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ABSTRACT: The interplay between defects, heteroatom doping, and surface curvature in carbon nanostructures governs their
electronic transport and catalytic properties, yet it remains poorly understood. Here, we elucidate how structural defects, N/O
functionalities, and high curvature collectively modulate morphology, conductivity, and oxygen reduction reaction (ORR) activity in
carbon nano-onions (CNOs) derived from nanodiamonds (NDs). Ultradispersed NDs with tailored surface terminations are
thermally transformed at 1,150 and 1,650 °C to generate partially graphitized core—shell nanostructures and fully converted, highly
graphitized CNOs, respectively. X-ray photoelectron spectroscopy and electrochemical analysis reveal that pyridinic- and graphitic-N
and carbonyl/phenolic O at curvature-induced defect sites define the defect chemistry, enabling fine control over charge transport
and interfacial reactivity. Rotating ring-disk electrode studies show that optimally graphitized, defect-accessible CNOs (1,650 °C)
deliver high specific capacitances, near-diffusion-limited ORR currents, with the number of electrons transferred per O, molecule
during ORR approximately 4.0, and a <10% H,O, selectivity in alkaline media. Within a curvature-engineering framework,
concentric graphenic layers introduce a Gaussian curvature that concentrates local fields and tunes *OOH binding, while continuous
sp” networks minimize resistive losses. This work establishes a structure—property—function concept for “curved” nanocarbons and
defines design rules for next-generation, metal-free CNO electrocatalysts.
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1. INTRODUCTION (4e™) pathway to H,O or a two-step two-electron (2e”) route
through H,0,, depending on the catalyst and electrolyte.
Carbon nanostructures (CNs) demonstrate excellent ORR
activity with high stability and CO and methanol tolerance.’
Among them, graphene- and graphdiyne-based materials are
compelling electrocatalysts owing to their high electrical
conductivity and mechanical robustness, large specific surface
areas with microporosity, facile defect formation (e.g., pentagon,

A new generation of electrocatalysts has been developed, in
which the defective surface of materials promotes multiple
proton-coupled electron transfer and mass transportation.
Defects are widely present in nanomaterials and are recognized
as the active sites for electrocatalytic processes, which tune
electronic and surface properties in the local region."” The
defects may be created via in situ synthesis or by the application
of postmodification methods during the preparation process of

nanomaterials. The theory linking defect structures to the Received: December 8, 2025
electrocatalytic properties of nanocatalysts is the most Revised:  February 23, 2026
common.”* At the center of our interest is the oxygen reduction Accepted: March 3, 2026

reaction (ORR), a heterogeneous gas—liquid—solid process
central to many electrochemical energy conversion and storage
devices. The ORR proceeds either via a direct four-electron
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edge, and vacancy defects), and high charge-carrier mobility.”°
Such defects modify the electronic structure and surface
properties, increase the density of accessible active sites, and
optimize chemisorption of key intermediates, thereby accelerat-
ing ORR kinetics.”* For example, He et al. correlated higher sp®/
sp” ratios in reduced graphene oxide with increased defect
content and improved activity, consistent with a larger
population of active sites.” Intrinsic carbon defects have been
shown to promote electron transfer in metal-free ORR
catalysts.” Defect identity also matters. Pentagon defects
redistribute electron density and can enhance ORR reactivity,
whereas a pristine hexa%onal lattice does not provide the same
degree of activation.”'’ Beyond creating active sites, the
topology of defective carbon networks improves interactions
with reactants and facilitates mass transport across porous
frameworks.""

Heteroatom doping further amplifies these effects.'” Dopants
with electronegativity distinct from carbon (N and O)
redistribute charge within the lattice, strengthen the binding of
oxygenated intermediates, and improve electron transfer during
ORR.'>™* Nitrogen-doped carbons, for instance, lower the
barrier for O, activation and perform well even in acidic media."”
The presence of nitrogen in the carbon structure introduces
localized states in the electronic structure, increasing the density
of states near the Fermi level, thereby facilitating electron
transfer during the ORR.'® Introducing vacancy defects,
including oxygen-containing vacancies, can also increase the
surface area and tailor electronic properties, yieldingi; higher
ORR rates over a broad range of operating conditions.'”

The second parameter that should be particularly taken into
account is “surface curvature”, defined in terms of radius of
curvature, Gaussian curvature, and mean curvature,'® which
describes the nanoscale bending of catalyst surfaces (e.g., sharp
tips, concave depressions, convex protrusions) and acts as a
critical structural parameter that couples morphology to
electronic structure, local strain, and reaction microenviron-
ment."” In contrast to planar surfaces, curved surfaces generate
compressive/tensile microstrain, redistribute electric fields and
ion concentrations, and modulate the adsorption energies of key
intermediates, thereby governing reactant activation, diffusion,
and overall reaction kinetics.”*° Carbon-based materials
provide prototypical platforms for such “curvature engineering”
in electrocatalysis. High-curvature carbon architectures (onion-
like carbons and carbon spheres) offer tunable electronic
structures, high conductivity, and stability.”’

Multilayered fullerenes (carbon nano-onions, CNOs) are
graphitic CNs composed predominantly of hexagonal rings,
interspersed with pentagons, heptagons, and occasional four-
and eight-membered rings that serve as surface defects.”’
Dislocations, atomic vacancies, and stacking faults contribute to
the electrochemically active surface area intrinsic to graphitic
carbons.”” Both experimental and theoretical studies show that
annealing conditions during synthesis or post-treatment
significantly affect the CNO structure and physicochemical
properties, and that defects predominate in their electro-
chemical behavior in aqueous electrolytes.””** Defects and
heteroatom dopants synergistically enhance the electrocatalytic
properties of the CNOs. Structural imperfections generated
during synthesis or via intentional doping (e.g., N or S) create
localized active sites that facilitate charge transfer and strengthen
reactant interactions.””>> Our previous studies show that N-
doped CNOs display markedly improved catalytic activity
toward H,O, due to an optimized charge distribution associated

with the presence of N and faster electron-transfer kinetics
resulting from the high microporosity of CNOs.”’ The
inherently high surface area of undoped CNOs (up to ~454
m?g™") and of N-doped CNOs (up to ~383 m* g™!),” and their
concentric, onion-like architecture further enhance mass
transport and reactant accessibility. N-doping modifies the
local electronic structure, increasing the density of states near
the Fermi level and stabilizing oxygenated intermediates,
thereby improving durability. Surface functional groups
associated with dopants can also contribute pseudocapacitance
alongside double-layer capacitance.”® Synthesis using annealing
protocols offers practical levers to tune defect density and
distribution, enabling CNOs with balanced structural integrity
and active-site abundance.***® Additionally, CNOs, consisting
of concentric, graphenic carbon layers, exemplify this concept:
their densely packed nanopores and highly curved sp* surface
enhance mass transfer, graphitization, and stability.”**’
Furthermore, curvature-induced electric fields and charge
redistribution have been shown to boost electrocatalytic activity
and improve electrocatalytic selectivity.””

Motivated by this framework, we prepared a series of CNOs
from ND precursors using a modified Kuznetsov method, which
involved annealing under an inert atmosphere at 1,150 or 1,650
°C and reduced pressure.”® Three ND substrates with distinct
surface functionalities (unfunctionalized, amine-functionalized,
and oxygen-functionalized) yielded six CNO samples spanning
different defect densities and heteroatom contents. These
materials were comprehensively characterized and evaluated
electrochemically for ORR to establish structure—property—
function relationships among intrinsic defects, heteroatom
doping, and electrocatalytic performance in carbon nanostruc-
tures with high curvature.

2. EXPERIMENTAL SECTION

2.1. Materials

All chemicals and solvents used were commercially available and
used without further purification: sodium chloride (~98%,
Sigma-Aldrich), lithium perchlorate (LiClO,, 98%, Sigma-
Aldrich), sodium perchlorate (NaClO,, 98%, Sigma-Aldrich),
tetraethylammonium chloride hydrate ((Et,)NCI, 98+%,
Sigma-Aldrich), anhydrous ethanol (EtOH, 99.8%, POCH
Gliwice), mesoporous carbon (Sigma-Aldrich; surface area
>48.8 m* g”'; pore size >0.13 cm® g™'), and graphitic carbon
nitride (Carbodeon; particle size >30 ym; surface area >35 m”
g "). All aqueous solutions for electrochemical studies were
prepared using deionized water, which was further purified with
a Milli-Q system (Millipore). Commercially available nano-
diamond (ND) powder with a crystal size between 4 and 6 nm
(CarbodeonuDiamondMolto; CarbodeonuDiamondAmine;
CarbodeonuDiamondVox; and ND content greater than 97
wt %) was used for the preparation of the CNOs. The modified
Kuznetsov method for preparing CNOs involved applying a
thermal treatment under an inert atmosphere and reduced
pressure to ultradispersed ND particles for 1 h at either 1,150 °C
or 1,650 °C.** The Kuznetsov method ensures high process
efficiency, with approximately 90% of CNs assumed to be
obtained from ND nanoparticles. It is a highly efficient process
in materials chemistry. After the ND-to-CNOs transformation,
only the amorphous carbon adsorbed on the CNOs surface was
removed. The obtained CNOs (after the transformation during
the pyrolysis of NDs to CNOs) were then annealed for 1 h at 400
°C to remove amorphous carbon from the CN’s surface. Next,
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the CNOs were dried in a furnace at 120 °C overnight before
use.

