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Fig. S1 The optical image of cylindrical N-RGO hydrogel (a) before and (b) after aqueous removal,
with circles for highlighting the ring-by-ring structures in (b).
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Fig. S2 (a) Optical image of N-GNRs (top layer, light yellow color) and N-RGO (bottom layer,
black color); (b) Tyndall effect can be observed in the uniform N-GNRs colloid.
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Fig. S3 TEM image of the dispersed N-GNRs produced in a 25 mL-cylindric hydrothermal reactor.

The arrows highlight the nanoribbons.
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Fig. S4 (a) TEM image and (b) the magnified view for showing the N-GNRs with tip-like short
edges (highlighted by red lines and arrows); (¢) The FFTs and (d) schematic illustrations of zigzag

carbon chains on short edges.



Fig. S5 Selected area electron diffraction (SAED) patterns obtained from the GNRs’ edges with
the (a) single-layer graphene pattern and the (b) few-layer graphene pattern.



Intensity (a.u.)

s I M

1000 2000 3000
Raman shift (cm™)

Fig. S6 Raman spectra of GO (black curve) and GNRs (red curve).




Note S1. The Raman analysis of GO and GNRs.

We have further analyzed the disordering degree of GO and the reduced graphene nanoribbons
(rGNRs) by supplementing our study with Raman spectroscopy (Fig. S6). The Raman
characterization of GO and rGNRs was conducted to evaluate the number of layers and defect levels.
The results show that the intensity ratio of the D peak to the G peak (I/Is) for the GO used in our
synthesis was 1.03, indicating a moderate level of defects due to oxygen-containing functional
groups, which enhances its reactivity for cutting reactions. The defects in GO play a critical role in
determining the cutting pathways. As shown in Fig. 2, the starting points for nanoribbon cutting are
precisely those point defects or vacancies, which may also serve as nucleation sites for nitrogen
doping. The introduction of nitrogen atoms, having a larger spatial volume than the original carbon
atoms, further facilitates the cutting process of nanoribbons by creating additional strain.

After cutting and reduction, the Iv/I. ratio of the resulting rGNRs decreased to 1.007, reflecting
partial restoration of the sp? carbon framework, the reduction process effectively repaired some
defects in the material. The presence of a pronounced and symmetric 2D peak with the intensity
ratio of the 2D peak to the G peak intensity ratio at ~1, further confirmed that the both GO and
rGNRs were predominantly single- or few-layer (<10) structures.

The directionality of the cutting process is guided by the stress within the reactor, as evidenced
by both experimental and computational analyses presented in the main text. In our synthetic
strategy, using highly oxidized and defective GO sheets as starting materials enhances the cutting
reactivity compared to inert graphene, not only promotes functionalization via nitrogen doping but
also facilitates uniform dispersion and cutting in solution. Compared to other cutting strategies, our
method cleverly utilizes stress-induced cutting to achieve directional and ordered slicing, reducing
random defects while maintaining the integrity of the nanoribbon structure. Due to both the etching
and doping occurring primarily at the defect sites of the active GO, the N-doping predominantly
takes place at the GNRs’ edges, forming graphitic nitrogen, while the sp? carbon framework in the
middle remains intact, ensuring that the final product retains good electrical conductivity.
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Fig. S7 XRD spectra of (a) GO and (b) N-GNRs.
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Note S2. The XRD analysis of GO and GNRs before and after etching.

The XRD results (Fig. S7) show that before the reaction, GO exhibited a strong (001) peak,
indicating a high degree of oxidation, while the (002) peak was weak. After the reaction, the
nanoribbons displayed a significantly weakened (001) peak and an enhanced (002) peak, suggesting
the removal of oxygen-containing functional groups and the partial restoration of the graphitic
structure. These results clearly demonstrate that the reduction and cutting processes led to a gradual
removal of sp*-hybridized oxygen functional groups and a corresponding structural transition back
to the planar sp? configuration.
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Fig. S8 (a) TEM image of a N-RGO sheet with typical aligned cutting lines after 3 h-cutting. The
arrows highlight the cutting lines; (b) The consistency between average widths of N-GNRs and
average widths among the cutting lines.



Fig. S9 TEM image of the monodispersed N-GNR shown in Fig. 4d, with increased average widths
from (a)16 nm, (b) 29 nm, (¢) 37 nm to (d) 103 nm, as a result of increased diameters of the cylindric

hydrothermal reactors from 15 mm to 30 mm. The TEM of N-GNR with width of 50 nm was already
shown in Fig. 1.
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Fig. S10 TEM image of the dispersed multiple N-GNRs with increased average widths from (a) 16,
(b) 29, (¢) 37, (d) 50 to (e) 103 nm, as a result of increased diameters of the cylindric hydrothermal
reactors from 15 to 30 mm. The details of sample names can be found in Methods. The arrows
highlight the nanoribbons. The TEM image of N-GNR with width of 50 nm was the same one in
Fig. S3, for better comparison of widths with others.
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Fig. S11 (a) Edge structure of a GNR with an average width of 16 nm, showing a complete and
relatively clear single- or few-layered six-membered ring structure. (b-d) GPA lattice strain
visualization analysis results of GNRs with average widths of 16 nm, 50 nm, and 103 nm,
respectively. The right legend shows the color-to-stress magnitude correlation. The scale bar in (a)
and (b) was 0.15 nm.
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Fig. S12 N 1s and C 1s XPS survey spectra of N-GNRs with widths of (a)16, (b) 50 and (c) 103

