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Supplementary Note 1. Volatilization and decomposition pathways of heterocyclic aldehyde
precursors

To gain insight into the volatilization and thermal decomposition behavior of the heterocyclic aldehyde
precursors, thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was conducted (Fig.
S1). Thiophene-2-carbaldehyde (Fig. S1a) and 1H-pyrrole-2-carbaldehyde (Fig. S1b) both exhibit sharp

mass losses below 100 °C.

Thiophene-2-carbaldehyde shows distinct fragment peaks during volatilization (Fig. S1d), including a
strong m/z 111 signal corresponding to CsH;OS", which represents a stabilized fragment closely related
to the parent molecule. Additional fragments include CO,* (m/z 44), CO* (m/z 28), and light hydrocarbon
fragments (m/z 26-39), reflecting aldehyde decomposition and thiophene ring cleavage. These findings
confirm that the majority of thiophene aldehyde is transported in the vapor phase, with sulfur largely

preserved in higher-mass fragments rather than SO.

1 H-pyrrole-2-carbaldehyde follows a similar pathway (Fig. S1e), with clear CO," (m/z 44) and CO" (m/z
28) signals alongside nitrogen-containing species such as NO* (m/z 30) and NH;* (m/z 17). These
fragments indicate that the pyrrole ring decomposes while still retaining nitrogen functionalities, thereby
facilitating their incorporation into the resulting carbon film. Together, the TGA-MS analysis confirms
that both thiophene and pyrrole aldehydes volatilize cleanly, providing a continuous supply of vapor-phase
precursor molecules. Their decomposition produces well-defined heteroatom-containing fragments that

directly rationalize the sulfur and nitrogen signatures in the corresponding carbon films.

In contrast, 5-(hydroxymethyl)furan-2-carbaldehyde (HMF) reveals a different behavior (Fig. Slc, f). The
TGA profile shows a broad decomposition window extending up to 250 °C, reflecting reduced volatility
and a tendency toward thermal polymerization.! Furthermore, no distinct low- and high-mass fragments
are detected in the MS spectra under identical conditions. We attribute this absence of volatile fragment
signals to the multifunctional nature of HMF, which promotes condensation and cross-linking reactions
upon heating, as observed previously.! As a result, the decomposition pathway likely produces oligomeric
or polymeric intermediates that either condense before reaching the MS detector or fail to volatilize at
measurement conditions. Still, under CVD conditions, film formation from HMF was observed to be
highly efficient and comparable to that of the other precursors, indicating that despite its reduced volatility,

HMF can effectively contribute to uniform carbon growth.
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Fig. S1. TGA-MS analysis of heterocyclic precursors used for carbon film deposition. TGA (black, left axis) and
DTG (red, right axis) profiles of (a) thiophene-2-carbaldehyde, (b) 1H-pyrrole-2-carbaldehyde, and (c) 5-
(hydroxymethyl) furan-2-carbaldehyde (HMF), showing distinct volatilization behaviors. The sharp mass losses of
thiophene and pyrrole aldehydes occur at lower temperatures (50-100 °C), while HMF exhibits a broader and
higher-temperature decomposition range (100-250 °C). (d, e, f) Corresponding MS showing the evolution of major
decomposition products as a function of temperature for each precursor. (d) thiophene-2-carbaldehyde, (e) 1H-
pyrrole-2-carbaldehyde, and (f) 5-(hydroxymethyl)furan-2-carbaldehyde.
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Supplementary Note 2. Proof-of-concept: Versatile deposition of carbon film on Cu foil

To evaluate the versatility of the CVD approach, we extended carbon film deposition to a metallic
substrate. Using HMF as the precursor and copper foils as substrates, conformal carbon films were
successfully obtained (Fig. S2a). The SEM image demonstrates complete coverage of the Cu surface by
a continuous film, while the inset optical image shows that the resulting Cfilm/Cu remains mechanically

flexible.

Elemental mapping (Fig. S2b) confirms the uniform distribution of carbon on top of the copper substrate,
with oxygen signals. The smooth and continuous coverage is indicative of efficient precursor utilization
and stable film growth on metallic surfaces. Optical microscopy of the Cfilm/Cu interface (Fig. S2c)
reveals a wrinkled morphology, which is attributed to thermal expansion mismatch between the carbon

film and copper during the thermal treatment.

The Raman spectrum (Fig. S2d) displays the characteristic D, G, and 2D bands, with an Ip,/I; ratio of
0.81, consistent with the Cfilmyyr reported on a SiO, substrate in the main manuscript. Raman mapping

further confirms lateral homogeneity across the Cu surface.

This proof-of-concept deposition on copper illustrates the adaptability of the CVD approach to a variety
of substrates beyond inert oxides. By demonstrating compatibility with a metal foil, the platform paves
the way for applications in electrochemical devices, such as flexible electrodes or catalyst supports. The

wrinkled yet continuous film morphology could also be advantageous in applications requiring flexibility.
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Fig. S2. Morphological and structural characterization of carbon film from 5-(hydroxymethyl)furan-2-carbaldehyde
(HMF) deposited on Cu substrates via the CVD method. (a) SEM image of a Cfilm/Cu sample showing a continuous
and uniform carbon film; inset: optical image of a flexible Cfilm/Cu sheet. (b) SEM image of the Cfilm/Cu surface
with corresponding EDS elemental maps confirming the uniform distribution of copper (from substrate), carbon,
and oxygen. (¢) Optical microscopy image of the Cfilm/Cu surface, showing characteristic wrinkled morphology
arising from thermal expansion mismatch between the film and copper substrate. (d) Raman spectrum of the
Cfilm/Cu film shows prominent D, G, and 2D bands, with an I,,/I; ratio of 0.81.



Supplementary Note 3. Morphological characterization of carbon films on SiO, substrate

The carbon films were deposited on SiO, wafers, selected here as an inert and thermally stable substrate

for surface inspection (Fig. S3a).

The scanning electron microscopy (SEM) analysis (Fig. S3b) reveals smooth, conformal coatings with a
high degree of homogeneity, regardless of the precursor. The energy-dispersive X-ray spectroscopy (EDS)
elemental mapping confirms the incorporation of heteroatoms inherited from the precursor chemistry.
Specifically, Cfilmtyp shows sulfur and oxygen retention, Cfilmpygr contains nitrogen and oxygen, and
Cfilmpyyr retains only oxygen. These signals are uniformly distributed across the mapped area, ruling out

phase separation or localized inhomogeneities of specific elements.

The cross-sectional SEM images (Fig. S3c¢) further highlight the conformality of the Cfilms, with
thicknesses ranging between a few hundred nanometers and a micron scale, mainly depending on the
precursor amount provided. Importantly, the interface between the carbon film and the underlying SiO,
appears well integrated, without visible delamination or interfacial gaps. In the right panel, a physically
detached film is shown. This detached segment retains its flat morphology and internal cohesion,
suggesting that the film is not only continuous but also sufficiently robust to exist as a freestanding
material. This observation is essential, as it points toward the potential applicability of these carbon films

in layered assemblies, as semi-flexible conductive films in many systems.
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Fig. S3. Synthesis and morphological characterization of Cfilms derived from heterocyclic aldehyde precursors on
SiO, substrates. (a) Optical images of bare SiO, and carbon-coated SiO, substrates prepared using three different
precursors:  thiophene-2-carbaldehyde  (Cfilmryp), 1H-pyrrole-2-carbaldehyde  (Cfilmpygr), and  5-
(hydroxymethyl)furan-2-carbaldehyde (Cfilmpyyr). (b) SEM images and corresponding EDS elemental maps of
Cfilm/SiO, films, showing uniform and conformal film coverage. (¢) Cross-sectional SEM images of Cfilm/SiO,
structures prepared, revealing uniform carbon film thickness and intimate substrate-film interfaces. The rightmost
image shows a delaminated carbon film.



Supplementary Note 4. Structural ordering and electronic properties of carbon films

The structural order of the carbon films was first assessed by Raman spectroscopy (Fig. S4a-c). All
samples exhibit the disorder-induced D band (~1347 cm™'), the in-plane graphitic G band (~1575 cm™),
and a broader 2D feature, consistent with turbostratic carbons.> 34 The Ip,/I ratios reported in the main
manuscript (Fig. 1e) are 0.87 for Cfilmyyp, 0.77 for Cfilmpyg, and 0.81 for Cfilmpyyg, confirming
precursor-dependent differences in defect density and ordering. Grazing incidence X-ray diffraction
(GIXRD) patterns (Fig. S4d-g) complement this analysis. The bare SiO, substrate displays only a broad
amorphous peak at 21.5°, while carbon-coated samples reveal (002) reflections at 25.7 and 26.0°. Bragg’s
law (A = 1.5418 A) yields interlayer distances of 3.47 A (Cfilmpyp), 3.47 A (Cfilmyygr), and 3.43 A
(Cfilmpyg). These d-spacings, compared to crystalline graphite (3.35 A), reflect the turbostratic stacking
and slight structural disorder. Full-width at half-maximum values (4.4-4.7°) indicate small coherent
stacking domains, further supporting the presence of pseudo-graphitic nanoregions. Still, when compared
to non-graphitizing (hard) carbons, these findings suggest that the films possess a greater tendency toward
structural ordering.> The relatively sharp (002) reflections, moderate interlayer spacings (3.43-3.47 A),
and balanced Ip,/I ratios point to a partial evolution toward graphitic domains, in contrast to the highly
disordered, micropore-rich frameworks of hard carbons. Such features are more consistent with soft
carbons, which are known to undergo graphitization under high temperatures.®> Accordingly, the

heterocyclic precursor-derived Cfilms investigated here may be regarded as soft-carbon-type materials.

Electronic properties were investigated by photoelectron spectroscopy in air (PESA-AC2), a contactless
technique particularly suitable for films on insulating substrates (Fig. S4h-j).® The work functions (Wy)
obtained are 4.84 eV for Cfilmywmg, 4.97 €V for Cfilmpygr, and 4.88 eV for Cfilmyyp. These values are
consistent with moderately doped carbons, where heteroatom incorporation shifts the Fermi level

position.” Nitrogen incorporation in Cfilmpyg increases the Wy, reflecting deeper Fermi levels.

