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Hard carbons are promising negative electrode materials for Na-ion batteries (SIBs), and the process of (de)
insertion of Na* ions into/from hard carbons has attracted much attention in recent research. Being
a relatively new technology compared to lithium-ion batteries, the precise operational mechanism and
degradation pathways of SIBs remain elusive. In this investigation, we focus on elucidating the physical
and electrochemical attributes of corncob-derived hard carbon synthesized at 1400 °C using operando,
in situ and ex situ solid-state NMR spectroscopy techniques, complemented by other advanced
characterization methods, such as SEM-EDX, XPS and electrochemistry. Through the analysis of >>Na

NMR spectra of hard carbon, we gained insights into sodium insertion within the active material, which is
Recelved 7th October 2024 haracterized by the shifting NMR peak during the (de)sodiati Furth find
Accepted 22nd November 2024 characterized by the shifting peak during the (de)sodiation process. Furthermore, our findings

revealed the formation of a solid electrolyte interphase (SEl) at the hard carbon electrode and pore

DOI: 10.1039/d4ta07135b surface, predominantly in the form of Na,COs in the bulk of the SEl, and NaF at the SEI surface,
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Introduction

Na-ion batteries (SIBs) have emerged as a promising alternative
to Li-ion batteries (LIBs), particularly for use in power grids, due
to their safety and the availability of sodium resources.'™
However, the development of high-performance anode and
cathode materials for SIBs remains a major challenge.>” Hard
carbon has recently emerged as a promising anode material for
SIBs.**

Hard carbons are characterized by their disordered struc-
ture, comprising randomly oriented and curved graphite-like
domains with defects and nanopores, and offer intriguing
properties for various applications.” The disordered structure
with a certain percentage of sp® hybridized carbon atoms and
defects that are obtained at temperatures above 1000 °C
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alongside the occurrence and differentiation of plating and metal sodium dendrites.

facilitates the insertion of Na* ions.'* However, it is noted that
the specific capacity for Na" insertion decreases as the carbon-
ization temperature increases above 1700 °C. This decrease is
attributed to the transition of a disordered to a more graphitic
structure, which is less permeable to Na* ion insertion.**®

The electrochemical performance of hard carbons is conse-
quently strongly influenced by their microstructure, which is
determined by the choice of organic precursor and carboniza-
tion temperature.’®"” Typically, the galvanostatic curves of hard
carbons display two distinct regions: a sloping region above
0.1V and a plateau region below 0.1 V.** While the exact sodium
insertion mechanism into hard carbons is still under debate,
the literature provides a general understanding of the sodiation
(discharge) processes.>'*?' These processes include the
adsorption of Na' ions at the hard carbon surface, defect sites,
or heteroatoms, intercalation of Na* ions between graphene
layers in hard carbon, the formation of quasi-metallic Na clus-
ters in pores, and the formation of the solid-electrolyte inter-
phase (SEI).’**> Additional processes may also occur, especially
at the extreme limits of the potential, leading to the metallic
nature of Na.”®* During cell operation, polarization tends to
increase over time or under high current densities, possibly
pushing the hard carbon potential below 0 V and increasing the
likelihood of Na atom deposition on the hard carbon electrode
surface as Na metal plating.”*** Since most research on hard
carbons is conducted in half-cells, dendrite growth on the Na

This journal is © The Royal Society of Chemistry 2025
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metal electrode occurs during Na' ion extraction from the hard
carbons.”

As already mentioned, the proximity of the plateau region's
potential to the Na metal plating potential could easily result in
the coexistence of Na in ionic, quasi-metallic and metallic
states. Under severe cycling conditions, SIBs may encounter
overcharging, causing excessive Na to deposit unevenly on the
hard carbon electrode surface in the form of plated Na metal.
Analogously, in the half-cell configuration, Na metal plating
occurs at an underpotential below 0 V.**** During half-cell
operation, the continuous dissolution/deposition of the Na
metal electrode takes place. The dissolution and deposition
behaviour can be explained as follows: during dissolution,
a large resistance must be overcome to successfully dissolve Na
from the electrode surface followed by continuous dissolution
from pits. During deposition, a nucleation barrier must be
overcome to spark the dendrite growth followed by continuous
deposition.”®*” While this behaviour is similar to that of a Li
metal electrode, the dendrite morphology differs; Na tends to
form mossy dendrites, whereas Li forms needle-like struc-
tures.”” Both Na metal plating and dendrite growth present
significant safety issues and seriously hamper the battery's
performance.

The electrochemical performance of hard carbons is also
influenced by the decomposition of the electrolyte at the hard
carbon electrode and pore surface, leading to the formation of
the solid electrolyte interface (SEI). The SEI acts as an electrically
insulating layer that prevents direct contact between the elec-
trolyte and the electrode, while its ionic conductivity facilitates
the transport of Na' ions to the surface of the negative electrode.
This process of Na' ion insertion is reversible, with the SEI layer
serving as an ion conductor.? The composition of the SEI layer
depends on the electrolyte's composition and the state of sodia-
tion, which vary due to the differing redox potentials of
solvents.***> The formation of the SEI is critical for achieving
optimal and stable cell performance, as it acts as a protective
barrier, mitigating continuous electrolyte decomposition and
enabling efficient Na' ion transport.?* Compared to LIBs, the SEI
in SIBs contains more inorganic species due to the different
reactivity of alkali metal cations.**** However, the SEI in SIBs is
less stable, leading to higher solubility, increased self-discharge,
and the dissolution of the SEI during cycling, which exposes the
carbon surface to further degradation and consumes more active
material.*® Therefore, a thorough understanding and precise
control of SEI formation are essential for developing high-
performance and durable battery systems.

