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ABSTRACT



Operando microbeam Raman spectroscopy is used to map the changes in hard carbon during sodiation
and desodiation in unprecedented detail, elucidating several important and unresolved aspects of the
sodiation mechanism. On sodiation a substantial, reversible decrease in G-peak energy is observed,
which corresponds directly to the sloping part of the voltage profile and we argue can only be due to
steady intercalation of sodium between the turbostratic layers of the hard carbon. Corresponding
reversibility of the D-peak energy change is consistent with intercalation rather than representing a
permanent increase in disorder. No change in energy of the graphitic phonons occurs over the low
voltage plateau, indicating that intercalation saturates before sodium clusters form in micropores in this
region. At the start of the initial sodiation there is no change in G- and D-peak energy as the Solid
Electrolyte Interphase (SEI) forms. After SEI formation, the background slope of the spectra increases
irreversibly, due to fluorescence. The importance of in situ/operando experiments over ex situ studies is
demonstrated; washing the samples or air exposure causes the G- and D-peaks to revert back to their
original states owing to SEI removal and sodium de-intercalation and confirming no permanent damage

to the carbon structure.

1. Introduction

Sodium-ion (Na-ion) batteries are receiving increasing attention, particularly for stationary
applications, such as load-levelling, and have a number of significant benefits over lithium ion (Li-ion)
batteries.’® Whereas lithium is only present in limited amounts in the earth’s crust and is found in local
deposits, sodium is more plentiful, ubiquitously-found and has a substantially lower cost.>® Additionally,
an expensive copper current collector is required for the anode in Li-ion systems because lithium alloys
with aluminium. This is not the case with sodium, therefore, aluminium can be used as the current
collector for both electrodes, saving on cost. Moreover, because copper is not present, Na-ion cells can

be discharged fully to zero volts, for safer storage and transportation since aluminium does not dissolve
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into the electrolyte at these voltages.” Furthermore, the rate of self-heating is lower than for Li-ion
technologies.®® These considerations contribute to the promise of higher safety in Na-ion systems
compared with their Li-ion counterparts. However, the Solid Electrolyte Interphase (SEI), which is a
layer that forms on the surface of the carbon during the initial sodiation, resulting from the decomposition
of the electrolyte at the pristine carbon surface, is reported to be primarily inorganic for Na-ion systems
and less stable and more soluble compared with the Li-ion SEI, which is primarily organic.%-*2 Although
the SEI in Li-ion systems is relatively well understood, further work is required to understand and
improve the stability of the SEI in Na-ion systems to benefit both cycle life and safety, as it protects

against further electrolyte decomposition on the carbon surface.**

Another significant challenge for Na-ion batteries is to find suitable electrode materials. The graphite
electrodes incumbent in Li-ion batteries cannot be used for Na-ion anodes because sodium does not
intercalate into graphite at ambient pressure.® On the other hand, hard carbons have emerged as suitable
systems for reversibly storing Na* ions, giving capacities of up to 300 mA h g*.26*"  Furthermore, hard
carbon can be made via pyrolysis from relatively inexpensive biomass sources. Hard carbons contain
regions of randomly stacked graphitic to graphene-like layers (turbostratic nanodomains - TNDSs), cross-
linked by amorphous regions containing sp®-bonded sites.’®?° The crystallinity, defect density, TND
domain-size and porosity of the hard carbons can be controlled, for example, by changing the precursor
or carbonization temperature.?"?* However, the optimization of the hard-carbon microstructure for Na-
ion batteries requires detailed understanding of the mechanism by which sodium inserts into the hard
carbon structure. This mechanism is currently under intense debate!?: 6 1%-32 with sodium storage thought
to occur via a combination of edge/defect site occupancy, intercalation and pore filling. The voltage
profile upon electrochemical sodiation and desodiation of hard carbon is well known; upon sodiation it

shows a characteristic linear decrease in potential over approximately 50% of the capacity, to around