Importantly, these work function variations have direct electrochemical relevance. A higher Wy
corresponds to a lower Fermi level, which influences its alignment with the electrolyte’s lowest
unoccupied molecular orbital (LUMO). This shift endows the carbon surface with a more noble electronic
character, meaning it is energetically less prone to donate electrons, thereby potentially suppressing the
onset of electrolyte reduction. Thus, precursor-derived differences in electronic structure, as revealed by
PESA, provide a rational link to the later electrochemical behavior, including variations in SEI formation

and sodium storage kinetics.
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Fig. S4. Spectroscopic and structural analysis of carbon films derived from different heterocyclic precursors. (a-c)
Raman spectra of Cfilmyr (blue), Cfilmpyg (green), and Cfilmryp (red), showing characteristic D, G, and 2D bands.
The D and G band positions (1347 cm! and 1575 cm!, respectively) are consistent across samples, with varying
intensity ratios indicating differences in structural order. (d-g) GIXRD patterns of bare SiO, and carbon-coated
Si0O, substrates. Bare SiO, shows a broad amorphous hump centered at 21.5°, while carbon-coated samples show
sharper (002) peaks at higher angles (Cfilmyyr: 25.7°, Cfilmpygr: 26.0°, Cfilmyyp: 25.7°). (h-j) Photoelectron yield
spectra obtained by PESA measurements, used to determine the work functions (Wy) of each film. The extracted
work function values are 4.84 eV (Cfilmyyg), 4.97 eV (Cfilmpyr), and 4.88 eV (Cfilmryp), revealing precursor-
dependent electronic properties.
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Supplementary Note S. Structural integration of carbon films with activated carbon fibers

SEM imaging at multiple magnifications (Fig. S5) shows that the overall fibrous macro-architecture of
the pristine ACF scaffold is fully retained after Cfilm deposition. The inset optical image highlights a clear
color change from black (pristine ACF) to dark gray (Cfilm/ACF), indicative of surface modification. At
higher magnification, pristine ACF fibers exhibit a rough and irregular surface, characterized by
inhomogeneities and processing artifacts rather than clearly resolved porosity. This irregular texture is
consistent with the high density of oxygen-containing functional groups typically present in activated
carbons, which contribute to the chemical heterogeneity.® In contrast, Cfilm/ACF fibers appear

smoothened by the conformal carbon coating, producing a more uniform and continuous outer surface.

Cross-sectional SEM and TEM analyses (Fig. S6) provide direct evidence of the conformal Cfilm layer
on ACF scaffolds. To obtain electron-transparent sections, the Cfilm/ACF samples were first coated with
a thin Au protective layer by sputtering. This metallic overlayer was applied before ultramicrotomy to
shield the outer Cfilm coating from mechanical damage during slicing. The samples were then embedded
in epoxy resin and sectioned into electron-transparent thin slices (i.e., <100 nm thickness) using an
ultramicrotome device, ensuring minimal deformation of both the delicate Cfilm coating and the porous
ACEF interior. The resulting cross sections clearly reveal a continuous Cfilm film tightly adhering to the
fibrous ACF scaffold (Fig. S6a-c). The fracture and deformation lines due to sample preparation are
sufficiently spread out to enable high-resolution TEM observations, in which the two domains can be
clearly distinguished: the Cfilm layer shows a more ordered turbostratic arrangement (Fig. Sé6d), while

the underlying ACF retains its highly disordered and microporous morphology (Fig. S6e).

In the Au-protected samples (Fig. S6f-i), the gold cap appears as the bright outermost layer in the TEM
images and must not be mistaken for part of the Cfilm coating. Beneath this protective layer, both bright-
field and dark-field TEM clearly identify the denser Cfilm shell surrounding the porous ACF core, with a
sharp and intact interface between the two carbon phases. To further validate the thickness of the carbon
films, annular dark-field scanning transmission electron microscopy (ADF-STEM) was employed (Fig.
S7). Due to the higher density of the Cfilm layer relative to the ACF substrate, the carbon film appears
with stronger contrast, enabling thickness estimation directly from the intensity gradient. The measured
film thicknesses are approximately 11 £ 1 nm for Cfilmyyp, 36 =4 nm for Cfilmyyg, and 71 + 18 nm for

CﬁlmpYR.

11
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Fig. S5. Morphological comparison of pristine ACF and Cfilm/ACF. Top row: Low-magnification SEM images
of pristine ACF and Cfilm/ACF reveal that the fibrous architecture is preserved after coating. Inset: Picture of
pristine ACF and Cfilm/ACF powders, showing a distinct color change to dark gray for Cfilm/ACF due to the
carbon film coating. Middle row: Higher-magnification SEM images show smoother fiber surfaces in Cfilm/ACF,
in contrast to the rougher texture of pristine ACF. Bottom row: Close-up SEM images highlighting morphological
differences between the pristine and coated fibers.
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Fig. S6. Structural analysis of Cfilm/ACF materials using cross-sectional SEM and TEM. (a-c) SEM images of
Cfilm/ACEF prepared via ultramicrotomy, showing a conformal carbon film (Cfilm) coating over the porous ACF
scaffold. HRTEM images of the (d) Cfilm and the underlying (e) ACF, respectively. The Cfilm displays a more
ordered, layered structure, while the ACF retains a disordered, porous morphology. (f, i) Cross-sectional TEM
images of Cfilm/ACF protected with a sputtered Au layer, which was deposited before ultramicrotomy to prevent
surface damage during sectioning. Cross-sectional STEM images of Cfilm/ACF acquired in dark-field (f, h) and
bright-field (g, i) modes. The difference in contrast between the two carbon phases is clearly visible, allowing a
clear distinction between the denser Cfilm layer and the ACF substrate.
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Fig. S7. ADF-STEM images of Cfilmryp/ACF, Cfilmyye/ACF, and Cfilmpyr/ACF, showing increasing carbon film
thickness (11 +1nm, 36 £4 nm, 71 = 18 nm). Thickness was estimated from ADF contrast, as the denser carbon
film appears brighter than the ACF. Right: Normalized Z-contrast intensity profiles, where shaded regions indicate
the boundary between the carbon film and ACF substrate.
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Supplementary Note 6. Micropore confinement in Cfilm/ACF revealed by CO; and N, sorption

To assess the effect of Cfilm coatings on the porosity of ACF substrates, we performed complementary
CO; and N, physisorption measurements. CO, has a small kinetic diameter at the measurement conditions
and higher diffusivity compared to N, at 77 K, allowing it to access ultramicropores (<1 nm) that N, often
underestimates due to diffusion limitations.® Thus, CO, physisorption provides reliable information about

micropores and pore size distributions in carbonaceous materials (Fig. S8a).

For pristine ACF, the CO, isotherm reveals a steep uptake at low relative pressures, indicative of a highly
microporous structure, with a calculated SSAppr of 1361 m? g-!. In contrast, Cfilm/ACF samples derived
from different precursors exhibit reduced CO, uptake, with SSAppy values of 437, 403, and 83 m? g! for
Cfilmyyp/ACF, Cfilmyp/ACF, and Cfilmpyr/ACF, respectively. The decrease in CO;-accessible surface
area reflects effective micropore coverage and partial pore blocking by the conformal Cfilm layer. The
corresponding pore size distributions (Fig. S8b-e) further illustrate this effect. While pristine ACF shows
a broad distribution of micropores around 0.5-0.8 nm, Cfilm-coated samples exhibit suppressed or
narrowed distributions, particularly below 0.7 nm, confirming that the Cfilm layer limits CO, penetration
into the smallest micropores. The cumulative pore volume curves also demonstrate a significant reduction

upon coating, consistent with surface confinement and micropore sealing.

To complement CO, sorption, N, adsorption-desorption isotherms were measured at 77 K (Fig. S8f-g).
Pristine ACF exhibits substantial N, uptake at low relative pressures, yielding a high SSAggr of 1630 m?
g'l. In contrast, all Cfilm/ACF samples show negligible N, uptake, indicating that the conformal Cfilm
coating effectively blocks N, access to the porous network. This suppression is further reflected in the
pore size distribution derived from N, sorption (Fig. S8g), which for pristine ACF shows a dominant
micropore contribution below 1 nm. After the Cfilm deposition, however, N, uptake becomes negligible,
indicating that these micropores are no longer accessible to N, at 77 K. The comparative analysis of
specific surface areas (Fig. S8h) highlights this contrast. While pristine ACF shows very high surface
areas from both CO, and N, physisorption, Cfilm/ACF samples exhibit values reduced by an order of
magnitude, with near-zero SSA from N, sorption and only limited residual accessibility from CO,. By
restricting molecular access, the Cfilm coating regulates interfacial chemistry and prevents potential
uncontrolled side reactions during electrochemical processes, such as extensive SEI formation.!? !
Among the samples, Cfilmpyr/ACF shows the thickest film in ADF-STEM (ca. 71 nm), which aligns with

its lowest measured surface area in CO, sorption.
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Fig. S8. Gas physisorption analyses of pristine ACF and Cfilm/ACF materials. (a) CO, physisorption isotherms at
273 K for pristine ACF and Cfilm/ACF samples derived from three different precursors, showing a progressive
decrease in CO, uptake and SSAppr upon coating. (b-e) Pore size distributions and cumulative pore volumes derived
from CO, physisorption data, showing suppression of micropores following Cfilm deposition for (b) Cfilmpyr/ACF,
(¢) Cfilmyme/ACF, (d) Cfilmyp/ACF, and (e) pristine ACF. (f) N, physisorption isotherms at 77 K, showing
significant adsorption only for pristine ACF, while all Cfilm/ACF samples exhibit negligible uptake, indicating
micropore confinement. (g) Cumulative pore volume and pore size distribution of pristine ACF from N,
physisorption. (h) Bar graphs of specific surface areas calculated from both CO, and N, physisorption, confirming
surface area suppression by the carbon film.
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Supplementary Note 7. Precursor and thickness effects on Cfilm/ACF structure probed by
SAXS/WAXS

Gas sorption measurements revealed strong suppression of the gas-accessible porosity in Cfilm/ACF

samples following carbon film deposition. However, physisorption probes only accessible pores and

cannot resolve the structural organization of the carbon network itself.!> 13 To address this, we employed

synchrotron-based small- and wide-angle X-ray scattering (SAXS/WAXS), which provides quantitative

insight into pore correlations, structural coherence, and ordering independent of gas accessibility. The

SAXS/WAXS data were analyzed using a combination of scattering models to capture the hierarchical

and hybrid nature of the samples (Fig. S9a):!3

i.

il

Debye-Bueche (DB) model describes scattering from disordered two-phase systems with random

heterogeneities, appropriate for the highly porous ACF scaffold:

8m(1 - $)(4p)*E°
(1+¢%4%° (1)

IDB(Q) =

where ¢ is the porosity fraction, Ap the scattering length density contrast, and ¢ the correlation
length describing the average size of density fluctuations

Teubner-Strey (TS) model is used for bicontinuous two-phase systems, and it captures quasi-
periodic correlations that appear in disordered carbons. The reduced correlation function is given

as;

T 2mjd U 2)

with corresponding intensity:

8rp(1 - ¢)(Ap)2E>
1+ (27”5)2)2 +(1- (27"5)2)5%2 + &t 3

Irs(q) =
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where d is the repeat distance between domains and ¢ the correlation length. In the SAXS region,
the TS function describes pore correlations, while in the WAXS region, it captures turbostratic
ordering of graphitic layers. Using two separate TS functions thus allows separation of pore-scale
correlations from interlayer stacking.

iii. Power-law describes the low-g scattering from large-scale interfaces:

I(q)ocq™" (4)

For porous carbons with sharp pore-solid boundaries, the Porod slope was fixed at n =4, consistent

with classical Porod’s behavior for disordered carbons.

