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Elucidating Sodium lon Storage Mechanisms in Hard
Carbon Anodes at the Electronic Level
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and Jeffrey R. Harmer*

1. Introduction

Sodium-ion batteries (SIBs) are a promising technology for advanced energy

storage systems. Hard carbon (HC) is a commonly used SIB anode material;
however, the Na ion storage mechanism in HC remains poorly understood
and highly debated. Here, the paramagnetic species in HC during Na ion
storage are systematically studied to elucidate the underlying mechanism at
an electronic level using high-resolution electron paramagnetic resonance
(EPR) spectroscopy, complemented by in situ Raman spectroscopy, in situ
synchrotron X-ray diffraction, and density functional theory calculations. This
investigation identifies and characterizes the coexistence of two distinct
intercalation processes in HC: Na ion intercalation and Na*-solvent
co-intercalation, which are active across both the sloping and plateau voltage
regions. Additionally, in the sloping region, Na ions are also stored at in-plane
Stone-Wales defect sites, which transition into a quasi-metallic state and
subsequently to metallic Na as Na ion intercalation progresses. This
transformation is driven by charge redistribution within the graphene layers.

These insights establish a direct paramagnetic-electronic

structure-electrochemical property relationship in HC, providing new insights
into the Na ion storage mechanism. Furthermore, this study highlights the
unique capability of EPR spectroscopy in elucidating the charge storage

mechanism in electrode materials.
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Lithium-ion batteries (LIBs) are the most
widely used battery technology in the
past decade due to their high energy and
power density.l!] In recent years, the high
price and availability of lithium resources
have triggered intensive efforts to de-
velop alternative battery technologies.!?!
Sodium-ion batteries (SIBs) are an ideal
technology beyond LIBs, particularly for
stationary energy storage systems and
short- to moderate-range electric vehicles,
due to the widespread natural abun-
dance and cost-effectiveness of sodium
resources.[?*3] The operation principle of
SIBs is similar to that employed by LIBs.[*]
However, the SIB electrode material re-
quirements are different from those of
LIBs. For example, graphite is a standard
anode material for commercial LIBs but
is unsuitable for SIBs due to the ther-
modynamic instability of binary sodium-
graphite  intercalation = compounds.!

Hard carbon (HC) is considered the most
promising anode material for SIBs be-
cause of its abundant availability, low redox
potential, and high reversible capacities.! HC is a type of dis-
ordered carbon material composed of graphitic-like domains
formed by curved and defective graphene sheets. Unlike crys-
talline graphite, these graphene layers are not perfectly aligned,
resulting in a more disordered structure. The curved configura-
tion of the graphene layers generates numerous pores that are
randomly distributed throughout the material, contributing to
the significant porosity of HC. These unique HC structural fea-
tures have a pronounced influence on its voltage-capacity pro-
file for Na ion storage, leading to two distinct voltage regions: a
sloping region at a higher voltage (above 0.1 V vs Na/Na*) and a
plateau region at a lower voltage (below 0.1 V vs Na/Na*). The Na
ion storage mechanism in HC remains poorly understood and is
still a subject of considerable debate. Dahn et al. proposed the
“insertion-absorption” model, in which the sloping region re-
sults from Na ion intercalation into the graphitic-like domains,
and the Na ion filling of the pores leads to the plateau region.”!
Contrarily, Cao etal. introduced an “adsorption-insertion” model,
where the sloping region was attributed to Na ion adsorption
on the surface, while the plateau region results from Na ion in-
tercalating into graphitic-like domains.®l Later, Bommier et al.
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further revealed that following the intercalation process, Na ions
fill the pores by adsorbing onto their surface toward the end of
the plateau region.!]

The challenges in interpreting the Na ion storage process in
HC arise primarily from limitations of characterization tech-
niques in probing HC’s complex structure. Conventional materi-
als characterization methods, such as X-ray diffraction (XRD) and
Raman, have significantly advanced in studying electrode materi-
als with well-ordered crystalline structures. However, their ability
to capture the intricate structural changes occurring during elec-
trochemical processes in disordered materials like HC is often
limited, particularly at high resolution. For example, current re-
search predominantly relies on the lower angle shift of the (002)
diffraction peak observed through XRD as an indicator of Na ion
intercalation in HC.[*#1%] However, this shift is not consistently
observed, with reports suggesting that the (002) peak remains
unchanged during sodiation.™] This inconsistency is likely due
to HC’s large and variable interlayer spacing and disordered
graphene layer arrangement, which form a broad (002) peak. This
broadness complicates the detection of subtle changes, making
it challenging for XRD to serve as a very sensitive technique for
conclusively studying Na ion intercalation.

Similarly, in situ Raman spectroscopy studies have linked
shifts in the G band to Na ion intercalation into graphitic-like
domains. However, interpreting these shifts is not straightfor-
ward, as both shifted and unshifted G band positions have been
reported.[1'412] Current research has not fully elucidated how the
sodium species are stored in HC, particularly in distinguishing
between Na ion intercalation and Na*-solvent co-intercalation
since both lead to the G band shift. Furthermore, quasi-metallic
Na species have been observed during the storage of Na ions in
HC;13) however, the mechanisms governing their formation and
transition remain unexplored. These limitations underscore the
need for more effective characterization techniques to accurately
analyze the various reaction processes in HC.

Electron paramagnetic resonance (EPR) spectroscopy is a mag-
netic resonance technique that is highly sensitive to the number
and local environment of unpaired electron spins, which are of-
ten difficult to characterize using conventional methods.['*] EPR
spectroscopy, through its ability to probe unpaired electron spins,
offers unique insights into the electronic structure and electro-
chemical reactions of electrode materials.>] Consequently, EPR
spectroscopy is a highly promising analytical tool for unraveling
the charge storage mechanisms in electrode materials.