Nuclear magnetic resonance (NMR) spectroscopy has been
proven to be a valuable tool for studying the dynamics and
structural changes in SIBs.***® Originally, ex situ approaches
were used in which the sample was subjected to rotation at
a magic angle (MAS) with respect to the direction of the
magnetic field, resulting in improved resolution of the NMR
spectrum. This technique facilitated the analysis of morphol-
ogies, crystal structures, and electrochemical reaction products
during the (de)sodiation of the batteries.*” However, the ex situ
method has its limitations as it can perturb the battery's state
and overlook transient phases formed during electrochemical

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

reactions. To overcome these limitations, research has recently
shifted to in situ and operando NMR measurements, which allow
real-time observation of dynamic structural changes and
processes during battery operation without disturbing the
battery.*®** Nevertheless, operational challenges such as sample
manipulation in confined spaces and strong magnetic fields
hinder the wide application of operando NMR. In addition, the
static sample conditions during operando NMR measurements
lead to broader signal peaks and lower resolution compared to
ex situ MAS measurements.***!

Despite these challenges, operando NMR measurements are
the focus of recent research, since they provide valuable
insights into battery operation and complement ex situ
approaches. In particular, for paramagnetic materials such as
metallic sodium, bulk magnetic susceptibility effects signifi-
cantly influence NMR signals. This effect, resulting from dipolar
couplings between nuclear spins and electron magnetic
moments, leads to frequency shifts and line broadening in NMR
spectra, especially when the shape or paramagnetic spin
distribution of the sample is non-uniform.*>**

In this study, we aim to (i) provide an in-depth analysis of the
formation and composition of the SEI, (ii) present NMR spec-
troscopy as a powerful tool to understand and differentiate the
sodium storage processes occurring during the (de)sodiation of
hard carbon, and (iii) distinguish between Na metal plating and
dendrite growth. With ex situ NMR, energy-dispersive X-ray
spectroscopy (EDX), and X-ray photoelectron spectroscopy
(XPS), we determine the composition and the content of the
main constituents of the SEI. Through operando/in situ NMR
measurements, we separate the sodium storage processes
occurring during different stages of sodiation and correlate
them with SAXS measurements from a previous study.? Further
employing operando/in situ NMR spectroscopy, we differentiate
between Na metal plating and dendrite formation due to their
distinct chemical environments. Coupled with scanning elec-
tron microscopy (SEM) imaging, we could visualize different
morphologies of both forms of metallic Na. Finally, correlations
between chemical shifts and the electrochemical behavior were
established, providing a comprehensive new insight into the
hard carbon pore filling and degradation mechanisms of SIBs.

Experimental section
Materials

Hard carbon was synthesized through a two-step pyrolysis of
corncob, as reported in our previous work.® Briefly, the initial
heat treatment was performed at 900 °C with a 1 h hold. The
second heat treatment involved heating to 1400 °C and 1600 °C
with another 1 h hold. After the pyrolysis, the obtained hard
carbon was ground in a mixer mill (SPEX SamplePrep, Retsch)
for 30 min. The obtained materials were denoted as CC@900 °C,
CC@1400 °C and CC@1600 °C.

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of the pristine
and cycled CC@1400 °C electrodes was performed using a field-
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emission scanning electron microscope (FE-SEM) Apreo 2 S
(Thermo Fisher Scientific, Netherlands), equipped with a Clean
Connect vacuum transfer system (Thermo Fisher Scientific,
Netherlands) and energy dispersive spectrometer (EDS) Ultim
Max 100 (Oxford, UK).

The samples were mounted into a Clean Connect transfer
capsule in an argon filled glovebox and transferred directly to
the FE-SEM instrument without washing and exposure to air.
Morphological images of the sample were acquired using a low
energy electron beam (2 kv @ 25 pA) by simultaneously col-
lecting secondary electrons (SE) and backscattered electrons
(BSE) with detectors placed at various positions. EDS elemental
analysis and elemental mappings were performed under low
voltage analytical conditions (7 kV @ 0.4 nA) using AZtec 6.1 SP1
processing software (Oxford, UK).

Electrode preparation, cell assembly and electrochemical
measurements

Hard carbon electrodes were prepared with a composition of 90
wt% of active material (CC@1400 °C), 5 wt% conductive carbon
Super C65 (Timcal) and 5 wt% polyvinylidene fluoride (PVdF,
Aldrich), unless stated otherwise. The mixture was dissolved in
N-methyl pyrrolidone (NMP, Aldrich) and ball milled for 30 min
at 300 rpm to obtain a homogeneous slurry. The slurry was then
cast on carbon coated Al foil (Armor, France) with a doctor blade
applicator with a thickness of 100 pm. The coated slurry was
dried at 80 °C overnight.

Electrodes with a diameter of 15 mm were punched out the
next day and transferred to an argon-filled glovebox with water
and oxygen contents below 0.5 ppm. The loadings were main-
tained between 1.5 and 2 mg cm 2 CC@1400 °C electrodes
were used as working electrodes whereas sodium metal
(Aldrich) was used as the counter electrode. Both electrodes
were separated by a glass fiber separator (Whatman GF-A),
immersed in NP30 electrolyte (1 M NaPF, in a solvent mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1: 1
vol%)). Each cell was filled with 100 pL of the electrolyte.

Electrochemical measurements were carried out within
a potential window between 2 V and 0.005 V vs. Na/Na"
employing the following protocol: 5 formation cycles were
conducted at a current of 30 mA g~ (theoretical capacity was
taken according to the model proposed by Bommier,® ie.,
301.6 mA h g~ ), which roughly translates to a rate of C/10. After
the formation cycles, the current was increased to 300 mA g~ *
(corresponding to a rate of 1C) and the measurement continued
for another 100 cycles. At the end of each sodiation a constant
voltage step was applied at the lower cut-off, limited to 10 h or
until the current rate was lower than C/100.