100 mV followed by a flat region (plateau) over the remaining capacity. Diffusion coefficient
measurements®® 2 and heteroatom doping studies?® conclude that the linear sloping region of the voltage
profile (from ~1 V to ~100 mV) results from sodium occupation of edge and defect sites and the plateau
below ~100 mV from sodium intercalation into the TNDs and occupation of the pores, although the
apparent correlation between slope capacity and concentration of defects? may be better explained by
the observation that samples with a higher number of defect sites also have higher surface area, and show
a lower efficiency, which is consistent with an increase in capacity being caused by side reactions (SEI
formation), rather than being due solely to sodium occupancy of defect sites. 2Na solid-state NMR3!
demonstrates that sodium initially inserted at higher voltages is ionic in nature, becoming progressively
more metallic as sodiation proceeds, and is interpreted as initial attachment to pore walls and near
interlayer defects, followed by intercalation and insertion into pores near defects occurring at lower
voltages. Small angle X-ray Scattering (SAXS) studies™™ 2> 32 conclude that the sloping region of the
voltage profile is due to sodium intercalation between graphene layers in the TNDs and attribute the
plateau region below 100 mV to occupation of the pores between the TNDs. X-Ray Diffraction (XRD)
investigations have proved inconclusive in the literature; the lack of long range order found in hard
carbon results in broad, weak diffraction peaks, making it difficult to resolve accurately intensity changes
and peak shifts, such as the well-defined shifts found for graphite intercalation compounds (GICs) upon
intercalation as the graphitic layers move apart. Intercalation in the plateau region of the voltage profile
has been inferred from a small increase in d-spacing between graphene layers over this region, 2% 33
however, in these cases d-spacing actually starts to increase over the sloping region. In other work, a
decrease in the 002 peak intensity has been observed over the sloping region during sodiation, which
then reversed on desodiation,3*3? and since the 002 peak does not shift to higher d-spacing, this result
has been interpreted as adsorption onto the surface of the hard carbon domain sheets rather than

intercalation.®® However, surface adsorption should not change the relative intensity of the 002 graphite



peak and the reduction in 002 peak intensity could indicate intercalation if the resulting intercalated

domains are suitably disordered.

Raman scattering has emerged as a powerful technique to investigate the nanoscale structure,
intercalation, disorder and carrier concentration of carbon-based materials.?**® The positions, widths,
relative intensities and peak shapes of the characteristic G-peak and D-peak reveal the degree of
interlayer stacking and disordering of the carbon, as well as indicating electron transfer from intercalated
species into the graphene-derived conduction bands.3* While numerous groups have published in situ
and operando Raman spectroscopy studies for the insertion of lithium into graphite and other carbons,3®
%8 for the sodiation of hard carbon only a limited number of Raman studies have been reported to date.'*
18,20,22,49-51 Moreover, ex situ studies have been limited to only a few data points during sodiation*! or
measurements carried out in ambient air,?> 4° which we show adversely affects the results since the
sodium de-intercalates. A recent study®® combined operando Raman spectroscopy and Density
Functional Theory (DFT) calculations to investigate the sodiation mechanism of coconut-shell derived
hard carbon, supporting the picture that intercalation into the TNDs occurs during the sloping part of the
voltage profile. However, the decrease in G-peak energy upon sodiation of that material was not fully
reversible on desodiation, suggesting that complete deintercalation did not occur. Furthermore the D-
peak analysis was inhibited since the resonant process associated with the appearance of this peak was
blocked upon intermediate doping due to the laser energy. There was also no correlation reported between
the Raman spectra and the formation of the SEI. Elsewhere, in situ Raman spectroscopy has been used
to investigate the sodiation mechanism in nitrogen-doped hard carbon,®® however, these materials
showed no lower voltage plateau, but only a sloping voltage profile over the full range. A decrease in
G-peak energy was observed from 1-0.02 V, but this decrease was only attributed to sodium intercalation

in the lower voltage region, below 0.3 V.



Herein, a detailed operando Raman study of the sodiation and desodiation of a commercial hard carbon
is presented, measuring at frequent intervals, during the initial formation cycle and again after several
cycles. Peak fitting of the spectra permits the deconvolution of the G-peak, D-peak and background and
the extracted trends clearly demonstrate that the sloping region of the voltage profile is due to the
intercalation of sodium ions into the TNDs. Through judicious choice of laser energy, a gradual change
of the D-peak is monitored throughout the sodiation process and shown to be fully reversible, with an
unchanging D/G peak intensity ratio. The non-changing graphitic phonon energies over the low voltage
plateau suggests no further net intercalation occurs in this region. Further, a region of the profile is found
where the Solid Electrolyte Interphase (SEI) forms, with a subsequent increase in background slope in
the spectra suggesting the possibility of tracking and quantifying the changes in the spectra due to SEI

formation.