Both normalized and non-normalized Kratky plots of the scattering profiles were analyzed. The
normalized fits, shown in the main manuscript, emphasize relative differences in ordering between
samples, while the non-normalized fits presented here (Figs. S9b-d) reveal the intensity variations and
thereby reflect the extent of structural suppression or enhancement following Cfilm deposition. Together,
these complementary representations provide a complete picture of how the coating modifies the ACF

scaffold.

The extracted parameters (Fig. 2g, main) highlight a pronounced structural transformation. In pristine
ACF, the apparent pore size is calculated to be around 0.83 nm. After Cfilm deposition, the pore size
contracts to 0.57-0.68 nm, an effect that arises not only from confinement at the external pore mouths but
also from partial coverage or filling of internal pores. In this way, both true narrowing and effective
blocking of voids contribute to the apparent size reduction. Interestingly, the non-normalized SAXS data
reveal an increase in pore scattering intensity after coating for the Cfilmpyr sample, which can be
rationalized as the formation of additional micropore contrast when larger voids are only partially sealed,

effectively transforming them into smaller pores.

Alongside pore contraction, the domain spacing derived from TS fits expands from 2.7 nm in pristine
ACF to nearly 3.6 nm in coated samples. This increase indicates that the carbon films reorganize the
disordered pore framework into larger, more coherent domains, consistent with the smoothing of fiber
surfaces. The correlation length follows the same trend, increasing from 0.55 nm to 0.63 nm after coating,
which confirms that structural coherence is extended within the newly formed Cfilm shell. The WAXS

analysis of the C(002) feature shows a contraction of the interlayer spacing from 0.398 nm in pristine ACF
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to 0.379-0.385 nm in Cfilm/ACF, reflecting the emergence of turbostratic ordering. The extent of
contraction depends on precursor chemistry: Cfilmpyr/ACF achieves slightly tighter stacking than

CﬁlmHMF/ACF and CﬁlmTHp/ACF

To further isolate the role of coating extent, a thickness study was conducted using HMF as a model
precursor (Fig. S10). Normalized Kratky fits of DB and TS models (Fig. S10a-¢) demonstrated that
structural changes are obvious. Correlation length increased steadily with thickness, indicating extended
structural coherence in the thickest coatings (Fig. S10d). Domain spacing likewise grew from 2.7 nm to
3.5 nm, reflecting the evolution of larger Cfilm domains (Fig. S10e). The interlayer spacing decreased
from 0.398 nm in pristine ACF to 0.385 nm in thick Cfilm/ACF (Fig. S10f), while the DB pore size
decreased to 0.64 nm, highlighting the combined effects of confinement and pore filling (Fig. S10g).

Overall, the precursor- and thickness-dependent SAXS/WAXS highlight two complementary ways in
which the Cfilm structure can be tuned. The choice of precursor sets the starting chemistry and baseline
order of the carbon film. For example, the heteroatoms can reshape the electronic properties. The coating
thickness then determines the extent of structural evolution, with thicker films suppressing microporosity
and enhancing ordering. Importantly, neither parameter alone is sufficient: for practical applications, an
optimum precursor chemistry and an optimum thickness are needed. Too thin a film may leave the porous
scaffold uncovered and inhomogeneous, while overly thick coatings may eliminate useful porosity,

especially required for diffusion-controlled ion storage mechanisms.
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Fig. S9. Structural analysis of pristine ACF and Cfilm/ACF via SAXS and WAXS. (a) Representative SAXS and
WAXS profiles fitted using a combination of Power Law (Porod region), Teubner-Strey (T.S.), Debye-Bueche
(D.B.), and background functions. (b) Non-normalized Debye-Bueche fits (as Kratky plot) of the SAXS profiles,
highlighting changes in the microporous structure upon film deposition. (¢) Non-normalized Teubner-Strey fits (as
Kratky plot) in the SAXS region are used to extract correlation lengths and domain spacings. (d) Non-normalized
Teubner-Strey fits (as Kratky plot) in the WAXS region showing peak shifts toward higher g-values in Cfilm/ACF
samples, indicating a reduction in the interlayer spacing of the C(002) planes due to the carbon film coating.
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Fig. S10. Effect of carbon film thickness on the structural properties, using 5-(hydroxymethyl)furan-2-carbaldehyde
(HMF) as the model precursor. (a-¢) Normalized Kratky plots of (a) Debye-Bueche, (b) Teubner-Strey (SAXS),
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(thin, medium, thick). (d-g) Quantitative structural parameters extracted from SAXS/WAXS model fits, including
(d) correlation length, () domain spacing (T.S.), (f) interlayer spacing (dyy.), and (g) Debye-Bueche pore size.
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Supplementary Note 8. Surface chemistry of Cfilms revealed by XPS

X-ray photoelectron spectroscopy (XPS) was used to probe the surface chemistry of pristine ACF and
Cfilm/ACF samples, revealing how precursor chemistry shapes the elemental composition and functional
groups of the deposited films. The survey spectra (Fig. S11a-d) show dominant C1s and O1s peaks across
all samples, along with precursor-specific heteroatom signatures: Cfilmtyp/ACF exhibits S2p
contributions, Cfilmpyr/ACF contains N1s features, while Cfilmyy/ACF shows only carbon and oxygen
signals. The elemental composition analysis (Fig. 2h, main) confirms that pristine ACF already possesses
significant oxygen content, originating from surface groups generated during its activation. Importantly,
since XPS is a highly surface-sensitive technique and the carbon film thickness is more than 10 nm, the
signals obtained for Cfilm/ACF samples originate exclusively from the deposited carbon film rather than
the underlying ACF scaffold. The detailed deconvolution of S2p for Cfilmryp/ACF and Nls for
Cfilmpygr/ACEF is provided in the main manuscript (Fig. 2i, j).

Cls spectra (Fig. S11e) provide further insight into bonding environments. In principle, well-ordered
graphitic carbon exhibits an asymmetric C1s line shape due to its delocalized m-electron system, and under
such conditions, it is common to distinguish sp* (asymmetric) and sp® (symmetric) carbon components.
However, for graphitic-like or highly disordered carbons with a relatively low degree of long-range order,
reliable separation of sp? and sp* contributions becomes challenging. Consequently, sp* and sp* carbon
were treated as a single C-C/C=C component under these conditions. All samples exhibit a dominant sp?
C-C/C=C component at 284.6 eV. Other contributions appear at higher binding energies, including C-O
(ca. 285.9 eV), C=0 (ca. 287.1 eV), O-C=0 (ca. 288.4 eV), and m-1* (ca. 290.5 eV). The Ols spectra
(Fig. S11f) corroborate these findings.

These results show that pristine ACF already has a strongly oxygenated surface. As a result, each film
develops a distinct surface character, with sulfur-, nitrogen-, or oxygen-rich groups expressed in different
ways. This chemical tunability is important because it can directly affect material properties such as

electrochemical stability. This difference has previously been confirmed by the work function values.
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Fig. S11. XPS analysis of pristine ACF and Cfilm/ACF samples. (a-d) Survey spectra for Cfilmryp/ACF (red),
Cfilmpyr/ACF (green), Cfilmyye/ACF (blue), and pristine ACF (black) showing the presence of Cls, Ols, and
heteroatoms (S2p for Cfilmryp/ACF, N1s for Cfilmpyr/ACF). (e) High-resolution Cls spectra reveal differences in
surface functionalities across the samples, with fitted components. (f) High-resolution O1s spectra showing varying
degrees of oxidation. Functional group differences reflect precursor identity and carbon film composition.
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Supplementary Note 9. Sheet resistance and electrical conductivity of Cfilm/SiO, and Cfilm/ACF

samples

Sheet resistance and bulk conductivity of the Cfilms and Cfilm/ACF composites were evaluated using a
four-point probe method (Table S1). On planar Si0, wafers, the Cfilmpyg film exhibited the lowest sheet
resistance, followed by Cfilmyyr and Cfilmryp, indicating that the heteroatom chemistry significantly
affects the electronic conductivity. A similar trend was observed for Cfilm/ACF samples, where the bulk
conductivity of Cfilmpyr/ACF greatly exceeds that of Cfilmyy/ACF, Cfilmyp/ACF, and pristine ACF.
These results demonstrate that the Cfilm coating not only significantly enhances the electrical conductivity

of the ACF scaffold but also enables tunability through precursor chemistry.

Table S1. Sheet resistance of Cfilms on SiO, and bulk conductivity of Cfilm/ACF samples.

Cfilm/SiO, samples Sheet resistance / Ohm sq!
Cfilmyymr 650
Cfilmyyp 1150
Cfilmpyg 540
Cfilm/ACF samples Conductivity / kS m!
Pristine ACF 0.25
Cfilmyye/ACF 1.5
Cfilmyyp/ACF 1.2
Cfilmpyr/ACF 33
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Supplementary Note 10. Electrochemical kinetics from CV and b-value analysis

Cyclic voltammetry (CV) analysis provides insight into the charge storage mechanism of pristine ACF
and Cfilm/ACEF electrodes. CV curves were recorded at scan rates between 0.05 and 2.0 mV s (Fig. S12a-
d). To quantify the storage mechanism, the relationship between peak current (i) and scan rate (v) was

analyzed according to the power law:
i=av (5)

where a is a constant and b is the slope obtained from the log(i)-log(v) plots (insets of Fig. S12). A b-
value of 1 indicates surface-controlled capacitive processes, while a value of 0.5 corresponds to semi-
infinite diffusion-limited behavior, characteristic of diffusion-driven storage.!* Intermediate values reflect

a mixed contribution from both mechanisms.

Pristine ACF shows quasi-rectangular CV profiles but also exhibits pronounced redox features at low
potentials, indicating that pseudocapacitive contributions from surface functional groups may coexist with
double-layer adsorption. The extracted b-value of 0.88 supports a surface-controlled mechanism, though

the presence of redox peaks suggests an additional faradaic contribution.

In contrast, all Cfilm/ACF electrodes (Cfilmyye/ACF, Cfilmpyr/ACF, and Cfilmyp/ACF) exhibit CV
shapes with suppressed current response, reflecting the reduced accessible surface area after Cfilm
deposition. Their b-values, ranging from 0.50 to 0.53, are much closer to 0.5, indicating that sodium
storage becomes strongly diffusion-limited. This transition arises from the conformal Cfilm coating,

which confines porosity and alters ion transport pathways within the ACF scaffold.