XPS

Ex situ X-ray photoelectron spectroscopy (XPS) of the sodiated
electrode at 5 mV vs. Na/Na* was performed using a Versa probe
3 AD (Physical Electronics, Chanhassen, U.S.A) with a mono-
chromatic Al Ko X-ray source operating at 15 kV and 13.3 mA.
The negative electrodes were washed with DMC to remove the
electrolyte salt from the electrode surface in order to measure
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the penetration depth during XPS analysis. The sodiated elec-
trode was put on a non-conductive double-sided scotch tape in
a “floating” setup and placed at the center of the XPS holder
inside an argon filled glove box. The samples were transferred
inside into the XPS intro chamber with a transfer vessel without
air exposure. For each sample, spectra were acquired by scan-
ning a 1 x 1 mm area with a spot size of 200 pm. High-
resolution spectra were measured at a pass energy of 27 eV
with a step size of 0.05 eV, to obtain high quality data. Analysis
of the peaks was performed with Multipak software using
a weighted sum of Lorentzian and Gaussian component curves
after performing Shirley background subtraction. The binding
energies were referenced to the internal gold standard.

Ex situ solid-state NMR

Ex situ NMR measurements were performed on hard carbon
powder material, assembled in a Swagelok type cell. Cells were
assembled in an argon-filled glovebox with water and oxygen
contents below 0.5 ppm. About 20 mg of CC@1400 °C powder
was used as the working electrode and sodium metal (Aldrich)
was used as the counter electrode. The CC@1400 °C powder and
sodium metal were separated by two glass fiber separators (GF-
A), wetted with 150 pl of NP30. The cells were cycled in a voltage
range between 2 V and 0.005 V vs. Na/Na" with a current of
6 mA g~' (C/50). The cells were then transferred to a glovebox
and disassembled. The CC@1400 °C powder was recovered
from the cells and put into NMR 1.6 mm rotors. During the
process of disassembling the cells within the glovebox and
obtaining the powder for the ex situ NMR study, the powder was
not washed in any way.

Solid-state magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra were recorded on a 600 MHz VNMRS
spectrometer (Agilent Technologies) using a 1.6 mm Triple
Resonance HXY FastMAS Varian Probe. The shift axis in all the
spectra was referenced using an external, secondary reference of
adamantane (the 'H signal was set to 1.85 ppm). We can
consider the reported shifts to be accurate within £0.2 ppm.
Larmor frequencies of **Na, "H and '°F nuclei were 158.539
MHz, 599.314 MHz and 563.919 MHz, respectively. The sample
MAS frequency was 20 kHz. **Na spectra were recorded using an
excitation pulse with duration of 0.5 ps, 20 000 scans and a 0.1 s
delay between scans. The 'H spectra were recorded using
a Hahn echo pulse sequence with /2 and 7 pulses of 2.6 us and
5.1 ps durations, respectively, with 200 scans and a 10 s delay
between scans. '°F spectra were recorded using a Hahn echo
pulse sequence with /2 and 7 pulses of 2.8 ps and 5.6 ps
durations, respectively, with 200 scans and a 10 s delay between
scans.

*Na operando solid-state NMR

Hard carbon electrodes for operando NMR measurements were
prepared at various pyrolysis temperatures (CC@900 °C,
CC@1400 °C and CC@1600 °C) by mixing the active material,
C65 and the polytetrafluoroethylene (PTFE, 60 wt% dispersion
in water) binder in a mass ratio of 85:5:10. The composites
were pressed on carbon coated Al mesh foil and dried at 80 °C

This journal is © The Royal Society of Chemistry 2025
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overnight. Electrodes with dimensions of 5 mm x 15 mm were
punched out the next day and transferred to an argon-filled
glovebox. The loadings were maintained between 10 and
14 mg cm .

For operando NMR measurements, batteries were assembled
in the form of in situ cells (Fig. S1}).** The CC@900 °C,
CC@1400 °C and CC@1600 °C electrodes, pressed onto the Al
mesh, were placed into the cavities with the remaining mesh
twisted into thin wires, which were then passed through the
holes and extended outside the cells. A small drops of fast
hardening epoxy and O-rings were applied to secure and seal
the outgoing side of the Al wires. Sheets of glass fiber separators
were cut into the appropriate size for the cavities and pressed
onto the working electrodes. On the Na side, a Cu mesh twisted
into thin wires are glued onto Viton O-rings. The O-rings seal
the holes through which the Cu wires exit the chambers. The
remaining Cu mesh is placed inside the cavities with thin
Teflon sheets, cut to size depending on the desired pressure
inside the cells. The Na metal electrodes (13 mm x 4 mm) were
gently placed onto the Cu mesh. Subsequently, the glass fiber
separators were soaked with approximately 100 pl of NP30.
Finally, both cavities were pushed together and fixed using the
capsules.

The in situ cells were cycled in a voltage range between 2 V
and 0.005 V vs. Na/Na® with a current of 15 mA g~ " (C/20). At the
end of each sodiation, a constant voltage step was applied at the
lower cut-off, limited to 10 h or until the current rate was lower
than C/100.

In the plating test, the Na||CC@1400 °C cell was sodiated at
a current of 15 mA g ' (C/20) till —1 V vs. Na/Na" as the
threshold condition.

For the Na||Na symmetrical cell, two identical Na plates
(13 mm x 4 mm, with a Na surface area of 0.5 cm ™ ?) were used.
The electrodes were stripped and deposited at a current density
of 5.0 mA cm 2, with each half-cycle lasting for 2 h.

For the Nal|Cu plating test, a Na plate (15 mm x 5 mm) was
used as the working electrode and Cu mesh was used as the
counter electrode. The cell was cycled at a current density of 0.2
mA cm ™2, with each half-cycle lasting for 2 h.