2. Results

Optical cells for operando Raman spectroscopy were assembled, as shown in Figure 1 (a), using a hard
carbon anode working electrode in contact with the bottom plunger, and sodium metal counter electrode.
The sodium metal counter electrode and the separator both had central holes, to allow the laser beam to
pass through to the surface of the working electrode below; further details of cell assembly are given in
the Experimental section. Cells were tested at C/5 or C/3, based on a specific capacity of 300 mA h g*
for hard carbon on the initial cycle, where C/x denotes the current required to discharge the cell in x

hours.

Raman spectra were recorded during sodiation and desodiation. The laser power and sample exposure

were optimised in order to achieve a sufficient signal-to-noise ratio whilst ensuring the sample was not



damaged by the beam, which can result in a large resonant signal.>?> Since spectra were recorded without
pausing the current, the time taken to acquire each spectrum was kept as short as possible (while
achieving a signal with adequate signal-to-noise for data fitting), which was typically in the range 0.03-
0.6% of capacity. Figure 1 (b)-(e) show optical images of the hard carbon surface before filling the
optical cell with electrolyte, and before and after the initial sodiation and subsequent desodiation,
illustrating the change in the carbon surface after electrolyte filling and SEI formation. Owing to the
difficulty in focussing on the carbon surface, and in order to ensure that spectra were representative of
the entire surface, the laser was directed onto different spots on the electrode during discharge (sodiation)
and charge (desodiation), and refocussed manually for each spot. This approach allowed numerous
spectra to be recorded over several hours without burning the sample. The background slope and the G-
and D-peak parameters were extracted from the spectra by peak fitting with custom software, as described

in the Experimental section.
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Figure 1 (a) Optical cell configuration (EI-Cell® ECC-Opto-Std) used in this study; (b)-(e) in situ optical
images, taken with 50x magnitude long working distance lens, of hard carbon electrode surface as
observed when focussing through the glass into the optical cell; (b) fresh, dry cell (before filling with
electrolyte); (c) after electrolyte addition (pre-sodiation); (d) end of sodiation at C/3 to 5 mV (there was
no constant voltage hold); (e) end of subsequent desodiation, at C/3 to 3 V; C/3 based on 300 mA h g*

for hard carbon.



Examples of selected spectra recorded during sodiation are shown in Figure 2. The G-peak at ~1590
cm® corresponds to the first order Raman scattering from an in-plane Ezq symmetry phonon in-plane of
the crystalline graphene sheets, whereas the D-peak (~1350 cm™) corresponds to the in-plane optical
phonon close to the K-point in the graphene Brillouin zone and is activated by disorder scattering.3>-3
Both peaks are found to broaden and shift to a lower wavenumber during sodiation with the reverse trend
on desodiation. Additionally, during the initial sodiation, there is a non-reversible increase in the slope
of the background. The G- and D-peak parameters and the background slope, extracted from the fits to
the spectra, are superimposed onto the voltage profile in Figure 3 and Figure 4, allowing changes in

Raman spectra to be directly compared to features in the voltage profile during the first (formation) cycle

and after cycling (cycle-9).
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Figure 2 Example spectra recorded during sodiation of cycle-1, illustrating the changes in the G-peak

and D-peak; note that the background slope increases after SEI formation on the initial sodiation; test
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conditions given in Figure S3; (a) pre-sodiation, (b) 65 mA h g?, (c) 115 mAhg?, (d) 172mA h g?, (e)

263 mA h g%, (f) expanded spectra from (a) and (e).
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Figure 3 Voltage profiles and G-peak position obtained from peak fitting spectra from operando Raman
experiment for discharge (sodiation) and subsequent charge (desodiation) of sodium-hard carbon cell on
(@) cycle-1 and (b) cycle-9; sodiation shown in blue, desodiation shown in red; First Cycle Loss
associated with SEI formation shown in grey shading in (a) and the inflection point in the voltage profile
associated with SEI formation is indicated by an arrow in (a); solid line = voltage profile, discrete points

