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A B S T R A C T

The potential of hard carbon as an anode material for sodium-ion batteries is well-recognized, yet its electro
chemical performance remains strongly influenced by incompletely understood surface chemistry. Oxygen 
functional groups (OFGs) have been reported to exert both beneficial and detrimental effects on solid electrolyte 
interphase (SEI) formation, initial coulombic efficiency (ICE), and Na⁺ transport, but their specific roles are often 
obscured by concurrent chemical and structural changes induced by conventional oxidation treatments. Here, 
ozone is investigated as a controllable gas‑phase oxidant for surface functionalization of hard carbon. By varying 
the treatment temperature, we distinguish facile functionalization at room temperature, which predominantly 
targets edge and defect sites, from over‑oxidation at 60–100 ◦C, which induces pronounced structural degra
dation and generation of low-molecular highly-oxidized compounds. On this basis, we propose a mechanistically 
inspired, ozonolysis‑type framework to describe ozone‑induced hard carbon functionalization and structural 
degradation. Electrochemically, moderate ozone functionalization improves interfacial kinetics and SEI forma
tion without sacrificing reversible capacity, whereas excessive oxidation increases polarization and reduces the 
ICE. The results of this work refute the common assumption that a high surface oxygen content inherently leads 
to poor ICE. Instead, both ICE and reversible capacity are governed primarily by the accessibility of the internal 
porosity.

1. Introduction

The development of advanced energy‑storage materials is critical to 
meet the demand for efficient and sustainable technologies [1]. Porous 
non‑graphitizable carbons (hard carbons) have emerged as leading 
anode candidates for post‑lithium systems, particularly sodium‑ion 
batteries. Their disordered microstructure resists graphitization even at 
temperatures above 3000 ◦C, enabling sodium storage capacities >200 
mAh g⁻¹, far exceeding graphite’s theoretical limit of 35 mAh g⁻¹ (NaC₆₄) 
[2].

The surface chemistry of hard carbon critically influences electro
chemical performance because the surface directly contacts the elec
trolyte and mediates interfacial reactions, including electrolyte 
decomposition and solid electrolyte interphase (SEI) formation. 
Although various strategies like particle surface coating or binder 
induced SEI formation exist, direct modification of surface oxygen 
functional groups (OFGs) is a straightforward way to modify the surface 
chemistry [3,4]. However, oxygen functionalization of hard carbon is a 
double-edged sword: insufficient affinity of the OFG restricts Na⁺ 

transport into the bulk, whereas excessive binding immobilizes ions and 
irreversibly consumes sodium inventory [5,6].

Despite extensive study, the role of surface OFGs in determining the 
initial coulombic efficiency (ICE) still remains unresolved in the litera
ture, as OFGs have been reported to exert both positive and negative 
effects on the ICE (Table 1) [4,6–10]. For example, Ghimbeu et al. 
showed that nitric acid functionalization of cellulose‑derived hard car
bon increased oxygen content but reduced ICE from 82.7% to 55.9% 
[10]. Subsequent hydrogen annealing removed OFGs, yet further 
decreased ICE to 48.2%, demonstrating that ICE cannot be explained by 
OFG content alone.

Similarly, Wang et al. reported ICE values for hard carbons with 
comparable oxygen contents depending on the applied treatment [6]. 
Despite exhibiting comparable oxygen contents (20.1 and 17.6 at.%), 
mechanochemical CO₂ treatment and acid treatment resulted in mark
edly different ICE values of 47.7% and 71.4%, respectively, highlighting 
the importance of treatment-induced structural changes beyond oxygen 
functionalization alone.

Therefore, chemical functionalization is strongly coupled to 
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concurrent structural changes, obscuring the individual contributions to 
the electrochemical behavior. Common strategies to modify surface 
oxygen content often fail to consistently discriminate between oxygen 
functionalization and structural effects of the treatment route [10–13]. 
Consequently, the mechanistic links between the surface oxygen 
chemistry, interfacial reactivity, and SEI evolution in sodium‑ion bat
teries are still poorly defined.

Herein, we introduce a facile and selective surface‑functionalization 
approach using ozone as a gaseous oxidant. With a high oxidation po
tential of 2.07 V (vs. SHE), ozone can readily introduce OFGs to acti
vated carbons [20], graphene [21,22], graphite [23,24], and carbon 
nanotubes [25,26]. Previous studies have proposed that ozone can 
attack unsaturated carbon bonds, edge sites and defects, leading to the 
formation of epoxide, hydroxyl, and carbonyl functionalities through a 
Criegee-type mechanism [20,22,26–29]. Theoretical studies further 
support ozone-induced oxidation of sp²-rich carbon materials via 
Criegee-type intermediates, linking the formation of oxygen functional 
groups to concurrent structural degradation of the carbon framework 
under severe oxidation conditions [30].

To the best of our knowledge, the application of ozone to hard carbon 
materials and its implications for electrochemical performance in 
sodium‑ion batteries have not yet been systematically studied. We 
demonstrate that treatment temperature controls the balance between 
oxygen functionalization and structural degradation of the carbon 
framework. Correlation with the electrochemical behavior reveals 
distinct effects on ICE, ion‑transport kinetics, and reversible capacity, 
establishing ozone treatment as a straightforward surface‑engineering 
strategy and providing design principles for optimized hard carbon 
surface chemistries.

2. Experimental methods

Hard carbon (HC) was synthesized according to Yao et al. [31]. by 
dissolving 4.67 g Pluronic F127 in 187 mL ethanol and 56 mL Milli‑Q 
water, followed by addition of 25 mL furfuryl alcohol (Sigma‑Aldrich, 
98%) and stirring for 15 min. Polymerization was initiated by adding 11 
mL concentrated HCl and stirring overnight. Cross‑linking was induced 

by adding 126 mL 5 M H2SO4 and heating to 100 ◦C until a brown paste 
formed. The paste was washed three times with Milli‑Q water, purified 
by centrifugation, dried at 80 ◦C, and ground to a fine powder.

Pyrolysis was performed under argon (0.5 L min⁻¹) by heating to 200 
◦C (2 h) for pre‑carbonization, followed by a ramp of 1 K min− 1 to 850 
◦C and a 5 h dwell. After cooling, the resulting hard carbon powder was 
used without further purification.

Glassy carbon electrodes were obtained from redox.me, and highly 
ordered pyrolytic graphite (HOPG) from SPI Supplies.

2.1. Ozone treatment

For surface functionalization, 1 g pristine HC was finely ground, 
spread in an alumina crucible, and treated with ozone for 3 h. Ozone was 
generated using a Woodland WOZ 3 ozonator operated at full power 
with an oxygen flow rate of 0.5 L min⁻¹. A reference sample was treated 
identically at 100 ◦C without ozone exposure. Glassy carbon and HOPG 
samples were treated under identical ozonation conditions.