2.2. Methods

High-resolution transmission electron microscopy (HRTEM)
was performed by using a Titan G2 HRTEM microscope (FEI
Company) equipped with a field emission gun (FEG). The
electron beam accelerating voltage was 300 kV. HRTEM
imaging of the sample microstructure was performed in bright-
field mode using a CCD camera as the detector. Before analysis,
the samples were ground in an agate mortar to form a fine
powder. Into the obtained powder, 99.8% EtOH (POCH,
Poland) was poured to form a dispersion, which was placed in an
ultrasonic homogenizer for 10 s. The resulting slurry was taken
with a pipette and placed on Cu grids (200 mesh/inch) coated
with carbon-stabilized Formvar (Ted Pella, USA) until the
solvent evaporated.

For powder X-ray diffraction (XRD), the samples were loaded
into glass capillaries (Hampton Research, Glass Number 50)
with a diameter of 1.0 mm. The XRD data were measured using
CuKa radiation at 293 K on an XtalLAB Synergy diffractometer
(Rigaku) equipped with the Hybrid Pixel two-dimensional
detector HyPix-6000HE. For all experiments, the sample-to-
detector distance was set to 148 mm, and the data were recorded
over a 26 angle range from 10° to 100° using the standard ¢ scan
procedure. In all experiments, the exposure time was 300 s. The
XRD data were processed by using CrystAlisPro software
(Rigaku).

X-ray photoelectron spectroscopy (XPS) was performed
using an ultrahigh vacuum chamber (PREVAC) with a base
pressure below 10™® mbar using an Al Ka nonmonochromatic
radiation source (1486.7 eV; 12 kV; 12 mA; VG Scienta SAX
100) and a monochromator (VG Scienta XM 780). Detection of
emitted photoelectrons was carried out using a Scienta R4000
hemispherical analyzer. A low-resolution survey run (0—1200
€V) at a pass energy of 200 eV was conducted. The C 1s, O Is,
and N 1s high-resolution spectra were recorded at a pass energy
of 50 eV at RT. All the spectra were fitted by Shirley background
subtraction before applying Gaussian—Lorentzian functions
using CasaXPS software (Casa Software Ltd.).

Broadband Dielectric Spectroscopy (BDS) was conducted by
employing a Solartron 1260 Frequency Response Analyzer
(FRA), equipped with a Broadband Dielectric Converter (BDC,
Novocontrol) for carrying out high-precision measurements of
complex impedance. The operating frequency varied from 1 Hz
to 1 MHz. The entire calibration and measuring procedure was
monitored through WinDeta (Novocontrol) software. The
sample holder comprises two parallel bronze plates, part of a
standard Alpha Active Cell (Novocontrol), connected to the
FRA by suitable coaxial wiring. Free-standing pellets were
prepared by compressing powder by using a uniaxial press. The
diameter of the disc-shaped samples was S mm, and the
thickness was 1—1.5 mm. The parallel surfaces of the disc-
shaped specimens were covered with conductive silver paste.
Complex impedance measurements were performed under
ambient conditions and RT.

A PGSTAT 302N potentiostat (Metrohm Autolab B.V.,
Utrecht, The Netherlands), equipped with a three-electrode cell,
was used for cyclic voltammetry (CV). The working electrode
was a glassy carbon electrode (GCE; 2 mm diameter,
Bioanalytical Systems, Inc.). Before each experiment, the GCE
was polished with extrafine SiC paper (Buehler), then with 0.3
pum alumina and 0.25 ym diamond suspensions (MetaDi I,

Buehler), and rinsed thoroughly with deionized water and
EtOH. The counter electrode was a Pt flag (0.5 cm?). The
reference electrode was Ag/AgCl (Ag wire immersed in 0.1 M
AgCl) housed behind a ceramic frit (Bioanalytical Systems,
Inc.). Prior to measurements, the GCE surface was modified by
drop-casting an ethanolic dispersion of the synthesized material
(2 mg mL™!, 0.012 mg—amount of material applied to the
surface of the GC electrode) containing a small amount of
carbon paint (CP; SPI Supplies, USA). The solvent was allowed
to evaporate at room temperature. Dispersions (CNOs or NDs
in EtOH) were ultrasonicated for 30 min to ensure a uniform
suspension. In all electrochemical analyses, an aqueous solution
with the different 0.1 M supporting electrolytes (NaCl, NaClO,,
LiClO,, and (Et,)NCI) was used. Oxygen was removed from the
solution by purging with Ar of technical purity.

The electrocatalytic activity of CNOs and NDs toward the
ORR was evaluated by linear sweep voltammetry (LSV) using a
rotating ring-disk electrode (RRDE). Measurements were
carried out in O,-saturated 0.1 M KOH (Chempur, Poland)
and 0.1 M H,SO, (Stanlab, Poland) at a scan rate of 10 mV s,
with an Autolab PGSTAT302N potentiostat (Metrohm
Autolab, Utrecht, The Netherlands). A standard three-electrode
configuration was employed: a GC disk with a surrounding
platinum ring (Pt/GC) as the working electrode, an Ag/AgCl
(saturated KCI) reference electrode, and a Pt wire counter
electrode.

Catalyst inks were prepared by dispersing 2 mg of CNOs or
NDs in 1 mL of EtOH, followed by the addition of carbon paint
(SPI Supplies, West Chester, USA). The suspensions were
ultrasonicated for 30 min to ensure uniform dispersion of CNOs
or NDs in EtOH, and 20 uL was drop-cast onto the RRDE
surface and dried under ambient conditions.

Before measurements, the electrolyte was saturated with high-
purity O, and a continuous O, flow was maintained during LSV
scans. RRDE data were analyzed to determine the electron
transfer number and the selectivity of the HO,™ intermediate.
LSV curves were recorded over a potential range from 0.0 to
—0.8 Vvs Ag/AgCl at RRDE rotation speeds of 250—2500 rpm,
in 250 rpm increments. For benchmarking, the ORR perform-
ance of commercial 10 wt % Pt/C (Sigma-Aldrich, St. Louis,
MO, USA) was measured under identical conditions.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of ND-Derived CNOs Using
HRTEM, XRD, and XPS Studies

Ultradispersed ND powders with three surface chemistries
(Molto, Amine, and Vox; Table 1) were thermally treated in a
low-pressure He atmosphere at 1,150 or 1,650 °C to form CNOs
(Figure 1). The precursor functionality was retained as
heteroatom dopants in the products, with nitrogen for Amine-
derived CNOs (CNO Amine) and oxygen for Vox-derived

Table 1. Conditions for Obtaining CNOs Using Pyrolysis and
Product Designations
Pyrolysis (°C)

Starting materials Assignment of products

ND Molto 1,150 CNO Molto 1150
1,650 CNO Molto 1650

ND Vox 1,150 CNO Vox 1150
1,650 CNO Vox 1650

ND Amine 1,150 CNO Amine 1150
1,650 CNO Amine 1650
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Figure 1. Schematic representation of the transformation of NDs to CNOs at the temperatures of 1,150 °C and 1,650 °C during pyrolysis (He

atmosphere).

Figure 2. Representative HRTEM images of NDs: (a) Molto, (b) Vox, and (c) Amine; of CNOs (e, i) Molto, (f, j) Vox, and (g, k) Amine, obtained at
temperatures of (e, f, g) 1,150 °C and (j, j, k) 1,650 °C. STEM-EDX analysis of (d) NDs and (h, 1) CNOs Amine.

CNOs (CNO Vox). The annealing controlled the extent of the
NDs-to-CNOs transformation, defect density, and surface
chemistry. HRTEM of the starting NDs shows faceted
crystallites with primary sizes of ~5—6 nm (Figure 2a—c).
Particles form loose to moderately compact aggregates (tens to a
few hundred nanometers). No substantive differences are
observed among the Molto, Vox, and Amine NDs at this
stage. Selected-area electron diffraction (SAED) displays
broadened rings at diamond positions on a diffuse amorphous
background (inset, Figure 2a), and lattice fringes with a
dominant spacing of ~0.206 nm, consistent with (111) planes
of cubic diamond.”® Under annealing at 1,150 °C, NDs begin to
graphitize: diamond cores contract while concentric sp* layers
nucleate (Figures 1, 2e—g and S1). HRTEM reveals that the
product consists mainly of core—shell hybrids with two to three
graphenic layers encapsulating a residual diamond core. Particles
remain relatively uniform in size but are often polyhedral rather
than spherical, and shell discontinuities and defects are

common—features consistent with the defect-rich, heteroa-
tom-doped CNOs obtained under these conditions. Increasing
the annealing temperature to 1,650 °C further tunes the shell
order, as reflected in defect content (Figures 1, 2i—k and S2).
Thermal treatment of ND Molto at 1,650 °C yields complete
conversion to spherical, multishelled CNOs (CNO Molto 1650,
Figure 1). HRTEM images show quasi-spherical particles with a
mean diameter of S—6 nm (Figures 2i-k and S2). SAED displays
diffuse rings indexed to graphitic carbon [(002), (100)/(101)]
(Figure 2i, inset), with pronounced broadening indicative of
finite graphitic domains and turbostratic stacking. At 1,150 °C, a
minority of particles retain a core—shell character, whereas at
1,650 °C, closed layers are well developed (Figure 1), more
uniform, and the amorphous fraction is largely suppressed. In N-
doped CNOs, the onion-like architecture is preserved:
concentric, well-closed graphenic layers with near-spherical
morphology and only occasional surface irregularities (Figures
2, 81, and S2). Continuous lattice fringes are intermittently
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perturbed by bending, dislocations, and edge terminations,
consistent with a moderate defect density rather than
amorphization.