= G-peak position (blue dots =sodiation, red squares = desodiation); inset graph in (a) shows differential
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capacity (green) and voltage (blue) versus specific capacity; sodiation was carried out by discharging at
constant current of C/5 to 5 mV (there was no constant voltage hold) and desodiation was at a constant
current charge at C/5 to 1.5 V; C/5 for cycle-1 was based on 300 mA h g* for hard carbon, C/5 for cycle-
9 was based on cycle-1 charge capacity; (c) voltage profile (solid line) and G-peak position (discrete
points) for discharge of cycle-1, taken from (a), indicating regions of SEI formation (grey shading),
intercalation (light pink) and pore occupancy (violet); (d) stylised visualisation (not to scale) illustrating
sodiation mechanism in hard carbon: intercalation (light pink) between graphene layers occurs over the
sloping region and pore occupancy (violet) occurs over the low voltage plateau of the discharge curve
shown in (c). The approximate dimensions of the model in (d) are consistent with those commonly
reported for hard carbon comprising curved TNDs with crystallite size dimensions ~1-2 nm (out of plane)
and ~2-4 nm (in plane) encasing micropores with dimensions of < 2 nm in diameter in which sodium

clusters form,29: 3133
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Figure 4 (a) Background slope plotted with the voltage profile against specific capacity during discharge
(sodiation) on cycle-1 of the cell in Figure 3; solid line = voltage profile, discrete points = background
slope; (b)-(c) selected spectra recorded at different capacities during sodiation: (b) 22 mA h g2, (c) 106
mA h g; the small peaks at 1457 cm™ and 1487 cm™ arise from the electrolyte and are occasionally
observable depending on cell/electrode alignment, data (black), total fit (red), Lorentzian fit (green),

Breit-Wigner-Fano fit (blue), background (dark yellow).

2.1. Changes in G-peak and D-peak upon sodiation and desodiation

Figure 3 (a) shows the extracted G-peak position plotted alongside the voltage profile for the initial
sodiation at C/5. The most notable feature of the data in Figure 3 is the striking correlation between the
change in the G-peak energy and the voltage profile. However, during the initial sodiation only (cycle-
1, blue data points Figure 3 (a), and grey data points in Figure 3 (c)), the G-peak energy remains relatively

constant at ~1600-1610 cm™ over the first ~50 mA h g*. In this region, also for the first cycle only, an
12



inflection point at ~0.9 V is found in the voltage profile (indicated by the arrow in Figure 3 (a)) and more
clearly visible as a peak in differential capacity (Figure 3 (a) inset). This region closely corresponds with
the first cycle loss (indicated by the grey rectangle in Figure 3 (a) and (c)), and has been attributed to SEI
formation reactions.>*>* The sodium SEI forms at around 0.8 V vs Na/Na' **resulting from the
decomposition of the organic carbonates in the electrolyte on the pristine carbon surface, and by reaction
of the NaPFe salt with sodium passing through the interface. Once a stable SEI has formed, further
electrolyte decomposition is prevented. Indeed, the inflection point is not apparent on cycle-9 in Figure
3 (b), consistent with no further decomposition. As explained in detail below, the unchanging G-peak
energy over the first ~50 mA h g* of the initial sodiation precludes the possibility that the first cycle loss
could be due to intercalated sodium being trapped in the carbon, making it unavailable for subsequent
cycles because, if this was case, the energy of the G-peak would change in this region. It is also possible
that some part of this irreversible capacity is due to sodium irreversibly reacting with edge states and
defects on the carbon.

Following SEI formation (and also for subsequent cycles), the G-peak steadily and substantially
decreases in energy, at approximately 0.5 cm™ per mA h g2, until roughly 1560 cm, directly coincident
with the sloping region of the voltage profile, from ~0.7 V to ~0.1 V (=50 mA h g to ~135 mA h g}),
before finally showing no change over the final flat part of the voltage profile (the low voltage plateau).
Notably this change is reversible (upon desodiation) and persists upon subsequent cycles (Figure 3 (b)).
Alongside changes in the G-peak energy, changes in width are similarly reversible (Figure S1), with an

initial broadening of the peak followed by a decrease in width.

The G-peak energy and width are well-known to be highly sensitive to doping. A similar drastic
decrease in energy of the G-peak phonon concomitant with an increase in width have been measured for