2.2. Electrode preparation

Electrodes were prepared by mixing 93 wt.% active material with 1.4 
wt.% carbon black (TIMCAL Super C65), followed by dropwise addition 
of Milli‑Q water and mixing in a THINKY planetary speedmixer (1500 
rpm, 2 min). Subsequently, 1.87 wt% carboxymethyl cellulose (2 wt.% 
aqueous solution) and 3.73 wt.% styrene‑butadiene rubber (39.8 wt.% 
aqueous solution) were added and mixed for 5 min at 800 rpm. The 
resulting slurry was doctor‑blade coated onto aluminum foil (250 µm 
gap) and dried sequentially at room temperature overnight, at 80 ◦C for 
12 h, and finally at 120 ◦C under vacuum overnight. Electrode active 
mass loading were typically ~4.5 mg cm− 2.

2.3. X-Ray photoelectron spectroscopy (XPS)

XPS was performed using a Thermo Scientific K‑Alpha+ spectrom
eter with a monochromatic Al Kα X-ray source (1486.6 eV, 400 µm spot 
size) employing a concentric hemispherical analyzer (pass energies: 200 
eV survey, 50 eV for high-resolution spectra). Samples were mounted on 
silicon wafers using carbon tape. The Thermo charge neutralization 
system was used which employed 8 eV electrons and low‑energy Ar⁺ 
ions.

Spectra were analyzed using Thermo Avantage software with Shirley 
background subtraction and referenced to the sp² C1s peak at 284.4 eV. 
The sp² asymmetry was modeled using a tail mix of 70–90%, tail 
exponent 0.04–0.06, and FWHM of 0.8–1.3 eV. Other C1s components 
(C–C/C–H, C–O, O––C–O) were fitted using mixed Gaussian–Lorentzian 
profiles (FWHM: 1.3–1.6 eV), and O1s components with FWHM of 
1.6–2.3 eV. Elemental compositions were quantified using Scofield 
sensitivity factors [32]

The C KLL Auger D‑parameter, defined as the energy separation 
between the maximum and minimum of the first derivative, was used to 
assess sp²/sp³ hybridization. KLL spectra were smoothed using a 
Gaussian filter (FWHM: 2 eV) and differentiated with a width of 2.10 eV.

2.4. Scanning electron microscopy (SEM)

SEM images were acquired using a thermal field‑emission SEM (Carl 
Zeiss SMT AG) operated at 5 kV. Samples were mounted on steel holders 
using carbon tape.

2.5. Raman spectroscopy

Raman spectra were recorded using a LabRAM HR Evolution spec
trometer (HORIBA Scientific) with a HeNe laser (632.8 nm), 600 g mm⁻¹ 
grating, and 50 × objective. At least three spectra were collected per 
sample from different regions. Data were processed using CasaXPS with 

Table 1 
Literature overview of different oxygen functionalization.

Precursor 
@Tcarbonization

Treatment O- 
content / 
at.%

ICE 
/%

Electrolyte Reference

Glucose @900 
◦C

H2SO4 +

KMnO4

22.1 55 1 M NaClO4 

EC:PC:FEC
[7]

Potassium 
citrate @750 
◦C

HNO3 20.2 82 1 M NaClO4 

EC:PC
[8]

Sucrose @800 
◦C

H2O2 10.0 20 1 M NaClO4 

EC:PC:FEC
[14]

Coconut shell 
@1300 ◦C

KOH n/A 70 1 M NaPF6 

EC:DMC
[9]

Glucose @700 
◦C

Air at 700 
◦C

13.3 47.3 1 M NaClO4 

EC:DEC:FEC
[15]

Cellulose 
@1400 ◦C

HNO3 + H2 n/A 48 1 M NaPF6 

EC:DMC
[10]

Anthracite 
@1600 ◦C

CO2 ball 
milling

5.7 33 1 M NaClO4 

EC:PC:FEC
[6]

Sucrose @1300 
◦C

HNO3 16.0 30 0.8 M NaPF6 

EC:DMC
[4]

Cellulose 
@1000 ◦C

CO2 ball 
milling

19.3 40 1 M NaClO4 

EC:DEC
[12]

Sucrose @1300 
◦C

O2 plasma 15.6 66 1 M NaClO4 

EC:PC
[16]

Commercial HC O2 plasma 10.0 81 1 M NaPF6 

Diglyme
[17]

Litchi wood 
@1400

O2 plasma n/A 90 1 M NaPF6 

DEGDME
[18]

Apricot shells 
@900 ◦C

H2 at 800 
◦C

4.6 73 1 M NaClO4 

EC DEC
[19]
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cubic spline background subtraction. D and G bands were fitted with 
absolute Lorentzian profiles, while residual features were fitted using 
mixed Gaussian–Lorentzian functions.

2.6. Thermogravimetric analysis (TGA)

To monitor the pyrolysis procedure in hindsight to mass loss and 
decomposition of OFGs, thermogravimetric analysis coupled with 
infrared spectroscopy was carried out on a Netzsch STA 449C Jupiter 
and a Bruker Alpha-p Tensor II instrument equipped with an external gas 
flow cell analyzer.

Samples were analyzed in argon by heating from 30 ◦C to 1200 ◦C at 
a ramp of 5 K min− 1. Infrared spectra were simultaneously recorded 
from 700 to 3000 cm− 1.

2.7. Brunauer-emmett-teller surface area (BET)

N₂ adsorption isotherms were recorded at 77 K using Anton Paar 
Nova 800 high-vacuum physisorption analyzers. Pore size distributions 
were obtained from the adsorption branch by the QS-DFT method using 
the Kaomi software package with slit and spherical pore geometries 
[33].

2.8. Cell assembly

2.8.1. 3-Electrode half-cells
Electrochemical measurements were conducted in custom PEEK 

3‑electrode cells (Fig. S1) [34]. Cell assembly was performed in an 
argon‑filled glovebox (MBraun) with O₂ and H₂O levels <0.1 ppm. 
Working electrodes (12 mm) were separated from a 12 mm sodium 
metal counter electrode by two glass‑fiber separators (Whatman GF/D). 
A sodium reference electrode was positioned perpendicular to the 
working electrode (Fig. S1). Cells were filled with 400 µL 1 M NaPF₆ in 
EC:PC (50:50 wt.%) with 5 wt.% fluoroethylene carbonate (Sigma‑Al
drich, 99%).

2.9. Electrochemical measurements

Electrochemical testing was conducted at 25 ◦C using a BioLogic 
VMP3 potentiostat. Cells were rested at open‑circuit potential for 8 h 
prior to testing. Galvanostatic cycling was performed between 2.0 V and 
5 mV vs. Na⁺/Na with current densities normalized to active mass.

2.10. Rate tests

Rate performance was evaluated over five cycles at 50, 100, 200, 
500, and 1000 mA g⁻¹, followed by 10 cycles at 50 mA g⁻¹ to assess 
reversibility.

2.11. Cyclic voltammetry (CV)

Cyclic voltammetry was performed between 2.0 V and 5 mV vs. Na⁺/ 
Na at scan rates of 0.1, 0.2, 0.5, 0.7, and 1 mV s⁻¹, with five cycles per 
scan rate.

2.12. Potentiometric electrochemical spectroscopy (PEIS)

PEIS measurements were conducted using an 8 mm hard carbon 
working electrode and a 12 mm NVP/C counter electrode with Na⁺/Na 
reference after five formation cycles at 50 mA g⁻¹ and ~100% state of 
charge. Spectra were collected from 200 kHz to 10 mHz with a sinu
soidal 10 mV perturbation and 9 points per decade.