STEM-EDX maps confirm the presence of N and O in
materials annealed at both temperatures (Figure 2d, h, and 1);
heteroatom signals colocalize with the carbon framework, and
no dopant-rich clusters or secondary phases are detected within
the method’s sensitivity. Thus, N incorporation proceeds
without compromising shell integrity, yielding structurally
robust, electrically continuous particles with a uniform
distribution of heteroatom sites and a controlled population of
defects—features expected to enhance O, adsorption and
stabilize ORR intermediates.

Oxygen-derived CNOs obtained from ND Vox are highly
heterogeneous (Figures 2f and j, S1 and S2). Layers are
discontinuous, graphitic ribbon segments and amorphous
regions are common, and hollow cores, sharp terminations,
and occasional openings are observed. Annealing at 1,650 °C
drives the system toward full graphitization; concentric, closed
layers predominate, and edge-terminated ribbon motifs persist
within curved layers (Figure 2j). The observed microstructures
are consistent with oxygen-assisted reconstruction and localized
etching at the diamond core/shell interface: outward diffusion of
oxygen can “unzip” nascent layers, interacting with sp® and sp*
carbon to generate needle- or ribbon-like fragments.’”"’
Differential etching exposes sp® carbon at diamond grain
boundaries and promotes localized graphitization at these
sites. The coexistence of closed layers and ribbon motifs suggests
that oxygenated precursors bias step-flow reorganization along
low-curvature domains, producing locally planar fragments that
relieve strain and create a high density of edge sites.
Consequently, oxygen not only redirects the growth pathway
but also imprints chemically reactive motifs onto the carbon
framework.”

X-ray diffraction (XRD) of the CNs (Figure 3) resolves three
structural contributions: diamond-like sp*-hybridized carbon,
hexagonal graphitic sp*-hybridized carbon, and a disordered/
turbostratic component with sp?/sp® bonding. For NDs, sharp
reflections at 20 = 43.5° (111), 75.8° (220), and 92.0° (311) are
observed, with (111) being the most intense, confirming a well-
crystallized diamond cubic phase.32’33 A weak, broad feature
near 26 ~ 22°, assigned to graphitic (002), indicates a minor sp*
carbon atom contribution consistent with sp>-terminated ND
surfaces. Upon conversion to CNOs, graphitic signatures
dominate: a broad (002) band centered at 20 = 25.3° and an
in-plane (100) peak at 20 = 43.4°, both characteristic of
hexagonal graphite (Figure 3).***

The most prominent evolution is the growth and pronounced
broadening of the (002) peak, indicating a transition from
predominantly sp® bonding to sp’-rich layers. The width and
slight shift of (002) reflect small coherent stacking domains,
turbostratic disorder, curvature-induced strain, and defects
expected for concentric onion-like layers. Notably, the graphitic
(100) peak at 43.4° overlaps with the diamond (111) peak at
43.5°% however, the attenuation of the higher-order diamond
reflections (220, 311), together with the emergence of graphitic
bands, confirms progressive graphitization of NDs. Across all
CNOs, the overall patterns are similar (Figure 3). Still, the XRD
pattern analysis reveals the coexistence of graphitic and
diamond-like domains. Each material exhibits a dominant,
asymmetric out-of-plane (002) reflection at 20 ~ 25.3° with a
low-angle shoulder near 22°, indicative of a distribution of
interlayer spacings and stacking faults in turbostratic sp*-

a
CNO Molto 1650
/' CNO Molto 1150
a4 ND Molto
\/ ™
LN

CNO Vox 1650

CNO Vox 1150
g ND Vox

Intensity (a.u.)
e

CNO Amine 1650
CNO Amine 1150
4 ND Amine

S

10 20 30 40 50 60 70 80 90 100
2 Theta (degrees)

Figure 3. XRD patterns of ND and CNO series: (a) Molto, (b) Vox,
and (c) Amine. Black lines represent ND samples, blue lines represent
CNOs obtained at 1,150 °C, and red lines represent CNOs obtained at
1,650 °C.

hybridized carbon atoms, along with carbon atoms of
intermediate sp>/sp® character.

Among the series, CNO Vox 1650 shows the greatest (002)
broadening (Figure 3b), consistent with the highest level of
structural disorder within its graphitic layers (smaller stacking
domains and increased microstrain/defect density). The width
and asymmetry of the (002) peak, maximal for CNO Vox 1650,
trace finite crystallite sizes, strain, and defects that were
generated during the ND-to-CNO transformation. Overall, the
XRD data support a microstructural model in which NDs evolve
into CNOs composed of curved graphitic layers (sp?)
interspersed with disordered carbon at sp?/sp’ interfaces.”
This trend is supported by HRTEM (Figure 2), which reveals
discontinuous multilayer graphene and deviations from a
spherical morphology, features that broaden the (002) profile.

X-ray photoelectron spectroscopy (XPS) confirms the
conversion of NDs to CNOs and the incorporation of
heteroatoms (Figure 4, Tables S5—S7). C 1s dominates survey
spectra with clear N 1s and O Is signals across materials,
indicating successful N/O atom incorporation. Assessment of
the percentages of C, N, and O atoms in XPS spectra requires
separation of these into components corresponding to different
chemical forms, defined by their binding energies (BEs). BEs
were charge-corrected to the sp> C=C component at 284.5 eV
in C 1s (Table S5).*° Deconvolution of the C 1s region shows a
predominantly sp> C—C/C—H domain for NDs and graphitic
sp>-hybridized carbon atoms for onion-like architectures
(Figures 4 and S, Tables S5—S7).

The XPS spectra for NDs indicate a mixed sp*/sp® surface
with substantial oxygen functionality. The sp* C—C/C—H peaks
at 285.0 and 285.6 €V confirm a diamond core,””** while the
284.5 eV sp> C=C component evidences surface graphitization
and/or curved graphene-like layers typical of the functionalized
NDs (NDs Amine and Vox).*® The minor 283.9 eV signal points
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Figure 4. Deconvolution of XPS spectra of the C 1s spectral region of (a) NDs Molto, (b) CNOs Molto 1150, and (c) CNOs Molto 1650; the O 1s
spectral region of (d) NDs Vox, (e) CNOs Vox 1150, and (f) CNOs Vox 1650; and the N 1s spectral region of (g) NDs Amine and (h) CNOs Amine
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Figure S. (a, b) Analysis of XPS studies. Assignment of elements
determined for NDs and CNOs was obtained from the deconvolution
of the XPS C 1s, O 1s, and N 1s spectra. Legends: 1 (ND Molto), 2
(CNO Molto 1150), 3 (CNO Molto 1650), 4 (ND Amine), 5 (CNO
Amine 1150), 6 (CNO Amine 1650), 7 (ND Vox), 8 (CNO Vox 1150),
and 9 (CNO Vox 1650).

to defect-rich sp® at grain boundaries; its presence supports
localized reconstruction at the ND surface. This peak indicates a
specific type of structural defect, typically associated with
defective carbon environments or unsaturated bonding

conﬁgurations.39 After the transformation of NDs into CNOs,
the C 1s spectra are dominated by the sp> C=C component at
284.5 eV for all CNOs, consistent with concentric graphitized
layers (Tables SS and S6). A minor contribution at 285.0 and
285.6 €V arises from sp3 C—C/C—H, reflecting a curvature-
induced rehybridization.

Quantitatively, the sp>/sp>-hybridized C atoms ratio extracted
from the 284.5 vs 285.0—285.6 eV components provides a
convenient metric of CNs” graphitization and successful NDs’
transformation into CNOs (Figure S). NDs and CNOs formed
at 1,150 °C, and the amount of sp2 C atoms is almost constant,
below 20 at. % relative to the concentration of all carbon atoms.
The amount of sp> C increases significantly, reaching 81.8 at. %
(CNO Molto 1650) (Tables S6 and S7 and Figure Sb). For
CNO Amine 1650 and CNO Vox 1650, the amount of sp’-
hybridized C is about 60 at. %. Higher-binding-energy
components in the range of ~286.3—288.8 eV also indicate
oxygen-containing moieties."’”** Finally, a 7—z* shakeup
satellite at ~290.5—291.5 eV confirms the presence of
delocalized 7 systems, supporting the preservation of extensive
sp* domains within the CNOs.

The N 1s spectra resolve multiple N environments,
confirming the incorporation of heteroatoms into NDs and
CNOs. Components at ~398.8 eV are assigned to pyridinic-N
(substitutional, sp*),”> whereas features at ~399.7—400.3 eV
correspond to pyrrolic/amine-like N in five-membered rings or
terminal amines (Figure 4g, h; Tables S5—S7). A peak at 402.9 +
0.6 eV is attributed to graphitic (quaternary) N substitutional
within the sp? lattice,** which is expected to enhance electronic
conductivity and stabilize the 7 network, while oxidized N—O
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species (N-oxide/NO/NO,) contribute to the higher binding
energy at ~405.0 eV (Tables S5—-57).**

The N-doped CNs exhibit the highest overall N levels: CNO
Amine 1150 reaches 1.6 at. % N, the same amount as the
precursor ND Amine (1.6 at. %) and the higher-temperature
product CNO Amine 1650 (below 1 at. %, Table SS). The
coexistence of pyridinic and graphitic signatures suggests that
the N atoms occupy positions in the CNO layers, providing a
balance of pyridinic and graphitic sites that can modulate the
interfacial activity and charge transport in electrocatalytic
reactions.