Here, we employ high-resolution multi-frequency continuous
wave (CW) and pulse EPR spectroscopy from room temperature
to cryogenic conditions. This characterization is complemented
by in situ Raman, in situ synchrotron XRD, and density func-
tional theory (DFT) calculations to understand the dynamic tran-
sition of unpaired electron spins in HC during electrochemical
reactions. This multi-technique approach unveils changes in the
electronic structure, providing new insights into the Na ion stor-
age behaviors in HC. Our study reveals that in HC (1) Na ion
intercalation dominates the capacity contribution, starts in the
sloping region and progresses until #0.01 V in the plateau region;
(2) Substantial charge transfer between the intercalated Na ions
and graphene layers establishes a favorable local charge environ-
ment to drive the transition of surface adsorbed Na ions (located
at in-plane defect sites) from an ionic state to a quasi-metallic
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state, eventually culminating in a metallic state at voltages below
0.01 V in the plateau region; (3) Na*-solvent co-intercalation oc-
curs concurrently with other processes in both the sloping and
plateau regions, further contributing to the overall Na ion stor-
age mechanism in HC.

2. Results

This study uses glassy carbon type HC,['] as a model electrode
material. Figure 1a shows a high-resolution transmission elec-
tron microscopy (HRTEM) image of an HC slice prepared using
afocused ion beam (FIB). It reveals that HC consists of randomly
oriented, turbostratic graphene layers with noticeable curvature.
The observed lattice fringes indicate an average stacking distance
of ~0.36 nm between graphene layers. These curved graphene
layers enclose pores of varying sizes and irregular shapes (high-
lighted by orange circles), randomly distributed throughout the
material. However, accurately determining the exact pore shapes
and sizes remains challenging due to the low contrast of the car-
bon atoms in the HRTEM image. These typical microstructure
features of the HC are illustrated in the insert in Figure 1a. The
XRD pattern (Figure 1b) shows the lack of long-range crystalline
order in HC, evidenced by two broad peaks at ~24 and ~43°.
These peaks are analogous to the (002) and (101) planes typically
observed in graphite.l'”] Notably, HC exhibits a larger interlayer
distance of 0.359 nm compared to graphite (0.335 nm).

The Raman spectra in Figure 1c reveal two primary Raman-
active modes at ~1351 and 1592 cm™!, corresponding to the D
and G bands, respectively. Additionally, a 2D band at #2700 cm™!
indicates the formation of localized, short range graphitic-like do-
mains in HC, where the graphene layers or segments achieve
a higher stack order, tending to graphite’s coherent stacking
order. Two additional Raman bands at 271.4 and 456.2 cm™
are attributed to Stone-Wales defects, implying the presence of
non-hexagonal rings, e.g., five/seven-membered carbon rings.!8]
These defects are significant in the HC materials due to their
association with the curvature-related structural features of
graphene layers. The impact of Stone-Wales defects on the Na ion
storage mechanism in HC has not been extensively explored in
past studies, particularly regarding their role in Na intercalation
and the formation of quasi-/metallic Na. Therefore, the glassy
carbon type HC is an ideal model for this purpose as it predomi-
nantly exhibits Stone-Wales defects.

The Na ion storage properties of HC were studied using a
three-electrode cell, where HC was used as the working electrode
and Na metal as both the counter and reference electrodes. The
three-electrode cell helps to mitigate polarization effects that can
influence the electrochemical potential of the HC electrodes. The
typical voltage-capacity profiles (Figure 1d) show the coexistence
of a sloping region and a plateau region during discharge, con-
sistent with previous reports on HC anodes. Notably, the plateau
region accounts for the majority of the total discharge capacity,
constituting 83% in the first cycle and increasing to 90% in the
second cycle. Additionally, a significantly higher sloping capacity
of 47.3 mAh g! is achieved in the first cycle, which decreases
to 23 mAh g~! in the second cycle. This irreversible capacity loss
can primarily be attributed to the formation of solid-electrolyte
interphase (SEI).
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Figure 1. Structural and electrochemical characterisations of HC: a) HRTEM image. The insert illustrates the microstructure features. b) XRD pattern.
The X-ray wavelength is 1.54184 A. c) Raman spectra. Insert is the enlarged Raman spectrum between 150 and 600 cm~". d) Charge/discharge profiles
at a current density of 10 mA g~'. e) Synchrotron XRD patterns at different discharge states, with an X-ray wavelength of 0.68770 A. f) In situ Rama

spectra recorded during the discharge process.

To understand the Na ion storage mechanism in HC, we first
studied the overall crystal structure variations of HC at differ-
ent stage-of-discharge (SOD) (open-circuit [OCV], 0.1, 0.05, and
0 V) using synchrotron high energy XRD, as shown in Figure 1e.
The analysis revealed that the characteristic diffraction peaks
of (002) and (101) did not show significant changes in their
theta positions. This lack of detectable change highlights the
limitations of XRD in conclusively determining Na ion interca-
lation in HC.*#1011] In gitu Raman spectroscopy (Figure 1f)
analysis was then conducted to study the Na ion storage pro-
cess in HC. Unlike XRD, Raman spectroscopy offers more nu-
anced insights into the chemical structures and bonding envi-
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ronments of HC. The in situ Raman spectra reveal a signifi-
cant reduction in the intensity of the D band during the slop-
ing discharge process, indicating that Na ions are being ad-
sorbed onto the Stone-Wales defect sites. Additionally, the G band
shows a continuous blue shift and intensity fading throughout
the sloping region and into the plateau region until the SOD
of ~0.01 V. The G band peak positions show a minor shift in
the following discharge process. The G band frequency is highly
sensitive to charge transfer between intercalated cations and
graphene layers. The observed blue shift arises from increased
force constants of the in-plane C—C bonds, driven by additional
electrons introduced into the graphene layers."”] These extra
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Figure 2. a) Schematic illustration of the experimental procedure for EPR characterisation. b) Room temperature X-band (9.8658 GHz) CW EPR spectra
of HC at selected SODs, measured under non-saturating conditions and normalized by microwave power. The right panel shows the corresponding
discharge profile. The EPR signal intensity has been normalized by the sample mass, and thus the signal intensity is proportional to the number of
unpaired spins. c) Comparison of the EPR spectra at the SODs of 0.2 and O V.

