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Abstract

Hard carbon is a promising anode material for sodium-ion batteries, yet the sodium-
storage mechanism in hard carbon remains debated. Here, operando substrate-
curvature measurements on hard-carbon thin films were used to probe the volume-
expansion-induced stress during sodiation and desodiation. The volume-expansion-
induced stress rises steeply in the higher-voltage sloping region during initial sodiation,
then it increases at a slower rate in the low-voltage plateau region, followed by a second
steep slope below approximately 0.025 V at the end of sodiation. These regimes in stress
evolution are consistent with intercalation-dominated storage in the sloping region,
pore filling or adsorption in the plateau region, and a plating process at low potentials.
The stress relaxation profile evolves asymmetrically during desodiation, indicating that
sodium removal from hard carbon is not a simple reversal of sodium insertion into it.
The irreversibility in sodiation-desodiation profiles of hard carbon is associated with
sodium retention and/or (micro)structural rearrangement.
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1 Introduction

Hard carbon is a promising anode material for sodium-ion batteries as it combines a low
working potential, useful reversible capacity, and better cyclability than many other candidate
materials [1-5]. However, a complete understanding of the sodium storage mechanism in hard
carbon anodes is lacking at present. The galvanostatic sodiation/desodiation response in hard
carbons is typically divided into a higher-voltage sloping region and a low-voltage plateau region.
However, a consensus has not yet been reached on the physical mechanistic origin of these distinct
regions [4-10].
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The mechanistic assignments in the hard-carbon literature have been inferred from
experimental signatures using a variety of in-situ/ex-situ analytical techniques at different states of
charge. Physical processes including sodium insertion/intercalation, adsorption, pore-filling,
pseudo-plating and combinations thereof have been proposed to be responsible for multistage
sodium uptake in defect-rich and nanoconfined hard carbon environments. More importantly
though, quite disparate and conflicting processes have been assigned for sodiation in the same
voltage region. Stevens and Dahn [4] used in-situ wide-angle X-ray scattering and showed that
sodiation increased the interlayer spacing of disordered carbons in the sloping-voltage region,
which they interpreted as sodium insertion between graphene-like layers, while the low-voltage
capacity was associated with filling of pore volume. Whereas, the adsorption was assigned to be
the primary mechanism in the sloping-voltage region by Qiu et al. [6] based on in-situ XRD, ex-
situ NMR, and EPR measurements. Gotoh et al. [7] used solid-state 2Na NMR and resolved
distinct sodium environments in hard carbon, which they assigned to sodium stored between
disordered graphene sheets and sodium located in closed nanopores, supporting the presence of
multiple sodium storage sites. Bai et al. [8] provided more direct evidence for the plateau
assignment by filling micropores with sulfur and showing that the low-voltage plateau was
suppressed, which linked that portion of the capacity to pore filling. By contrast, operando Raman
measurements by Weaving et al. [9] showed a substantial reversible evolution in G-band position
that tracked the sloping region, which they interpreted as intercalation within turbostratic carbon
layers. More recently, Eren et al. [10] combined operando small-angle X-ray scattering and Raman
spectroscopy characterization with electrochemical analysis and proposed a refined three-stage
picture in which the sloping region is dominated by fast capacitive uptake, the early plateau by
faradaic storage at micropore inner surfaces, and the late plateau by quasi-metallic sodium
accumulation in pores. Taken together, these studies on composite electrodes highlight that the
debate over a complete mechanistic understanding of (de)sodiation in hard carbon anodes persists
not because the field lacks evidence, but because different techniques interrogate different
signatures of sodium storage, and an independent measurement that directly reflects the associated
volume-change response has remained largely unexplored in dense hard-carbon films. Thus, the
key issue that remains unresolved is to determine which physical processes govern the sloping and
plateau regions and how these contributions can be distinguished using an independent physical
observable.