alkali metal graphite intercalation compounds (GICs) of known stoichiometry.t® 34525 The downshift
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results from the charge transfer from the alkali metal atoms to n* anti-bonding orbitals of the carbon
structure, which results in the lengthening of the C-C bonds (as measured by X-ray diffraction) thus
reducing the G-peak energy, alongside a non-adiabatic renormalization of the phonon energy due to
strong electron-phonon interactions,> %57 which also modifies the phonon lifetime and therefore the
width of the peak.>” In this way, the Raman spectra of graphitic compounds are unusually sensitive to
electron doping due to a combination of high frequency phonon modes and the unique band structure of
graphene.> 5" A similar effect is found for mono to few layer graphene upon heavy electron doping
(though here, initial doping increases the G-peak energy due to a removal of the Gamma point Kohn
anomaly in undoped graphene), achieved by alkali metal adsorption.>® %8 However, in stark contrast to
GICs, for which the downshift in energy is distinct for different compounds with fixed metal:carbon
ratio, the graphene G-peak energy shift decreases monotonically with increasing alkali metal coverage.
The gradual and tunable effect on the average phonon energy indicates that the charge transfer is
homogenously delocalized across the graphene, as expected for metallic, electron-doped graphene
sheets.%® % However, flakes thicker than a few layers revert to distinct spectra from stoichiometric
compounds found in GICs, similar to the Li-intercalation in graphite for batteries. The tunability that is
observed in the hard carbon-sodium system is, therefore, similar to few layer graphene and the gradual
(reversible) decrease in the G-peak position can be understood as to be due to electron doping resulting
from intercalation as the sodium is incrementally added and spreads uniformly through the layers as
shown in light pink in Figure 3(d). A similar trend has been observed for the lithiation of activated,®
disordered*? and pyrolytic* carbons. Intercalation of alkali metals into graphitic species is known to be
driven by a complete charge transfer of the valance electron from the metal species into the graphene-
derived electron bands (sometimes including the formation and occupation of a new interlayer band).5®
60 As such the intercalated alkali metal is ionic as measured by recent 2>Na NMR measurements of the

sodium/hard carbon system in the sloping part of the voltage profile.3! It has been suggested that in this
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region sodium is adsorbed onto the TNDs’ surfaces, rather than being also intercalated.®® While it is true
that surface adsorbed sodium would cause a similar G-peak shift to lower energy, if this was the sole
doping mechanism, the G-peak would split into two peaks resulting from the presence of adjacent
intercalated and non-intercalated graphene layers, similar to that found for stage 3 or higher GICs, given
that the typical TNDs are comprised of < 5 layers.?%3. 616465 Ng splitting of the G-peak is observed in
this work, therefore, intercalation must be occurring over the sloping region. Here we note that this G-
peak shift is insensitive to whether the Na preferentially intercalates at defect sites where calculations
predict (reversible) charge transfer is stronger®®% if these sites are homogeneously distributed.
Following the initial decrease, the G-peak energy remains constant over the long, low voltage plateau,
indicating that no further net intercalation occurs in this region, again consistent with 2>Na NMR results,
which show the increased metallicity of the sodium species i.e. as metallic sodium forms in the pores.

This is illustrated in violet in Figure 3(d).

The G-peak width, the D-peak position and width, as well as the ratio of intensities (Ip/lg), are given
in Figure S1 in the Supplementary Information. Similar to the G-peak, the D-peak energy and width
remain constant over the initial period of SEI formation. After this, there is a gradual decrease of the D-
peak energy and change of width upon sodiation. Notably, as with the G-peak, this trend is reversible
upon desodiation, indicating that the changes again result from a change in the phonon energies and
lifetimes from the electron doping of the graphene sheets®> ° % rather than any increase in disorder
developing in the carbon lattice itself, for example by bond-breaking, which would not be reversible. It
should also be noted that the Ip/lg ratio, which indicates disorder, remains relatively constant throughout

the sodiation/desodiation cycle.
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These distinctive trends in G- and D-peaks upon sodiation/desodiation were found in numerous
samples. For example Figure S2 shows data recorded for the initial sodiation of a cell atC/3, Figure S3
show results for the initial sodiation and subsequent desodiation of another cell at C/5 and Figure S4

shows results for the initial sodiation and subsequent desodiation of a cell at C/3.