2.13. Galvanostatic intermittent titration technique (GITT)

Sodium diffusion kinetics were evaluated by GITT using a 12 mm HC 

electrode vs. sodium after five formation cycles at 50 mA g⁻¹. Current 
pulses at 20 mA g− 1 for 1800 s were followed by 2 h relaxation. Apparent 
diffusion coefficients were calculated using the Weppner–Huggins 
method based on the potential response during relaxation [35,36].

3. Results and discussion

Oxygen surface functionalization of hard carbon was achieved by 
subjecting furfuryl alcohol derived hard carbon spherules to a stream of 
ozone or oxygen at different temperatures. To maintain consistent 
nomenclature, samples are denoted as HC–X–T, where X describes the 
atmosphere of the treatment (O3 or O2) and T the treatment temperature 
in ◦C.

Scanning electron microscopy (SEM) was used to study particle size, 
morphology and surface texture. As shown in Fig. 1, furfuryl derived HC 
consists of spherical particles with an average diameter of 3.9 µm. A 
quantitative particle size distribution derived from SEM image analysis 
is provided in the Supporting Information (Fig. S2). HC–O3–25 exhibits 
no morphological differences compared to HC and also the average 
diameter is comparable. In contrast, HC–O3–60 and HC–O3–100 exhibit 
a smaller average diameter of 3.4 and 3.2 µm and display pronounced 
surface roughening, which can be attributed to the increased oxidative 
reactivity of ozone at elevated temperatures that leads to carbon surface 
erosion, which could also cause the loss of near‑surface carbon mass and 
structural degradation [20]. This interpretation is further supported by 
the observed 17.8% mass loss for HC–O3–100 (Table 2). Given the open 
porosity of hard carbon, the observed structural degradation at elevated 
ozone‑treatment temperatures is likely not limited to the external par
ticle surface but also propagates into the particle. HC–O2–100 was 
prepared to isolate the role of ozone in the functionalization process 
(Fig. 1e). In comparison with the other samples, the morphology of 
HC–O2–100 closely resembles HC and lacks the ozone‑induced surface 
features, confirming that ozone and not oxygen alone drives the 
observed morphological changes.

HC–O3–100 was immersed in water and subsequently washed by 
centrifugation, yielding the sample HC–O3–100W. During this proced
ure, the aqueous phase developed into a dark, non-sedimenting solution 
(Fig. S3a). After drying, the residue accounted for approximately 15% of 
the sample, which suggests the formation of water-soluble oxidation 
products during ozone treatment. SEM imaging of the dried dispersion 
revealed a non-conductive, brittle film (Fig. S3b). Although the exact 
molecular composition remains unresolved, these observations are 
consistent with the presence of a heterogeneous mixture of low- 
molecular oxidized carbonaceous fragments (LOCs). The morphology 
and surface texture of HC–O3–100W differ markedly from the other 
samples and exhibit a substantially smoother appearance, suggesting 
partial coverage of the particle surface by these oxidation products 
(Fig. S3d). Despite extensive washing, the surface layer could not be 
visibly removed, indicating strong interactions between the oxidized 
fragments and the hard carbon surface. Additional insights into the 
chemical composition of the LOCs is provided by XPS analysis in the 
following section.

The reactivity of the HC–O3–100 surface is further corroborated by 
observations made during electrode fabrication, as agglomeration of the 
slurry occurred upon the addition of the aqueous SBR-CMC binder 
mixture. The agglomeration can plausibly be explained by a pH shift due 
to potentially introduced acidic surface groups by the ozone treatment, 
which affect the CMC binder. On the other hand, SBR contains unsatu
rated double bonds that are susceptible to radical‑initiated reactions, 
and ozone in aqueous environments can generate hydroxyl radicals 
(•OH) capable of attacking such moieties [37,38]. In the presence of 
reactive oxygen species, radical‑mediated crosslinking of SBR may 
explain the observed agglomeration.
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3.1. Surface analysis of ozone treated hard carbons

X‑ray photoelectron spectroscopy (XPS) was employed to determine 
surface elemental composition and oxidation states, enabling detailed 
analysis of oxidation and bonding environments in hard carbon. Survey 
spectra (Fig. 2a) show that all samples consist predominantly of carbon 
and oxygen, with no significant impurities. Ozone treatment markedly 
increases the O 1 s signal (~530 eV): oxygen content rises from 5.9 at.% 
for HC to 21.0 at.% for HC–O3–25. Notably, oxygen uptake is 
non‑monotonic with temperature, decreasing slightly from 30.5 at.% for 
HC–O3–60 to 27.9 at.% for HC–O3–100. The reduced oxygen content at 
100 ◦C likely reflects the temperature‑accelerated oxidation rate that 
promotes OFG cleavage and CO₂ release, consistent with Arrhenius-type 
kinetics and studies of ozone with activated carbons [20]

High‑resolution C 1s spectra (Fig. 2c) of HC are dominated by an 
asymmetric sp [2]. C–C peak at 284.4 eV with a π–π* shake‑up feature at 
~290.5 eV, characteristic of graphitic domains [39]. Weak higher 
binding energy contributions correspond to C–O (~286.6 eV) and 
O––C–O (~289.0 eV) species, associated with hydroxyl/ether and car
boxyl‑type functionalities, respectively [40,41]. Their low intensity re
flects extensive oxygen removal during pyrolysis as CO, CO₂, or small 
organics, with residual oxygen likely incorporated in thermally stable 
cyclic structures requiring >700 ◦C for cleavage [10,42,43]

HC–O3–25 exhibits increased C–O and O––C–O contributions, con
firming effective oxidation. Additional features appear at ~288.0 eV, 
assigned to O–C–O and C––O species, and at ~285.0 eV, attributed to sp 
[3]. carbon and carbon adjacent to oxygenated sites [43]. With 
increasing ozone treatment temperature, oxygen‑related peaks broaden 
and intensify, resembling a higher degree of functionalization and 
increased chemical heterogeneity. Simultaneously, the relative intensity 
of the sp2. peak decreases, while its full width at half maximum (FWHM) 
expands from 1.1 to 1.3 eV, indicating increased structural disorder. The 

O––C–O peak at ~289.0 eV becomes the dominant oxidized‑carbon 
feature, identifying carboxyl‑type species as major oxidation products.

HC–O3–100W exhibits a slight increase in the sp2‑carbon contribu
tion compared to HC–O3–100 (Fig. S4a), reinforcing the plausible 
presence of LOCs on the surface. In contrast, the intensities of oxi
dized‑carbon spectral components (C–O, C––O, O––C–O) remain un
changed, indicating that the dominant surface functionalities persist 
after washing. Only O–C–O and C––O contributions decrease, suggesting 
that these groups undergo hydrolysis upon contact with water. Analysis 
of the washed supernatant confirms this interpretation: peaks and in
tensities in C 1s spectra closely match those of HC–O3–100, demon
strating the presence of a surface-anchored LOC layer (Fig. S4b). 
Although these data do not permit identification of discrete molecular 
species, elemental quantification of the centrifugate (Table S1) confirms 
the highly oxidized character of the dissolved degradation products, 
revealing an oxygen content of 34.8 at.% together with substantial 
contributions from C–O and O––C–O functionalities. The comparatively 
high oxygen content and the dominance of oxidized carbon species 
suggest that the degradation products are not highly graphitized carbon 
fragments but rather small and oxygen-rich structures containing a large 
fraction of carboxyl and hydroxyl functionalities. IR spectroscopy of the 
centrifugate corroborates the high concentration of oxygen functional 
groups in LOCs (Fig. S4 c).