XPS O 1s spectra reveal quinonic C=0, ketonic C=0/0=
C—0-—, ether-like, and carboxyl/phenolic groups that enhance
the surface polarity of CNs (Figure 4d—f). Together, the sp*-rich
backbone with mixed N-phenomena and O-containing groups
corroborates a conductive, curvature-stabilized CNO architec-
ture bearing chemically active edge sites. The O 1s spectrum of
the CNOs resolves into well-defined components consistent
with oxygen functionalities, such as carbonyl/quinone (C=0)
at 529.2 + 0.2 eV, ketonic C=0/0=C—0— (~530.7 eV),
ether-like/epoxy (C—O—C) at ~530.7-531.7 eV, and
phenolic/carboxylate/ester (Ph-OH, O=C—0-) at 532.6 +
0.2 eV, with a broad, weak high-energy shoulder above ~533.8
eV attributable to adsorbed H,0/oxygen (Tables S5—S7).
Structurally, quinone and phenolic groups populate the outer
layers’ defect sites, increasing hydrophilicity and supporting
proton/OH™ interactions. XPS O 1s quantification shows that
CNO Vox derived from ND Vox contains the highest overall O
levels among the materials studied (Figures 4g-i and Sa; Table
S5). The ND Vox precursor exhibits 8.4 at. % O, whereas CNO
Vox 1150 reaches 10.6 at. % O. Increasing the transformation
temperature to 1,650 °C lowers the O content to 7.3 at. %. A
similar trend is observed for the other CNOs (Molto and
Amine); annealing at 1,150 °C vyields 10 at. % O, while
processing at 1,650 °C reduces the O level to 2—4.8 at. %.
Expressed on a mass basis, the corresponding O contents are
approximately 2% points higher. These data indicate that the
1,150 °C ND-to-CNO conversion promotes the formation or
retention of O-containing surface groups (likely associated with
defect-rich layers). In contrast, subsequent high-temperature
treatment (1,650 °C) drives deoxygenation and increased
graphitization, diminishing the concentration of oxygen
functionalities.

3.2. Broadband Dielectric Spectroscopy

Broadband Dielectric Spectroscopy (BDS) over a wide
frequency range can identify direct current (dc) conductivity
and polarization (capacitance) effects arising from inherent
(bulk) electric charge trapping in a disordered material.
Individual conductivity and polarization mechanisms can be
distinguished from any undesirable electrode polarization. BDS
is an experimental tool for examining whether an electrode
material facilitates electric charge transport toward internal,
large-capacitance surface areas (as indicated by the direct
current conductivity and dielectric constant) for electrochemical
reactions. The real part of the complex electrical conductivity
o'(f) as a function of frequency f is depicted in Figure 6a. The
conductivity spectra are as follows: ¢’ (f) = o, + Af ", where o,
denotes the dc conductivity, A is a fitting parameter, and n is a
fractional exponent. o, actually corresponds to the frequency-
independent value of ¢’ ().

In Figure 6b, logo,, is depicted for ND precursors and CNO
derivatives. We observe that the dc conductivity of different NDs
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Figure 6. (a) The real part of the electrical conductivity ¢’ as a function
of frequency measured at room temperature for: ND Molto (open
triangles), CNO Molto 1150 (open rhombus), CNO Molto 1650
(inverted full triangle), ND Amine (open circles), CNO Amine 1150
(full squares), CNO Amine 1650 (full polygon), ND Vox (open
squares), CNO Vox 1150 (full triangles), and CNO Vox 1650 (inclined
full triangle). (b) Logarithm of the dc conductivity logs,, of NDs and
derived CNOs. Legends: 1 (ND Molto), 2 (CNO Molto 1150), 3
(CNO Molto 1650), 4 (ND Amine), 5 (CNO Amine 1150), 6 (CNO
Amine 1650), 7 (ND Vox), 8 (CNO Vox 1150), and 9 (CNO Vox
1650).

varies significantly depending on surface chemistry: function-
alized ND Amine and ND Molto exhibit dc conductivities about
six and two orders of magnitude higher, i.e., logo, = —6.06(6) S
cm ™! and —2.2256(6) S cm™!, respectively, compared with that
of unfunctionalized ND Molto (logs,, = —8.7(5) S cm™).

To understand why o, changes in different NDs, it is
necessary to recall a fundamental equation: o, = X; Nj,q;, where
the index i counts the number of individual conduction
mechanisms, each contributing with a density N; of charge
carriers g; of mobility y;. N; is proportional to the abundance of
(intrinsic or extrinsic) defects. y; is a measure of the interaction
of the transferring i-charge with its environment (and, thus, is
sensitive to the degree of disorder, heterogeneity, and
microstructural landscape). HRTEM results (Section 3.1)
indicate that the microstructural characteristics do not change
significantly across different NDs; therefore, the differences in
their properties o, are attributed to the varying charge-carrier
densities of surface N or O defects. The macroscopic dc
conductivity of NDs may also be affected by an amorphous
carbon layer covering some ND aggregates (Section 3.1, Figures
2, S1, and S2).

The dc conductivity of both unfunctionalized NDs and
functionalized ones converges toward a value of logo, ~ —2 S
cm™ after annealing at 1,650 °C due to the complete conversion
of NDs to CNOs. More specifically, for CNO Molto, logo,, =
—2.1708 S cm™. For CNO Amine, the N atoms in the carbon
structure introduce localized states in the electronic structure
(subsequently increasing the density of states near the Fermi
level), facilitating the dc conduction: logo,, = —1.8845 S cm™".
For CNO Vox, the dc conductivity is slightly higher: logo,, =
—1.8394 S cm™, as a result of different competing features, such
as the O heteroatom colocalization within the carbon matrix vs

https://doi.org/10.1021/acsanm.5c05570
ACS Appl. Nano Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.5c05570/suppl_file/an5c05570_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c05570?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c05570?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c05570?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c05570?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c05570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

heterogeneity and structural imperfections (we speculate that if
awell-shaped CNO Vox of minor conformational disorder could
be prepared, the value of the electrical conductivity might be
higher than the observed one).

Increasing the pyrolysis temperature of ND Molto results in a
systematic increase in dc conductivity, which is offset by the
decrease in the ND transformation to spherical CNOs. CNO
Amine achieves a saturation conductivity at 1,150 and 1,650 °C,
as both temperatures promote the formation of N-doped CNOs
consisting of integrated, well-closed, near-spherical graphenic
layers with occasional surface irregularities. The substantial
heterogeneity observed in HRTEM (Section 3.1), comprising
various configuration defects, may account for the low electrical
conductivity of CNO Vox 1150, thereby making a detailed
correlation of conductivity with a specific type of structural
disorder quite challenging. Indeed, as mentioned in Section 3.1,
the XRD patterns indicate that among the series, CNO Vox
1650 exhibits the highest level of structural disorder in its
graphenic layers, in agreement with the HRTEM results for
discontinuous multilayer graphene and deviations from a
spherical morphology.

The real part of the (relative) dielectric permittivity &’(f)
captures polarization effects. A frequency-independent regime at
low frequencies, which determines the static (relative) dielectric
constant &; is followed by a gradual drop at high frequencies,
extrapolating to the high-frequency value &,,. From the &'(f)
spectra depicted in Figure 7a, the dielectric constants of NDs
and derived CNOs were estimated (Figure 7b). We note that ¢,
is proportional to the overall capacity and is a metric of the
effective surface area accessible for charge accumulation (and
subsequent electrochemical reactions).

The transition of ND Molto to CNO Molto 1150 and CNO
Molto 1650 yields a monotonous dielectric constant increase, as
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Figure 7. (a) The (relative) static dielectric constant & of NDs and
derived CNOs: ND Molto (open triangles), CNO Molto 1150 (open
rhombs), CNO Molto 1650 (inverted full triangle), ND Amine (open
circles), CNO Amine 1150 (full squares), CNO Amine 1650 (full
polygon), ND Vox (open squares), CNO Vox 1150 (full triangles), and
CNO Vox 1650 (inclined full triangle). (b) The real part of the complex
permittivity €’ as a function of frequency f, measured at room
temperature. 1 (ND Molto), 2 (CNO Molto 1150), 3 (CNO Molto
1650), 4 (ND Amine), 5 (CNO Amine 1150), 6 (CNO Amine 1650),7
(ND Vox), 8 (CNO Vox 1150), and 9 (CNO Vox 1650).

the produced multilayered CNOs serve as multilayered
concentric spherical capacitors. The complete transformation
of NDs to CNOs, Molto, and Amino at 1,650 °C improves &, by
about an order of magnitude compared to the values of ND
precursors. As mentioned in the preceding paragraph, CNO Vox
exhibits the most disorder and heterogeneity among the derived
CNOs. Structural defects partially alter the functionality of
CNOs as ideal multilayered capacitors. At the same time,
imperfections may also partially act as pinning centers for charge
trapping; it is unclear how the competition among different
charge-trapping mechanisms in ND Vox and its CNO Vox
derivatives yields an effective & value.

In conclusion, CNOs derived after annealing at 1,650 °C
exhibit high electrical conductivities: CNO Molto and Amine
1650 achieve improved conductivities compared to the
corresponding NDs, while CNO Vox 1650 retains the high
conductivity value of ND Vox. They can, therefore, promote fast
electric transport and storage. On the other hand, the values of
the static dielectric constant are also optimized in the same
manner as the dc conductivity, due to the increased multilayered
effective area available for charge storage and microstructural
trapping.