nm.
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Fig. S13 N 1s XPS survey spectra of N-GNRs with widths of (a)16 and (b) 103 nm. The N1s XPS
survey spectra of N-GNRs with widths of 50 nm can be found in Fig. 2b in main text.
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Fig. S14 (a) ORR LSV curves of N-GNRs in acidic and alkaline electrolytes. (b) Schematic
illustration explaining the preservation of active sites in N-GNRs under acidic electrolyte
conditions.
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Fig. S15 (a) ORR LSV curves of N-GNRs under full-spectrum (300-2500 nm) light irradiation. (b)
Photothermal imaging temperature distribution of inks with and without N-GNRs under the same
light irradiation conditions.
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Fig. S16 The electron transfer-number and peroxide percentage of N-GNRs in KOH.
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Fig. S17 The stability tests of N-GNRs in KOH.
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Table S1 A comparison of ORR electrocatalysis performance among this work and recent advanced

reports.
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Fig. S18 (a) ORR LSV curves of nitrogen-doped graphene quantum dots (N-GQDs). (b) EIS
performance comparison between N-GQDs and N-GNRs, with the inset illustrating how the one-
dimensional structure of N-GNRs facilitates efficient electron transport.



Note S3. Comparing the ORR electrochemical performance of nitrogen-doped graphene quantum
dots and nitrogen-doped nanoribbons synthesized in the same batch to analyze the dimensional
advantages.

To highlight the advantages of the nanoribbons’ one-dimensional structure, we compared their
performance with zero-dimensional quantum dots synthesized in the same batch. LSV and EIS
results demonstrated the superiority of the nanoribbons, which exhibited a higher onset potential
(0.920 V) compared to quantum dots (0.855 V), and a greater current density (5.77 mA/cm? vs. 3.31
mA/cm? (Fig. S18a). Additionally, the nanoribbons showed lower interface resistance (61 Q vs. 97
Q, Fig. S18b). These findings confirm that the nanoribbons’ extended conductive pathways and
higher density of exposed active sites significantly enhance their catalytic performance compared
to quantum dots.



n
T

=]

Density of States
@

)
.

'
—

1 L
(%]

h
T

]
Ln
T

Density of States
(=]

—
=
T

_14 1 L 1 1
130 15 <10 05 00 05 10 15 20
Energy (eV)

Fig. S19 (a) Top: Model of single-edge N-GNRs; Bottom: DOS results of the corresponding
structure. (b) Top: Model of double-edge N-GNRs; Bottom: DOS results of the corresponding
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Fig. S20 Top: Model of double-edge N-GNRs with low doping concentration; Bottom: DOS results
of the corresponding structure.



Fig. S21 (a) Gibbs free energy calculation model for the process of oxygen adsorption to oxygen
dissociation (O-O*) on zigzag-edged N-GNRs. (b) Corresponding initial unit structure. (c)
Corresponding final unit structure.



Fig. S22 (a) Gibbs free energy calculation model for the process of oxygen adsorption to oxygen
dissociation (O-O*) on armchair-edged N-GNRs. (b) Corresponding initial unit structure. (c¢)
Corresponding final unit structure.
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Fig. S23 (a) Gibbs free energy calculation model for the process of oxygen adsorption to oxygen
dissociation (O-O*) on wider zigzag-edged N-GNRs. (b) Corresponding initial unit structure. (c)
Corresponding final unit structure.



Note S4. Analyzing the relationship between electrocatalytic ORR performance and N-GNR
structures based on DFT calculations.

DFT calculations analyzed the influence of edge and doping structures on the bandgap of N-
GNRs and their correlation with conductivity in electrochemical reactions (Fig. S19 and 20). The
results show that N-GNRs with dual-side N-doping exhibit significantly smaller bandgaps
compared to single-side doping (i.e., 0.175 eV for dual-side vs. 0.555 eV for single-side doping
under the electric field of 0.5 V/A). Additionally, we found that higher N-doping concentrations
(close to the experimental values) further reduce the bandgap (0.175 eV for high concentration vs.
0.376 eV for low concentration). This reduced bandgap enhances the N-GNR’s conductivity, which
directly benefits electron transfer during catalytic reactions.

