi-metallic sodium mainly
exists in the microporous structure of the material, which is
consistent with microstructural analysis. Above all, the
“adsorption-intercalation-filling” mechanism is demonstrated
to be a rational elucidation for sodium storage behaviors of
typical commercial hard carbon materials, as depicted in Figure
4g. Besides, another kind of commercial hard carbon (SHC)
with a crystallite structure similar to that of PG is also chosen
to investigate the effect of closed-pore structure on plateau
capacity. SHC possesses a larger closed pore volume than that
of the PG (Figure S15 and Table S2), which also delivers a
larger plateau capacity.%51

In conclusion, commercial hard carbon materials with
different microstructures are selected to examine the
correlation between microstructure and sodium storage
mechanism, which provides an understanding of the
structure-electrochemical performance relationship. It is
worth mentioning that hard carbon with larger dyy, layer
spacing (>0.37 nm) and smaller and thinner pseudographite
domains is the key to achieve large capacity, which is beneficial
for facile Na* intercalation. Whereas, the presence of a long-
range ordered graphite structure insufficient to accommodate
the insertion of sodium ions Brshould be avoided, which may
circumvent the loss of reversible capacity. After the
aforementioned microstructure requirements are met, it is
also of great importance to increase the close pore volume,
which will further enhance the plateau region capacity.
Furthermore, through comprehensive investigation, the
“adsorption-intercalation-filling” mechanism is proven to be a
rational elucidation for diverse sodium storage behaviors.
Above all, this study deepens the understanding of the
microstructure-sodium storage mechanism relationship of
hard carbon for sodium ion batteries, which provides insightful
criteria for the further development of advanced hard carbon
materials.
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