Improved electrical conductivities and dielectric constants
suggest that large surface areas are readily accessible to charge
carriers, facilitating further electrochemical reactions. Coupling
sufficient conductivity and capacitance constitutes an intrinsic
property of the derived CNOs. Still, the efficiency and
functionality of CNO electrodes merge the electrodes’ proper-
ties with the electrolyte’s features. The conversion of Molto and
Amine NDs to CNOs during annealing induces (to some
extent) systematic changes in 6, and &; hence, their properties
are likely more predictable when, for example, an intermediate
temperature (1,150 °C) is applied. On the contrary, the high
inhomogeneity and rich variety of structural/configurational
defects (which may also annihilate, generate, or intertransform
upon annealing) of CNO Vox prevent us from having a general
framework on how different annealing processes could tune
charge transport and capacitance (for example, CNO Vox 1150
exhibits lower 6, and & values compared with those of ND Vox
and CNO Vox 1650).

3.3. Electrochemical Properties of CNOs

CNO electrodes exhibit electrochemical behavior characteristic
of porous electric double-layer capacitors (EDLCs): the
measured capacitance is dominated by non-Faradaic double-
layer charging, and the cyclic voltammograms (CVs), especially
at low scan rates, approach an almost rectangular profile, which
is the canonical signature of fast, reversible EDL charging with
minimal kinetic limitations and only minor resistive distortion.
This interpretation is consistent with the established CV
response of an ideally capacitive interface, where the current
scales quasi-linearly with scan rate and the current—potential
trace remains rectangular unless appreciable ohmic drop or ion-
transport limitations distort the shape.*>*® For electrochemical
measurements, dispersions of CNOs or NDs in EtOH (2 mg
mL™") were drop-cast onto GCEs (0.012 mg per electrode). The
modified electrodes were tested in aqueous solution containing
0.1 M supporting electrolyte (NaCl, NaClO,, LiClO,, or
(Et,)NCl); the resulting films remained mechanically and
electrochemically stable throughout cycling (—100 and +500
mV vs Ag/AgCl, Figures S3—S5). Annealing at 1,650 °C
increases graphitization and electronic connectivity, producing
faster charge storage and more ideal electric double-layer (EDL)
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behavior for all CNO 1650 materials (Figures S3—SS, red
curves). The CV curves, particularly at low scan rates, approach
a nearly rectangular shape, which is the canonical signature of
rapid, reversible EDL charging with minimal kinetic limitations
and small resistive distortion. The high reversibility, stable
cycling, and absence of redox peaks within the applied potential
window indicate predominantly capacitive storage with a
negligible Faradaic contribution and no detectable chemical
transformations under these conditions.”” Deviations from an
ideal rectangular response are therefore most consistently
attributed to resistive or ion-transport effects rather than
changes in the charge-storage mechanism.

To complement the electrochemical observations, we assess
charge transport directly using BDS, which quantifies the
intrinsic conductivity of the carbon framework over broad
frequency and time scales. Compared with electrochemical
impedance spectroscopy (EIS), BDS is less sensitive to electrode
wetting, separator/contact artifacts, and equivalent-circuit
assumptions, and thus provides a more materials-intrinsic view
of electronic transport. It is particularly relevant for curvature-
rich, percolating CNO networks, as the framework’s con-
ductivity directly governs series (layer) resistance in EDLC
operation. In line with established EDLC analyses, conductive
porous carbons with accessible porosity are expected to exhibit
low internal resistance and minimal resistive losses when
electronic pathways are well percolated and pore architecture
supports efficient ion t1'ansport.45’46 Consistent with these
precedents and with the nearly rectangular CVs observed here,
the BDS results provide sufficient support for the conductivity
comparison and the structure—property interpretation; there-
fore, additional EIS measurements are not essential for the
mechanistic conclusions presented.

The specific capacitance (Cg) of all CNO electrodes exceeds
that of ND electrodes, consistent with the more conductive,
defect-rich, and accessible microstructure of CNOs, which
facilitates ion and electron transport (Figures $3—SS). Cg was
calculated from CV by integrating the total charge over the
whole cycle and normalizing by scan rate, mass loading, and
potential window:

E2
o /El i(E)dE
S 2um(E, — E) (1)

where E;, E, are the cutoff potentials in CV; i(E) is the
instantaneous current; i(E)dE is the total voltammetric charge
obtained by integration of the positive and negative sweeps in
the CVs; v is the scan rate; and m is the mass of the individual
sample (0.012 mg). Cg of ND and CNO electrodes was
calculated using eq 1, which is summarized in Table 2, where the
effect of the supporting electrolyte on the electrochemical
properties of CNOs and NDs was investigated. The Cg values
obtained from CVsat 10 mVs™" in 0.1 M supporting electrolytes
reveal a clear dependence on the electrochemical properties of
NDs and CNOs, as well as the supporting electrolyte. For all
systems, the transformation of NDs into CNOs results in a
pronounced increase in Cg, reflecting the progressive increase in
surface area, graphitization, and conductivity upon annealing.
This interpretation aligns with the EDLC literature, in which
near-rectangular voltammograms and the absence of redox
peaks are taken as signatures of fast, reversible double-layer
charging with minimal Faradaic contribution.”>** In the Molto
and Amine series, Cg increases monotonically with thermal
treatment, from ca. 4—15 F g_1 for the ND and CNO 1150

Table 2. Cg Values Calculated Based on CVs Using eq 1 for
NDs and CNOs at a Scan Rate of 10 mV s™*

Specific capacitance, C (F g™')

Materials NaCl NaClO, (Et,)NCI LiClO,
ND Molto 4.3 S.5 279 8.7
CNO Molto 1150 14.7 14.8 77.7 242
CNO Molto 1650 329 17.9 155.4 91.0
ND Amine 3.8 8.2 2.1 36.7
CNO Amine 1150 14.7 9.9 62.1 99.0
CNO Amine 1650 38.9 28.7 93.1 136.5
ND Vox 3.6 1.0 2.4 4.8
CNO Vox 1150 8.4 9.2 9.7 15.4
CNO Vox 1650 22.3 25.8 759 36.1

samples to ca. 33—39 F ¢! for CNO 1650 in NaCl. The effect is
most potent in (Et,N)Cl and LiClO,, where CNO Molto 1650
achieves 155.4 and 91 F g”', and CNO Amine 1650 achieves
93.1 and 136.5 F g7, respectively, significantly higher than their
ND precursors. Among the materials, the CNO Molto and
CNO Amine series exhibit the most favorable balance between
electrical conductivity and surface functionality, while CNO Vox
samples, despite higher oxygen content, display lower
capacitances (<76 F g~ at 1,650 °C), attributable to structural
disorder and disrupted # conjugation of graphitic layers.
However, these values compare favorably with those reported
for other graphitic CNOs (80—150 F g™') and heteroatom-
doped onion-like carbons (120—200 F g™') in similar electro-
lytes,* supporting the conclusion that the combination of
optimized onion-shell architecture and controlled surface
chemistry enables efficient charge storage.

It should be noted that, consistent with community reporting
guidance for EDLC, gravimetric capacitance (F g_l) is the most
meaningful primary metric for porous carbon powders, because
converting Cg into an electrochemical surface area (ECSA), via a
presumed areal Cg implicitly assumes a unique, transferable
capacitance-per-area and a uniquely defined accessible area,
assumptions that are demonstrably invalid for nanoporous
carbons, where Cg is strongly structure- and electrolyte-
dependent.*’ ™' Moreover, capacitance-derived ECSA is not
necessarily proportional to the ORR-relevant active centers
(defects or curvature-activated sites), and the methodological
ambiguity of inferring ECSA from EDLC, especially for
nanoporous electrodes, is explicitly emphasized in recent critical
analyses.”? Accordingly, we report Cg in gravimetric units (F
g~") for the SC-relevant discussion and interpret ORR activity
through kinetic/selectivity descriptors (RRDE metrics) rather
than Cy-derived “specific activity,” thereby maintaining
mechanistic clarity for these heterogeneous, porous carbon
nanocatalysts.

The gradual transformation from NDs to CNOs leads to an
increase in the specific surface area (Spzy) and electrical
conductivity, accompanied by enhanced graphitization. Sggr
rises from 285 m? g~' for ND Molto to 454 m* ¢! for CNO
Molto 1650, and from 261 to 383 m? g_1 for ND Amine and
CNO Amine 1650, respectively, paralleling a pronounced
increase in Cg. The Cg scales with Sypr and conductivity,
reaching 155.4 F g™ for CNO Molto 1650 in (Et,N)CI and
136.5 F ¢! for CNO Amine 1650 in LiCIO,, consistent with the
development of concentric graphenic layers that provide
extensive, accessible interfaces for charge storage and transport.
The correlation between Cg and Sggp is nonlinear, consistent
with prior reports for porous carbons.”*>> At high porosity,
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additional increases in Sy yield diminishing improvements in
Cs due to limited ion accessibility and confinement effects.”**’
Thus, optimal Cyis achieved when a high Sy is coupled with an
appropriate pore size distribution, sufficient electrical con-
ductivity, and compatible electrolyte ion size (Table S4). The
combined influence of Stokes radius (r,), hydrated radius (r;),
and standard molar enthalpy of hydration (AH® hyd) underscores
the critical role of electrolyte-electrode matching in determining
overall charge storage efficiency (Table S4). The electrolyte
dependence follows the sequence (Et,N)CI > LiClO, > NaClO,
~ NaCl (Tables 2 and S4), consistent with the mobility and
hydration characteristics of the ionic species. Electrolytes
containing large, weakly hydrated ions such as (Et,N)* (r, =
0.400 nm, AH®; ; = —154.9 kJ mol™")** and ClO," (r;, = 0.338
nm, AH®%,; = —165.3 kJ mol™!)*” promote facile desolvation
and deeper penetration into mesoporous, graphitic domains of
the electrodes. In contrast, smaller, highly hydrated ions such as
Na*and Li* (r, = 0.358 and 0.382 nm; AH®; = =240 and —279
kJ mol™!, respectively)® experience higher energy barriers to
interfacial transfer, which limits their Cg values. This trend
corroborates earlier findings that ion—electrode compatibility,
particularly hydration dynamics and desolvation energy (ions
must dehydrate to enter micropores effectively), governs
double-layer formation and Cg.°" This trend underscores the
crucial role of ion-electrode compatibility: bulky, weakly
solvated cations form efficient EDLs on curved sp*-hybridized
carbon surfaces, aided by favorable ion-7 interactions and high
conductivity within the graphitized layers of the CNOs.