A direct consequence of sodium storage in hard carbon is its volume change. Sodium
uptake into hard carbon alters the local atomic packing through occupation of defects, interlayer
space, and pore space, and several recent studies have shown that this process is accompanied by
measurable volume changes [11-14]. When this expansion is mechanically constrained, it
generates stress. Operando stress measurements, therefore, offer a route to probing sodium storage
mechanisms through its mechanical signature, as has been shown previously for other battery
electrodes, such as composite Li-lon battery electrodes [15-18] and, more recently, for hard carbon
composite anodes for Na-ion batteries [19-21]. However, stress measurements in composite
electrodes necessarily reflect not only the response of the hard carbon itself, but also the influence
of interparticle pores, binder, conductive additives, and the mechanical constraint on them. In this
work, we overcome that limitation by using hard carbon thin films as a geometrically simple model



system and quantify the in-plane stress generated in them during sodiation and desodiation by
operando substrate curvature measurements. This configuration enables the observed stress
changes to be related more directly to volume expansion in hard carbon itself, thereby providing
an independent basis for identifying the dominant sodium storage mechanisms.
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Fig. 1 Schematic of the operando substrate-curvature measurement setup used to monitor stress
evolution in the hard-carbon thin films during electrochemical cycling. The hard-carbon-coated Si
substrate serves as the working electrode, while sodium metal serves as the counter/reference
electrode. During sodiation and desodiation, sodium-storage-induced volume expansion or
contraction changes the substrate curvature, which is tracked by the multibeam optical sensor
through the change in reflected laser-spot spacing

2  Experimental Method

2.1 Hard carbon thin film preparation

Hard-carbon thin films were prepared by pyrolysis of a sucrose-derived precursor on Si wafers.
A 100 nm Cr layer was first deposited by DC magnetron sputtering on the unpolished side of 25.4
mm x 25.4 mm, 500 um thick Si (100) wafers to serve as the current collector. A precursor solution
containing 36.75 wt.% sucrose, 36.75 wt.% acetic acid, 9.62 wt.% polyethylene glycol, and 16.89
wt.% methoxyethanol was then spin-coated (~2000 rpm) onto the substrate and dried in air. The
coated wafers were pyrolyzed under Ar by heating to 1000 °C at 5 °C min™?, holding at 1000 °C for 1
h, and then allowing the furnace to cool naturally to room temperature. The resulting hard carbon
films, as evidenced by Raman measurements, were uniform and dense, with a thickness of
approximately 2 pum.

2.2 Electrochemical Measurements

Electrochemical cycling was carried out in a custom cell (schematically shown in Fig. 1)
designed to carry out simultaneous stress measurement by the substrate curvature method. Sodium
metal serves as both the counter and reference electrodes, and the hard-carbon-coated Si substrate



serves as the working electrode. A Whatman glass fiber separator was placed between the
electrodes, and the liquid electrolyte used was 1 M NaClO4 in propylene carbonate containing 5
wt% fluoroethylene carbonate. To avoid interference with the optical measurement, the liquid
electrolyte level was maintained below the top surface of the substrate. Galvanostatic cycling was
performed between 2.0 and 0.001 V (versus Na/Na*) at a current density of 0.16 pA cm™2
(approximately C/20). Cyclic voltammetry was carried out at a scan rate of 0.25 mV s ™! between
2Vand 1 mV.

2.3 Operando stress measurement

Stress evolution during sodiation and desodiation was measured by operando substrate-
curvature monitoring using a multibeam optical sensor (MOS, k-Space Associates), following the
general approach used previously for battery electrodes (Sethuraman et al., 2012). A 2 x 2 laser-
beam array is reflected from the back surface of the substrate onto a CCD camera, and the relative
change in spot spacing during cycling was used to determine the substrate curvature. The curvature
change « was calculated from the relative change in laser spot spacing according to

1 d-d
= d—o" 1)
where dois the initial laser spot spacing, d is the instantaneous spot spacing and An is the calibrated
mirror constant of the optical setup. The biaxial film stress o, is then obtained using the Stoney
equation [22],
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where Ms = Es/(1 — vs) is the biaxial modulus of Si substrate, hsis the substrate thickness, and hs is
the film thickness.