These findings are consistent with the gas sorption and SAXS/WAXS results, both of which demonstrated
suppression of micropores and narrowing of pore size after Cfilm deposition. Together, the CV analysis
confirms that pristine ACF behaves as a capacitive material with additional pseudocapacitive
contributions, while Cfilm/ACF hybrids transition toward a diffusion-controlled storage regime dictated

by the carbon film.
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Fig. S12. CV analysis of pristine ACF and Cfilm/ACF electrodes at various scan rates (0.05-2.0 mV s™') in half-
cells. CV curves for (a) pristine ACF, (b) Cfilmyme/ACF, (¢) Cfilmpyr/ACF, and (d) Cfilmryp/ACF. The
corresponding insets show the log(i)-log(v) plots used to extract the b-values, which help distinguish between

surface- and diffusion-controlled charge storage behavior.
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Supplementary Note 11. Morphological and chemical analysis of the SEI via SEM and XPS

To gain insight into the morphological and chemical nature of the SEI, SEM and XPS depth-profiling
were performed on pristine ACF and the Cfilm/ACF samples. The electrodes investigated here are self-
standing (woven-ACF), eliminating any contributions from binders or conductive carbon additives and
thus enabling a reliable assessment of the SEI properties. The electrodes were recovered after the initial
cycle, carefully disassembled in a glovebox, and washed multiple times with DEC to remove residual

electrolyte species before being transferred to the SEM and XPS facilities using a sealed transfer setup.

SEM images (Fig. S13), including both low- and high-magnification views, reveal pronounced differences
in SEI morphology. The pristine ACF exhibits a distinct interphase morphology characterized by branched
porous structures that entirely cover the surface and appear to grow in a dendritic manner. This behavior
can be associated with the reactive and open porous structure of ACF, which promotes aggressive
electrolyte decomposition and interphase growth. In contrast, the Cfilm/ACF electrodes reveal
significantly different morphologies. The Cfilmpyr/ACF surface is uniformly covered by a continuous
layer, with no evidence of the dendritic or flake-like features observed for pristine ACF. This
homogeneous layer suggests more controlled interfacial reactions and a stabilized SEI formation. Minor
contrast variations in localized regions may indicate compositional heterogeneity, as found in a mosaic-
type SEI. For the Cfilmyyr/ACF, the mosaic-like morphology here is much more pronounced. The surface
consists of interconnected nanoparticles embedded within a continuous, polymer-like matrix. This dual-
phase structure could refer to the coexistence of inorganic/organic SEI components, where the particulate
domains correspond to inorganic species, while the surrounding matrix represents organic decomposition
products. The Cfilmyyp/ACF sample shows a similar morphology but more heterogeneity compared to the
Cfilmyye/ACF. The SEI appears less uniform, with irregularly distributed domains and a more fragmented
surface structure. This observation correlates with its lower ICE. A possible explanation lies in the high
concentration of sulfur- and oxygen-containing functional groups within the Cfilmryp. In particular, sulfur
sites are known to be highly sodiophilic and can promote additional sodium adsorption at higher potentials
(~1.0 V), as evidenced by the SEJ; cathodic peak in the CV profile and corroborated by DFT calculations
from our previous study.!'> Such enhanced sodium affinity can further catalyze electrolyte decomposition,

leading to excessive and less controlled SEI growth.

To further investigate the chemical states within the SEI, XPS depth profiling was performed. By

combining sequential low-energy Ar* sputtering (500 eV), chemical information was obtained from
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different depths across the interphase region.!'® In all samples, the Fl1s spectra (Fig. S15) are dominated
by a peak at ~685 eV, corresponding to NaF, constituting a major component of the SEI. A second
contribution at ~688.5 ¢V is assigned to C—F/P—F species, which are hard to separate at this stage.!” For
pristine ACF, depth profiling reveals three distinct fluorine-containing contributions instead of the two
main components observed for the Cfilm/ACF samples. Alongside the dominant NaF peak and the broader
C—F/P-F contribution, a smaller high-binding-energy feature assigned to C—F, species is also observed.
This contribution is most pronounced at the outermost surface and gradually decreases with sputtering
time, while the relative intensity of the C—F/P—F component increases. This behavior suggests that
fluorinated organic species are primarily concentrated in the outer SEI layer, whereas fluorophosphate-
related decomposition products originating from NaPF are distributed deeper within the interphase. This
behavior can be correlated with the more aggressive electrolyte decomposition occurring over a wider
potential range, as evidenced by multiple cathodic features in the initial CV scan, features that are absent
in the Cfilm/ACF electrodes. In contrast, the Cfilm/ACF electrodes exhibit dominant NaF contributions

together with comparatively weaker C—F/P—F signals.

Consistent with its lower ICE and more heterogeneous SEI morphology observed by SEM, Cfilmyyp/ACF
exhibits the most distinct interfacial composition among the coated systems. Here, the Fls signal of
Cfilmryp/ACF is significantly weaker compared to the other electrodes, indicating a lower fraction of
fluorinated species (Fig. S15d). Although similar NaF features are still observed, the interphase chemistry
is clearly dominated by sulfur-, carbon-, and sodium-rich decomposition products. The S2p spectra reveal
the presence of inorganic and hybrid sulfur-containing species within the SEI (Fig. S16b). These features
can originate from irreversible interfacial reactions during the initial cycle, where sulfur-containing
functionalities of Cfilmryp, including possible thiol- and thiocarbonyl-related groups, participate in
electrolyte decomposition and interphase formation. Contributions associated with reduced S species
together with oxidized sulfur species, are observed throughout the depth profiling. Since these features
are absent in the fresh electrode, the results indicate active involvement of sulfur species in the interfacial
reactions and suggest that sulfur-containing compounds are distributed throughout the bulk SEI,

contributing to the lower ICE of Cfilmryp/ACF.!8

For Cfilmpyr/ACF, the Nls signal remains relatively weak within the SEI region and becomes more
pronounced only after longer sputtering (Fig. S16a). This indicates that nitrogen species are not

significantly incorporated into the SEI but instead mainly originate from the underlying electrode. Such
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behavior is consistent with the dominance of graphitic-N in the Cfilmpyg, which are electronically

stabilized and less prone to participate in parasitic interfacial reactions.

Further insight can be obtained from the Cls spectra (Fig. S14). In all electrodes, pronounced high-
binding-energy contributions around ~289-291 eV are assigned to organic and inorganic carbonate
species, including Na,CO; and alkyl carbonate/dicarbonate-type decomposition products (i.e, sodium
ethylene dicarbonate (NEDC),!®- 2021 which together with NaF constitute dominant components of SEIs
formed in carbonate-based electrolytes. Additional contributions between ~285.5 and 288.5 eV originate
from oxidized organic carbon species such as C—O, C=0, and O—C=0 moieties formed during electrolyte
decomposition. While these features are present in all samples, their relative intensities strongly depend

on the surface chemistry of the electrode and the resulting interphase composition.

At the outermost surface, a distinct carbon signal from the underlying electrode is generally not observed
due to the surface-sensitive nature of XPS. However, upon depth profiling, the gradual emergence of a C—
C/C=C contribution around ~284.5 eV provides indirect information regarding the relative SEI thickness.
This behavior is most pronounced for Cfilmyyr/ACF, where the carbon contribution becomes visible after
only a few sputtering cycles, indicating the formation of a relatively thin SEI layer. In contrast, for
Cfilmryp/ACF and especially Cfilmpyr/ACF, the C—C/C=C signal emerges only at later sputtering stages,
suggesting comparatively thicker interphases. In particular, Cfilmpyr/ACF exhibits an extended SEI
formation plateau around ~0.5 V during the initial sodiation process, which may promote prolonged
electrolyte decomposition and consequently the formation of a thicker interphase. Cfilmryp/ACF exhibits
the strongest Na,COs-related contribution relative to the C—C/C=C signal, suggesting that the inorganic
fraction of the SEI is mainly composed of carbonate species together with sodium sulfides/sulfates and
oxides. Although NaF is still detected, its relative contribution is significantly weaker. Considering the
critical role of NaF in forming mechanically robust and ionically conductive SEIs, the reduced NaF
content together with the dominance of sulfur-rich interphase may contribute to less favorable Na*
transport and partially explain the comparatively inferior electrochemical performance observed for
Cfilmyyp/ACF. Pristine ACF does not reveal the characteristic C—C/C=C features of the underlying
electrode even after extended sputtering, indicating the presence of a substantially thicker interphase.
Furthermore, unlike the coated electrodes where C—O-related species dominate the oxidized carbon
contributions, pristine ACF exhibits a particularly strong C=0 component together with pronounced C—F,
features, which are also reflected in the Fls spectra. These observations indicate a chemically distinct

interphase dominated by extensive electrolyte decomposition and fluorinated organic decomposition
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products formed on the highly reactive open porous carbon surface. The resulting thick and heterogeneous

SEI is consistent with the low ICE and the aggressive dendritic interphase morphology observed in SEM.

i Pristine ACF

500 nm -

ECHilm, -/ ACF

Fig. S13. SEM images of the pristine ACF and Cfilmpyr/ACF, Cfilmyye/ACF, and Cfilmtyp/ACF after the initial
cycle, showing the influence of carbon film chemistry on the morphology of the passivation layer.

30



a Pristine ACF
200s

b Cfimg/ACF
200s

C-(ON)

L c(CHyc=C

C Cfilmyue/ACF
200s

d Cfilm;=/ACF
200s

c-(0.8)

Intensity / a.u.

Intensity / a.u.

Intensity / a.u.

Intensity / a.u,

AN

N

2000 s

T T T T T T 1
296 294 292 290 288 286 284 282

Binding energy / eV

T T T T T T 1
294 292 290 288 286 284 282 280

Binding energy [ eV

T T T T T T |
284 292 290 288 286 28B4 282 280
Binding energy / eV

T T T T T T !
294 292 290 288 286 284 282 280
Binding energy / eV

Fig. S14. C1s XPS depth profiling spectra of (a) pristine ACF, (b) Cfilmpyr/ACF, (¢) Cfilmyy/ACF, and (d)
Cfilmryp/ACF electrodes collected after different sputtering times. The spectra reveal differences in SEI
composition and thickness depending on the surface chemistry of the carbon film, including variations in inorganic
and organic carbonate species, fluorinated decomposition products, and the gradual emergence of the underlying

carbon signal during depth profiling.
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Fig. S15. F1s XPS depth profiling spectra of (a) pristine ACF, (b) Cfilmpyr/ACF, (¢) Cfilmyy/ACF, and (d)
Cfilmrp/ACF electrodes collected after different sputtering times. All electrodes show dominant NaF within the
SEI, while pristine ACF additionally exhibits pronounced fluorophosphate contributions associated with extensive
NaPF4 decomposition.
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Fig. S16. (a) N1s and (b) S2p XPS depth profiling spectra of cycled Cfilmpyr/ACF and Cfilmryp/ACF electrodes
collected after different sputtering times. Cfilmpyr/ACF shows only weak Nls contributions, mainly originating
from the underlying electrode, whereas Cfilmyp/ACF exhibits pronounced sulfur-containing SEI species,
confirming the active involvement of sulfur functionalities in interphase formation.
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Supplementary Note 12. In-situ EIS of interfacial processes in pristine and Cfilm/ACF electrodes

To further probe the charge transfer and interfacial processes in pristine ACF and Cfilm/ACF electrodes,
in-situ EIS measurements were carried out during the initial sodiation, with Nyquist plots recorded at
selected potentials (Fig. S17a-d). These measurements provide insight into how Cfilms influence
interfacial resistance and ion transport across different states of sodiation.? 23 The Nyquist plots were
analyzed using an elliptical fitting approach, which provides a more realistic representation of the distorted
semicircle features observed in porous carbons.>* This method was chosen because the impedance
response of such electrodes deviates from the idealized semicircle, reflecting distributed resistances and
capacitances within the porous network. Importantly, we did not include a Warburg tail in the fitting, as
the characteristic low-frequency 45° diffusion feature can deviate in these materials. This suppression
arises because sodium-ion transport in such systems is dominated by rapid access to surface sites and
confined pore regions, rather than long-range bulk diffusion. As a result, the impedance response is better
captured by elliptical elements corresponding to charge-transfer and interfacial processes. The extracted
fitting parameters are summarized in Table S2, based on the equivalent circuit model consisting of series
resistance (R;), charge-transfer resistance (R), and a passivation resistance (R,), the latter associated with
SEl-related impedance. Across all systems, the R, remains very similar, confirming good comparability

between the different electrodes.