electrons enhance electron-phonon coupling and strengthen
bonding interactions within the graphene structure, altering the
vibration modes of the carbon atoms.*”) The intensity fading
of the G-band can be attributed to local electronic structure
changes induced by the intercalation process. Specifically, during
intercalation, electron redistribution occurs within the graphene
layers, which alters the electronic environment of the carbon
atoms. This redistribution weakens the overall Raman scatter-
ing cross-section, resulting in a decrease in the observed G-
band intensity. The phenomenon of G band blue shift and in-
tensity fading has also been observed during processes such
as Li ion intercalation in graphite and pyrolytic graphite,[20221]
Na*-solvent co-intercalation in few-layered graphene!?*"! and few-
layer graphitic carbon,[??) as well as Na ion intercalation in
aminobenzene functionalized graphene.?!! Therefore, while the
in situ Raman results indicate the occurrence of an intercala-
tion process in HC, they cannot directly distinguish whether
this process arises from Na ion intercalation or Na*-solvent
co-intercalation.
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To further understand the electrochemical process, high-
resolution EPR spectroscopy was employed as illustrated in
Figure 2a. Before EPR characterization, HC electrodes were dis-
charged to the desirable SODs in three-electrode cells. After dis-
charge, the HCs were collected, washed, vacuum-dried, and fi-
nally loaded into argon-filled thin-wall quartz tubes (3 mm diam-
eter). These tubes were evacuated to a pressure of 1 X 10~ Pa
before being vacuum-sealed using a blowtorch. CW X-band EPR
spectra of the HC at different SODs were recorded at room
temperature, as plotted in Figure 2b and Figure S1 (Supporting
Information).

The pristine HC electrode (at OCV) shows no distinguishable
EPR signals, indicating the absence (or below the EPR detec-
tion limit) of mobile or localized unpaired electron spins.l'*! As
the discharge progresses, a multi-component EPR signal is ob-
served, suggesting the generation of dissociative unpaired elec-
trons within the HC. To accurately model the spectra recorded
at all SODs, three EPR components were required (Figure 2¢;
Figure S2, Supporting Information): a broad component (C1)
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Table 1. EPR model parameters for C1, C2, and C3. The parameters include the number of spins per gram, mean g-value (g), and linewidth (LW, in mT).

SOD [V] spins [x101° g7 Cl 2 a3

total c1 c2 C3 gl LW1 g2 Lw2 g3 Lw3
0.5 0.1 0.1 <0.005 <0.005 2.010 34 2.003 0.45 2.004 1.7
0.3 3.0 3.0 <0.005 <0.005 2.005 28 2.003 0.27 2.004 1.7
0.2 3.5 3.4 0.023 0.02 2.004 21 2.003 0.24 2.004 1.7
0.1 5.7 5.6 0.018 0.01 2.005 26 2.003 0.24 2.004 1.7
0.01 15.6 15.5 0.025 0.04 2.002 6 2.003 0.24 2.004 1.7
0 17.2 17.1 0.027 0.07 2.003 6 2.003 0.22 2.004 1.7

that accounts for >97% of the total signal, and two narrow com-
ponents (C2 and C3). The EPR fitting parameters are summa-
rized in Table 1. During the sloping region, the EPR signal in-
tensity is weak and comprises resonance lines centered around a
g-value of 2, with both narrow and broad components present.
However, it was difficult to separate the two narrower compo-
nents C2 and C3 as they partially overlap and exhibited very weak
signal intensity. In the plateau region the EPR signal intensity
of C1 rapidly increases together with narrowing its linewidth.
C1 shows the broadest linewidth, which decreases as the dis-
charge progresses, particularly after 0.1 V where the number of
unpaired electron spins increases very rapidly. This inverse cor-
relation between linewidth and the number of spins is attributed
to electron-electron exchange-narrowing interactions, which be-
come more effective as the number of spins increases. Simi-
lar phenomena have also been observed in Li ion intercalation
into graphite, where spin-orbit interactions between the o-spin
of the intercalated Li ions and the z-electrons in the graphene
led to signal narrowing.[?*! Accordingly, C1 is assigned to delo-
calized r-radicals generated during the intercalation process in
the graphitic-like domains in HC.**32% Component C2 is cen-
tered at a g-value of 2.003 and is modelled with a narrow sym-
metric resonance line; its linewidth narrows slightly from 0.45
to 0.24 mT during the sloping region (until ~0.2 V) and reaches
its narrowest value of 0.22 mT (6.0 MHz) at 0 V. The third com-
ponent, C3 has a g-value of 2.004 and a linewidth of 1.7 mT
(48 MHz), both of which do not exhibit significant variations with
the SODs.