O 1s spectra (Fig. 2d) offer complementary information. For com
parison, spectra were deconvoluted into three components: sin
gle‑bonded O–C (~533 eV), double‑bonded O––C (~532 eV), and at 
~535.5 eV attributed to adsorbed water [42]. Table 3 shows an increase 
in C––O contributions for HC–O3–25 and HC–O2–100, while C–O spe
cies slightly dominate for samples treated with ozone elevated 
temperatures

Surface graphitization was assessed using the C KLL Auger D‑para
meter, which represents the energy difference between extrema in the 
first derivative of the carbon KLL transition. This semi‑empirical metric 
ranges from ~13 eV for sp³‑rich carbons to ~22.5 eV for purely sp2. 
carbon [44]. HC exhibits a D‑parameter of 18.1 eV, corresponding to 
~34% sp2. content typical of amorphous carbons. Regardless of treat
ment temperature, ozone lowers the D‑parameter to 14.6–15.1 eV, 
indicating a surface sp2. contribution below 10%. C KLL Auger electrons, 
being more surface‑sensitive than C 1 s photoelectrons due to their 
shorter inelastic mean free paths, provide a more comprehensive un
derstanding of depth-dependent oxidation when combined with the 
results from XPS [41]. HC–O3–25 has a predominantly modified 
outermost surface, whereas higher‑temperature treatments extend 

Fig. 1. SEM micrographs of pristine and treated hard carbon particles at different magnifications. a) HC. b) HC–O3–25. c) HC–O3–60. d) HC–O3–100. 
e) HC–O2–100.

Table 2 
Residual masses and average sphere sizes of hard carbon before and after 
treatment.

sample residual mass after treatment / % Average sphere size / µm

HC - 3.9
HC–O3–25 105.5 3.7
HC–O3–60 98.2 3.4
HC–O3–100 82.2 3.2
HC–O2–100 95.4 3.6
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oxidation into subsurface regions. This distinction is critical because 
surface OFGs directly govern SEI formation, while subsurface oxidation 
may promote additional irreversible capacity losses by sodium trapping.

3.1.1. Proposed mechanism of ozone-induced functionalization
A mechanistic model based on classical ozonolysis is proposed to 

rationalize the oxygen functionalities formed on hard carbon surfaces. 
Ozonolysis, originally described by Criegee, involves the cleavage of 
C––C bonds via reactive ozone intermediates and has been conceptually 
adapted to carbonaceous materials [27,45,20,26,22,46]

Fig. 3a summarizes the proposed reaction sequence. Ozone initially 
undergoes a 1,3‑dipolar cycloaddition with reactive carbon edge sites 
(I), forming a short-lived molozonide intermediate (II) [27,47]. This 
concerted process involves simultaneous HOMO–LUMO interactions 
between the C––C bond and the ozone molecule (Fig. S5). The molo
zonide subsequently rearranges, cleaving a C–C bond to yield a Criegee 
intermediate (III), which further cyclizes into a trioxolane (IV). In the 
presence of water, oxygen or additional ozone, the trioxolane hydro
lyzes, producing carboxylic acids, carbonyls, and hydroxyl groups (V) 
[27].

Correlation of this reaction sequence with XPS‑derived carbon 
oxidation states motivates the surface‑functionalization model proposed 
in Fig. 6. HC is dominated by sp2. carbon (284.4 eV) with only minor 
oxidized contributions, consistent with an intact graphitic network. 
Initial ozone exposure introduces C–O bonds at edge sites, reflected by 
growth of the ~286.6 eV peak, while rearrangement to reactive triox
olane‑type intermediates correlates with the emergence of an O–C–O 
feature at ~288 eV. Subsequent hydrolysis or oxidation generates car
boxyl‑type species, evidenced by the increasing O––C–O peak at ~289.0 
eV [22].

Fig. 3b shows the proposed functionalization mechanisms for ozone 

Fig. 2. XPS characterization of pristine and treated hard carbons. (a) XPS survey spectra showing the surface elemental composition. (b) First derivative of the C KLL 
Auger transition used for determination of the D-parameter. (c) High-resolution C 1 s spectra with deconvolution and assignment of oxygen-containing carbon 
species. (d) High-resolution O 1 s spectra showing the distribution of oxygen functionalities.

Table 3 
XPS parameters for pristine and ozone treated hard carbon as well as the oxygen 
reference.

sample overall O1s D-Parameter

​ C /at. % O /at. % O-C / % O=C /% /eV
HC 93.3 5.9 53.3 46.7 18.1
HC–O3–25 77.4 21.0 40.5 59.5 14.6
HC–O3–60 68.0 30.5 57.5 42.5 15.1
HC–O3–100 72.0 29.0 57.1 42.9 14.6
HC–O2–100 85.5 11.6 41.4 58.6 16.3
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interaction with hard carbon at different temperatures. HC exhibits an 
intact sp2. basal plane with only small contributions from oxygen 
functional groups likely located at edge sites (I). At 25 ◦C, reaction ki
netics are slow and ozone molecules mainly functionalize edge and 
defect sites, which does not lead to significant LOC generation (II). Based 
on activation energies for oxidative and surface‑bound reactions, 
increasing the temperature from 25 ◦C to 60 ◦C accelerates the reaction 
by approx. one order of magnitude, corresponding to a 10–20‑fold in
crease in reaction rate. This accelerated reaction rate accounts for the 
increased LOC formation (III). Ozone molecules not only functionalize 
edges sites, but also act as a “molecular scissor” and excise LOCs out of 
the hard carbon sp2. planes. Because ozone can diffuse through the 
intrinsic open porosity of HC, LOC formation is expected to occur not 
only at the external surface but also within the particle. However, the 
thermal energy at 60 ◦C remains insufficient to promote significant 
conversion of these fragments into CO₂. The highest reaction rate is thus 
expected for HC–O3–100 and at this temperature, it is also plausible that 
LOCs themselves further react to CO2 explaining the significant mass 
loss observed (IV).

3.2. Glassy carbon and highly ordered pyrolytic graphite as model 
substrates for ozone activation

To further elucidate ozone reactivity and validate the proposed 
mechanism, glassy carbon electrodes (GCE) and highly ordered pyro
lytic graphite (HOPG) were subjected to identical ozone treatments at 25 
◦C and 100 ◦C. Glassy carbon can be considered a dense form of hard 
carbon produced by high‑temperature pyrolysis (~3000 ◦C) with min
imal intrinsic oxygen. Both substrates confine chemical reactions to the 
surface, which renders them ideal models for surface functionalization 
with ozone [29,48]

Because sodium does not significantly insert into GCEs, the electro
chemical response is dominated by surface reactions. Consistent with 
this, XPS depth profiling shows that oxygen signals of a pristine GCE 
vanish after ~60 s of Ar⁺ sputtering, confirming surface‑limited native 
oxygen functionalities (Fig. S7a). Morphological changes upon ozone 
treatment are temperature dependent: pristine GCE exhibits a smooth, 
featureless surface, while ozone at 25 ◦C produces only sparse shallow 
craters, likely at pre‑existing defects. In contrast, treatment at 100 ◦C 

yields a pronounced microstructured, fractal ridge‑like morphology, 
which aligns with our expectations for ozone‑induced degradation of 
sp²‑carbon domains at elevated temperatures (Fig. 4a).