Operando solid-state NMR spectra were recorded on a Bruker
AVANCE NEO 400 MHz NMR spectrometer using an ATMC in

View Article Online

Journal of Materials Chemistry A

situ NMR 400 SB Probe (Fig. S2t). The shift axis in all the spectra
was referenced using an external, secondary reference, NaCl
(with the **Na signal set to 7.2 ppm). The Larmor frequency of
?3Na nuclei was 105.845 MHz and the sample remained static
(without rotation) during the measurements. The **Na spectra
were recorded using an excitation pulse with a duration of 4.75
us, collecting16 384 scans, with a delay of 0.05 s between
consecutive scans. The NMR spectra were analysed using
ssNake and TopSpin software.

Results and discussion

Electrochemical testing of the corncob-derived negative
electrode in a Na-ion cell

For the investigation of the sodium storage mechanism, we
used hard carbon obtained from corncob (CC@1400 °C) as the
negative electrode material. The selection was based on the
favorable structural, textural, and morphological properties of
the material, which led to improved electrochemical perfor-
mance, as described elsewhere.®*

Fig. 1 shows the electrochemical characterization of the
CC@1400 °C sample in a half-cell configuration with the Na
metal electrode as the counter electrode. Fig. 1a illustrates the
specific capacity evolution during cycling, highlighting the
stable sodiation capacities over 100 cycles. The low initial
coulombic efficiency (ICE) of 72% is primarily due to the initial
loss of Na* ions in the first cycle, associated with the decom-
position of the electrolyte and the formation of a solid electro-
Iyte interphase (SEI).** The initial five formation -cycles
performed at a current density of C/10 result in a consistent
sodiation capacity of approximately 300 mA h g~'. During the
transition to a higher current density of 1C, a slight decrease in
capacity is observed, which stabilizes at about 260 mA h g™,
maintaining stable cycling performance throughout 100 cycles.

For a detailed understanding of the electrochemical
phenomena occurring in CC@1400 °C during (de)sodiation, we
present the galvanostatic and differential capacity (dQ/dV)
curves of the 1st cycle in Fig. 1b. CC@1400 °C exhibits a char-
acteristic sodiation/desodiation galvanostatic curve, featuring
two distinct regions, namely, a sloping region above 0.1 V and
a plateau region below 0.1 V vs. Na/Na'.® The sloping region
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) 2400- 110052 P) o
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Fig. 1

Capacity / mAh g

(a) Cycling stability over 100 cycles. The first five cycles were measured at C/10, with the rest cycles at 1C and (b) galvanostatic curve from

the first cycle and the differential capacity (dQ/dV) curve is shown in the inset.
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highlights the interplay between Na" adsorption and electrolyte
decomposition at the hard carbon surface during sodiation.
Both processes are evident in the dQ/dV curve between 0.8 V and
0.5 Vvs. Na/Na" (inset in Fig. 1b), with the first process attrib-
uted to SEI formation and the second to Na" ion adsorption. At
lower voltages, the processes in the plateau region exhibit more
complex behavior. The (de)insertion of Na* ions is observed in
the differential capacity curve at voltages near the cut-off voltage
(inset in Fig. 1b). However, several mechanistic studies suggest
that micropore filling occurs simultaneously, leading to the
formation of metallic Na clusters.>'®*** Unfortunately, simple
galvanostatic experiments cannot distinguish between inser-
tion and micropore filling.

The galvanostatic and differential capacity curves (dQ/dV)
provide an initial insight into the processes associated with
sodium storage in hard carbon-based electrodes. Sodium
storage involves the passivation of the hard carbon electrode
and pore surface (formation of the SEI) as well as the formation
of metastable quasi-metallic Na clusters in the bulk. A
comprehensive understanding of these phenomena requires
transition from a macroscopic perspective of electrochemical
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behavior to a microscopic viewpoint. This can be attained
through employment of advanced non-invasive surface
methods (SEM, XPS, and NMR) to reveal the details of SEI
formation, and volumetric methods including operando
measurements during battery cycling (NMR) to depict the
sodium storage mechanisms inside the hard carbon electrode.

SEI study

As already mentioned, the electrolyte decomposes on the
carbon surface during battery operation, which leads to the
formation of the SEI. This process is a critical parameter for the
performance of hard carbon materials as it determines the
amount of Na' ions consumed during the initial sodiation and
controls/determines the subsequent cell performance. To visu-
alize the formed SEI's morphology, CC@1400 °C was sodiated
to 5 mV vs. Na/Na', and ex situ SEM imaging was performed
(Fig. S31). The SEM micrographs (Fig. S3c and dt) reveal that the
formed SEI creates a distinct surface film on the hard carbon
particles. In addition, smaller spherical particles approximately
100 nm in size were observed on the surface. EDX elemental
mapping (Fig. 2a) was performed to investigate the chemical
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Fig.2 CC@1400 °C electrodes sodiated at 5mV vs. Na/Na* (a) EDX mapping of the electrode surface; scale bar 10 um; (b) high resolution C 1s, O

1s, F 1s and P 2p XPS spectra.
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composition of the SEI. The elemental mapping revealed
a uniform coverage with sodium and oxygen prevalence at the
surface.