XPS analysis reveals that the conversion of NDs into CNOs is
accompanied by a significant enrichment of sp*-hybridized
carbon (up to 81.8 at. % for CNO Molto 1650), confirming the
formation of well-ordered, conductive graphitic domains. The
presence of N- and O-containing groups modulates the
electronic and interfacial properties of the materials. CNO
Molto, characterized by high sp*-hybridized C atom content and
moderate oxygen levels (2—4.8 at. %), exhibits excellent
conductivity and eflicient electron delocalization through
m—n* conjugation. CNO Amine retains N functionalities,
mainly pyridinic and graphitic N, providing basic and electroni-
cally active sites that facilitate ion adsorption and enhance
interfacial polarization. CNO Vox, in contrast, contains the
highest O content (up to 10.6 at. % at 1,150 °C), dominated by
quinone, phenolic, and ether-like species that increase surface
polarity but disrupt 7 conjugation, resulting in lower
conductivity and Cs. The N and O functionalities further tune
the electronic and interfacial behavior: CNO Molto, with high
sp>-hybridized C atom content and low O levels (2—4.8 at. %),
shows optimal electron delocalization through z—z* con-
jugation; CNO Amine retains pyridinic and graphitic N species
that contribute basic and electroactive sites for ion adsorption;
whereas CNO Vox, containing the highest O concentration (up
to 10.6 at. %), exhibits lower conductivity and Cg due to
disrupted 7 conjugation and charge trapping at oxygenated
defects. These findings reinforce that both graphitization and
heteroatom configuration directly modulate the charge trans-
port and storage mechanisms in CNO electrodes.

The electrochemical data establish a direct structure—
property—electrolyte relationship: graphitization and heteroa-
tom-controlled surface chemistry dictate the conductivity and
Cs. At the same time, r;, and AH®,; govern the accessibility of
the ions within the carbon network. The effect of large accessible
surface area, high electrical conductivity, and N surface
functionality renders CNO Molto 1650 and CNO Amine

1650 the most effective electrodes, achieving superior charge
storage and electrochemical response across all tested electro-
lytes. This trend underscores the crucial role of ion-electrode
compatibility: bulky, weakly solvated cations form efficient EDL
on curved sp>-hybridized C surfaces, aided by favorable ion-r
interactions and high conductivity within the graphitized layers
of the CNOs.

3.4. Electrocatalytic Properties of CNOs

CNOs and NDs were evaluated as OR electrocatalysts using
RRDE, with commercial Pt/C and two other carbon
nanostructures serving as benchmarks under identical con-
ditions. CNOs were synthesized by pyrolysis at 1,150 °C and
1,650 °C to probe the influence of graphitization temperature on
OR reaction (ORR) activity and selectivity. Catalyst inks were
drop-cast onto polished Pt/glassy-carbon (Pt/GC) electrodes
to form uniform thin films. RRDE measurements were
performed in an O,-saturated solution containing the
supporting electrolytes (0.1 M KOH and H,SO,) at different
rotational speeds of RRDE using linear sweep voltammetry
(LSV). The ring was held at an oxidative potential to quantify
H,0,, and the collection efficiency (IN) was calibrated before
testing. From the disk and ring currents, the electron-transfer
number (n) was obtained in both media, enabling direct
comparison of CNOs (pyrolyzed at 1,150 °C vs 1,650 °C) and
NDs against Pt/C, in terms of onset potential, limiting current
density, Tafel slope, and 2e™/4e” selectivity (please see S,
Figures $7—S13, Tables S1—S4). This protocol enables us to
correlate the synthesis temperature-dependent structural
features of CNOs and their surface chemistry with NDs, as
well as ORR kinetics and pathways, in both alkaline and acidic
environments. Because the catalysts are deposited as porous thin
films, the reported Tafel slopes (and the derived transfer
coefficient @) are treated below as apparent layer-level
diagnostics rather than intrinsic kinetic constants of an electrode
interface.

For a planar smooth disk electrode, the diffusion-convection
limiting current density (J,) at the disk of the RRDE electrode
reaction can be described by the Koutecky—Levich (K—L)
equation:62

1 1 1
0.201nFDE > 6w /2C§ )

where ], 5 is the measured oxidant reduction current density (A
cm™2); Jio is the electron-transfer kinetic current density (A
cm™2); n is the electron-transfer number (dimensionless); F is
Faraday’s constant (96,487 A s mol™'); D, is the diffusion
coefficient of the oxidant (cm? s™'); v is the solution kinematic
viscosity (cm” s™'); w is the electrode angular rotation rate (rad
s71); Co° is the bulk concentration of the oxidant (mol cm™).
For nonlimiting diffusion conditions, the disk electrode current

density (J;0) would be
2/3 -1/6 _1/2( o0 $
Jyo = 0201nFD > 0 /*(C§ - C)) (3)

where C,’ is the disk surface concentration of the oxidant (mol
cm™3).

Although the K—L analysis is rigorously derived for a smooth,
planar electrode under well-defined hydrodynamic boundary
conditions, its direct use becomes increasingly ambiguous for
porous, high-surface-area carbon catalyst layers.”> In such films,
the measured disk current reflects not only interfacial charge-
transfer kinetics but also distributed ionic/electronic resistances
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Figure 8. LSV curves for different CNOs and Pt/C in O,-saturated (a—c) 0.1 M KOH; (d—f) 0.1 M H,SO, with a scan rate of 10 mV s™" at 1,000 rpm.

across the catalyst layer, nonuniform local overpotential within
pores and along the layer thickness, internal O, transport
limitations not captured by the external layer, and potential-
dependent site wetting. These factors violate the key assumption
that the electrode behaves as a nonporous interface with mass
transport dominated by the external convective-diffusive
boundary layer. Consequently, kinetic currents inferred from
single-condition K—L corrections (or any approach that relies
on a poorly defined limiting plateau in a porous film) should be
interpreted as effective, model-dependent parameters rather
than intrinsic kinetic descriptors (see the SI). This limitation is
not merely practical but mechanistic: porous-electrode theory
predicts that apparent & and apparent Tafel slopes can deviate
substantially from their intrinsic values when the reaction occurs
within porous structures.”>** In particular, Soderberg et al.
showed that long and narrow pores, finite ionic/electronic
conductivity, and nonuniform porous-film properties can yield
apparent a < 0.5 (often near 0.25) even when the intrinsic
charge-transfer symmetry is conventional.*®

CNOs, which are composed of concentric, positively curved
graphenic layers, provide a prototypical high-curvature sp’-
hybridized carbon scaffold in which local Gaussian curvature is
intrinsically significant due to their small radii and “dense layers
packing”."® In an alkaline medium (0.1 M KOH), both NDs and
CNOs displayed onset potentials of approximately —0.2 V
(Figure 8a-c). The nonzero current at the start of the LSV curves
is attributed to systematic background contributions, dominated
by double-layer capacitive charging and minor residual faradaic
currents, which are commonly observed for nanostructured
electrodes.’”” Because all measurements were performed
under identical conditions (electrode preparation, electrolyte,
scan rate, and cell configuration), this baseline offset is
consistent across samples and does not affect the comparative

analysis; the performance metrics are evaluated in the relevant
potential region rather than at the initial baseline. Similar LSV
baseline offsets have been widely reported.”’

NDs exhibited the lowest ], at the onset potential, whereas
CNOs demonstrated superior activity. Within the CNOs
formed at 1,150 °C, CNO Amine 1150 delivered —1.07 mA
cm™? at the onset potential and the highest maximum J,, of
—2.40 mA cm 2 This performance correlates with its higher N
atom content (Tables S5—S7), introducing pyridinic- and
graphitic-N that (i) modulates local charge density on adjacent
C sites, (ii) stabilizes *OOH/*O intermediates, and (iii) lowers
charge-transfer resistance across the film. By contrast, in the
1,650 °C series, CNO Molto 1650 stands out, reaching a J,,
value of —3.14 mA cm™? at the onset potential and —5.80 mA
cm™? at the limiting region.

At higher temperatures, the heteroatom content is reduced
through thermal dedoping, and the electrocatalytic response
becomes governed by curvature-stabilized defect domains and
graphitic ordering. These factors yield faster ORR kinetics and
higher achievable currents. Consequently, CNOs treated at
1,650 °C consistently outperform both the 1,150 °C analogues
and the commercial Pt/C benchmark under the same conditions
(Figure S8), underscoring a transition from dopant-controlled
activity at 1,150 °C to defect- and ordering-controlled activity at
1,650 °C.