XPS corroborates these trends, as ozone exposure at 25 ◦C increases 
the oxygen content to ~6.8 at.% (Fig. S7b), with minimal changes in C 
1s spectra but a clear rise in O–C contributions in O 1s spectra, consistent 
with surface‑confined functionalization (Fig. 4b and c). At 100 ◦C, the 
strong morphological modification is accompanied by a high abundance 
of oxidized carbon species in C 1s and a pronounced O 1s signal.

HOPG was examined as a basal‑plane‑dominated model with mini
mal defect density. Freshly cleaved HOPG shows no detectable oxygen 
signal (Fig. S7c). Ozone treatment at 25 ◦C introduces a modest oxygen 
content (~2.5 at.%), consistent with literature, indicating limited 
basal‑plane functionalization [29]. Given the predominance of 
basal‑plane carbon in HOPG, edge sites contribute <1% to the XPS 
signal, confirming that ozone can also functionalize basal planes, albeit 
weakly. Treatment at 100 ◦C does not increase oxygen uptake (~2.1 at. 
%), further indicating limited basal‑plane reactivity. However, me
chanically roughened HOPG exposed to ozone at 100 ◦C exhibits sub
stantially higher oxygen content (~4.4 at.%), demonstrating that 
defects and edge sites are the primary ozone‑attack sites, while intact 
basal planes remain quasi inert to ozone erosion mechanisms [29].

3.3. Structural and thermogravimetric characterization

Raman spectroscopy was used to probe the degree of structural dis
order in the hard carbon framework. Owing to the highly disordered 
nature of low-temperature pyrolyzed hard carbons, first-order Raman 
spectra cannot be adequately described by the D and G bands alone. 
Instead, the spectra were deconvoluted using a five-band model con
sisting of the D (~1338 cm⁻¹), D' (~1620 cm⁻¹), D'' (~1500 cm⁻¹), D* 
(~1200 cm⁻¹), and G (~1585 cm⁻¹) contributions, which has previously 
been shown to provide a more appropriate description of amorphous 
carbon materials [49]. Because these bands are broad and strongly 
overlapping, intensities of the deconvoluted peaks and their integrated 
areas were evaluated (Table S2). The D band originates from defec
t‑activated breathing modes of sp² carbon rings, while the G band cor
responds to in‑plane stretching of sp2. C–C bonds in graphitic domains 
[50]. The peak intensity ID/IG and area ratios AD/GG are therefore 

Fig. 3. a) Proposed reaction mechanism of ozone with hard carbon. b) Proposed functionalization mechanism and generation of LOCs on the hard carbon with ozone 
at different temperatures.
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commonly employed as a qualitative descriptor of structural disorder in 
amorphous carbons. As Raman spectroscopy probes a comparatively 
large sampling volume (>50 nm) it is not considered surface-sensitive. 
The obtained spectra primarily reflect changes in the bulk carbon 

framework rather than the chemistry of the outermost surface.
Given the relatively low pyrolysis temperature of 850 ◦C, extensive 

graphitization in the materials is not expected. Accordingly, both pris
tine and ozone‑treated samples are highly amorphous and defect‑rich, 

Fig. 4. Characterization of pristine and ozone-treated glassy carbon electrodes. (a) Optical microscopy and SEM images showing the surface morphology before and 
after ozone treatment. (b) High-resolution XPS C 1 s spectra of the corresponding glassy carbon electrodes. (c) O 1 s spectra showing the increase in oxygen- 
containing surface functionalities upon ozone treatment.

Fig. 5. Structural characterization of pristine and ozone-treated hard carbons. (a) Deconvoluted Raman spectra showing changes in structural disorder. (b) Cor
responding XRD patterns. (c) Thermogravimetric mass-loss profiles. (d) N₂ adsorption isotherms measured at 77 K. (e) Pore-size distributions analysis.
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as supported by X‑ray diffraction patterns, which show only broad re
flections (Fig. 5b). Crystallite sizes are thus expected to be very small, 
and the Raman response is dominated by molecular‑scale structural 
units inherited from the precursor rather than extended graphitic do
mains [51]. Under these conditions, the Tuinstra–Koenig relation be
tween AD/AG and lateral crystallite size (La) is not applicable, as it is 
valid only for La> 2 nm [51,52]. Moreover, the D band reflects dis
order‑activated lattice vibrations rather than specific defect types, and 
bulk disorder contributes significantly to its intensity. Consequently, 
Raman spectroscopy cannot identify individual oxygen functional 
groups or distinct defect chemistries in hard carbon [15]. Nevertheless, 
comparative Raman analysis provides insight into relative structural 
changes. Deconvoluted Raman spectra of pristine and ozone‑treated 
samples (Fig. 5a) show broad, overlapping bands characteristic of 
amorphous carbons, which is consistent with previous reports on oxygen 
functionalized hard carbons [7,9].

3.3.1. Effects of ozone treatment on Raman features
Ozone treatment at 25 ◦C induces a red shift of the D band from 1338 

to 1329 cm⁻¹ and leads to a decrease in ID/IG from 1.56 to 1.44, while the 
relative peak area ratio AD/AG increases from 3.10 to 4.13 (Table 4). The 
divergence between intensity- and area-based disorder indicates that 
ozone treatment does not uniformly affect all defect environments but 
instead leads to a redistribution of structurally distinct defect pop
ulations within the hard carbon framework. The reduced ID/IG ratio 
suggests preferential oxidation of defective carbon regions like edge 
sites, which are abundant in HC and particularly susceptible to ozone 
attack [29]. Consequently, the data from Raman spectroscopy do not 
indicate a simple reduction in disorder, but rather a modification of the 
defect structure induced by ozone treatment, consistent with the pref
erential functionalization and oxidation of defect-rich and edge-site 
carbon environments identified by XPS. At higher treatment tempera
tures, ID/IG increases slightly, indicative of progressive carbon frame
work erosion that increases the relative contribution of edge sites. This 
interpretation aligns with SEM observations of increasingly roughened 
particle surfaces for hard carbon and glassy carbon samples treated at 
100 ◦C.

Analysis of the ID/ID’ ratio can provide further information on the 
defect character. Ratios of ~3 are observed for pristine and high‑tem
perature‑treated samples, which corroborate the presence of edge‑type 
defects, whereas higher ratios (~7) are associated with vacancy‑like 
defects [53]. The 25 ◦C ozone‑treated sample exhibits an increased 
ID/ID’ ratio, suggesting vacancy formation under slow reaction kinetics. 
At elevated temperatures, secondary oxidation of initial vacancies likely 
generates additional edge sites, reducing the ratio again. Interestingly, 
the ratio of AD/AD* exhibits a maximum for HC–O3–60. While the D* 
band cannot be ascribed directly to LOCs, its evolution is consistent with 
evolution of sp2-sp[3]. bonding environments associated with polyene 
like species and coincides with the temperature regime where LOC 
formation is proposed to be most pronounced (HC–O3–60) [49].