2.2. Changes in spectra upon cycling

The experiment was repeated after cycling at C/5 and the data for G-peak position and voltage profile
for cycle-9 is shown in Figure 3 (b). Again, during sodiation the G-peak decreases linearly, at
approximately 0.5 cm™ per mA h g, to a lower wavenumber (~1570 cm™) over the sloping voltage
profile, until ~80 mV (~110 mA h g). The G-peak then returns to its original energy on the subsequent
charge (desodiation) of cycle-9, as reported for cycle-1. However, for cycle-9 the “plateau” in G-peak
position at the start of sodiation is absent, consistent with the assignment of this plateau to SEI formation
on the first cycle. The trends in G-peak width, D-peak position and width and the ratio of intensities
(Io/lg) for cycle-9 are also consistent with cycle-1 and are given in Figure S5 of the Supplementary
Information. As on cycle-1, the D-peak changes are reversible, suggesting no increase in disorder in the
carbon structure. In Fig 3b, a small hysteresis of the position of G-peak energy in cycle-9 can be seen,
with a shallower G-peak dependency on sodiation compared to desodiation which is not mirrored in the
voltage profile or evident in cycle-1. This observation potentially suggests that after multiple cycling,
during sodiation there is a small degree of pore filling occurring concomitant with the intercalation during
the sloping part of the voltage profile. However, it should be noted that after multiple cycles the Raman
spectra are increasingly challenging to record due to difficulty focusing giving noisier spectra (evident
from the larger error bars on the fit-extracted G-peak energies) and thus further work is required to

investigate this effect.
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Together with the plateau in the G-peak position, another change on cycle-1, which is absent on
subsequent cycles, is found in the nature of the spectral background. During sodiation on cycle-1 a clear
increase in the background slope of spectra is observed. This effect is shown in Figure 4, where the
background slopes of the spectra are superimposed onto the voltage profile for sodiation in Figure 4 (a)
and selected spectra at different stages of sodiation are shown in Figure 4 (b)-(c). The background slope
superimposed onto the voltage profile for desodiation is given in Figure S6 of the Supplementary
Information. The change in background is not reversed on the first desodiation, and remains on multiple
cycling (cycle-9, Figure S7). Examination of the cycle-1 increase reveals that the background is
relatively flat over the initial ~50 mA h g%, i.e., before SEI formation. The significant increase in
background slope can be understood as a result of increased fluorescence from the SEI. Also, the
electrolyte peaks at approximately 1457 cm™ and 1487 cm™ in Figure 4 (b)-(c) fade and are no longer
apparent in subsequent spectra (Figure S7), possibly due to electrolyte decomposition during SEI
formation. A similar increase in background slope, and decrease in electrolyte peak signal, has been

noted previously for lithium systems.*

2.3. Effect of washing electrodes in electrolyte solvent, propan-2-ol and after exposure to air

Figure 5 (a)-(d) show Raman spectra recorded at the end of sodiation and then following various
washes. For these experiments, the hard carbon electrode was removed in a glovebox (without air
exposure), washed first in diethyl carbonate (DEC), dried and then reloaded in the optical cell, without
air exposure, for measurement. The process was then repeated using propan-2-ol (IPA). Finally, the
optical cell was opened to the air and spectra were recorded in the open atmosphere. The G- and D-peak
position and width, together with the ratio of intensities (Io/lc) and background slope, are plotted in
Figure 5 (e)-(j). Washing the sample in diethyl carbonate (DEC), which is a component of the electrolyte

(Figure 5 (b)), removes the peak at approximately 900 cm™, which is attributed to ethylene carbonate
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(EC), also a component of the electrolyte, coordinated with the metal ion.** Washing the samples in IPA
(which reacts with sodium) causes significant changes to the Raman spectra, due to SEI removal and
sodium de-intercalation. It can be seen that the background of the spectra flattens, which indicates that
the SEI has been removed or damaged by the mechanical washing process, thus reducing fluorescence.
The SEI in sodium systems is known to be more soluble and less stable than in Li-ion systems.'% In
addition to a reduction in the background slope the G- and D-peaks shift back to their original energies

(i.e. prior to sodiation). These changes are then augmented when the electrode is exposed to air.

The shift in G- and D-peaks back toward their initial positions, indicates a full de-intercalation of ionic
sodium from the TNDs, with a sharpening of the D-peak and an increase in its intensity as indicated by
an increase in Ip/lc. The reversibility in the D-peak character after washing in IPA and exposure to air
confirms that the changes that manifest upon sodiation are not caused by a permanent increase in disorder
in the hard carbon lattice. The substantial effect on the measured spectra of air exposure and washing
the samples has important implications for ex situ Raman studies, where electrodes may be washed prior
to study, and highlights that operando Raman studies are required for investigating sodiation
mechanisms, for example, ex situ studies,*® where sodium intercalation is discounted due to the absence
of the G-peak shift, may be misleading as the results are likely to be adversely affected by washing and

air exposure.
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Figure 5 (a)-(d) Raman spectra measured for samples as follows: (a) end of sodiation, in sealed cell; (b)
washed in diethyl carbonate (DEC), dried, then transferred to sealed cell, all within the glove box; (c)
washed in propan-2-ol (IPA), dried, then transferred to sealed cell, all within the glove box; (d) sample
removed from sealed cell and Raman spectra measured in open atmosphere; (€)-(j) parameters extracted
from spectra, after various washes as follows: (e) G-peak position, (f) G-peak width, (g) D-peak position,

(h) D-peak width, (i) background slope and (j) ratio of intensities Ip/lc.