To differentiate the origins of the three EPR components and
their relationship to the Na ion storage process, temperature-
dependent X-band CW EPR spectra were recorded across a tem-
perature range from 295 to 5.4 K at selected potentials, as shown
in Figures 3a, S3 and S4 (Supporting Information). Upon cool-
ing the sample discharged to 0 V, the EPR signal intensities of
C1 and C2 show only a very slight increase, whereas the inten-
sity of C3 increases significantly (Figure 3b,c; Figure S5, Sup-
porting Information). The slight intensity increase of C1 and C2
indicates electronic structures characteristic of a small band gap
semiconductor or a metallic/semi-metallic species.[?*! This ob-
servation supports the idea that C1 is attributed to the unpaired
electron spins associated with sodiated HC, as the intercalation
of cations between graphene layers modifies the electronic struc-
ture of HC, imparting paramagnetic species with metallic-like
behavior to the material.?’! For C2, its low intensity increase in-
dicates that it originates from a sub-/nano-scale Na species with
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quasi-/metallic electronic properties, considering its narrow and
sharp symmetric resonance line. In stark contrast, the intensity
of C3 exhibits a significant temperature dependent behavior, in-
creasing by a large factor (>30) as the temperature is lowered
from 295 to 5.4 K, and the temperature dependence of C3 aligns
broadly with the expected response for an S = ¥ electron spin
governed by the Boltzmann distribution.[?! Such a response in-
dicates that C3 arises from a localized radical that is relatively
isolated and does not experience large electron-electron exchange
interactions.

The interactions contributing to the EPR linewidths of three
components were further investigated by a comparative study
of the CW EPR spectra recorded at X-band (9.8658 GHz) and
Q-band (34.00 GHz). The results in Figure 3d show that the
linewidths of all three components remain essentially unchanged
across both frequencies, indicating there is no appreciable broad-
ening from anisotropy in the electron-Zeeman interactions (pa-
rameterized by g-values), which scale linearly with the magnetic
field. For C1, this result supports the assignment of its broad
width largely due to electron dipolar and exchange interactions,
as well as lifetime broadening, which are consistent with an Na
ion intercalation process. The characteristics of C2, which ex-
hibits a homogeneously broadened line and averaged electron-
Zeeman interactions due to itinerant electrons, further identi-
fying it as being associated with quasi-/metallic Na species. C3,
in contrast, describes localized paramagnetic centers associated
with a carbon-based radical, which typically exhibit a small g-
value anisotropy that is unresolved at Q-band frequencies due to
the relatively broad spectrum width. This broadening is primar-
ily governed by hyperfine interactions, which will be discussed in
the following sections.

To further study the properties of the three EPR components,
pulse measurements were carried out. Echo-detected field-swept
EPR measurements were performed by recording the echo in-
tensity from a primary echo sequence (z/2—7—z—7—echo) as a
function of the magnetic field B,. As shown in Figure 3e, at the
SOD of 0V, neither C1 nor C2 produce an electron spin echo,
whereas an echo was observed for C3. For C1, the lack of an echo
is likely due to rapid spin relaxation, where the phase memory
time (T),) of the echo is shorter than the spectrometer deadtime
(100 ns), preventing its detection. This interpretation aligns with
the CW EPR data, where C1 remained unsaturated even under
high microwave power irradiation at 5.4 K (Figure S6, Supporting
Information). The absence of an electron spin echo for C2 indi-
cates a homogenously broadened line caused by the averaging of
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Figure 3. a) X-band CW EPR spectra of HC at a SOD of 0V, recorded across a temperature range from 295 to 5.4 K. b) Simulated EPR spectra at selected
temperatures of 295 and 5.4 K. c) Intensity verses temperature variation for C1, C2, and C3, derived from fits to the EPR spectra (Figure S5, Supporting
Information). d) Room temperature X-band (9.8658 GHz) and Q-band (34.00 GHz) CW EPR spectra of HC at a SOD of 0 V. ) Q-band (34.00 GHz) CW
EPR (295 K) spectrum and corresponding echo-detected field-swept spectra recorded at 295 K (red) and 10 K (blue). f) X-band (9.7835 GHz) HYSCORE
spectra of HC at a SOD of 0 V. The insert shows the echo-detected field-swept spectrum and the horizontal line the experimental field position (348.8 mT).
In the weak coupling case observed here, signal to 1st order is centered around the Larmor frequency v ("H: 14.9 MHz, 1*C: 3.7 MHz) and split by the
corresponding hyperfine interaction A, e.g. for v('H) = 14.9 + A/2 MHz. g) Ex situ 2>Na MAS NMR spectra of the HC at different SODs. h) In situ
synchrotron XRD patterns of the HC during the discharge process. The sharp peaks refer to the diffraction peaks of metallic Na. The X-ray wavelength
used was 0.6877 A. i) Schematic illustration of the transition of Na species from ionic to quasi-metallic to metallic states.

interactions by itinerant electrons. This observation is consistent  neighboring magnetic nuclei. Additionally, the electron spin echo
with the weak signal intensity increase with lower temperature, ~ for C3 was also detected at the SODs of 0.3 and 0.2 V (Figures S7
and indicates that the unpaired electron spins of C2 are associ-  and S8, Supporting Information).

ated with small quasi-metallic or metallic species. Conversely, the C2 reveals the presence of quasi-/metallic Na species in HC
observation of an echo for C3 confirms its linewidth is inhomo-  during the discharge. However, due to their unique proper-
geneously broadened, implying that the radical is localized and  ties, these quasi-metallic Na species are inherently challeng-
that its spectral width is largely due to magnetic interactions with  ing to characterize.l3%’] To further investigate their formation,
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Na MAS NMR characterizations were carried out, as shown
in Figure 3g. In the NMR spectra, a broad, high-intensity peak
is characteristic of diamagnetic ionic sodium, originating from
overlapping signals due to intercalated Na ions, residual elec-
trolyte salts, Na-containing species in the SEI, and surface ad-
sorbed Na ions.[*¢13>27?] The presence of this broad peak provides
evidence that Na ions are intercalated within the HC structure in
an ionic state. However, due to the inherently disordered nature
of HC, precise characterization of these intercalated compounds
is challenging, as significant signal overlap obscures the specific
contributions from different sodium species. At the SOD of 0.1V,
quasi-metallic Na clusters were detected, as evidenced by a broad
peak corresponding to the 2Na Knight shift between 500 and
700 ppm. This suggests the reduction of Na* to Na"* (0 < n < 1)
occurred. However, this peak shows a weak intensity due to the
limited formation of quasi-metallic clusters at this stage. As the
discharge progresses, this signal intensity increases and shifts to
higher chemical shifts, reflecting an increased contribution from
the Knight shift attributed to the enhanced Na 2s density of states
at the Fermi level 3] with metallic Na being observed at a SOD
of O V.