3.3.2. Thermogravimetric analysis: oxygen functional group desorption
Thermogravimetric analysis (TGA) was employed to assess the 

thermal stability and desorption behavior of oxygen functional groups 

(Fig. 5d). HC shows an initial mass loss of ~4% at 100 ◦C due to 
desorption of adsorbed moisture, followed by a near constant mass up to 
~800 ◦C and a gradual decline at higher temperatures, consistent with 
desorption of residual oxygen functionalities.

Oxygen functional groups decompose over characteristic tempera
ture ranges: aldehydes/ketones (200–400 ◦C, CO), carboxylic acids/ 
anhydrides (400–650 ◦C, CO₂), ethers/phenols (600–800 ◦C, CO), qui
nones/carbonyls (750–1000 ◦C, CO₂), and cyclic species such as lactones 
or pyrans (600–800 ◦C, CO₂) [54,55]. Because pyrolysis of the hard 
carbon precursor was performed at 850 ◦C, the remaining mass loss 
above 850 ◦C is attributed primarily to decomposition of residual ther
mally stable cyclic oxygen groups.

HC–O3–25 exhibits a TGA profile similar to the pristine material but 
with pronounced mass loss at 100 ◦C, ascribed to increased surface 
polarity and moisture uptake. In contrast, HC–O3–60 and HC–O3–100 
show substantially different profiles, which are consistent with previous 
reports on ozone treated activated carbons [20]. The pronounced 
additional mass loss below ~800 ◦C is ascribed to the decomposition of 
the proposed LOC species. This interpretation is further supported by 
in-line recorded IR measurements, which reveal increasingly pro
nounced CO₂ evolution for HC–O3–60 and HC–O3–100 compared to 
pristine HC (Fig. S8). Notably, the additional CO2 release occurs pre
dominantly between approximately 200 and 800 ◦C, coinciding with the 
temperature range in which the ozone-treated samples exhibit the 
strongest excess mass loss relative to pristine HC. Above ~800 ◦C, the 
mass-loss profiles become nearly parallel, indicating that the additional 
mass loss is largely associated with the decomposition of ozone-induced 
oxidation products. The increased CO2 evolution therefore corresponds 
with the thermal decomposition of highly oxidized carbonaceous 
degradation products generated during ozone treatment. Residual 
masses of ~65% (HC–O3–60) and ~60% (HC–O3–100 ) support the 
removal of LOCs during heating. Given the ~30 at.% oxygen content 
determined by XPS, the observed mass losses are quantitatively 
reasonable.

3.4. Electrochemical characterization

3.4.1. Cyclic voltammetry
Cyclic voltammetry (CV) was employed to correlate oxygen func

tionalization with the electrochemical response of ozone‑treated hard 
carbon and model carbon substrates, providing insights into poten
tial‑dependent electrolyte decomposition, SEI formation, and 
sodium‑storage processes during initial cycling.

Fig. 6a–d shows the first five CV cycles of pristine and ozone‑treated 
hardcarbon electrodes at 0.1 mV s⁻¹. HC exhibits a cathodic onset near 
~1 V vs. Na⁺/Na, commonly attributed to sodium adsorption at defect 
sites and oxygen functional groups [6]. Given the low oxygen content of 
HC (5.9 at.%), the density of reactive SEI‑forming sites is limited. The 
redox peak at 0.1 V reflects sodium insertion and pore filling, while the 
reverse scan shows a broad anodic feature corresponding to sodium 
extraction [9,56]. The progressive increase of the peak-current over 
successive cycles indicates gradual accessibility of pore storage sites, 
whereas strong overlap of CV curves between 0.1 and 1.0 V demon
strates high reversibility in the sloping‑potential region. The first‑cycle 
charge consumption of HC–O3–25 is reduced, indicating suppressed 
irreversible reactions, while higher insertion currents imply facilitated 
interfacial kinetics despite increased OFG density as confirmed by XPS. 
This behavior is consistent with formation of a more ion‑conductive SEI 
and enhanced charge‑transfer kinetics promoted by surface functional
ization, particularly at edge or defect sites [6,12].

In contrast, HC–O3–60 shows strongly diminished insertion currents 
in the first cycle and negligible activity in subsequent cycles (Fig. 6c), 
indicating the suppression of reversible sodium storage at low poten
tials. A reason for this suppressed insertion is the presence of LOCs inside 
the particle, which block the internal porosity being responsible for the 
storage of sodium at low potentials. HC–O3–100 exhibits a broad 

Table 4 
Parameters for Raman spectroscopy and thermogravimetric analysis.

sample Raman spectroscopy BET 
surface 
area

TGA 
residual 
mass

​ ID/ 
IG

AD/ 
AG

ID/ 
ID‘

AD/ 
AD’

AD*/ 
AD

m2 wt.%

HC 1.56 3.10 3.04 12.05 7.46 220 92
HC–O3–25 1.44 4.13 4.21 19.23 4.5 20.0 83
HC–O3–60 1.45 3.08 3.59 14.08 9.62 21.5 65
HC–O3–100 1.49 3.38 3.88 15.87 5.85 5.0 60

F. Bauer et al.                                                                                                                                                                                                                                   Carbon Trends 25 (2026) 100698 

8 



first‑cycle cathodic currents below ~0.5 V vs. Na⁺/Na, attributed to 
pronounced electrolyte decomposition and SEI formation (Fig. 6d). After 
treatment at 100 ◦C, LOCs are extensively fragmented and, in some re
gions, oxidized to such an extent that they have been released as CO₂, as 
evidenced by the observed mass loss. In HC–O3–60, however, LOCs 
remain immobilized within the particle. Moreover, in HC–O3–100, the 
severe oxidation and substantial material loss likely opened additional 
diffusion pathways, again enabling sodium storage within the porosity. 
HC–O3–100W closely resembles the profile of HC–O3–60, which agrees 
with the hypothesis that the LOCs may block the porosity, leading to 
diminished insertion currents (Fig. S9).