To further decipher the chemical composition, an XPS
analysis was carried out. The results for the core contents of
carbon (C), oxygen (O), fluorine (F), and phosphorus (P) are
shown in Fig. 2b. The high-resolution C 1s XPS spectra pre-
sented in Fig. 2b, show several distinct peaks indicating
different chemical states and compositions of the SEI Peaks in
the range of 288.29-289.74 eV correspond to the C=O0 groups of
sodium alkyl carbonate (NaCOz;R) and sodium carbonate
(Na,CO3), while a peak at approximately 286.33 eV is attributed
to C-O compounds, found in sodium alkoxides and poly-
ethylene glycol (PEG).**> The formation of sodium alkyl
carbonate and sodium carbonate results from dimethyl
carbonate (DMC) reduction, and PEG polymers are formed by
both ethylene carbonate (EC) ring opening with further poly-
merization and DMC decomposition (Fig. S41). Additionally,
the most intense peak, representing sp®/sp> carbon bonds is
linked to CC@1400 °C, C65 carbon black, and hydrocarbons in
the SEI Finally, a less pronounced peak at 283.52 eV indicates
the presence of inserted sodium within the hard carbon struc-
ture (Na,-HC).**> The O 1s peak fitting (Fig. 2b) reveals addi-
tional surface species: one at lower binding energies (530.52 eV)
attributed to Na,O or NaOH, and another at higher binding
energies (535.88 eV), indicative of the Na Auger signal. Inter-
estingly, the F 1s XPS high-resolution spectra (Fig. 2b) show the
presence of NaF (683.63 €V) in the SEI The presence of NaF is
attributed to the decomposition of DMC and NaPFg, as shown
in Fig. S4.1 In addition, the electrochemical reduction of PFs~ at
the hard carbon negative electrode results in the formation of
PF,0, species (Fig. 2b). Analyzing the SEI chemical composi-
tion, the C 1s XPS curve shows high contents of CO and CO3>~
compounds, with the ratio of integrals of 32.1% and 21.7%
respectively, while the contribution of the C=0 integral is only
7.5%. This suggests that the SEI is rich in Na,CO;, Na,O, or
NaOH species and in sodium alkoxides/PEG.>*">*

23Na solid-state NMR on hard carbon

The movement of Na* ions, surface reaction mechanisms, SEI
formation, and dendrite growth patterns in the CC@1400 °C
hard carbon sample were examined by using **Na solid-state
NMR. The technique also reveals the impact of sodium metal
plating on battery performance.

The ex situ powder samples were analysed at the initial state,
at sodiation potentials of 0.5 V and 5 mV vs. Na/Na", and at
desodiation potentials of 0.5 Vand 2 V vs. Na/Na™. The **Na MAS
NMR spectrum (Fig. S51) of the cell on its initial state shows
a single peak at —11.5 ppm, which corresponds to the solvated
sodium of the salt in the electrolyte (NaPFg). Alongside this
electrolyte contribution, an increase in the Na,CO; signal at
—6.5 ppm is observed at a sodiation potential of 0.5 V vs. Na/
Na'. This Na,CO; contribution further increases at a sodiation
potential of 5 mV vs. Na/Na' and then remains consistent
throughout both desodiation measurements. This behavior is
attributed to the growth and stabilization of the SEI after the

This journal is © The Royal Society of Chemistry 2025
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first cycle, which is also confirmed by XPS. Additionally, 'H and
'F MAS NMR measurements were conducted. The contribution
of electrolyte solvents EC and DMC are visible in the "H MAS
NMR measurements, appearing at 4.2 ppm and 3.4 ppm,
respectively.” Intense and narrower signals are present at the
same chemical shifts at a desodiation potential of 2 V vs. Na/
Na‘, which is attributed to the additional electrolyte captured
during rotor filling. At a sodiation potential of 5 mV vs. Na/Na"
and a desodiation potential of 0.5 V vs. Na/Na", a trace contri-
bution of NaOH is detected at 1.3 ppm* in 'H MAS NMR,
potentially indicating its presence in the SEI, as also confirmed
by XPS. In '°F MAS NMR, the electrolyte contribution (PFs ) is
evident from the onset of cycling at —75 ppm.*” Furthermore,
a more intense and narrower signal at this chemical shift is
observed at the end of the cycle at 2 V vs. Na/Na', again indi-
cating a greater amount of electrolyte captured during the rotor
filling process. Notably, bulk-sensitive '°’F MAS NMR does not
reveal any NaF formation at —228 ppm (dashed line in Fig.
S51),%® in contrast to surface-sensitive XPS, which shows that the
surface of SEI is rich in NaF.

To explore the impact of electrochemical reactions on both
the Na metal electrode and the CC@1400 °C electrode, and to
identify potential metastable phases undetectable through ex
situ analysis, we performed **Na operando solid-state NMR. The
pseudo-2D spectrum shown in Fig. 3 represents a series of 1D
spectra plotted versus time. The spectrum is plotted in a contour
plot format with the chemical shift on the x-axis and time on the
y-axis. The spectrum is segmented into three distinct regions.
On the left side, it shows the features of metallic Na, spanning
from 1150 ppm to 1110 ppm, which are characteristic of the
paramagnetic part of the spectrum. The central section, which
ranges from 1000 ppm to 400 ppm, shows quasi-metallic Na
clusters which have a semi-paramagnetic nature. Finally, the
right-hand segment corresponds to the electrolyte/SEI region,
situated around 0 ppm, indicative of the diamagnetic compo-
nent of the spectrum. At 50 mV vs. Na/Na" during sodiation, an
enhanced signal at 720 ppm is detected. As the potential
decreases towards 5 mV vs. Na/Na', the signal gradually shifts
downfield to 850 ppm. According to the literature,* this signal
belongs to quasi-metallic Na clusters that form during the pore-
filling phase with Na" ions. While holding the voltage at 5 mV
vs. Na/Na’, this signal continues to increase, indicating the
progressive saturation of pores. Subsequently, as the current
drops below C/100, initiating desodiation, the signal begins to
decrease reversibly and shifts upfield. Above 50 mV vs. Na/Na"
during desodiation, the signal diminishes into the noise. Only
minor peak broadening around the electrolyte region was
observed during the cycle, which could be attributed to the
detection of SEI growth.