To understand the formation of metallic Na in HC, in situ syn-
chrotron XRD analysis was carried out as shown in Figure 3h.
Using high-energy X-rays with a wavelength of 0.6877 A, shorter
than conventional lab XRD at 1.54184 A, synchrotron XRD pro-
vides a higher resolution for detecting structural information of
the sodium species formed in the HC. Metallic Na was observed
at a very low voltage below 0.0148 V. It is worth noting that this
observation is crucial as it marks the first direct in situ detec-
tion of metallic Na formation in the HC anode during discharge.
These results confirm the nature of C2 as a quasi-/metallic Na
species. Therefore, there is an ionic to quasi-metallic to metallic
transition of the Na species, as illustrated in Figure 3i. However,
in the following charge process, it is found that the transition be-
tween ionic Na and metallic Na is only partially reversible, with
some quasi-metallic Na persisting even after the full charge pro-
cess (Figure S9, Supporting Information).

X-band hyperfine sublevel correlation spectroscopy
(HYSCORE) was used to investigate electron-nuclear cou-
pling to C3. The HYSCORE spectrum (Figure 3f) reveals that the
paramagnetic center of C3 is coupled to nearby protons, with 'H
hyperfine couplings in the range |A('H)| = 2-28 MHz. Addition-
ally, there is an intense signal at the 1*C Larmor frequency with
small hyperfine couplings, approximately |[A(**C)| < 1 MHz,
indicating C3 is also coupled to multiple carbon nuclei. These
findings support the identification of C3 as a localized organic
radical interacting with surrounding carbon atoms and pro-
tons, providing evidence for the occurrence of Na*-solvent
co-intercalation in HC, given that the primary source of 'H
nuclei in the system would be the solvent molecules (diglyme,
(CH,0CH,CH,),0). It is feasible that C3 may result from
electrolyte decomposition or the SEI. To investigate these possi-
bilities, we studied the electrolyte decomposition and detected no
EPR signals (Figure S10, Supporting Information). Additionally,
in the charged HC (charged to 3 V), only weak C3 signal was
observed (Figure S9a,b, and Table S1, Supporting Information).
Furthermore, the C3 signal does not increase in intensity in the
prolonged cycled HC, despite the increased SEI formation. This
suggests that C3 is unlikely to be from the SEI, as its intensity
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would be expected to increase along with SEI growth. Thus, C3 is
interpreted as being associate with Na*-solvent co-intercalation.
It should be noted that the Na*-solvent co-intercalation has
been extensively studied in graphite anodes but has rarely been
reported in HC anodes.[?*!

Previous studies have shown that HC exhibits structural dif-
ferences depending on its synthesis temperature,?°! which may
potentially result in distinct Na ion storage mechanisms. Con-
sidering that the glassy carbon type HC used in the above exper-
iments was synthesized at a high temperature above 2000 °C, we
also conducted EPR analysis on HC synthesized at a lower tem-
perature of 1000 °C, denoted as HC1000. The structural charac-
terisations of HC1000 are detailed in Figure S11 (Supporting In-
formation), and the EPR analysis is presented in Figure S12 (Sup-
porting Information). Ata SOD of 0 V, the room temperature EPR
spectrum of HC1000 shows two visible components: a compo-
nent with a linewidth of 12 mT, assigned to C1 (Na ion intercala-
tion), and a second component with a linewidth of 0.55 mT. Upon
cooling from 296 to 12 K, the EPR spectrum gradually converts
into a single line with a width of 0.44 mT at 12 K. This behavior
suggests that the narrow and broad EPR components observed
at room temperature are electronically connected. As the tem-
perature is lowered, increased conductivity enhances electron-
electron exchange interactions between these components, lead-
ing to a single homogeneously broadened line. This effect makes
it challenging to resolve a distinct metallic EPR signal at lower
temperatures. Ex situ 2Na MAS NMR characterization of the
HC1000 reveals a quasi-metallic Na signal, supporting that Na
ions undergo a transition to a quasi-metallic state. Although the
results suggest the presence of C2 in HC1000, it remains diffi-
cult to precisely isolate this component in the EPR spectra, es-
pecially at low temperatures. Additionally, at low temperatures,
a very weak electron spin echo was detected, allowing an EPR
spectrum to be recorded that has position and linewidth char-
acteristics of C3 in the above HC (glassy carbon type). This in-
dicates a small population of isolated radicals, similar to what
was observed in the HC (glassy carbon type), and is indicative
of Na*-solvent co-intercalation. However, the weak intensity of
the signal prevented further analysis, such as obtaining proton
coupling data from using HYSCORE. These findings collectively
imply that Na ion intercalation, Na*-solvent co-intercalation, and
the transition from ionic to quasi-metallic Na states also occur in
HC1000.