3. Discussion and Conclusions

Operando Raman spectroscopy has proved a critical tool in elucidating several key aspects of the
sodiation mechanism in hard carbon, unachievable for other, less direct methods or those that focus solely
on the sodium. Most importantly, the gradual and reversible changes in the G- and D- graphitic Raman
peaks confirm that sodium uptake, associated with the initial, sloping part of the voltage profile, arises

from intercalation into the TNDs. Moreover, these results rule out that it is only the surface of these
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domains that are occupied, and suggest that the capacity derives from full intercalation and associated
charge transfer to the graphene-derived electronic bands, with association/chemical bonding onto defects
therefore only playing a minor role in this region. The G-peak position remains essentially of constant
energy over the long, low voltage plateau, suggesting no further significant doping of the graphitic bands
that would result from more intercalation, and thus the capacity in this region is due to sodium cluster
formation within the pores. This region of the voltage profile is hindered by slow diffusion” 2! and is
more susceptible to capacity losses that would arise from increased resistance, suggesting that
improvements in rate performance and capacity retention with cycling should focus on careful pore
design when considering novel hard carbon materials. To control pore structure it has been found that
with increasing carbonization temperature, there is a decrease in d-spacing, surface area and micropore
(<2 nm) volume, while the mesopore (>2 nm) volume increases.?:?% 303349 Heating apparently reduces
the number of micropores as well as removing heteroatoms present.?® 3 The negative correlation
between microporosity and low voltage plateau capacity has previously been used to refute the
hypothesis that the plateau is due to pore occupancy, 232 however, the insight from the operando Raman
studies reported here, supports conclusions that it is the mesopores that accommodate sodium insertion
at low voltages.® The diffusion coefficients for the sodiation/desodiation of hard carbon have a distinct
profile. Although values vary in magnitude for different systems,*” 212324 there is general agreement
that the diffusion coefficients are higher over the sloping region of the voltage profile and lower over the
low voltage plateau. The unique structure of the TND domains in hard carbon, when compared to ordered
graphite, not only enables the intercalation of sodium, but gives rise to an intercalation process that is
more similar to that found for few layer graphene than graphite. Importantly, this means that intercalant
ions can be incrementally added, implying that distinct sites resulting from stoichiometrically-fixed

intercalated graphite are less well defined in hard carbon, consistent with relatively fast intercalation.
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The intrinsic disorder of the intercalated species also explains the lack of distinct/uniform layer

separation or identification of alkali metal superlattice formation in XRD.

The reversibility of the D-peak arises from intercalation/de-intercalation into the carbon structure,
rather than reflecting the development of irreversible damage or increase in disorder to the structure.
Therefore, monitoring the D-peak reversibility over long-term cycle life studies could be a valuable tool
for identifying and investigating any breakdown in the carbon structure, expected over long term cycling,
and the degree to which this may contribute to capacity loss. Finally, operando Raman spectroscopy also
provides information on the SEI formation, with little change of Raman spectra upon first sodiation
alongside the development of a sloped background as the SEI forms. Washing the electrode in propan-
2-ol and exposing the samples to air cause the background to flatten again, demonstrating the SEI can be
removed by the washing process. The changing background can, therefore, potentially be used to
evaluate SEI formation and stability, though further work is required in this area to understand this
observation. Finally, this work cautions the use of ex situ studies to investigate the sodiation mechanism,

because air-exposure or washing is shown to remove or change features that arise during this process.

4. Experimental Section
Hard carbon structure. A commercial, plant based hard carbon was used with a disordered structure.
Previous work on the same material,% deduced a structure of inaccessible micropores surrounded by

graphene sheets, with interlayer spacing doo2~0.38 nm.