3 Results and Discussion

Representative planar (Figure 2a) and cross-sectional (2b) scanning electron micrographs of
show that the pyrolyzed hard-carbon thin film is continuous and uniform over the Si substrate and
has a thickness of 2.18 um + 0.41 um. This geometry provides a mechanically simple platform
for operando stress measurements because the measured curvature response can be related directly
to the in-plane stress generated by sodiation-induced volume change in the hard carbon film,
without the additional structural averaging associated with composite porosity, binder deformation,
or particle-particle interactions.

Raman spectroscopy was performed on the synthesized hard-carbon thin film to assess the
carbon structure after pyrolysis. The film exhibits an Ip/lc Raman intensity ratio of 1.0, as shown
in Fig.3a, consistent with sucrose-derived hard carbon pyrolyzed at 1000 °C [2]. This ratio
indicates a disordered, non-graphitic carbon framework containing short-range graphitic domains.
This interpretation is also consistent with the broader structural picture of hard carbon, which
comprises graphitic domains separated by disordered regions and nanoporous space, with the
relative fraction of each governed strongly by heat-treatment temperature [23].



The electrochemical response of the hard-carbon thin film is shown in Fig. 3b, c and d. In cyclic
voltammetry (Fig.3b), the first cathodic sweep exhibits a broad irreversible reduction feature
centered near 1.25 V, which is attributed to solid interphase formation (SEI) on the initially fresh
carbon surface. The SEI feature appears over a similar potential range as that reported for
comparable composite hard carbon electrodes with the same electrolyte chemistry, where Chanda
et al. [19] observed it between 1.4 and 0.8 V. Some variation is expected, because SEI formation
depends on carbon surface structure and morphology, as shown by Peled et al. [24] and Luchkin
et al.[25]. In the present case, the difference likely reflects the contrast between the planar thin-
film surface and particulate composite electrodes’ morphologies. Further reduction near 0.1 V
corresponds to sodiation of hard carbon, whereas the anodic feature near 0.4 V corresponds to
desodiation [4,26-28]. The galvanostatic response as a function of time and capacity (Fig. 3 c, d)
shows the characteristic two-region behavior that is typically reported for hard carbon anodes. It
consists of a sloping region above about 0.1 V followed by a low voltage plateau below about 0.1
V [1,2,4]. The dotted vertical line in Fig. 3c and 3d separates these two regions. The capacity
associated with the plateau region is smaller than that associated with the sloping region, indicating
that sodium storage in the 1000 °C hard-carbon thin film is dominated by the higher-potential
sloping-region.

Substrate

(b)

Fig. 2 (a) Top-down SEM image showing a continuous hard-carbon film formed on the unpolished
side of the Si wafer after pyrolysis. The inset shows a higher-magnification view of the surface
morphology, where the apparent waviness follows results from the roughness of the underlying Si



substrate. (b) Cross-sectional SEM image showing a dense hard-carbon film on the Si substrate,
with a measured thickness of approximately 2.18 + 0.41 pum

The first-cycle coulombic efficiency is approximately 60%, increasing to about 80% in the
subsequent cycles as determined from the capacity profiles in Fig. 3d. This behavior is consistent
with irreversible sodium consumption during initial SEI formation, together with incomplete
reversibility of the plateau-region storage process. One possible contribution to this irreversibility
is trapping of sodium within the hard-carbon structure. Incomplete reversal may also arise from
sodium retention in closed pores. Because the plateau region has been associated with metallic-
cluster-like sodium filling of closed pores, sodium removal from these nanoconfined sites may be
kinetically hindered during desodiation [29]. The comparatively weaker plateau during desodiation
therefore indicates that low-voltage sodium removal does not occur as a simple mirror-image
reversal of sodiation, but instead reflects the asymmetric emptying of pore-associated storage sites
[10,20,29].
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Fig. 3 (a) Raman spectrum of the sucrose-derived hard-carbon thin film pyrolyzed at 1000 °C,
showing the characteristic D and G bands used to assess disorder and short-range graphitic
ordering. (b) Cyclic voltammetry response measured at 0.25 mV s™'. The first cathodic sweep