To investigate the impact of Na ion intercalation on the elec-
tronic structure and surrounding binding environment in HC,
as well as its role in the Na evolution mechanism from ionic
to quasi-metallic and metallic states, density functional theory
(DFT) analysis was conducted. Structural models are shown
in Figure 4a; pristine graphene (pG) and Stone-Wales defect
graphene (dG) layers with Na adsorbed on the surface (Na,y)
and intercalated between the interlayer (Na,,.,), as well as com-
binations of adsorption and intercalation (Na,4-dG-Nay,.,). The
DFT results in Figure 4b show that dG exhibits a more nega-
tive binding energy (—7.921 eV) compared to pG (—7.696 eV)
when interacting with Na, indicating that the Stone-Wales de-
fects enhance the surface sodiophilicity, making it more attractive
for Na adsorption. The strong interactions lead to the formation
of Na,y,-C bonds with a bond length of 2.68 A, comparable to
bond lengths observed in organosodium molecules (2.5-3.2 A).
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Figure 4. a) Projected structural models of the Na on (Na,y,) and intercalated (Na;.,) between planar pristine graphene (pG) and Stone-Wales defect
graphene (dG) layers. b) Binding energy between Na and the graphene layers in different structural models. c) Isosurface of the charge density difference
for Na,ys-dG, dG-Naj,er and Na,g,-dG-Naj,- The yellow and cyan surfaces represent the gain and loss of charge density, respectively. Na is represented

by purple spheres. d) PDOS of Na
Wales defective sites.

ads

However, dG exhibits weaker interaction with intercalated Na
(Nay,.,) between the interlayer, with a binding energy of
—7.673 eV, compared to —7.803 eV for pG. Further calculations
show that the pre-adsorption of Na,,;, on dG does not impact the
binding of Na, .., with the dG, as the binding energy maintains
—7.671 eV. This indicates that the initial adsorption of Na,4 on
the surface does not hinder the subsequent Na,,,., intercalation.
However, intercalating Na, ., significantly weakens the interac-
tion between Na 4, and dG, with the binding energy between the
Na,y-dG decreasing to —5.985 eV and the Na,,-C distance in-
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-dG, dG-Naj.,, and Na,y,-dG-Naj.., models. e) Schematic illustration of the evolution of Na ions at the Stone-

creasing to 9.12 A. This suggests that Na, ., intercalation weak-
ens the existing Na,;.-dG interactions.

A charge density difference analysis reveals significant
charge transfer between surface Na,;, and dG, with the trans-
ferred charge delocalized around the Stone Wales defect sites
(Figure 4c¢), facilitating the formation of Na,,-C interactions.
When Na is intercalated between the interlayers, there is sub-
stantial charge transfer from Na, ., to dG, which reduces the
surface electron density of dG (Figure 4c, indicated by cyan), ren-
dering the dG surface more positively charged. This increase in

inter
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Figure 5. Schematic illustration of the Na ion storage mechanism in the HC.

positive charge enhances Coulomb repulsion interaction be-
tween Na,, and dG, significantly weakening Na,;-C interac-
tions. As these interactions rely on electron density donation
from Na,y, to the graphene matrix, their weakening implies
that less valence electron density is transferred from Na,y to
graphene. This allows Na,,, to retain more of its valence elec-
tron density, driving it toward a quasi-metallic state.''¥] The den-
sity of states (DOS) spectra of Na,4, on the surface of Na,,-dG,
shown in Figure 4d, feature broadened partial density of states
(PDOS) of the Na s and p orbitals, indicating hybridization of Na
orbitals with C orbitals promoted by electron transfer from the
electropositive Na, 4 to defect sites. However, with the Na inter-
calation as illustrated in the Na,;,-dG-Na,,,., model, sharp PDOS
of the Na,4, s and p orbitals are observed, with the total DOS sig-
nificantly shifted to the right (a higher E—E;), confirming thatless
charge is transferred between Na, 4, and dG.

Therefore, the Na ion intercalation between the dG layers
drives the transition of the Na, . from ionic to quasi-/metallic as
schematically illustrated in Figure 4e. In the sloping region, the
Na ion intercalation does not occur intensively, which is insuf-
ficient to induce substantial charge transfer with the dG, result-
ing in only a small portion of ionic Na transitioning to a quasi-
metallic state. This observation aligns with the detection of a very
weak C2 signal in this voltage region. Upon further discharge
into the plateau region, intensive charge transfer occurs between
the intercalated Na, ., and the dG, leading to much weaker Na, -
C interactions and facilitating the formation of quasi-metallic
Na clusters. Ultimately, the continued aggregation and growth
of these quasi-metallic Na clusters culminate in the forma-
tion of metallic Na, confirmed by the in situ synchrotron XRD
characterization.

3. Discussion

The above characterizations reveal that the Na ion storage in HC
involves multiple processes, including Na ion intercalation, Na*-
solvent co-intercalation, and a transition of sodium species from
ionic to quasi-/metallic. The EPR analysis of component C1 pro-
vides direct evidence of the Na ion intercalation process in HC,
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a detail that is challenging through XRD and in situ Raman data
(Figure 1e,f). The Na ion intercalation process is illustrated in
Figure 5. Initiated in the sloping region (stage 1), the Na ion
intercalation process becomes more efficient in the subsequent
plateau region, particularly in the voltage range between 0.1 and
0.01 V (stage 2). This is implied by a significant increase in the
signal intensity of C1, indicating an increasing concentration of
intercalated Na ions in the HC.

The EPR signal of C2, associated with sub-/nano-scale Na
species exhibiting quasi-/metallic electronic properties, is ob-
served throughout the reaction process. In situ synchrotron XRD
and 2Na MAS NMR characterizations further reveal that metallic
Na is detected exclusively within the voltage range below 0.0148 V
(stage 3), whereas quasi-metallic Na species are identified above
this voltage range (stage 1 and 2). These findings indicate that
the type of Na species stored in the HC varies with the SOD. This
sequential transition of Na species—from ionic to quasi-metallic
to metallic—during discharge provides crucial new insights into
the dynamic electrochemical mechanisms in HC.