For pristine ACF (Fig. S17a, Table S2), the impedance spectra reveal distinct changes as a function of
potential. At high potentials (3.0-2.0 V (vs. Na"/Na, unless otherwise stated)), the Nyquist plots show
relatively moderate semicircles, with R values on the order of 110-135 Ohm cm?. These values remain
nearly unchanged between 3.0 and 2.0 V, suggesting that no major processes are taking place in this
potential range. Instead, the processes active here are most likely associated with sluggish reactions
involving oxygen-rich surface functional groups and the electrolyte accessible surface area. This
interpretation is supported by the presence of broad features in the CV curves of pristine ACF (Fig. 3d,
main), which are absent in the Cfilm/ACF electrodes. Since no second semicircle is observed, these
processes do not correspond to a passivation layer but rather to parasitic side reactions characteristic of

the oxygenated surfaces.

A more significant change appears at 1.0 V, where a double semicircle emerges due to the onset of
passivation layer growth. At this potential, R increases further, consistent with SEI formation beginning

at the surface.! The growth of this resistive interphase increases the kinetic barrier, reflected in the larger
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semicircle. Moving to 0.7 V, the impedance rises sharply. This dramatic increase corresponds directly to
the SEl-related potentials around 0.7 and 0.5 V, observed also in the initial CV scan. At these potentials,
the electrolyte decomposition driving SEI formation is kinetically hindered, far from equilibrium, and
associated with very low exchange current density. At the same time, the developing SEI blocks active
surface sites and forms an electronically insulating barrier, further restricting charge transfer. By 0.5 V,
although SEI growth continues, R, decreases slightly compared to the extreme peak at 0.7 V. This
behavior reflects the effect of increasing cathodic polarization, whereby the R, decreases. In this regime,
sodium ions are accommodated within the carbon scaffold, and the established SEI allows for improved

charge transfer. The decrease in R, is potential-driven and reflects reduced interfacial resistance.

Switching to the Cfilm/ACF (Fig. S17b-d, Table S2), the general behavior observed in pristine ACF is
maintained, although with precursor-dependent modifications. Since there is no major electrochemically
driven process between 3 and 1 V, the impedance at 2 V was excluded for the Cfilm samples. At 3 and 1
V, the impedance response is broadly similar across all Cfilms, indicating relatively inert behavior in this
potential region. As the potential decreases toward 0.7 V and subsequently 0.5 V, where SEI formation
begins, a second semicircle appears in the Nyquist plots. This feature is associated with interphase
formation. With further sodiation, the SEI continues to stabilize, and R gradually decreases due to
cathodic polarization. As discussed above, this relaxation reflects the transition from a kinetically hindered
interphase to a stabilized SEI that permits ion transport. At lower potentials, sodium insertion into the
porous scaffold further improves ionic pathways, reducing both R, and R, in a manner consistent with the

behavior already described for pristine ACF.

One interesting feature at 0 V is the slight increase in impedance observed for the Cfilm/ACF samples.
This rise is mainly linked to the Ry, rather than the R, which actually decreases due to polarization. A
possible explanation lies in electrolyte depletion within confined pore regions. As sodium fills the
micropores and forms clusters at near-0 V, the local electrolyte environment becomes depleted in free
solvent and mobile ions. This reduces ionic conductivity across the already-formed SEI and within the
interfacial region, making ion transport less efficient. Importantly, this effect does not indicate further SEI

thickening; rather, it reflects a potential-dependent change in interfacial permeability.
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Table S2. Equivalent circuit fitting parameters extracted from in-situ EIS.

Pristine ACF Cfilmygye/ACF Cfilmpyr/ACF Cfilmgp/ACF
, R, R
Potential R, - Ry - R, (Ohm cm?) fé_‘ m H = %/
(V vs. Na*/Na) a Qu
3.0 1.2-135.0-n/a 1.4-39.7 -n/a 1.5-1413 -n/a 1.1-149-n/a
2.0 1.2-110.5-n/a - - -
1.0 1.3-156.9 - 68.2 1.7-36.5-n/a 1.6 -137.0 -n/a 1.3-7.4-n/a
0.7 1.0-3512.8-124.2 2.0-771.8 -15.1 1.5-1288.8-99.2 1.3-137.9-3.8
0.5 1.2-1065.7-75.3 2.0-369.9-10.9 2.0-272.3-37.7 1.3-62.2-3.0
0.2 1.4-198.8-223 2.0-143.2-53 2.0-48.3-12.0 1.3-17.7-3.8
0 14-739-8.4 2.0-29.7-69 2.0-379-16.8 1.3-11.0-9.1
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Fig. S17. In-situ EIS of pristine ACF and Cfilm/ACF electrodes during initial sodiation. (a-d) Nyquist plots
recorded at selected potentials for (a) pristine ACF, (b) Cfilmyme/ACF, (¢) Cfilmpyr/ACF, and (d) Cfilmryp/ACF.
Insets provide close-up views of the low-impedance region at lower potentials. Lower panels show the
corresponding discharge profiles, where a constant voltage was applied at each marked potential to ensure stable
EIS acquisition.
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Supplementary Note 13. DRT analysis of charge-transfer and diffusion processes during sodiation

To gain deeper insight into the electrochemical processes beyond what conventional EIS fitting provides,
the distribution of relaxation times (DRT) method was applied to impedance spectra of the electrodes at
various states of charge. The DRT approach works by deconvoluting the total impedance response into a
continuous distribution of elementary relaxation processes, each characterized by its own time constant.
This allows visualization of distinct electrochemical contributions, such as contact resistance, ion transport
through the SEI, charge-transfer kinetics, and solid-state diffusion, without assuming a predefined

equivalent circuit.?> 2627

Mathematically, the impedance is expressed as an integral of distributed Voigt elements over a logarithmic
timescale, with Tikhonov regularization applied to solve the inherently ill-posed inversion problem. The
resulting DRT spectrum consists of Gaussian-like peaks, each corresponding to a specific physical
process. As established in literature, high-frequency peaks are typically associated with contact and
electronic resistance, mid-frequency features correspond to an interfacial ion transport, and low-frequency
peaks relate to charge-transfer and solid-state diffusion processes. Importantly, varying the state of charge
(SOC) provides a way to identify the origin of each relaxation process, as their evolution reflects changes

in ionic transport and interphase dynamics during cycling.?>>26- 27

Compared to conventional EIS, DRT provides interpretability for overlapping processes, particularly
relevant for complex carbon-based electrodes where surface reactions, SEI growth, and sodium ion
diffusion occur concurrently. In our system, this approach enables tracking how the Cfilm coating
modulates each of these relaxation regions and helps decouple the electronic and ionic contributions

arising from the carbon film and underlying ACF scaffold.

Fig. S18 presents the DRT spectra of pristine ACF and Cfilm/ACF electrodes obtained at selected
potentials during the first discharge. In all cases, three distinct relaxation regions can be identified,
corresponding to high-, medium-, and low-frequency processes. These are denoted as Py (t >=10°s), P,
(*102<T1<=10%s), and P53 (=10*< Tt <=1025s). The process P is attributed to solid-state sodium diffusion
within the carbon matrix, reflecting ion transport through the bulk of the porous network. The P, process,
located at intermediate frequencies, corresponds to the charge-transfer resistance, governing the kinetics

of sodiation and desodiation. The component P; is assigned to interfacial resistance phenomena, mainly
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related to the passivation layer, where sodium ion desolvation and migration through the interphase

potentially dominate.?6- 28

To ensure that the observed relaxation processes originate from the carbon electrodes rather than from the
sodium counter electrode, a symmetric Na-Na cell was assembled as a control (Fig. S18a, inset). In this
system, only two peaks were detected in the high time constant region, primarily corresponding to contact
and electronic resistance contributions. No distinguishable activity was observed in the medium or low-
frequency ranges, confirming the absence of solid-state diffusion or charge-transfer processes in this
symmetric configuration, as expected. Although the main peak appears close to the P; range, it is slightly
offset (around 1073 s) with a minor shoulder feature. Considering the substantially lower impedance values

of the Na-Na cell compared to the carbon electrodes, its contribution to the spectra can be safely neglected.

At 3.0 V (vs. Na*/Na, unless otherwise stated) (Fig. S18a), the DRT spectra are dominated by the P,
process. No P, or P; contributions are observed, consistent with the absence of charge-transfer and

passivation-related processes at this potential.

At 1.0 V (Fig. S18b), the overall impedance related to solid-state diffusion decreases compared to 3.0 V,
indicating that ion transport becomes easier. The spectra of all samples appear relatively similar in shape
and magnitude, though Cfilmyp/ACF shows the lowest total intensity, suggesting that sulfur-containing
sites might facilitate sodium-ion adsorption at an earlier stage. In this potential range, a distinct P, feature

emerges, corresponding to charge-transfer resistance.

At 0.7 V (Fig. S18¢), the solid-state diffusion peak P; for the Cfilm/ACF electrodes is smaller than for
pristine ACF, indicating lower diffusion resistance in the coated systems at this stage. The charge-transfer
peak P, starts to emerge for all samples; among the coated films, Cfilmyye/ACF shows the largest P,. This
potential marks the onset of SEI formation across all electrodes. By 0.5 V (Fig. S18d), P, and P, have
comparable intensities, and charge-transfer processes become the dominant contribution. Across the

coated electrodes, Cfilmyyp/ACF still maintains the lowest P and P, intensities.