In an acidic medium (0.1 M H,SO,), the ORR trends closely
follow the interplay among curvature-induced electronic
structure, defectiveness, and surface chemistry. Among the
1,150 °C materials, CNO Vox 1150 was the only 1,150 °C
material to match the performance of Pt/C, achieving a
maximum J;, of —3.55 mA cm™* (Figure 8d), which we
attribute to a favorable combination of curved structures,
defects, and a moderate level of oxygen functionalities that
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balance active-site density with sufficient conductivity. Con-
sistent with the alkaline results, CNOs obtained at 1,650 °C
exhibited significantly higher J;, in acids (Figure 8f). By
contrast, other 1,150 °C CNOs likely retain a higher fraction of
sp>-like carbon and nonconductive oxygen functionalities; these
defects increase the site count but penalize electron transport
and site utilization in strongly protonic media, thereby limiting
current. Specifically, CNO Amine 1650 and CNO Molto 1650
reached maximum J,, values of —6.34 and —7.19 mA cm?,
respectively (Figure 8d). In acidic electrolyte (0.1 M H,SO,),
the ORR trends track the defectiveness and surface chemistry of
the CNOs.

Raising the synthesis temperature to 1,650 °C increases
graphitic order and lowers intergranular resistance, while a
subset of curvature-stabilized defects and heteroatom sites
survives or transforms into more catalytically competent
configurations (pyridinic- and graphitic-N sites, Tables SS—
S7). In line with this, CNO Amine 1650 and CNO Molto 1650
deliver markedly higher J; , values of —6.34 and —7.19 mA cm 2,
respectively, well above both the 1,150 °C series and Pt/C
(Figure 8e). We ascribe the improvement to (i) enhanced
through-plane conductivity that improves kinetic current and
mass-transport utilization, (ii) persistence of defect-rich
domains that bind O,/OOH?* with suitable energetics in acid,
and (iii) in the “Amine” series, thermally induced conversion of
surface amines (NDs Amine) to pyridinic- and graphitic-N sites
(defects), which are known to stabilize ORR intermediates in
acidic media. The data indicate that defect engineering is
necessary but not sufficient: maximal ORR performance in acid
emerges when defect-derived active sites are embedded within a
sufficiently graphitized, well-connected CNO network, achieved
here at 1,650 °C. In contrast, excessive disorder at 1,150 °C
compromises electronic pathways and suppresses the attainable
current, despite nominally higher defect densities.

We performed additional studies on representative metal-free
carbon catalysts (mesoporous carbon and graphitic carbon
nitride) under identical alkaline conditions (0.1 M KOH; Figure
S8), which highlight a clear performance hierarchy: Pt/C
remains the highest-performing reference, whereas conventional
low-curvature carbon materials deliver comparatively low ORR
current densities and less favorable onset potentials. This
outcome is consistent with prior mechanistic analyses showing
that, in the absence of atomically dispersed metal centers, planar
carbon frameworks often rely on a limited population of intrinsic
defects to activate O,, which constrains kinetic current and shifts
the onset to higher overpotentials.’® In contrast, the CNO-based
catalysts evaluated here exhibit substantially enhanced ORR
activity (higher current densities and more positive onset
potentials than the planar carbon structures and Pt/C),
indicating that the CNOs provide a larger density of catalytically
competent sites and more favorable adsorption energetics for
oxygenated intermediates in alkaline electrolyte (Figure S8).
The superior performance of CNOs is readily interpretable
through curvature-driven electrocatalysis.**®’ High surface
curvature introduces local strain, a high density of nonhexagonal
rings, and rehybridized carbon (mixing of sp> and sp’-
hybridized C atoms) relative to planar graphene-like domains,
features that collectively perturb the electronic structure and can
strengthen or optimize O,/OOH* binding and charge transfer
at carbon sites.”” This mechanistic picture aligns with the
broader curvature—activity framework articulated for the ORR,
where “surface curvature” is predicted and observed to modify
adsorption scaling relations and reaction barriers, thereby

improving electrocatalytic activity compared with low-curvature
carbon analogues. The present comparative data support the
conclusion that CNO curvature generates a catalytically more
active carbon microenvironment than mesoporous or graphitic
carbon nitride (Figure S8), consistent with prior reports of
single- (Cq) or multilayered fullerenes (CNOs) showing higher
catalytic activity than planar CNs.*®

Because CNO Molto 1650 and CNO Amine 1650 showed the
best electrocatalytic performance in these studies (Figure S8),
their electrochemical stability was evaluated in the two 0.1 M
supporting electrolytes subsequently used for CNO electro-
catalysis: H,SO, and NaOH (Figure S6). Long-term cycling
stability was performed by CV for 10,000 cycles within —0.50 to
+0.50 V vs Ag/AgCl at 300 mV s'. Both CNOs exhibit high
stability, with only a moderate Cg value decrease, indicating that
the multilayered, highly graphitized CNO’s architecture remains
electrochemically stable under repeated polarization in both
media. Quantitatively, CNO Amine 1650 shows particularly
robust retention, preserving ~94% of its initial Cgin H,SO, and
~89% in NaOH after 10,000 cycles, consistent with a well-
connected sp>-hybridized C framework and stable N-derived
surface sites that tolerate repeated charging/discharging. CNO
Molto 1650 starts from a higher Cg value (reflecting its larger
accessible surface and conductivity) and remains comparatively
stable over most of the protocol; however, it exhibits a more
substantial late-stage decline in alkaline electrolyte (~94% to
8,000 cycles), retaining ~76% in NaOH (up to 8,000 cycles) vs
~86% in H,SO, at 10,000 cycles. These results confirm that the
top-performing CNOs are not only catalytically active but also
sufficiently stable in both acidic and alkaline supporting
electrolytes, supporting their applicability for subsequent ORR
and related electrocatalytic measurements under the same
electrolyte environments.

We evaluated the polarization data using a conventional Tafel
formalism (Figure S13), E = a + b log IJpl, from which the
cathodic transfer coefficient follows & = 2.303RT/(Flbl) (please
see the SI). For an activation-controlled process at an
equipotential interface, @ and ], are meaningful kinetic
parameters, and b is expected to be constant over a sufficiently
wide current range. In contrast, all three analyzed data sets for
CNO Molto, CNO Amine, and CNO Vox (CNOs obtained at
1,650 °C) yield vast apparent Tafel slopes in the E vs log IJp|
representation (1bl & 2.0—2.6 V dec™'; 2000—2600 mV dec™"),
corresponding to very small transfer coefficients (a ~ 0.02—0.03
at room temperature, 25 °C). Representative best-fit windows
gave a & 0.0235 (CNO Molto, Table S1),0.0238 (CNO Amine,
Table S2), and 0.0238 (CNO Vox, Table S3), while full-range
fits remained on the same order (a ~ 0.025—0.030). Such values
are far below the range expected for elementary charge-transfer
control at a nonporous interface and, therefore, indicate that the
measured slopes are dominated by porous-layer effects rather
than intrinsic ORR kinetics. Consistent with this interpretation,
van der Heijden et al. proposed the Tafel slope plot as a
diagnostic to distinguish kinetic from nonkinetic contributions
and emphasized that a horizontal region is a practical
prerequisite for assigning a meaningful single Tafel slope;
otherwise, the reported slope becomes a window-dependent
average influenced by transport, ohmic losses, and porosity of
the catalyst-layer.”” For nanoporous CNO electrodes, the
“apparent” Tafel slope and transfer coefficient (a) extracted
from a conventional 7—loglJl plot should be treated primarily as
diagnostic parameters (Figure S13, Tables S5—S7), not intrinsic
kinetic constants, because the measured polarization response
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generally reflects coupled interfacial charge transfer and
transport inside the porous catalyst layer rather than Butler—
Volmer kinetics at a uniform potential. Porous electrodes can
exhibit spatially varying local overpotentials caused by ionic
resistance, potential gradients, reactant depletion, and nonuni-
form wetting, which mathematically yield an effective
(apparent) « that differs from the intrinsic value even when
the elementary-step physics remains unchanged. This limitation
is well established: porous-electrode properties alone can shift
the measured @ and distort mechanistic interpretation,”* and
catalyst-layer microstructure (ionomer distribution, porosity,
thickness, tortuosity) can measurably change the observed ORR
Tafel slopes in nominally identical materials.”' More broadly,
several recent analyses caution that “standard electrokinetic
analysis” often fails on nanostructured active electrodes because
the basic assumption of a single, well-defined interfacial driving
force is violated when catalyst layers introduce internal transport
artifacts.”” Therefore, for high-curvature, heteroatom-doped
nanoporous carbons, extensive apparent slopes (and corre-
spondingly nonphysical @ values) are most consistently
interpreted as signatures of extrinsic limitations rather than a
change in the intrinsic rate-determining step.”””>~"