Additionally, the detection of C3 reveals that Na*-solvent co-
intercalation occurs in HC, a process that is difficult to detect
using traditional characterization methods. From previous work,
the co-interaction of Na*-solvent complexes has been identified
as the primary mechanism that enables graphite to be an elec-
trochemically active electrode for storing Na ions in ether-based
electrolytes. However, this process typically occurs in the high
voltage range.l?®*"! Therefore, in the sloping region, the Na*-
solvent co-intercalation is expected to be present in the short
range HC domains that exhibit graphite-like order (stage 1),
where the intercalation between the solvent molecules and the
graphene layer helps to stabilize the distribution of Na ions in
these regions. However, this process is limited at this stage, as C3
exhibits a very weak signal intensity, indicating that only a small
percentage of Na ions are stored through this mechanism. The
co-intercalation process becomes more prominent in the low volt-
age region below 0.01 V (stage 3). Notably, C3 was also observed
in the HC discharged in an ester-based electrolyte (Figure S13,
Supporting Information). Nat-solvent co-intercalation is thus
most likely to occur in specific areas that provide a niche
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environment with weak interlayer interactions, which are unable
to fully desolvate the Na ions from their solvated state. These re-
gions are likely to be certain pores between the carbon domains
that are accessible to the electrolyte rather than the closed pores
in the HC.

Based on the above analysis, it can be seen that the microstruc-
tural properties of the HC play a crucial role in determining Na
ion storage pathways. Optimizing these properties is essential
for enhancing Na ion storage performance, which can be effec-
tively accomplished through a carefully designed thermal treat-
ment process. Furthermore, introducing Stone-Wales defects of-
fers an additional strategy for increasing Na ion storage capacity.
These defects promote surface Na ion adsorption and facilitate
Na ion intercalation, providing an avenue to boost HC capacity
through defect engineering. However, the progressive metallic
transition of Na ions at defect sites, particularly the formation of
metallic Na, poses a potential safety concern. Thus, precise con-
trol over defect concentration is critical to balance the enhanced
Na ion storage capacity with mitigating metallic Na formation.
Furthermore, Na*-solvent co-intercalation emerges as a promis-
ing mechanism for further increasing Na ion storage in HC.

4. Conclusion

High-resolution CW and pulse EPR spectroscopy, combined with
in situ experimental and theoretical investigations have enabled
an in depth understanding of Na ion storage processes in the
HC anode at an electronic level. Three distinct electrochemical
processes are identified, including: Na ion intercalation between
the graphene layers in both sloping and plateau regions, with a
predominant contribution in the plateau region. In addition to
this, Na*-solvent co-intercalation occurs in carbon domains with
graphite-like order or in certain pores between the carbon do-
mains, with the occurrence depending on the state of discharge.
Furthermore, Na ions are adsorbed on Stone-Wales defect sites
on the surface of graphene layers in the sloping region. These
Na ions simultaneously evolve into quasi-metallic Na, which pro-
gressively undergo metallization within the plateau region, ul-
timately transitioning to metallic Na in the low voltage region
below 0.01 V. This transformation is driven by charge redistribu-
tion between intercalated Na ions and graphene layers, facilitated
by continuous Na ion intercalation. This work demonstrates the
unique capabilities of EPR spectroscopy in probing the charge
storage mechanisms of battery electrode materials.

5. Experimental Section

Sample Preparation: The hard carbon (HC) studied in this work was
obtained from Thermo Fisher Scientific.

Structural Characterizations: The microstructure of the HC was charac-
terized using a scanning transmission electron microscope (TEM, Hitachi
HF5000), X-ray diffraction (XRD) with Cu Ka radiation source (Bruker D8)
with an X-ray wavelength is 1.54184 A, and Raman spectroscopy with a
514 nm incident laser (Renishaw).

Electrochemical Characterizations: To prepare the HC electrode, HC
powder was mixed with polyvinylidene fluoride (PVDF) in a weight ratio of
95:5 in N-Methyl-2-pyrrolidone (NMP) solution to form a uniform slurry.
Then, the slurry was uniformly coated onto Cu foil and dried at 120 °C for
24 hin a vacuum oven. The as-prepared electrode was cut into pieces with
a diameter of 10 mm. The electrochemical performance was evaluated in
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three-electrode cells with the HC electrode as the working electrode; Na
metal as the counter electrode and reference electrode, a glass fiber sepa-
rator, and 1 M NaPFg in diglyme solvent as the electrolyte. The cells were
assembled in a glove box under an Ar atmosphere with O, < 0.1 ppm and
H,0 < 0.1 ppm. Galvanostatic charge/discharge tests were conducted on
a Biologic VMP-3 electrochemical workstation between 0 and 3.0 V at a
current density of 10 mA g~ at room temperature.

Sample Preparation for Ex Situ EPR Characterizations: To prepare the
samples for ex situ EPR characterization, the cells were initially discharged
to various SOD, specifically 0.5, 0.3, 0.2, 0.1, 0.01, 0 V. Subsequently,
the cells were disassembled in a glovebox, the resulting GC electrodes
were washed with diglyme solvent and then dried under vacuum in a vac-
uum transfer chamber for 12 h. Finally, the sodiated HC electrodes were
sealed in Ar-filled thin-wall quartz tubes (3 mm outside diameter). For the
temperature-dependent continuous-wave (CW) EPR characterizations, the
quartz tubes were evacuated to a pressure of 1 x 107 Pa, and then the
tubes were sealed using a blow torch.

X-Band and Q-Band CW and Pulse EPR Spectroscopy Characterizations:
X-band (ca. 9.8658 GHz) CW EPR spectra were recorded on a Bruker
Elexsys E500 spectrometer equipped with a Bruker Dual Mode resonator
and He cooling (Bruker waveguide Cryogen-free system with recirculator,
WVGD SYS 5K F70H wRCRC 2). The magnetic field was calibrated with
2,2-diphenyl-1-picrylhydrazyl (g = 2.0036), and measurements were car-
ried out in the temperature range of 5-295K.