At 0.2 V (Fig. S18e), corresponding to the onset of the plateau region, SEI formation is already complete.
This is the transition from surface-controlled storage to pore filling and solid-state diffusion-dominated
behavior, consistent with the mechanism previously discussed in our earlier study.?® In this regime, the
intensity of P, decreases relative to Py, indicating that ion transport through the carbon network becomes

the rate-determining process.
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At 0 V (Fig. S18f), when the electrodes reach full sodiation, the micropores are nearly saturated. The P,

intensity at 0 V remains lowest for Cfilmpyr/ACF and Cfilmyyp/ACF, whereas Cfilmyy/ACF and pristine

ACF show comparable and higher P; values, reflecting slightly increased diffusion impedance.
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Fig. S18. DRT analysis of pristine ACF and Cfilm/ACF electrodes at different states of sodiation. (a-f) The
impedance response is plotted as a function of relaxation time at various applied potentials from 3.0 V down to 0 V
(vs. Na'/Na). DRT spectra reveal distinct resistive contributions and relaxation processes as a function of potential.
The inset in panel (a) shows the DRT response of a Na-Na symmetric cell.
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Supplementary Note 14. GITT Analysis and Mechanistic Insights

The relative sodium-ion diffusion coefficients (Dn,) were calculated from galvanostatic intermittent
titration technique (GITT) by applying current pulses (30 mA g, 600 s), followed by a relaxation period
of 3600 s, during which the potential was monitored until it approached a near-equilibrium value. This
protocol minimizes contributions from ohmic resistance and kinetic overpotentials, ensuring that the
voltage response reflects ion diffusion under near-equilibrium conditions. The voltage response during
each pulse and subsequent relaxation was analyzed according to Fick’s laws of diffusion. The effective
diffusion coefficient was calculated using the first-order approximation of Weppner and Huggins, but with

certain assumptions:3% 3!

In its general form, the diffusion coefficient is given by:

(W ogat a7,
z,FS

dé d\/f (6)

T

Where i is the applied current, Vo is the molar volume of the electrode, %4 is the charge number of sodium,
dE dE
F is the Faraday constant, and S is the electrode surface area. The terms 46 and NG represent the slope of

the equilibrium potential vs. composition and the transient potential change during the pulse, respectively.
For sufficiently small currents (e.g., C/10) and short time intervals (typically <10 min), the potential
response during the pulse can be considered linear with respect to vt. Under these additional conditions,

the expression can be simplified to the more practical form:32 33

T,

p=*t (mBVM)z(ﬂ)z
T MBS AE (7)
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Where 7 is the pulse duration, "8 and Mp correspond to the actual and molar mass of the active material,
respectively, while VM denotes the molar volume and S represents the electrode surface area. The
parameters AE, (the change in steady-state potential during a relaxation step) and AE, (the potential change
during a constant-current pulse) are directly extracted from the GITT profiles of the electrodes.

mgVy
MS

It is worth noting that the geometric factor can be simplified to the average electrode thickness (L).

VM
This follows from the fact that My corresponds to the specific volume of the active material, such that
multiplication with the electrode mass and normalization by surface area yields a thickness term. Adopting
this simplification is common in the analysis of planar electrodes, as it avoids the need for precise
knowledge of molar volume and molar mass, while still capturing the physical dimension that governs
diffusion length scales. Nevertheless, it is important to emphasize that the resulting diffusion coefficients
should be regarded as effective values rather than absolute ones. The simplification assumes uniform
electrode geometry, homogeneous composition, and ideal linear potential response, which do not perfectly
describe real electrodes. As such, the absolute magnitude may deviate from the true microscopic diffusion
coefficient. Therefore, the diffusion coefficients here are reported as relative diffusion coefficients, which,

although not representing absolute values, enable reliable comparison across samples.

Fig. S19 compares the GITT behavior of pristine ACF and Cfilm/ACF electrodes derived from different
precursors. The discharge-charge profiles (Fig. S19a) show distinct electrochemical responses upon Cfilm
deposition. Pristine ACF shows smooth potential curves with relatively fast relaxation, while Cfilm-coated
electrodes exhibit specific differences in polarization and relaxation dynamics. The schematic illustration
(Fig. S19b) outlines the pulse-relaxation sequence, defining the key potential values used in diffusion
coefficient calculations. The linear relationship between potential and the square root of time during each
pulse (Fig. S19¢) shows sufficient correlation (R? > 0.995 for all samples), confirming that the

simplification of Eq. 6 to Eq. 7 is valid under our experimental conditions.

The resulting diffusion coefficients (Fig. 4a, main) highlight the impact of Cfilm deposition and precursor
chemistry on sodium ion transport. During sodiation, Cfilmpyr/ACF exhibits a small dip in Dy, around
0.7 V (vs. Na*/Na, unless otherwise stated), which coincides with a minor plateau observed in its GCD
curve, suggesting momentarily diffusion hindrance. Outside this feature, all Cfilm/ACF electrodes reveal

diffusion coefficients in the range of 10-%-10- cm? s-!, while pristine ACF remains consistently lower. As
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the potential approaches the plateau region, all Cfilm/ACF samples show a sharp decrease in Dy, followed
by a rapid recovery. This two-step response reflects the same mechanistic sequence previously described:
the initial drop corresponds to electrostatic crowding as sodium begins to saturate pore entrances, while
the subsequent rise is associated with the onset of quasi-metallic sodium clustering within confined
micropores.?” 3* These kinetic signatures are consistent with our earlier mechanistic study, where

clustering related to the pore-filling was directly confirmed.?’

During desodiation, the low-potential behavior mirrors sodiation. Starting near 0 V, the diffusion
coefficient (Dy,) rises sharply as the quasi-metallic clusters formed in the plateau begin to deconstruct and
transport pathways open, followed by a gradual decrease as the system exits the clustering regime and
returns to surface-controlled transport. In the slope region (above about 0.2 V), Cfilmpyr/ACF and
Cfilm7yp/ACF maintain slightly higher Dy, than Cfilmyy/ACF, consistent with heteroatom-modified
surfaces that could aid ion desolvation and transfer. Two subtle features are notable: (i) Cfilmpyr/ACF
shows a small dip near 0.7 V, mirroring the minor feature seen in sodiation and likely reflecting the same
process; (i) Cfilmyy/ACF exhibits an additional dip around 0.5 V that is absent in sodiation, pointing to
a process slightly hinders sodium transport, for example the stronger binding or local trapping at oxygen

functional groups are not neglected.

To further explore the effect of carbon film growth, a thickness-dependent study was conducted using
HMF as the model precursor. HMF was deliberately selected because it yields oxygen-containing Cfilms
without the additional complexity introduced by nitrogen or sulfur heteroatoms, which are known to
strongly influence electronic properties. By excluding these heteroatom effects, the system remains
chemically simpler, allowing the influence of film thickness on sodium-ion diffusion to be studied in
isolation. The discharge-charge profiles (Fig. S20a) clearly show systematic differences in potential
response with different Cfilm thickness. The corresponding linear fits of potential versus the square root
of time (Fig. S20b) maintain excellent correlation coefficients (R* > 0.995 for all samples), validating

once more the reliability of the GITT approximation across all thicknesses.

The calculated diffusion coefficients reveal a strong dependence on thickness. During sodiation (Fig.
S20c¢), all Cfilm/ACF electrodes exhibit an initial sharp increase in Dy, at low potentials, followed by
stabilization in the 10-1°-10- cm? s'! range. Interestingly, the sharp decrease of Cfilm(thin)/ACF shows at
low potentials, which is shifted slightly toward higher potentials compared to the other samples. This shift

suggests that the saturation of available sites begins earlier in potential, which in practice may translate
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into a reduced energy requirement for pore-filling. While this behavior is consistent with the thinner
architecture offering less resistance to ion access, it also highlights a trade-off, as very thin coatings can
lead to less uniform structure. During desodiation (Fig. S20d), the overall trends mirror sodiation, with
diffusion slowing as clusters dissolve and recovering toward higher potentials. A clear thickness effect is
again observed in the plateau region: the longer the plateau, the more pronounced the decrease in diffusion

coefficient, reflecting the continuous process of pore-filling until the available pores are saturated.
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Fig. S19. GITT analysis of pristine ACF and Cfilm/ACF electrodes. (a) Full GITT discharge-charge profiles
collected at a current of 30 mA g! using a pulse duration of 600 s followed by a relaxation period of 3600 s, showing
distinct responses among the samples. (b) Schematic illustration of the GITT method, indicating key potential
values. (¢) Plots of potential vs. the square root of time during the pulse. Linear trends and high correlation
coefficients are required for the simplification of the GITT model.
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Fig. S20. GITT analysis of Cfilm/ACF electrodes with varying carbon film thicknesses. (a) Full GITT discharge-
charge profiles collected at a current of 30 mA g! using a pulse duration of 600 s followed by a relaxation period
of 3600 s. The profiles show systematic differences in potential response with different carbon film thickness. (b)
Plots of potential vs. the square root of time during the pulse. Linear trends and high correlation coefficients are
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of potential during (c) sodiation and (d) desodiation.
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Ex-situ PDF analysis. To further probe the sodium storage mechanism, ex-situ pair distribution function
(PDF) analysis was performed using a synchrotron X-ray source for the Cfilmpyr/ACF electrode. All
samples were prepared inside a glovebox, sealed in Kapton bags, and transferred to the facility. Fig. S21a
shows the scattering profile, I(g), together with the reduced structure function, F(g), obtained after
background corrections. The transformation into F(g) enhances local structural correlations and enables
the extraction of the real-space pair distribution function, G(r). The dry Cfilmpyr/ACF electrode exhibits
characteristic short-range structural correlations typical of porous carbons (Fig. S21b), in good agreement
with previous reports on porous and hard carbon frameworks.3> 3¢ The observed correlations mainly
originate from local C—C atomic arrangements in the carbon materials’ domains. To validate the ex-situ
procedure, a control electrode exposed to electrolyte, washed (in DEC), and dried without electrochemical
cycling was additionally measured (Fig. S21c). The PDF profile of the control electrode remains nearly
identical to that of the dry electrode, indicating that residual electrolyte contributions are minimal and that

the washing procedure effectively removes electrolyte-derived artifacts.

Upon sodiation to 0 V vs. Na*/Na, significant changes in the PDF profile are observed, particularly
through attenuation of C—C correlations (Fig. S21¢). Rather than indicating structural degradation of the
carbon, this behavior likely reflects modification and distortion of the local environments caused by the
sodium incorporation. The ionic Na—C interactions alter the local scattering environment and reduce the
coherence of the C—C correlations. After subsequent desodiation to 3 V, those features partially recover,
indicating that the structural perturbation is largely reversible. Minor differences remaining after
desodiation may originate from irreversible SEI formation during the initial cycle. Importantly, no
pronounced Na—Na correlations characteristic of sodium metal-like environments are observed. This
could potentially suggest either (i) sodium storage through highly confined clustering during the pore-
filling process, or (ii) that the corresponding Na—Na contributions remain masked by the dominant carbon-
related correlations, particularly since clusters are expected to produce broad and weak features that could

only be pronounced with differential PDF analysis.?>

Nevertheless, we emphasize that PDF analysis alone cannot unequivocally determine the electronic state

of sodium, and therefore, the present measurements should be considered as complementary structural
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evidence supporting the proposed pore-filling mechanism involving quasimetallic sodium species, as

widely discussed in previous studies.?”- 38
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Supplementary Note 15. Effect of deposition temperature on structure and electrochemical

performance

We also examined the effect of heat treatment on pristine ACF to verify that the electrochemical
improvement observed in Cfilm/ACF samples arises solely from the presence of the carbon film rather
than thermal modification of the substrate. As shown in Fig. S22a, both pristine ACF and pristine ACF
annealed at 800 °C (without film deposition) exhibit nearly identical charge-discharge profiles, with low
capacities and sloping voltage curves. This demonstrates that annealing alone does not enhance sodium
storage capability, confirming that the improvement in electrochemical performance is directly linked to

the deposition of the carbon film.