To further elucidate the effect of ozone functionalization, a b-value 
analysis based on the power-law i = avb was performed using cyclic 
voltammograms recorded at different scan rates (Fig. S10) [7–9]. The 
extracted b-values at 5 mV are significantly higher than those obtained 
at 0.4 V for all samples. At 0.4 V, b-values of approximately 0.4–0.5 
indicate that sodium storage is predominantly diffusion-controlled 
within the sloping-potential region. In contrast, the higher b-values 
observed at 5 mV suggest an increased contribution from 
surface-controlled processes in the low-potential plateau region. 
Notably, HC–O3–25 exhibits the highest b-value at 5 mV, indicating 
facilitated sodium-storage kinetics in the plateau region, which is 
consistent with reports of mildly oxygen functionalized HC surfaces [9]. 
In contrast, HC–O3–60 and HC–O3–100 show substantially lower 
b-values at 5 mV, indicating a stronger contribution from diffusion 
limitation in the low-potential storage process. This behavior is consis
tent with the proposed formation of LOCs within the particle, which 
partially block the internal pore network and hinder Na⁺ transport to 
low-potential storage sites. At 0.4 V, however, the b-values of HC–O3–60 
and HC–O3–100 remain comparable to those of pristine HC, suggesting 
that ozone-induced LOC formation predominantly affects pore-filling 
processes in the plateau region while having only a minor influence 
on sodium storage in the sloping-potential region. Current separation 
according to i(V) = k1v + k2v1/2 further corroborates these findings 
(Fig. S11). For all samples, the capacitive contribution increases with 

scan rate but remains below 80% even at 1 mV s− 1, demonstrating that 
sodium storage is not dominated by purely surface-controlled processes. 
HC–O3–25 exhibits a slightly higher capacitive contribution than pris
tine HC, whereas HC–O3–60 and HC–O3–100 show no substantial in
crease, consistent with the persistence of diffusion-limited sodium 
storage.

To decouple surface from bulk sodium storage effects, GCE and 
HOPG were examined as model substrates. First‑cycle CVs of pristine 
and ozone‑treated GCEs are compared in Fig. 6e. Pristine GCE shows low 
currents, consistent with negligible porosity and low surface polarity, 
and lacks a distinct anodic de‑insertion peak, indicating predominantly 
irreversible electrolyte decomposition. After ozone treatment at 25 ◦C, 
the cathodic onset shifts to higher potentials (~2.0 V), signaling earlier 
interfacial reactions associated with sodium interaction with OFGs. A 
cathodic feature at ~0.2 V appears only for the ozone treated GCEs and 
is attributed to OFG induced SEI formation. In contrast to pristine GCE, 
ozone‑treated GCEs exhibit higher first‑cycle currents due to increased 
surface polarity and improved ion transport. Increased low‑potential 
currents persist in subsequent cycles for treated GCEs (Fig. S12). Freshly 
cleaved HOPG shows a distinct cathodic feature at ~1.2 V in the first 
cycle that vanishes thereafter (Fig. 6f), consistent with irreversible 
electrolyte decomposition on basal‑plane carbon, commonly associated 
with PF₆⁻ decomposition and NaF‑rich SEI formation [56]. Mechanically 
roughened HOPG however shows different reactivity, as reduction peaks 
at ~2.1 and ~0.4 V emerge, while the feature at ~1.2 V is less pro
nounced also in the following cycles (Fig. S13). Interestingly, ozone 
treatment at 25 ◦C leads to a significant increase in the reduction peak at 
~1.0 V during the first anodic scan, whereas at 100 ◦C the intensity is 
comparable to the untreated electrode. However, for both ozone treated 
HOPG samples the reduction peaks at higher and lower potentials are 
absent.

3.4.2. Impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was performed after 

five cycles to probe SEI and interfacial properties. Nyquist plots of HC 

Fig. 6. (a-d) Cyclic voltammograms of the first five cycles of the hard carbon samples. (e,f) First-cycle cyclic voltammograms of pristine and ozone-treated GCE and 
HOPG electrodes. All measurements were performed between 2.0 V and 5 mV vs. Na⁺/Na at 0.1 mV s⁻¹.
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(Fig. 7a) comprise a high‑frequency intercept corresponding to elec
trolyte resistance (Relectrolyte), a small high‑frequency semicircle 
assigned to SEI resistance (RSEI), a mid‑frequency semicircle associated 
with charge‑transfer resistance (RCT), and a low‑frequency War
burg‑type tail reflecting sodium‑ion diffusion in the porous carbon 
matrix [6]. A simplified Randles equivalent circuit was used to model 
the impedance spectra and to extract the relevant electrochemical pa
rameters [57]. The nested structure of the equivalent circuit is well 
suited to approximate the impedance response of multi‑particle elec
trodes and can be interpreted as a low‑level analogue of a transmission 
line model. HC exhibits a RSEI of 31 Ω, which decreases to 24 Ω for 
HC–O3–25 (Table 5). This reduction indicates a more ion‑conductive 
SEI, consistent with favorable SEI formation induced by oxygen func
tionalization. A stronger effect is observed for RCT, which decreases from 
138 Ω (HC) to 33 Ω for HC–O3–25 (Fig. 7b), indicating facilitated Na⁺ 
desolvation and interfacial transfer due to increased surface polarity and 
enhanced sodium‑ion affinity of OFGs [5]

In contrast, HC–O3–60 and HC–O3–100 display an additional 
low‑frequency semicircle (Fig. 7b), indicating an extra electrochemical 
process with a distinct time constant. To account for the LOCs generated 
by the ozone treatment, RLOC was incorporated into the equivalent cir
cuit as an additional RC element representing an ion‑transport barrier. 
LOCs drastically increase the resistance of HC–O3–60, resulting in an 
additional RLOC of 835 Ω. RSEI (33 Ω) and RCT (110 Ω) of HC–O3–100 are 
comparable to values from HC, while the resistive RLOC fragments 

contribute an additional ~360 Ω, offsetting the beneficial effects 
observed for HC–O3–25. HC–O3–100W, on the other hand, shows a 
reduced RLOC resistance of 159 Ω, further corroborating the negative 
impact of LOCs on the hard carbon (Fig. S14).

Overall, the EIS‑derived reductions in RSEI and RCT for HC–O3–100 
directly correlate with the enhanced insertion currents observed by CV, 
indicating improved interfacial kinetics. Conversely, the additional 
low‑frequency process for HC–O3–60 and HC–O3–100 coincide with 
suppressed insertion behavior, reflecting kinetically hindered sodium 
transport due to LOCs.

3.4.3. Galvanostatic cycling
Galvanostatic cycling at varying current densities and extended 

cycling was used to assess rate capability and long‑term stability of 
ozone‑treated hard carbon.

Rate performance is summarized in Fig. 8a. HC delivers an initial 
discharge capacity of ~190 mAh g⁻¹, which increases during the first 
cycles likely due to electrochemical activation, attributed to progressive 
access to previously inactive regions, potentially enabled by microcrack 
formation from local volume changes during sodiation [58]. In ozo
ne‑treated samples, this activation is not observed, consistent with 
ozone‑induced pore opening and enhanced electrolyte accessibility 
already in the initial state.

Charge‑transfer resistances originate at the SEI carbon interface and 
are governed primarily by ion desolvation energetics rather than SEI 
thickness, as established for Li‑ion systems and can therefore reasonably 
be assumed for Na‑ion systems [59]. In contrast, increased SEI thickness 
mainly raises ionic transport resistance across the interphase. This 
distinction is particularly relevant in the low‑potential plateau region of 
hard carbon (<0.1 V vs. Na⁺/Na), where diffusion‑limited sodium 
insertion into pores dominates. Under these conditions, even small re
sistivity increases can significantly reduce accessible capacity, especially 
given the low cut‑off potential (5 mV vs. Na⁺/Na) employed to avoid 
sodium plating [60]. This diffusion-limited pore-insertion storage 
mechanism explains the impeded rate capability of HC–O3–60, as in
ternal LOC formation blocks the porosity inside HC and conversely to 
HC–O3–100, they are not partly cleaved as CO2.