Q-band and all pulse data were acquired on a Bruker ElexE580 spec-
trometer equipped with a 1 kW TWT Amplifier at X-band (Model 117X,
Applied Systems Engineering, Inc) and a 150 W TWT Amplifier at Q-band
(Model 187Ka, Applied Systems Engineering, Inc), and a cryogen-free vari-
able temperature cryostat (No. 3679A, Cryogenics, Inc). Q-band measure-
ment used a Bruker ER5106QT-2 probehead (allowing 3 mm tube access).

The free induction decay (FID) detected field-swept spectra were ac-
quired by integration of the signal (FID) from a single microwave pulse of
length 500 ns. The echo-detected field-swept spectra were acquired using
the sequency of z/2-7-z-7-echo, with ., = 100 ns, 7 =480 ns, t, = 200 ns.
For both techniques, the derivative of the recorded absorption spectrum
was calculated numerically with MatLab using a 2nd order polynomial fit-
ted &5 points either side of the intensity point being processed.

X-band Hyperfine sublevel correlation (HYSCORE) experiments were
carried out at 15 K employing the pulse sequence /2 -7 -7 /2 —t; - &
—1t, — /2 — 7 -echo, using mw pulses of lengths t_,, = 16 ns, starting
timest; = t, = 32ns,7 = 134 ns (matrix 'H blind-spot), repetition time
1 ms, and time increments of At = 16 ns (data matrix 160 x 160).126:3I
A four-step phase cycle was used to remove unwanted echoes. The ob-
server position was the echo maximum at the center of the spectrum.
The HYSCORE data were processed with MATLAB; time traces were base-
line corrected with an exponential, apodized with a Gaussian window, and
zero filled. After a 2D Fourier transformation absolute-value spectra were
calculated.

Ex Situ Na MAS NMR Characterization: Ex situ 2Na MAS NMR
characterization was conducted on a Bruker Avance Il 300 MHz spec-
trometer. First, the HC electrodes were discharged to the target SODs at a
current density of 10 mA g~ in three-electrode cells. Then, the electrodes
were collected, washed with DMC, and dried in a vacuum chamber at-
tached to the glovebox. Before characterization, the HC was scraped from
the Cu foil and sealed into zirconia rotors in a glovebox.

In Situ Raman Characterization: In situ Raman characterization was
conducted with a Raman spectroscope (Renishaw) with a 514 nm inci-
dent laser. A customized (MTI Corporation) in situ setup with a hole on
the cathode side was used for the experiment. To prepare the HC electrode
for the in situ Raman characterization, the HC was mixed with NMP in a
weight ratio of 9:1 to form a uniform slurry. The slurry was coated onto a ti-
tanium mesh and dried at 120 °C for 12 h in a vacuum oven. The in situ cell
was assembled using the as-prepared electrodes as the cathode, sodium
metal as the anode, and glass fiber soaked with 1 M NaPFg in diglyme sol-
vent as the electrolyte. The hole was sealed using a quartz window. The cell
was discharged using a Biologic VMP-3 electrochemical workstation at a
current density of 10 mA g~'. Raman spectra were collected in the spectra
range 1000-2000 cm~". A 50x objective was used to focus the laser light
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onto the electrode surface to collect the Raman signal. The laser power
was set to 5 mW, and the spectrum acquisition was finished in 30 s.

In Situ Synchrotron X-ray Diffraction Characterization: In situ syn-
chrotron X-ray diffraction (XRD) patterns were measured at the Pow-
der Diffraction Beamline, Australian Synchrotron. An X-ray wavelength of
0.6877 A was employed for the in situ characterization. The in situ cells
were assembled using the HC as a working electrode, glass fiber separa-
tor, and sodium metal as a counter electrode in a commercial 2032-type
coin cell with a hole punched through the casing (both sides) to allow
X-rays to transmit. The holes were covered by the Kapton tape (practically
X-ray transparent) to avoid exposing the electrode to air. The cells were
galvanostatic discharged/charged during the tests at a current density of
10 mA g~ in a Neware battery test system.

Density Functional Theory Calculations: The calculations were per-
formed within the framework of density functional theory (DFT) using
the Vienna Ab-initio Simulation Package (VASP) code, employing the
projector augmented wave method with the Perdew-Burke—Ernzerhof
(PBE) exchange-correlation functional.3'] Two structural models of pris-
tine graphene and Stone-Wale defect-containing graphene were consid-
ered. In the models, there are 64 C and 2 Na,y in the models Na,4-pG,
Na,4s-dG, and Na,y-dG-Naj e, With 2 Naj e, in Nagyo-dG-Najpe,. Two
and four electrons were removed from Na,y,-pG, Na,y,-dG and Na,4,-
dG-Naj,,, respectively. The Van der Waals (vdW) interactions were con-
sidered using a modified version of the vdW-DF, denoted as “optB86b-
vdW?”.[32] The projector augmented wave potentials were used with an en-
ergy cutoff of 600 eV.[3] The lattice constraints for graphene are 9.86 A x
9.86 A, with a vacuum layer larger than 20 A perpendicular to the surface
plane. A 4 X 4 x 1 Monkhorst-pack k-mesh scheme was used for geome-
try optimization, ensuring energy convergence of 1.0 x 10~* meV atom™!
during the self-consistent field calculations. The convergence criteria for
the atomic forces was set to 0.0T eV A~". The k-meshes were doubled for
single-point calculation. The adsorption energies E,; were calculated ac-
cording to the equation:

Ead = Etuta/ - Eion - Es/ab Q]

where E,,,, Ejon, @and Egp, are the energies of the adsorption system,
adsorbed ion, and graphene slab, respectively. A more negative adsorp-
tion energy indicates a more stable adsorption configuration. Additionally,
the charge density differences, and density of state (DOS) were extracted
from the static calculation. The charge density difference was visualized
by VESTA.
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