To more accurately map the changes in the quasi-metallic
region, we have additionally aligned the baseline and used the
logarithmic plot of NMR signal intensity levels versus time, as
shown in Fig. 4a. Due to the logarithmic scale, we were able to
observe changes before reaching 50 mV vs. Na/Na®, which
marks the middle of the plateau, and detect them even at the
beginning of the plateau at 100 mV vs. Na/Na'. This approach
allowed us to detect a subtle additional signal (indicated by red
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of the spectrometer. First cycle electrochemistry is shown on the right.

arrows), alongside the existing signals at 1100 ppm and
850 ppm. Furthermore, at the end of the potential plateau at
100 mV vs. Na/Na" in the desodiation process, the signal begins
to shift upfield towards the electrolyte signal region. In the
second sodiation, this signal begins to move downfield at the
beginning of the second plateau at 100 mV vs. Na/Na' and
reaches the metallic Na region at a potential of 5 mV vs. Na/Na".
Once again, at the end of the plateau at 100 mV vs. Na/Na'
during the process of desodiation, it moves upfield and towards
the electrolyte region. The weaker signal intensity during the
first sodiation compared to the second is a result of Na" ion loss
during SEI formation in the initial cycle. To gain further insight,
we conducted **Na operando NMR measurements on hard
carbon subjected to two extremely different carbonization

'i,! %
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Fig.4 (a) >*Na operando solid-state NMR spectrum of the Na||CC@1400

temperatures, 900 °C and 1600 °C, designated as CC@900 °C
and CC@1600 °C, respectively, as shown in Fig. S6.1 No signal
corresponding to quasi-metallic clusters was observed for
CC@900 °C. However, an additional signal was detected at
100 mV vs. Na/Na® during sodiation, similar to the potential
observed in CC@1400 °C. Initially, this signal shifted downfield
between the electrolyte and metallic Na signals; however, at
100 mV vs. Na/Na', it shifted back upfield towards the electro-
Iyte signal. For CC@1600 °C, an even more intense quasi-
metallic cluster signal was detected with a peak at 900 ppm,
indicating a downfield shift with respect to CC@1400 °C. Once
again, an additional signal appeared at the same potential of
100 mV vs. Na/Na' and shifted in the same manner as in

volumetric

b) filling the surface
pore filling

of pore walls

micropore

€ @

quasi-metallic

uasi-metallic Na
9 Na clusters

°C half cell at 90° orientation with respect to the external magnetic field

of the spectrometer shown with a logarithmic plot of NMR signal intensity levels. Red arrows indicate the movement of an additional signal.
Electrochemistry on the right-hand side represents the first two cycles. (b) Filling the surfaces of the pore walls with quasi-metallic Na atoms and

(c) volumetric pore filling and formation of quasi-metallic Na clusters.
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CC@1400 °C, but it was significantly more intense and was
already well detected in the first sodiation process.

In view of the additional measurements for CC@900 °C and
CC@1600 °C, further conclusions can be drawn. In all three
samples subjected to carbonization at different temperatures,
a signal was detected that emerged at the beginning of the
plateau, shifted downfield towards the metal Na signal at the
end of sodiation, and then started to return upfield at the end of
the plateau in the desodiation process. In terms of electro-
chemistry and the literature,**® this additional signal can be
attributed to the Na" ions inserted between the graphene layers.
When the signal shifts to the region associated with metallic Na,
it is indicative of quasi-metallic Na atoms filling the surfaces of
the pore walls (Fig. 4b). At higher carbonization temperatures,
where there are more insertion sites and larger pores, this signal
is most intense in CC@1600 °C due to the greater number of
contributing nuclei. The volume fraction (¢pores [%]) and
average width (W, [nm]) of the nanometer sized pores, as
measured by ex situ SAXS in ref. 8 are 6.1% and 0.33 nm for
CC@900 °C, 6.7% and 0.45 nm for CC@1400 °C, and 8.6% and
0.52 nm for CC@1600 °C. Quasi-metallic Na clusters are not
observed in CC@900 °C, where the pores are too small (¢pores is
6.1% and W}, is 0.33 nm) to facilitate the formation of larger Na;
clusters.'*** Instead, filling the surface of pore walls with quasi-
metallic Na atoms is the only remaining process at the end of
sodiation. However, additional volumetric pore filling (Fig. 4c)
with quasi-metallic Na clusters is detected in CC@1400 °C. The
intensity of the signal is even more pronounced in CC@1600 °C,
where the pores are larger (¢pores is 8.6% and W, is 0.52 nm) and
the nature of the quasi-metallic Na clusters is more metallic.***
This results in a downfield shift towards a more paramagnetic
region compared to CC@1400 °C.

At a desodiation potential of 2 V vs. Na/Na', an additional
signal appears at 1133 ppm, close to the signal of the Na metal
electrode resonating at 1120 ppm (Fig. 3). Fig. S71 shows this
spectral region and its features when the Na metal is oriented at
angles of 90° and 0° relative to the external magnetic field. The
additional signal belongs to the Na dendrites growing on the
surface of the metal Na electrode.**

Besides detecting inserted Na' ions and quasi-metallic
clusters in the hard carbon, NMR spectroscopy also proved
useful for studying dendrites on the metallic Na electrode
surface and plating on the hard carbon electrode surface. In
both cases, metallic Na is present in different chemical envi-
ronments that can be detected and identified by NMR.*® Using
in situ/operando NMR at different orientations with respect to
the external magnetic field, the magnetic susceptibility effect
can be used to determine and distinguish between the
morphology of different surface structures.

The study of dendrite formation and plating with **Na solid-
state NMR

To mimic the dendrite detection environment, we assembled
symmetrical Na||Na cells and cycled them at a current density of
5.0 mA cm ™. Analysis of the electrochemical curves depicting
Na stripping/deposition in these symmetrical cells (Fig. 5a and

This journal is © The Royal Society of Chemistry 2025
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b) demonstrates the successful acceleration of dendrite forma-
tion. Given the susceptibility of dendrite signal positioning to
magnetic fields, we investigated how it is affected by the
orientation of the cell in relation to the external magnetic field
of the spectrometer. The layout diagram is presented in Fig.
S8a.T To achieve this, we conducted in situ measurements at
various angles both before and after the operando measurement
(Fig. 5¢). Additionally, two operando measurements were con-
ducted at horizontal (90°) and vertical (0°) orientations with
respect to the external magnetic field of the spectrometer to test
dendrite growth dynamics over time (Fig. 5a and b).