The H,O, selectivity analysis (RRDE ring current) is
particularly valuable because it is less sensitive than the Tafel
plot and determination of @ to the lack of a well-defined kinetic
region in the disk polarization curve; therefore, selectivity trends
are emphasized here as the primary mechanistic indicator, while
the Tafel plot analysis is reported only as a diagnostic for
nonkinetic contributions. Figure 9 shows the percentage of ORR
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proceeding via the H,O, pathway at a rotation rate of 1,000 rpm,
as well as the ORR electron transfer number (1) calculated from
the total RRDE currents using eqs 4 and 5:”°

i,/N

%HO, = 100 X ———
iy +i/N (4)

n= -
Wty (5)
where i, and i, represent the ring and disk currents (A),
respectively. N is the collection efficiency of the RRDE
(dimensionless), which depends on the electrode radius (in
our study, 0.26), and n is the number of electrons transferred per
molecule of O, during ORR (dimensionless). The %HO,~
further supports a curvature-mediated picture in both electro-
Iytes (0.1 M KOH and H,SO,). The H,0, selectivity decreases
monotonically with decreasing potential, consistent with a
transition from outer-sphere to inner-sphere ORR kinetics as
adsorption strengthens and the 4e™ pathway becomes favored.
Across most materials and potentials (Figures 9a, b, and S7a
and S7b), H,0, fraction remains low, ~ 3.3—8.6%, which
corresponds to n ~ 3.9—3.97, indicating a dominantly 4e”
reduction to water (or OH™) with only a minor 2e” pathway. A
notable exception is CNO Molto 1150 in an alkaline medium
(Figure 9a), which exhibits the highest H,O, selectivity at the
most positive potentials, reaching 16.3%. We attribute this to
OH™ preadsorption on more defective graphitized CNO’s layers
that weakens O, chemisorption and promotes outer-sphere
electron transfer, increasing the probability of the 2e” route to
H,0, at high potentials (eq 6, peroxide (2e~ path)).”””®
As the potential shifts negative, enhanced O, adsorption and
carbon-defective sites drive convergence toward the 4e”
pathway, reducing H,O, output (eq 6, alkaline ORR overall
(4e” pathway)):

O, + 2H,0 + 4e” —» 40H" (6)
O, + H,0 + 2¢” —» HO, + OH™ (7)

Linking the selectivity to the defectiveness of the carbon
surface, the trends are consistent with the structural evolution
observed during thermal treatment across nanostructures.
Lower-temperature CNOs (1,150 °C) possess higher densities
of defects and oxygenated terminations (quinone, carbonyl,
phenolic), which can act as mediator sites that favor 2™ H,0,
formation, especially under conditions where adsorption is weak
(high potentials) and electron transfer proceeds more outer-
sphere. More highly annealed CNOs (1,650 °C), by contrast,
combine high curvature with improved graphitization and
conductivity while still retaining a population of catalytically
competent defect domains and lower charge-transfer resistance;
this combination supports stronger inner-sphere O, adsorption
and efficient proton/electron delivery to *OOH, thereby biasing
the 4e™ route and minimizing H,O, over the entire potential
window.

The NDs, with their predominantly sp® cores and limited
graphitic domains, generally show lower %HO,™ than the CNOs
at 1650 °C at comparable potentials, consistent with fewer
extended sp” edge sites and greater charge-transfer resistance;
nevertheless, their H,O, fractions remain mostly within the
same low range (3.3—8.6%), giving n values close to 4. The
RRDE data indicate that optimally graphitized yet defect-
accessible CNOs, as achieved at 1,650 °C, maximize ORR
activity while maintaining low H,0, selectivity. In contrast,
more defective, less ordered carbons (e.g, CNO Molto 1150)
transiently promote the 2e” route. The RRDE polarization
curves (Figures S9 and S10) exhibit diffusion-controlled current
regions characteristic of ORR, and a gradual increase in ], is
observed at higher rotation speeds of the RRDE, as expected for
electrocatalysis. The more pronounced ;o obtained for
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nanostructures annealed at 1,650 °C compared to those
pyrolyzed at 1,150 °C indicates enhanced mass transport and
improved electrochemical activity. Similar trends have been
reported for carbon nanomaterials subjected to high-temper-
ature treatment, where increased graphitization promotes more
efficient charge transfer and O, adsorption.”” The correspond-
ing K—L plots (Figures S11 and S12) display nearly linear
behavior, suggesting a mixed kinetic-diffusion control of the
ORR process. The parallel slopes of the K—L plots over the
investigated potential range confirm a consistent electron-
transfer pathway.80 For most of the materials, the calculated
number of transferred electrons is close to 4, indicating that the
ORR proceeds predominantly through the desirable 4e™
pathway leading to the direct formation of OH™ ions. This
result is consistent with previously reported results (Figures 9
and S7) and is characteristic of efficient ORR electrocatalysis in
both alkaline and acidic media.*!

To further contextualize the RRDE trends within the
curvature-engineering framework, it is essential to emphasize
that CNOs represent a structurally well-defined class of
positively curved sp*hybridized carbon frameworks, in which
the local Gaussian curvatures are intrinsically high due to their
small radii and concentric-shell packing.”” Such curvature forces
carbon pyramidalization (6—7z mixing) and induces local
polarization, both of which are expected to perturb frontier
electronic states and interfacial electric fields, thereby
modulating adsorption energetics for ORR intermediates and
favoring inner-sphere pathways relative to planar graphitic
surfaces.”> These concepts are supported by theoretical and
computational studies showing curvature-induced polarization
in CNs and curvature-dependent oxygen adsorption on
nanotubes versus graphite.”* Moreover, the geometric con-
nection between local pyramidalization and Gaussian curvature
provides a quantitative descriptor for rationalizing why defect
motifs become energetically stabilized and chemically active on
curved carbon lattices,® consistent with recent syntheses of
curvature effects in carbon electrocatalysis.** In our data, this
curvature-driven electronic tuning manifests as a temperature-
dependent shift from dopant-dominated activity (CNOs
obtained at 1,150 °C) to an optimized balance of conductivity
and curvature-stabilized active site motifs (CNOs obtained at
1,650 °C). The 1,650 °C CNOs consistently deliver higher disk
currents and maintain low H,0, selectivity (n ~ 4) in both
alkaline and acidic electrolytes, indicating efficient 4e~ reduction
enabled by (i) improved through-layer charge transport and (ii)
a surviving population of catalytically competent defects
embedded in a well-connected sp*-hybridized network.
Conversely, the more disordered 1,150 °C materials can
transiently favor the 2e” route at high potentials (e.g., elevated
H,0, selectivity for CNO Molto 1150 in alkaline medium).
These results align with an established mechanistic under-
standing of the ORR for metal-free carbon catalysts, where
activity and selectivity depend on the interplay among defect
topology, heteroatom speciation, and electronic transport, and
they substantiate curvature engineering as a practical lever to
maximize intrinsic kinetics while suppressing peroxide for-
mation.

4. CONCLUSIONS

Curvature engineering, implemented here by thermally
converting functionalized NDs into CNOs, offers a practical
strategy to cotune carbon hybridization (sp*- and sp>-hybridized
C atoms), defect topology, and heteroatom chemistry, thereby

improving both charge transport and ORR performance. Using
the Kuznetsov annealing protocol at 1,150 °C and 1,650 °C, we
observe a clear temperature-driven structural evolution: at 1,150
°C, the materials remain partially converted ND—CNO core—
shell hybrids with higher N and O atom contents and substantial
disorder, whereas annealing at 1,650 °C yields near-complete
transformation into quasi-spherical, multilayered CNOs with
predominantly turbostratic sp>-hybridized C atoms, reduced
heteroatom content, and markedly improved electronic
connectivity. HRTEM and XRD confirm the transition from
ND cores to concentric graphitic layers (including a broadened
(002) reflection). At the same time, XPS and STEM-EDX show
increased sp*-hybridized C fractions (up to 82 at. % for CNO
Molto 1650), retention of precursor-derived dopants as distinct
N and O chemical environments, and uniform dopant
distributions. Thus, the pyrolysis temperature serves as a single
control parameter that jointly governs conversion extent, layer
continuity, defect density, and dopant speciation, defining the
electronic structure and accessibility of electroactive sites in
CNOs.

This structural control directly translates to electrochemical
performance. The CNOs obtained at 1650 °C (CNO Molto and
CNO Amine) exhibit higher dc conductivity and increased
dielectric response relative to their ND precursors, consistent
with percolation through a well-connected sp-hybridized
carbon network and enhanced interfacial polarization in
multilayered fullerenes. Their high Cg values (155 and 137 F
g~!, respectively) reflect the combined effects of conductive
frameworks, accessible porosity, and efficient ion transport;
weakly hydrated bulky ions ((Et,N)* and ClO,”) further
increase pore utilization and EDL formation.

RRDE measurements in 0.1 M KOH and H,SO, bench-
marked NDs and CNOs against Pt/C and low-curvature carbon
references, enabling the simultaneous evaluation of ORR activity
and H,0, selectivity. Because these catalysts operate as
nanoporous films, K—L corrections and Tafel-derived parame-
ters are treated as apparent, layer-level diagnostics rather than
intrinsic interfacial kinetics, given that internal resistances,
nonuniform local overpotentials, and intralayer O, transport can
dominate the observed polarization behavior. Within this
interpretation, the data resolve a “defect paradox™: although
the 1150 °C materials are more defect-rich, excessive disorder
degrades electronic transport, limiting attainable ORR currents
and selectivity. Maximal performance is achieved when
curvature-stabilized defects and N-derived motifs are embedded
in a sufficiently graphitized, well-connected sp2 network, as
realized at 1,650 °C. Consistent with a curvature-mediated
mechanism, where positive curvature enforces pyramidalization
(o-7 mixing) and local polarization that tunes adsorption
energetics, the CNOs (1650 °C) maintain predominantly 4e~
ORR in both electrolytes (1 ~ 4; low H,0, selectivity), whereas
the more disordered CNOs (1,150 °C) can transiently increase
H,0, formation at high potentials. Overall, these results
establish a processing-structure—property map demonstrating
that high-temperature, ND-derived CNOs provide a stable,
metal-free platform that combines improved charge transport
with high ORR activity and suppressed H,O, formation. The
results motivate future optimization by targeted control of N
speciation and porosity, while avoiding strongly oxidizing
surface functionalities in CNOs.
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