shows an irreversible reduction feature associated with SEI formation, followed by lower potential
sodiation and the corresponding anodic desodiation response. (¢) Galvanostatic sodiation and
desodiation profiles plotted as a function of time for the first three cycles at 0.16 pA cm™2,
corresponding to approximately C/20. (d) The same galvanostatic data plotted as a function of
capacity. The response shows the characteristic hard-carbon sloping region at higher potential and
low-voltage plateau region near the end of sodiation, with the plateau contribution becoming less
pronounced after the first cycle. The dashed lines are drawn to aid visualization of regimes with
different slopes in the voltage profile during first sodiation

Figure 4a and 4b shows the biaxial stress evolution of the hard-carbon film together with
the corresponding electrode potential during sodiation and desodiation. Stress arises from
sodiation-induced volume expansion of the hard-carbon film under in-plane constraint from the Si
substrate. During the first sodiation cycle, the film develops compressive stress as sodium is stored
in the carbon structure. The stress evolution does not follow a single constant slope. Instead, three
features are resolved as the potential decreases: a steep compressive stress rise in the higher-voltage
sloping region, a slower compressive stress increase in the low-voltage plateau region, and an
additional change in stress evolution below approximately 0.025 V near the end of sodiation. These
regimes are segmented in Fig. 4a and highlighted in different colors in Fig. 4c for the first sodiation
half-cycle. The maximum compressive stress reaches approximately 0.12 GPa, showing that
sodium uptake in the dense hard carbon film produces a substantial volume-expansion response.
During desodiation, the stress relaxes toward lower compression, but the unloading path does not
retrace the sodiation path. Two unloading regimes are observed: a smaller-magnitude stress change
below approximately 0.15 V and a larger-magnitude stress change between approximately 0.15 V
and 2.0 V shown in Fig. 4a and 4b. The asymmetry in stress evolution indicates that sodium
removal does not occur as a simple mirror-image reversal of sodium insertion in hard carbon
anodes. The feature below 0.025 V that appears during sodiation is not clearly resolved during
desodiation, suggesting that the underlying process in this region is predominantly irreversible. As
shown in Fig. 4b, the stress also does not return fully to its initial value at the end of desodiation
(2.0 V cutoff), leaving a residual compressive stress of approximately 13 MPa that may be
attributed to sodium retained in the hard-carbon structure, irreversible structural rearrangement
during the first sodiation, or both.
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Fig. 4 (a) Biaxial stress and electrode potential plotted as a function of time for the first three
cycles. The solid curves represent biaxial stress, and the dashed curves represent electrode
potential. During sodiation, sodium storage produces compressive stress in the film, with changes
in the stress response corresponding to different regions of the potential profile. (b) The biaxial
stress and potential response as function of capacity. (c) Enlarged first-cycle sodiation response,
segmented into mechanically distinct storage regimes. The red, green, and blue shaded regions
correspond to intercalation-dominated storage in the sloping region, pore filling or adsorption in
the plateau region, and a plating-consistent process at very low potential, respectively. The
schematics use the same color scheme to identify sodium associated with each mechanism: red for
intercalation, green for pore filling or adsorption, and blue for plating-consistent sodium
accumulation

The subsequent cycles in Fig. 4a and 4b retain the main stress-potential coupling but with
a weaker low-voltage contribution. During cycles 2 and 3, sodiation again shows a larger stress



change in the higher-voltage sloping region followed by a smaller stress change in the low-voltage
plateau region. During desodiation, the lower-slope response near 0.1-0.15 V and the higher-slope
response above approximately 0.15 V are again observed. However, the very-low-voltage feature
below approximately 0.025 V is much less pronounced or absent after the first cycle. This behavior
parallels the electrochemical response in Fig. 3d, where the plateau contribution also diminishes
after the first cycle. The repeated high-slope stress response indicates that intercalation-dominated
storage remains active during cycling, whereas the weakening of the lower-voltage stress features
suggests that pore filling, adsorption, or plating-consistent storage contributes less to the
macroscopic volume change after the first sodiation. This reduced contribution may reflect partial
saturation of pore or defect sites, sodium trapping, or structural evolution of the hard-carbon film
during the first cycle.