Magnetic susceptibility plays an important role**** in
measurements involving metallic sodium, as it is paramagnetic.
In our case, the chemical shift depends on the cross-section of
the Na metal electrode along the external magnetic field. The Na
metal signal shifts downfield to 1133 ppm at a 0° orientation
and upfield to 1120 ppm at a 90° orientation. At intermediate
angles, the Na metal signal shifts between these two chemical
shifts (Fig. S8b and ct). Dendritic formations grow from the Na
metal electrode surface at different angles (Fig. S8d+), resulting
in a different chemical shift relative to the Na metal. This allows
us to observe and track dendrites during real-time measure-
ments. According to the measured chemical shift of the initial
Na||Na cell (Fig. S8b and ct) the orientation of the dendrites is
on average between 45° and —45° relative to the normal on the
plane of the Na metal electrode (Fig. 5¢). The chemical shift is
highly sensitive to the battery's orientation in the external
magnetic field due to the geometry of dendrite growth and the
associated bulk magnetic susceptibility effect.*»** As shown in
Fig. 5a, the 90° orientation is more advantageous than other
angles, as the difference in chemical shifts between the Na
metal electrode and the dendrites reaches 8 ppm, compared to
only 2 ppm at the 0° orientation (Fig. 5b). This highlights that
the 90° orientation significantly improves the distinction
between NMR signals, allowing for better resolution of different
components in the system. The NMR signal intensity of the
dendrites even exceeds that of the Na metal electrode due to the
distinct physical and chemical properties of these two forms of
sodium.** Dendrites, with their irregular structure and larger
surface area, expose more sodium nuclei to the radio frequency
field, enhancing signal detection. In contrast, the bulk Na
metal's high conductivity limits radio frequency field penetra-
tion due to the skin effect, reducing the number of excited
nuclei and thus weakening the signal. Additionally, dendrites
contain more defects and impurities, creating diverse local
environments that result in longer relaxation times and
stronger NMR signals. In comparison, the ordered crystalline
structure of bulk Na metal leads to faster relaxation and weaker
NMR signals. In the SEM micrographs (Fig. 6a-c), we can
observe the states where Na metal was stripped and subse-
quently redeposited on the sodium surface, leading to the
formation of visible dendrites in a cubic-like form (deposits). A
closer examination of these sodium deposits (Fig. 6b and c)
reveals varying textures; some areas appear smoother, while
others show rougher or more granular characteristics. Such
observations align with the findings from the NMR
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the spectrometer with related electrochemistry. (b) 23Na operando solid-state NMR spectrum of the Na—Na symmetric cell at 0° orientation with
respect to the external magnetic field of the spectrometer with related electrochemistry. (c) 23Na in situ solid-state NMR spectrum before and
after operando measurement at 4 different orientations of the Na—Na cell with respect to the external magnetic field.

measurements, which predict the cubic-like shape of the indi-
vidual Na deposits at an average side angle of 45°.%°

In addition, a Na||Cu cell was tested to detect dendrite
stripping and deposition (Fig. S91). The Na metal plate was used
as the working electrode, and copper mesh was used as the
counter electrode. The **Na operando NMR measurement shows

a comparable behavior to that of the Na||Na cell. The difference
lies in the growth of the signal downfield from the metal Na
signal. In the case of the Na||Na cell, the signal starts to grow at
the final chemical shift (Fig. 5a), whereas in the case of the
Na||Cu cell the signal gradually shifts downfield from the
position of the metal Na signal (Fig. SObt). The results show that

Fig.6 SEM micrographs: (a) fresh Na, (b) Na electrode after stripping and deposition; (c) higher magnification of Na deposits, (d) fresh CC@1400 °
C electrode, (e) CC@1400 °C electrode after the plating test, and (f) higher magnification of the plated CC@1400 °C electrode.
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plating leads to a more uniform growth of micro-structures all
over the surface of the Cu, gradually evolving into their final
orientation (Fig. S101). In contrast, the dendrites show a well-
defined localized growth from the beginning of the cycling on
the Na metal electrode.

Furthermore, the difference in the NMR spectra of the quasi-
metallic states arising from Na plating on the HC electrode
surface is still an open question.®*®” To confirm the Na metal
deposition (plating) on the HC electrode surface, the cell was
sodiated below the potential of sodium metal. The galvanostatic
curve during sodiation at C/20 in Fig. S11,7 shows a minimum
close to —28 mV vs. Na/Na', followed by an increase in voltage,
although it remains negative. According to the literature,*®* this

Na plating on HC

quasi-metallic
Na clusters

1260 1120 980 880 800

o/ ppm
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minimum demonstrates the onset of sodium nucleation, fol-
lowed by increased growth of sodium deposits at the surface of
the hard carbon electrode. This is evident in Fig. 6d—f, where the
pristine hard carbon electrode surface is compared to the surface
of the electrode, which was sodiated below the potential of
sodium metal. The pristine CC@1400 °C electrode has a rela-
tively smooth surface with some degree of porosity (Fig. 6d).
During the plating process in the negative voltage regime, the
electrode surface exhibits an increase in roughness. The plated
sodium forms clusters at the CC@1400 °C electrode surface
(Fig. 6e and f). Furthermore, the electrode surface and sodium
clusters are covered by the formed SEI as shown by XPS. To
validate the differences in the quasi-metallic states resulting from
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Fig. 7 Na-HC plating test: 2*Na operando solid-state NMR spectrum of the Na||[CC@C1400 °C half cell at 90° orientation with respect to the
external magnetic field of the spectrometer around (a) Na metal region and (b) quasi-metallic Na clusters region. (c) Related galvanostatic curve
for the measurement when sodiated to negative potentials. (d) 2Na in situ solid-state NMR spectrum before and after operando measurement at
2 different orientations of the Na||CC@1400 °C cell with respect to the external magnetic field.
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Na plating on the hard carbon electrode, **Na operando solid-
state NMR was performed. An enlarged operando spectrum
along with the galvanostatic curve sodiated under the potential of
sodium is presented in Fig. 7. We aim to determine whether NMR
can detect changes on the surface of the HC electrode in the
region of the electrochemical plating. As already shown, the Na
metal signal is detected at 1125 ppm (Fig. 7a). In the NMR spectra
(Fig. 7b), spanning the region between 880 ppm and 560 ppm,
the growth of quasi-metallic Na clusters after 25 hours at
a potential of 5 mV vs. Na/Na' is detected (Fig. 7c). The signal
appears at 730 ppm and stabilizes around this chemical shift
value during underpotential deposition. After 45 hours at
a potential of —12 mV vs. Na/Na', an additional signal starts to
increase from the baseline at 1176 ppm, corresponding to Na
plating on the hard carbon electrode surface.