At intermediate current densities (200 mA g⁻¹), the HC–O3–25 de
livers the highest capacity, consistent with enhanced kinetics inferred 
from CV and EIS. At 1000 mA g⁻¹, capacities of all samples except 
HC–O3–60 converge to ~40 mAh g⁻¹, indicating that the applied current 
exceeds effective sodium diffusion through the SEI and carbon bulk. 
Although high‑rate storage is sometimes attributed to surface processes, 
CV results show limited capacitive contribution and sodium insertion 
into the bulk remains operative but becomes diffusion‑limited, analo
gous to fast‑charging constraints in Li‑ion batteries.

First‑cycle voltage profiles (Fig. 8b) show the characteristic sloping 
region (1–0.1 V) followed by a low‑potential plateau (<0.1 V) for HC, 
yielding an ICE of 74.9%. Ozone treatment at 25 ◦C shifts the onset of the 
sloping region to higher potentials, indicating earlier SEI formation, 
consistent with reports on functionalized hard carbons [6,54]. The slo
pe‑to‑plateau capacity ratio increases markedly for the HC–O3–60 and 
HC–O3–100 (Table 6), which agrees with internal pore-blocking caused 
by LOCs. Furthermore, ICE drops to 44.7% (HC–O3–60) and 48.8% 
(HC–O3–100), reflecting extensive irreversible reactions with oxygen 
functional groups and LOCs. The oxygen‑treated reference sample 
shows a profile similar to pristine hard carbon but with slightly reduced 
capacity and ICE (72.5%).

First‑cycle differential capacity plots (Fig. 8c) further resolve 
potential‑dependent processes complementary to CV. HC exhibits a 
sharp sodiation peak at ~0.03 V, corresponding to sodium storage in 
pores, in agreement with CV data. HC–O3–25 introduces an additional 
reduction peak at ~0.84 V, assigned to SEI formation, and enhances the 
low‑potential peak near ~0.1 V, indicating more efficient pore filling. 
HC–O3–60 shows multiple reduction features (~0.7 V and ~0.48 V), 
evidencing sequential SEI formation and reactions with LOCs, while the 

Fig. 7. Nyquist plots of pristine and ozone treated hard carbon after 5 forma
tion cycles with corresponding equivalent circuits.

Table 5 
Overview of Samples and their calculated resistivities from charge transfer 
(RCT), SEI (RSEI) and LOCs (RLOC).

Sample RCT RSEI RLOC

​ / Ω / Ω / Ω
HC 114 31 ​
HC–O3–25 33 24 ​
HC–O3–60 60 33 835
HC–O3–100 110 33 360
HC–O2–100 104 20 ​
HC–O3–100W 135 42 159
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100 ◦C‑treated sample displays a broader feature centered near ~0.7 V. 
These trends demonstrate that both the onset potential and complexity 
of SEI formation strongly depend on the nature and abundance of sur
face oxygen species and presence of LOCs.

Sodium-ion diffusion kinetics were analyzed by GITT after five for
mation cycles (Fig. 8d). The method follows the principle postulated by 
Weppner and Huggins, and the apparent diffusion coefficients were 
calculated using the equation reported by Bommier et al. as shown in 
Supplementary Fig. S15 [35,36]. HC–O3–25 exhibits significantly 
increased apparent diffusion coefficients at low potentials, indicating 
facilitated ion transport not only across the SEI but also within the 
particle. This supports the presence of functionalization within acces
sible internal porosity. As GITT yields effective diffusivities, these values 
also reflect interfacial and SEI contributions. In contrast, HC–O3–60 and 
HC–O3–100 markedly reduces apparent diffusivity at low potentials, 
consistent with over‑functionalization and increased diffusion barriers 
due to LOCs blocking the internal porosity. Long-term cycling over 150 
cycles at 50 mA g⁻¹ (Fig. S16) revealed no additional degradation 
mechanisms beyond those already apparent from the first-cycle and 

rate-performance data. The relative capacity ranking of the samples 
remained unchanged throughout cycling, indicating that the effects of 
ozone treatment are established during the initial cycles and persist 
during prolonged operation.

4. Conclusion

This study demonstrates that ozone treatment exerts fundamentally 
different effects on hard carbon depending on the applied temperature. 
At 25 ◦C, ozone predominantly functionalizes the surface, whereas at 
elevated temperatures it acts as a molecular scissors, excising low- 
molecular highly-oxidized compounds from the carbon framework. 
Ozone treatment at 25 ◦C increases the surface oxygen content by ~15 
at.% without evidence of subsurface oxidation, while higher treatment 
temperatures lead to oxygen contents of up to ~30 at.% and induce 
formation of LOC oxidation products inside the particles.

To rationalize these findings, a mechanistic framework based on a 
Criegee‑type ozonolysis adapted to carbonaceous materials is proposed. 
Supported by spectroscopic evidence, the model identifies defects and 
edge sites as preferential reaction centers and explains how treatment 
conditions control both the nature and distribution of OFGs as well as 
the extent of structural degradation. This framework provides a 
consistent basis for linking ozone exposure conditions to surface 
chemistry and to the formation of LOC oxidation products.

The accessibility of the internal porosity emerges as the key factor 
controlling both ICE and reversible capacity, which stands in contrast to 
the widespread assumption that high surface oxygen content is the 
primary cause of low ICE. While ozone functionalization at 25 ◦C en
hances ion‑transport kinetics, as evidenced by reduced charge‑transfer 
resistance, high‑temperature ozone treatment promotes the formation 
of LOCs that obstruct internal pore networks, thereby reducing the 
reversible capacity of hard carbon.

Overall, these findings identify mild ozone treatment as a facile 

Fig. 8. (a) Rate performance of pristine and ozone-treated hard carbons measured between 2.0 V and 5 mV vs. Na⁺/Na at current densities from 50 to 1000 mA g⁻¹. 
(b) First-cycle galvanostatic charge/discharge profiles at 50 mA g⁻¹. (c) Corresponding differential capacity (dQ/dV) plots. (d) Apparent sodium-ion diffusion co
efficients determined by GITT after five formation cycles.

Table 6 
Overview of Samples and Their Specific Capacities, Slopes, Plateau Capacities, 
and Initial Coulomb Efficiencies.

sample reversible 
capacity at 
50 mA g− 1

slope 
capacity

plateau 
capacity

slope / 
plateau 
ratio

initial 
coulombic 
efficiency

​ / mAh g− 1 / mAh 
g− 1

/ mAh 
g− 1

​ / %

Pristine 208 96 112 0.86 74.9
HC–O3–25 229 105 124 0.85 79.1
HC–O3–60 144 101 43 2.35 44.7
HC–O3–100 185 120 65 1.84 48.8
HC–O2–100 176 88 88 1.00 72.5
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functionalization strategy to introduce OFGs to the surface of hard 
carbon. Future work should focus on the selective introduction of spe
cific OFGs to further optimize SEI formation and sodium‑ion transport. 
This effort should be supported by advanced surface‑sensitive charac
terization techniques capable of unambiguous identification of indi
vidual oxygen species.
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