Figure 4c segments the first-cycle sodiation response into mechanically distinct storage
regimes identified from Fig. 4a and 4b, thus schematically illustrating the corresponding sodium-
storage processes. In the higher-voltage sloping region, the stress rises most steeply, indicating that
the largest incremental volume expansion during sodium uptake. This regime is assigned to
intercalation-dominated sodium storage in graphitic or pseudo-graphitic domains, as shown
schematically by sodium atoms (red dots) inserted between graphitic layers in Fig. 4c. This
assignment is consistent with the fact that sodium insertion into the carbon framework produces a
larger dimensional response than storage in pore volume. A similar correspondence between
intercalation and stress evolution was reported previously for graphite during lithiation, where
staging-related insertion produces pronounced biaxial stress changes [15,16]. We also note that the
possibility of adsorption in this steep slope region cannot be fully ruled out from the observed
stress evolution profile. The stress response in this region might arise from simultaneous
intercalation and adsorption. It suggests that intercalation dominates in this region and further
sodiation beyond this region does not involve intercalation. As sodiation proceeds into the low-
voltage plateau region, the compressive stress continues to increase but with a markedly smaller
slope. This lower rate of stress evolution indicates a storage process with smaller incremental
volume expansion with further sodium storage, which is assigned to pore filling or adsorption in
nanoconfined carbon environments. This process is represented schematically in Fig. 4c by sodium
stored at pore surfaces or within confined pore regions, rather than inserted between graphitic
layers. This interpretation is supported by prior operando dilatometry and substrate-curvature
measurements on composite hard-carbon electrodes, where the plateau region was associated with
a reduced dimensional or stress response per unit stored charge [4,10,19,30]. Below approximately
0.025 V, the stress changes slope again before the 0.001 V sodiation cutoff. This third feature is
mechanically distinct from the preceding plateau response and is consistent with an additional
very-low-voltage process involving sodium plating. In the schematic, this regime is represented by
more localized sodium accumulation within confined pore regions, consistent with a plating-like
or metal-like sodium storage process discussed in prior dilatometry studies of hard carbon [12].
The key new observation in the present work from the dense thin-film experiments is that three
distinct regimes are resolved directly from the stress response: intercalation in the sloping region,



pore filling or adsorption in the plateau region, and a plating-consistent process near the end of
sodiation.

4  Conclusion

In summary, operando substrate-curvature measurements on hard-carbon thin films reveal that
sodium storage proceeds through mechanically distinct regimes with different volume-expansion
signatures. The steep rise in compressive stress in the higher-voltage sloping region indicates the
largest volume change and is attributed to sodium intercalation into graphitic domains, although
simultaneous contribution from pore filling cannot be ruled out. As sodiation proceeds into the
low-voltage plateau region, the stress continues to increase but with a smaller slope, indicating a
storage process with smaller incremental volume change, which is consistent with pore filling and
adsorption in nanoconfined carbon environments. A further increase in stress slope at the end of
first sodiation indicates the onset of an additional low-voltage process, which is assigned here to
sodium plating. During desodiation, the asymmetric stress change shows that these processes are
not reversed in a simple mirror-image manner possibly due to sodium trapping in defect sites.
Taken together, sodium storage in the hard-carbon thin film proceeds through intercalation
dominated in the sloping region, pore filling or adsorption in the plateau region, and a plating-
consistent process at the end of sodiation, followed by asymmetric and partially irreversible sodium
removal during desodiation.
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