Furthermore, we investigated the changes in Gibbs free energy (AG) for O: adsorption and
dissociation (O, to O-O*) during the electrochemical ORR (Fig. S21-23), for elucidating the
relationship between structural features and ORR catalytic activity. In dual-side N-doped GNRs,
zigzag edges exhibit lower absolute AG values (-3.21 eV) compared to armchair edges (-5.10 eV),
indicating that zigzag edges are more favorable for the ORR. For zigzag-edged N-GNRs, narrower
ribbons show lower absolute AG values (-3.21 eV for narrower ribbons vs. -3.35 eV for wider
ribbons), suggesting that narrower zigzag-edged N-GNRs are more active ORR catalysts. This
conclusion is consistent with experimental findings that narrower zigzag-edged N-GNRs exhibit
higher current densities and lower overpotentials in ORR tests shown in Fig. 5c and d.
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Fig. S24 (a) Comparison of charge density between the conventional short-edge structure (i) and
(i1) the GNR-tip short-edge structure. (b) Comparison of hydroxide ion enrichment concentration
between the conventional short-edge structure (i) and (ii) the GNR-tip short-edge structure. Arrows
highlighted the concentration area.



Note S5. Analyzing the advantageous role of the unique GNR-tip short-edge in ORR
electrochemical reactions based on FEA results.

FEA simulations were further employed to explore the structure-activity relationship and
design of the short edge of N-GNRs at a nanometer scale. Two models of N-GNRs were built for
comparisons, involving the nanoribbon without (i) and with tip-structure (ii). Simulation suggests
that a remarkably enhanced local electrostatic field can be generated on tip-edges (highlighted by
the arrows) with the locally concentrated positive charges. During the electron-concentration, the
electrostatic repulsion drives the migration of free electrons to the regions of the sharpest curvature
on the negatively charged tips, potentially enhancing the current density with a 15% improvement
(Fig. S24). Then, a Gouy-Chapman-Stern model in FEA simulation was used to map the surface
adsorbed OH™ ion density on tip-edges of N-GNRs (Fig. S24). Notably, under the locally enhanced
electrostatic field, a remarkable increase in surface-adsorbed OH™ ion concentration (highlighted by
the arrows for indicating mass-transfer directions) was observed at the N-GNRs’ tips. It is known
that, OH™ ions are the important species in the reaction steps of the ORR in alkaline solution, which
act as a precursor for dissociative adsorption of molecular oxygen, chemisorption of reaction
intermediate and catalyzing the 4e™ reduction of O,. Hence, the aggregation of OH™ ions at the tips
can lead to a further increase of reduction current in ORR process. It demonstrated tip-edge
nanostructure design of N-GNRs offers an attractive solution on easily concentrating electrolyte
anions on the active O, reduction sites by the local high electric fields. These results further confirm
the great potential of our assumed design of N-GNRs can easily accelerate ORR under the lower
applied overpotential with lower resistance and high mass activities.
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Table S2. A comparison of OER and HER electrocatalysis performance among this work and recent

advanced reports.

Over potential (mV

Materials Reference
vs. RHE)
300 for OER; )
N-GNR-50 This work
76 for HER
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Table S3. The AFM measurement results of GO sheets.

Horizontal Vertical Surface  Angle Ry R, R, R R,

Distance Distance Distance Count (Frequency

(nm) (nm) (nm) Cutoff)
(nm)

0.298 0.707 0.298 0.1 0.8 0 0 0.06 0.304

0.227 1.109 0.227 0.2 1.24 0 0 0.05 0.179

0 0 0 0 0 0 0 0 0

Horizontal Distance (um) means the horizontal span measured on the sample surface.

Vertical Distance (nm) represents the thickness of the graphene layer, indicating the height
difference measured using AFM.

Surface Distance (um) means the surface path length measured between two points on the sample.
Angle represents the inclination angle of the measurement region, often related to the surface
morphology.

Ruax means the maximum roughness, indicating the largest height difference within the test region.
R, represents the ten-point height average roughness, calculated as the mean difference between the
five highest peaks and the five lowest valleys on the surface.

R, Count means the number of occurrences of roughness within a specific height range.

Ry represents the Root Mean Square Roughness, indicating the overall roughness by the root mean
square of surface height deviations.

R, (Frequency Cutoff) (nm) means the arithmetic average roughness, calculated as the mean of the
absolute values of the surface height deviations, with high-frequency noise potentially filtered out.
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Extended Data Fig. 1-3: The pristine TEM images for GNRs shown in the Fig. 1b, Fig. 2¢c, Fig.3

a-c, Fig. 4d, Fig. S3, Fig. S6 and S7, without changing the color map.
a — b S

Extended Data Fig. 1 The pristine TEM images in the (a) Fig. 1b and Fig. 4d, (b) Fig. S6b and Fig.

S4d, (c¢) Fig. S6c and Fig. S4d, (d) Fig. S6d and Fig. 4d, (e) Fig. 2c, (f) Fig. S6a and Fig. 4d.



Extended Data Fig. 2 The pristine TEM images in the (a) Fig. 2a, (b) Fig. 2b, (¢) Fig. 2c.



Extended Data Fig. 3 The pristine TEM images in the (a) Fig. S7a, (b) Fig. S7b, (¢) Fig. S7c, (d)

Fig. S3 and Fig. S7d, (e) Fig. S7e.