To systematically assess the influence of deposition temperature on the structural and electrochemical
properties of the carbon film, a series of Cfilmpyr/ACF electrodes were prepared at temperatures ranging
from 600 to 1000 °C. As shown in Fig. S22b, the charge-discharge profiles reveal a clear dependence on
deposition temperature. Among all samples, the Cfilmpygsoo)/ ACF delivers the highest reversible capacity
and plateau capacity. In contrast, the slope capacity, associated with surface adsorption processes,?’
gradually decreases from 600 to 1000 °C, suggesting a gradual loss of defect sites and functional groups

that serve as adsorption centers for sodium ions.

When the deposition temperature is increased to 900-1000 °C, the overall capacity decreases. This trend
can be attributed to excess graphitization, which removes defect sites and heteroatom functionalities while
tightening the carbon stacking, thereby limiting ion diffusion pathways within the carbon scaffold. At
lower deposition temperatures, the carbonization process is milder, resulting in more disordered films that
retain more nitrogen and oxygen functionalities. These features promote stronger sodium-carbon
interactions and provide a more open, accessible structure for ion storage, thereby decreasing plateau
capacity while increasing slope capacity. However, below 600 °C, film formation remains incomplete,
and no significant deposition is observed, confirming that sufficient thermal energy is necessary to initiate
carbon growth. These electrochemical observations are consistent with the Raman analysis, which
corroborates the structural ordering with increasing deposition temperature. As shown in Fig. S22¢, the
Raman spectra reveal a clear structural evolution of the carbon films with increasing deposition

temperature. The G band gradually shifts from approximately 1550 cm! to 1585 c¢cm!, indicating the
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transformation of the carbon network toward a more graphitic, sp?-oriented structure.?3° This shift reflects
the development of larger conjugated domains and improved in-plane ordering, consistent with enhanced

graphitization at elevated temperatures.

Interestingly, the D band also becomes more pronounced with increasing temperature, even as the films
become more ordered. This trend can be understood in the context of the Ferrari-Robertson model of
carbon evolution. As amorphous sp* carbon reorganizes into nanocrystalline graphitic domains, the D
band intensifies because of the higher number of edge sites and domain boundaries.’ In addition,
vacancies, Stone-Wales defects, and turbostratic stacking formed during the reconstruction process
contribute further to D-band activation.?- 4 Consequently, the simultaneous upshift of the G band and

growth of the D band signify not competing but coexisting structural effects.
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Supplementary Note 16. Extension of the Cfilmpyy to different porous carbons

To evaluate the broader applicability of Cfilmpyg, we extended the coating process to a series of widely
used, commercially available carbon materials, including coconut-shell-based porous carbon (CSBC),
wood-based porous carbon (WBC), CMK-3, activated carbon powder (ACP), carbide-derived carbon
(CDC), Ketjenblack (KB), activated microwave-exfoliated graphite oxide (aMEGO), and hard carbon

(HC). These substrates represent a diverse set of highly porous, high-surface-area carbon frameworks.

The Cfilmpygr coating was applied to these carbon materials following the same procedure described for
the ACF substrate in the Experimental Section. Fig. S23 illustrates how the Cfilmpyg coating restructures
pore accessibility. The selected substrates represent distinct classes of porous carbons, ranging from highly
open frameworks to closed-pore systems, enabling a comparative assessment of the coating effect. For
porous carbons such as aMEGO and CDC, the coating strongly suppresses gas-accessible porosity. In
contrast, hard carbon shows only minor changes in pore volume and distribution after coating, reflecting
its largely closed pore structure that limits conformal infiltration. Together, these results demonstrate that

the impact of the carbon film is most significant for open porous carbons.

This trend is further supported by the gas sorption analysis of ACF- and CSBC-based systems (Fig. S24).
N, sorption reveals that the Cfilmpyr coating effectively suppresses mesoporosity, yielding negligible
accessible surface areas (<10 m? g'') comparable to commercial hard carbon. In contrast, CO, sorption
indicates the presence of residual ultramicroporosity (<1 nm), which remains partially accessible but
significantly reduced relative to pristine materials. Notably, the extent of pore sealing depends on the
initial substrate structure: while Cfilmpyr/ACF still exhibits a CO,-accessible surface area of ~83 m? g!,
the more structurally confined CSBC-based system is reduced to ~15 m? g!. These results highlight that
the Cfilm coating effectively modulates pore accessibility, but complete sealing is governed by the

intrinsic pore architecture of the host carbon.

Sodium-ion half-cells were assembled using identical protocols. Fig. S25 presents the initial GCD profiles
at 30 mA g! for pristine and Cfilmpyr-coated versions of each substrate. For all materials except hard
carbon (HC), the ICE increases significantly after Cfilmpyg deposition, rising from ~20-25% in the pristine
state to 41-71% after coating, depending on the substrate. This improvement originates from a substantial
reduction in electrolyte-accessible surface area induced by the conformal carbon film. Pristine high-
surface-area carbons expose extensive porosity and defect-rich sites to the electrolyte, which promotes

excessive electrolyte decomposition and uncontrolled SEI formation. In contrast, the Cfilmpyg coating
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mostly seals the porous scaffold and passivates reactive surface sites, thereby suppressing side reactions,
consistent with the behavior observed for the ACF substrate. It is important to note, however, that the ICE
is not governed solely by the gas-accessible surface area: while the suppression of Nj-accessible surface
area correlates with improved stability, the CO,-accessible ultramicroporosity does not directly determine
first-cycle irreversibility. For example, samples with lower CO,-accessible surface areas can still exhibit
notable initial capacity loss, indicating that additional factors such as surface chemistry, pore accessibility
at the electrolyte interface, and ion desolvation in confined regions play a critical role, as discussed in the

main manuscript.

This trend does not extend to HC (Fig. S25h). Owing to its intrinsically closed-pore architecture and
limited open porosity (Fig. S23e), HC already provides a confined environment for sodium storage and is
therefore less amenable to further structural modification by conformal Cfilm. In this case, the deposition
of an additional nitrogen-doped carbon layer primarily introduces new surface sites rather than beneficial
pore restructuring, slightly increasing surface reactivity and resulting in a modest decrease in ICE. In Fig.
S23f, pores around ~1 nm are largely suppressed after coating; however, the formation of new surface
features leads to the emergence of pores around ~2 nm. These newly accessible mesopores facilitate

electrolyte penetration, which contributes to the slight decrease in ICE.

Beyond the first cycle, the Cfilmpyg coating consistently enhances reversible capacity and induces a clear
transition from sloping to plateau-type profiles across most porous carbon substrates. With appropriate
precursor selection, total capacities exceeding 450 mAh g! can be achieved, confirming that the
performance gains are not unique to ACFs but extend broadly to open porous carbon frameworks (Fig.
S26). In the case of HC, although a slight decrease in ICE is observed due to its inherently closed-pore
structure, a modest increase in reversible capacity is still achieved (Fig. S26h). This behavior highlights

the expected trade-off and highlights that the Cfilm strategy is not effective for such carbons.
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Fig. S23. Cumulative surface area (a, ¢, and e) and pore size distributions (b, d, and f) for pristine and Cfilmpyg-
coated aMEGO, CDC, and HC obtained from Ar-sorption analysis. The coating strongly suppresses gas-accessible

porosity in highly open porous carbons (aMEGO, CDC), while only minor changes are observed for HC due to its
intrinsically closed pore structure.

53



700 | Nz-sorption

600 -

500 4
2 400
E SSAger ! mP g
e Pristine ACF 1630
5 300 Pristine CSBC 2078
) Cilmpy/ACF <10

200 4 Cfilmpye/CSBC =40

1 Commercial HC <10
100

(E TS SR W R eI RN HIR I IR SR D D SoR0S 3
0.0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Relative pressure / P/Py

WVolume / cmig

140 | CO2-sorption

120

100

80

60 SSAper / m? g
Pristine ACF 1361

40 4 Pristine CSBC 1020
Cfilmpyg/ACF 83

2 Cfilmpycr/CSBC 15

0 Commercial HC

r T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Relative pressure / P/P,

Fig. S24. N, (a) and CO,; (b) sorption isotherms of pristine and Cfilmpyr-coated carbons, showing suppressed
mesoporosity and reduced ultramicroporosity after Cfilm deposition, with values comparable to commercial hard

carbon.

54



Y}
o

™
e 24%  Prisine CSBC  [62% = o 23% Pristine WBC  |71%
& 25 Cfilmpys/CSBC 2 257 CiilmgyeWBC
z A
. 2.0 ¥ 2.0+
w 4
s ]
= 1.5 z 1.5 1
= 10 = 1.0
2 05 i 05 st
c - o et 1% cycle
1 le s
% O'D T T T T T T T T T Cyc 1 ﬂc: 0'0 T ¥ T T T . T n T T
2 0 100 200 300 400 500 600 OO 800 900 0 100 200 300 400 500 600
Specific capacity / mAh g Specific capacity / mAh g
c d
S 30 G550 Pristine CMK-3 € 3.0 Pristine ACP B4%
& 25 Cfilmpyr/CMK-3 Z 254 Cfilmey g/ ACP
= 20 @ 2.0
2 15 > 15
S et
= 10 =5 1.0
= 05 = 0.5
g 1* cycle 2 1 1 gycle
c 0.0 T T T T T T T T T T a 0.0 T T T T T T T T T
o 0 100 200 300 400 S00 600 7O 800 900 1000 0 50 100 150 200 250 300 350 400 450
Specific capacity / m&h g Specific capacity / ma&h g
e f =
2 30 Pristine CDC 70% £ 30 41% Pristine KB
® 25 Cfilmpye/CDC 2 25 Ciilmpyp/KB
z
5 20 o 20
=
= 15 2 1.5
= 1.0 'E 1.0
E 0.5 19 cycle % 05 1% cycle
a 00 T T T T T T T T T T T o 00 T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 70O 8OO 900
Specific capacity / m&h g Specific capacity / maAh g
g h
o
= 74% Pristine aMEGO 2 397 pristine HC 89% 78%
w 25 Cfilmgyx/laMEGO W 25 Cfilmgyg/HC
= =
s 20 5 20
= =
s 18 £ 15
=50 = 10
= K
= 0.5 15 cycle ‘;:: 0.5 1% cycle
E 0'0 T T ¥ T " T - T T T T T ) E u'o T T T T ¥ T T ’ T T J T T 1
0 100 200 300 400 500 60O 700 e 1] 50 100 150 200 250 300 350 400

Specific capacity / mAh g Specific capacity / mAh g
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Supplementary Note 17. Rate capability and cycling stability assessment of Cfilm-coated electrodes

Fig. S27a-d compares the rate-dependent electrochemical performance of pristine ACF and Cfilm/ACF
electrodes. At low current densities (<60 mA g'), all Cfilm/ACF electrodes exhibit high reversible
capacities with stable voltage profiles, indicating efficient sodium storage and good ionic accessibility
within the porous carbon structure. Among them, Cfilmpyr/ACF consistently delivers the highest capacity,

followed by Cfilmyyp/ACF and Cfilmryp/ACF.