Preparation of electrodes. Hard carbon electrodes were prepared containing ~88 wt% hard carbon
(Commercial) + ~7 wt% PVDF binder (Solef 6020) + ~5 wt% carbon black electronic additive (Timcal

C45). The hard carbon and C45 powders were added to a solution of PVDF in NMP, and mixed using a
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T-25 Ultra Turrax high-shear mixer; the speed was increased slowly whilst adding the powders, ensuring
the mix temperature did not become warm to the touch. The slurry was coated onto copper foil at a fixed
blade gap of either 100 or 150 um. The coating was pre-dried under an halogen heating lamp, then dried
under vacuum at 80°C for three hours. Electrode discs were cut from this coating and dried under vacuum
for a further six hours at 80°C, before being allowed to cool to room temperature under vacuum overnight.

Electrodes were not calendered.

Cell fabrication. Prior to use, all components were dried at 50-60°C in a Buchi drying tube, before

transferring to an argon-filled glove box (M Braun) for cell construction.

An EI-Cell® ECC-Opto-Std optical test cell was used for operando Raman studies. The cell
configuration is shown in Figure 1. The hard carbon electrode under study had a diameter of 10 mm and
was placed in contact with the lower current collector plunger, followed by one layer of Celgard (MT]I)
separator, with a central hole and a ring of sodium metal (counter electrode) (Sigma Aldrich) pressed
onto a stainless steel current collector disc, also with a central hole. A standard glass window and steel
top cap completed the assembly. The cell was filled with 1 M NaPFs in EC:DEC (1:1) electrolyte

(Koshida) using a syringe to apply a vacuum prior to releasing an excess of electrolyte into the cell.

Electrochemical testing. Cells were tested using either a Gamry Instruments Interface 1000
potentiostat or a Maccor Series 4000 desktop unit, at C/3 or C/5, based on a rated capacity of 300 mA h
g! for hard carbon. Details of the sodiation and desodiation test protocols are given in the figure captions
for each test. Note that in sodium metal “half-cells”, such as those reported in this work, sodiation occurs

during discharge (negative current), but occurs during charge in a full sodium-ion cell.
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In order to reduce noise, differential capacity was calculated for a change in voltage of at least 5 mV.

Differential capacity was plotted on a logio scale, in order to show the peak structure over a large range.

Raman spectroscopy. Operando Raman spectroscopy was carried out using a ThermoScientific DXR
Raman Microscope fitted with a 532 nm laser. Spectra in Figure 3, Figure 4, Figure S1, Figure S5, Figure
S6 and Figure S7 were recorded using a 50x magnification long working distance (LWD) lens and laser
power kept below 6 mW. On the initial sodiation each spectrum covered ~0.06% of discharge (sodiation)
capacity (0.5 second sample times and 20 samples averaged for each spectrum). For the subsequent
desodiation on cycle-1 each spectrum covered ~0.04 % of charge (desodiation) capacity (0.3 second
sample times and 20 samples averaged for each spectrum). For both sodiation and desodiation on cycle-
9, each spectrum covered ~0.04 % of discharge (sodiation) or charge (desodiation) capacity (0.3 second

sample times and 20 samples averaged for each spectrum).

Spectra in Figure S2 were recorded using a 50x magnification long working distance (LWD) lens and
laser power kept below 4 mW; each spectrum covered ~0.1 % of discharge (sodiation) capacity (1 second

sample times and 10 samples averaged for each spectrum).

Spectra in Figure 2, Figure S3 and Figure S4 were recorded using a 10x magnification long working
distance (LWD) lens and laser power kept below 6 mW. For Figure 2 and Figure S3 each spectrum
covered ~0.3% of discharge (sodiation) capacity and ~0.4% of charge (desodiation) capacity (5 second
sample times and 10 samples averaged for each spectrum). For Figure S4 each spectrum covered ~0.5%
of discharge (sodiation) capacity and ~0.6% of charge (desodiation) capacity (5 second sample times and

10 samples averaged for each spectrum).
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Spectra in Figure 5 were recorded using a high resolution grating and 532 nm laser, 10x magnification
short working distance (SWD) lens and laser power kept below 6 mW. Each spectrum was averaged

over ten 5 second samples.

Peak deconvolution was carried out using custom developed software. The D-peak was fitted at ~1350
cm™ using a Lorentzian function and the G-peak was fitted at ~1600 cm™ using a Breit-Wigner-Fano
(BWF) function, which approximated a Lorentzian fit, but included an asymmetry term, which was found
to be most appropriate for the G-peak.>® The background was taken as a straight line in the window of

the fit.
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