The measurement shows that NMR spectroscopy can
distinguish between the formation of quasi-metallic clusters
and Na metal plating. Fig. 7d shows the 1D in situ NMR spec-
trum at the beginning and end of the operando measurement at
0° and 90° orientations relative to the magnetic field of the
spectrometer. Due to the bulk magnetic susceptibility effect,
NMR measurements again exhibit greater resolution of surface
changes when the sample is oriented at 90° (horizontal) to the
external magnetic field compared to 0° (vertical).*>** This
orientation-dependent resolution is crucial for accurately
detecting and interpreting subtle changes in the magnetic
properties of the sample. A change occurs in both cases. In the
90° orientation, an increase in the additional signal at
1176 ppm is detected downfield from the existing metal Na
signal at 1125 ppm. However, in the 0° orientation, an addi-
tional signal increase at 1131 ppm is detected upfield from the
existing metal Na signal at 1133 ppm.
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The differences in the NMR chemical shift between
dendrites and plating are attributed to their different structural
and chemical properties (Fig. 8).”° Sodium deposits/dendrites
(Fig. 8a), characterized by cubic-like morphology and a large
surface area, exhibit a higher proportion of defects and impu-
rities compared to the more uniform and homogeneous plating
observed during continuous stripping and deposition.””> These
structural differences lead to differences in the local chemical
environments and interactions with the electrolyte, which in
turn influence the electronic density and the local magnetic
fields around the sodium nuclei. Consequently, these variations
influence the shielding of sodium nuclei, resulting in different
NMR chemical shifts for dendrites and plating.

The proposed sodiation mechanism is shown in Fig. 8b.
During the first sodiation, an SEI is formed and stabilized on
the surface and inside the pores of the negative hard carbon
electrode. The sequence of the next sodiation processes indi-
cates that the adsorption of Na" ions on the hard carbon surface
and their insertion between the graphene layers occurs first,
followed by the filling of the surface of the pore walls. If the
pores are large enough to accommodate more than one layer of
quasi-metallic Na atoms, the continuous filling results in the
formation of quasi-metallic Na clusters (Naj). During des-
odiation, the process is reversed. In the first phase of the
process, the quasi-metallic Na atoms, which are part of the
quasi-metallic Na clusters, are extracted from the structure.
This is followed by the extraction of the quasi-metallic Na atoms
that are part of the pore wall surface and finally, the Na* ions
between the graphene sheets and on surface are removed. In the
case of underpotential deposition, nucleation of Na metals
occurs at the surface of the negative electrode, resulting in Na
metal plating (Fig. 8c). The chemical environments of the Na
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Fig. 8
plating mechanisms on a hard carbon electrode.
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(@) Scheme of metal stripping and deposition on the Na metal electrode. (b) Scheme of SEI formation and sodiation mechanisms. (c) Na
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plating and the Na dendrites are different due to their different
structural and chemical properties and can be distinguished by
solid-state NMR.

Conclusions

We demonstrated the versatility of operando, in situ and ex situ
solid-state NMR spectroscopy in elucidating sodium storage
mechanisms in Na-ion batteries. This technique,
plemented by XPS and SEM, enhanced our understanding of the
sodium environment in hard carbon. We explained SEI stabi-
lization during the first cycle and monitored electrochemical
mechanisms during sodiation/desodiation, distinguishing Na*
ion insertion between graphene layers from pore filling, and
differentiating dendrite formation from underpotential Na
plating.

Hard carbon derived from corncobs (CC@1400 °C) showed
stable sodiation capacities over 100 cycles. Analysis revealed
interactions between Na' ion adsorption and electrolyte
decomposition, with ex situ SEM, EDX, and XPS confirming SEI
formation and stabilization after the first cycle, predominantly
NaF at the surface and Na,CO; in the bulk. Ex situ NMR
corroborated the XPS findings and provided additional insights
into the electrolyte solvent contributions.

Operando/in situ NMR identified specific stages of Na* ion
insertion between graphene layers and pore filling during
sodiation, with larger pores at higher carbonization tempera-
tures supporting the formation of quasi-metallic Na clusters.
With NMR, we were able to determine and differentiate the
stages of the plateau where the processes of insertion and pore
filling take place. Additionally, the volume fraction and average
width of nanometre-sized pores, measured by ex situ SAXS in the
previous study, increase with carbonization temperature and
are consistent with the NMR findings. NMR also distinguished
dendrite formation from Na metal plating, tracking the
processes via chemical shifts. SEM images of Na metal deposits
are consistent with NMR predictions.

A comprehensive mechanism for Na* ion behavior in hard
carbon was proposed: during initial sodiation, Na" ions adsorb
on the hard carbon surface and insert between graphene layers
and then fill the pore walls and at the end quasi-metallic Na
clusters are formed if the pores are large enough. During des-
odiation, this process reverses. Underpotential deposition leads
to Na metal plating, with distinct shifts reflecting the different
properties of plated Na and dendrites.
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