As the current density increases, rate performance decreases across all samples, particularly above 300
mA g !, where sodium diffusion through the carbon layer and into confined pores becomes increasingly
rate-limiting. Since the dominant storage mechanism in Cfilm/ACF electrodes involves diffusion-
controlled pore-filling, higher rates shorten the diffusion time and restrict ion transport, thereby reducing
the capacity. Importantly, this rate behavior also depends strongly on the structural characteristics of the
underlying substrate, particularly its porous architecture and ion-accessible surface area. The observed
trend is therefore not primarily governed by the Cfilm coating method itself but rather by the intrinsic

properties of the substrate.

The Coulombic efficiency (CE) (Fig. S27f) provides further insight into the interfacial stability of the
electrodes. Pristine ACF exhibits a notably lower CE, particularly during the early cycles, which can be
attributed to its oxygen-rich and unstable surface functionalities that promote parasitic reactions. In
contrast, all Cfilm-coated electrodes maintain high and stable Coulombic efficiencies above 99% after the
initial cycles, indicating that the carbon films effectively suppress side reactions and promote highly

reversible sodiation and desodiation processes.

Because the Cfilmpyr/ACF electrode shows the highest reversible capacity among all samples but limited
rate capability at high current densities, its long-term stability was evaluated at 30 mA g'!' to minimize
polarization effects and ensure consistent sodiation-desodiation behavior. As shown in Fig. S27g, the
electrode maintains a stable capacity over nearly three months of continuous cycling, demonstrating the
durability of the Cfilm coating and a stable electrode-electrolyte interface. During the first 50 cycles, the
capacity retention remains close to 95%. Toward the end of testing, however, a gradual capacity fading is
observed, with retention decreasing to around 80% after 100 cycles. This degradation is attributed not
only to the Cfilmpyr/ACF intrinsic properties but is also strongly influenced by the instability of the
sodium counter electrode during prolonged cycling. To further investigate this behavior, we point to the

E. (vs. Na*/Na) vs. capacity plot (Fig. S27h). As cycling proceeds, the Na plating/stripping potential
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shifts. This behavior strongly suggests an increasing polarization of the Na metal electrode, associated
with dead-sodium formation, gradual loss of active Na surface area, or contamination. Such instability
may cause uneven sodium redistribution and local sodium depletion, while the accumulation of inactive
sodium residues can further increase cell resistance and reduce the apparent capacity. These phenomena
are well known in long-term sodium half-cell testing, particularly under low current densities and extended

cycling times, and highlight the importance of stable counter-electrode configurations.*?

The rate capability of carbon electrodes is influenced by both material structure and electrode-level
parameters, which together control ion transport and storage kinetics. To systematically evaluate these
effects, we designed a series of controlled experiments. In Fig. S28a, the effect of CVD deposition
temperature (600-1000 °C) on the rate performance of Cfilm/ACF is presented. Increasing deposition
temperature leads to a higher degree of structural ordering, which, while beneficial for electronic
conductivity, results in a denser carbon framework with reduced pore accessibility. This densification
limits ion transport pathways and increases diffusion resistance, particularly at higher current densities
where transport becomes rate-limiting. As a result, samples prepared at higher temperatures exhibit
reduced rate capability. For example, the Cfilmpygr(0/ACF sample shows superior rate performance,
which can be attributed to its lower degree of graphitization and higher contribution from the sloping
capacity region. Since the sloping region is associated with faster surface-driven processes, this leads to

improved capacity retention at high rates compared to higher deposition temperatures.

Fig. S28b highlights the influence of electrode mass loading on the rate capability of Cfilmpygsoo/ACF.
Increasing the areal loading results in thicker electrodes, which increases ionic diffusion distances and
tortuosity within the electrode. This leads to enhanced transport limitations and polarization at higher
current densities, thereby reducing the accessible capacity. These results emphasize the importance of
electrode design parameters, such as mass loading and associated calendaring conditions, in determining
rate performance, as both directly affect ion transport and electrode density. Although the rate performance
at a lower mass loading (~0.5 mg cm™) is significantly better, the data presented in the main manuscript
correspond to electrodes with a mass loading of ~1.5 mg cm™ to ensure better comparability with the

literature, where typical values generally lie in the range of 1-1.5 mg cm™2,

In Fig. S28c, the effect of different carbon substrates on the electrochemical behavior of Cfilmpygsoo)-
coated electrodes is shown. Despite identical coating conditions, the underlying substrate strongly

influences the resulting performance due to differences in carbon structure. Substrates that promote a
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larger contribution from the sloping capacity region exhibit better rate capability. In contrast, substrates
that favor more pronounced plateau behavior tend to show reduced rate performance, reflecting the slower
kinetics associated with ion transport and storage in nanoconfined pores. These results demonstrate that
both the carbon film and the underlying substrate play a critical role in governing the balance between

capacity and rate capability.

Reproducibility tests using three randomly selected cells show highly consistent GCD profiles and
reversible capacities (Fig. S29). The averaged reversible capacities (mean = s.d., n = 3) are 519 + 14 mAh
g! for Cfilmpyr/ACF, 381 = 10 mAh g! for Cfilmyyr/ACF, and 255 = 9 mAh g! for Cfilmyyp/ACF.
Comparable results reproduced across different working groups further validate the reliability and

transferability of the approach.
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efficiencies of all samples at different current densities. (g) Long-term cycling of Cfilmpyr/ACF at 30 mA g'. (h)
Electrochemical potential profile Na-metal versus for the 24, 20, 50, 70, and 100™ cycles. The evolution of the
polarization behavior with cycle number indicates instability upon prolonged cycling.
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Fig. S28. Rate capability of Cfilmpyr-coated electrodes. (a) Reversible capacity versus cycle number at different
current densities for Cfilmpyr samples prepared at different deposition temperatures. (b) Effect of areal mass loading
(~0.5-3.0 mg cm?) on the rate performance of Cfilmpyg(so0/ACF electrodes. (¢) Influence of different carbon
substrates (ACF, CDC, ACP, KB, and CMK) on the rate capability.
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Supplementary Note 18. Benchmarking plateau capacities of Cfilmpyg-coated carbons

To contextualize the sodium-storage performance of the Cfilmpyg hybrids, we benchmarked the reversible
low-voltage plateau capacities against representative state-of-the-art hard carbons reported in the
literature. The plateau region at low potential is widely regarded as the most relevant contribution for
practical SIB anodes because it directly supports high energy density when paired with cathodes. For a
consistent comparison across studies, we therefore focus on the plateau capacity during desodiation below
0.15 V (vs. Na/Na). Plateau values were taken from the corresponding reports where available; when
needed, reference GCD curves were digitized from published figures (RGB-based image analysis) to

enable direct visualization (Fig. S30).

As summarized in Table S3, Cfilmpyr/ACF delivers a reversible plateau capacity of 420 mAh g
exceeding the closest benchmark examples. Notably, the gain is not limited to the plateau alone: the same
electrode reaches a reversible capacity >500 mAh g'!, demonstrating that the conformal film restructures
porous carbons into a storage regime typically associated with optimized hard carbons, while preserving

high overall capacity.

Beyond ACF, the same film concept translates to other porous carbon substrates. For example,
Cfilmpyr/CSBC achieves a plateau of 365 mAh g'!, comparable to high-performing benchmark hard
carbons around 350-360 mAh g'! (Table S3). Likewise, Cfilmpyr/WBC reaches 320 mAh g, still
surpassing the plateau capacity of widely cited hard carbons. These trends support that the performance
increase is not an isolated outcome of one precursor, but a consequence of the conformal, reaction-limited
CVD film growth that tightens pore networks, suppresses parasitic surface reactivity, and creates

nanoconfined domains favorable for plateau-type sodium storage.
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Table S3. Benchmarking of reversible plateau capacities (<0.15 V vs. Na*/Na) and initial Coulombic efficiencies
of the Cfilmpyr/ACF against benchmark carbonaceous anodes from the literature.

Plateau capacity at desodiation

Material <0.15V (vs. Na*/Na) / mAh g ICE / % Reference

Cfilmpyr/ACF ca. 420 81 This work
HC600-1500 ca. 400 88 43
RC-90-2M-NDD ca. 400 82 “
SC-4 ca. 385 80 4
EPNHC-1800 ca. 380 84 46
POP;y-600-1600 ca. 360 &9 4
ZGHC-1500 ca. 350 72 a8
HCMP-CO, ca. 340 90 9
HC ca. 340 80 30
Starch-HC ca. 320 87 S
SPC-G-0.010 ca. 300 86 52
FC-3h-1300 ca. 300 80 53
HC-21-1550 ca. 300 86 54
HC-1500 ca. 300 85 55
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Fig. S30. GCD curves of Cfilmpyr/ACF benchmarked against state-of-the-art samples, showing superior plateau
capacity. Reference curves were digitized from the literature using RGB image analysis.

65



Supplementary Note 19. Full-cell evaluation of Cfilmpygr/ACF

To demonstrate practical relevance, a proof-of-concept full-cell was assembled using Cfilmpyr/ACF as
the anode and Na;V,(PO,),F; (NVPF) as the cathode (Fig. S31). NVPF was selected as a well-established,
structurally robust cathode that delivers stable capacity and clearly defined voltage plateaus, allowing the
anode behavior to be evaluated without cathode-limited artifacts. The full cell was assembled with a 1.02

N/P ratio. The Cfilmpyr/ACF anode mass was 3.28 mg, while the NVPF cathode mass was 10.7 mg.

The GCD profiles of the Cfilmpyr/ACF//NVPF full cell recorded at a current density of 30 mA g!. The
cell exhibits a stable operating voltage window with clearly defined plateaus, indicating effective coupling
between the low-voltage sodium storage process enabled by the Cfilmpyr/ACF anode and the
characteristic redox reactions of the NVPF cathode. Importantly, the presence of a pronounced discharge

plateau confirms that the anode’s low-voltage storage mechanism is retained under full-cell operation.

As shown in Fig. S31b, the full cell reveals a gradual capacity decay over repeated cycling. This behavior
is primarily attributed to the non-optimized configuration, such as electrolyte formulation, and the absence

of pre-oxidation strategies. Despite this, the cell maintains a high and stable coulombic efficiency.

Based on the active material masses of both electrodes, the assembled full cell delivers an energy density
of approximately 240 Wh kg! (Eq. 8). This value highlights the advantage of the extended low-voltage
plateau provided by the Cfilmpyr/ACF anode, which enables efficient utilization of the cathode voltage

window and directly contributes to enhanced full-cell energy density.
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Fig. S31. (a) GCD profile of the Cfilmpyr/ACF//NVPF full cell recorded at a current density of 30 mA g'. (b)
Cycling performance of the full cell at 30 mA g'.
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