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a b s t r a c t

Geometric structures of carbon networks are key in designing their material properties. In particular,
optimization of curved structures through the introduction of topological defects and doping of het-
eroatoms in the lattice is crucial to the design of carbon-based, non-noble-metal-free catalysts. A simple
and practical mathematical model based on discrete geometric analysis is proposed to describe the
geometric features of carbon networks and their relationships to their material properties. This model
can pre-screen candidates for novel material design, and these candidates can be further examined by
the density functional theory (DFT). Inspired by observations regarding the preferential doping of het-
eroatoms at local curved sites, the important characteristics of the candidate material were experi-
mentally realized, and its enhanced catalytic activity facilitated by chemical dopants was confirmed in
the designed carbon network.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Following the discovery of carbon network materials that
contain sp2-hybridized CeC bonds, such as 2D graphene [1,2],
similar materials with novel functions have been synthesized for
promising applications in post-silicon devices [3e6], as well as
energy devices, such as supercapacitors [7e10], batteries [11e14],
and catalysts [15e21]. In particular, three-dimensional (3D) carbon
networks and 2D-like carbon networks expanding in the 3D space
such as 3D curved graphene, have become a fascinating research
target owing to their unique physical properties that are typically
not exhibited by carbon network materials without 3D structures
[22e25]. These networks are constructed from local (atomic-scale)
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curvatures induced by topological defects or heteroatom doping in
the lattices and mesoscopic bending of graphene sheets. Previous
reports have suggested that the unique physical properties of 3D
curved graphene can be attributed to their geometric features.
However, the origin of 3D carbon networks that exhibit better
performances than 2D carbon networks has not been compre-
hensively understood because of gaps that exist between theoret-
ical simulations using force field (FF) or density functional theory
(DFT), and experiments.

The fine control of structures, such as the catalytic reaction field,
and the stability of 3D network structures is important in catalyst
design [25,26]. To realize a decent design of the catalytic reaction
field, nanometer-sized models are typically constructed owing to
the limitation of computational resources. This strongly restricts
the interpretation/prediction of their global properties and hinders
complete understanding of the influence of local properties on
global properties. Moreover, interpreting the origin of instability in
the entire 3D carbon network using these limited models is
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challenging. Therefore, two different types of curvatures have been
introduced as fundamental mathematical concepts in discrete
surface theory to resolve these issues [27]; one involves the Gauss
curvature [27]. When five hexagons and a pentagon (heptagon)
share an atom, the plane near the atom becomes convex-shaped
(saddle-shaped). In such a situation, the Gauss curvature at the
atom is positive (negative). Importantly, regions near the five-
membered (seven-membered) ring are influenced by certain frus-
trations attributed to their geometry (termed as “geometric frus-
trations”) [28]. In other words, the Gauss curvature describes
internal structural frustration and quantifies the geometry of the
catalytic reaction field. The other aspect involves the mean curva-
ture [27], which expresses the stability of the lattice by minimizing
the energy of the geometric model. In other words, it describes
structural stability under external deformation and quantifies the
structural stability of the entire model. Based on these aspects, a
mathematical model known as “standard realization,” which pro-
vides a direct and intuitive understanding of the relationship be-
tween local structures and global properties, has been proposed to
identify energetically stable structures of 3D curved graphene by
utilizing these curvatures and to design stable and novel carbon
network materials with desirable properties.

The mathematical model of standard realization saves sub-
stantial computational resources, which are typically required by
DFT in pre-screening potential materials; its accuracy is qualita-
tively similar to that of DFT. Although the standard realization
captures the universal and essential features of certain physical
systems [28,29], the models and their subsequent analysis cannot
be applied to a doped graphene systemwhere a single carbon atom
in the lattice in the form of catalytic reaction fields is replaced by a
single heteroatom, owing to oversimplification of physical systems.
To refine the standard realization, repulsive next-nearest-neighbor
(NNN) interactions have been introduced in the present study to
expand it for universal use with respect to the minimum re-
quirements of the physical system (Fig. 1A). The improved model is
denoted as “standard realization with repulsive interactions” (SRRI).
In particular, the catalytic properties of 3D curved graphene with
chemical dopants can be a simple target to investigate the possi-
bilities of this mathematical tool for pre-screening and designing
novel materials.

In this study, the important and minimum characteristics of
physical systems were extracted using SRRI to investigate the in-
fluence of the change in geometric features on physical properties,
and to evaluate the accuracy outputted from the mathematical
model for pre-screening the catalyst designs. A mathematical
model of 3D curved graphene with topological defects was
designed; it was subsequently validated, and its accuracy cross-
checked with DFT calculations. The geometric frustration energy,
which is locally controlled by the chemical dopants incorporated
into the lattice, enables the geometric analysis of the catalytic re-
action field (i.e., chemical doping sites), where substantial changes
occur in the Gauss curvature based on the lattice configurations.
Finally, the catalytic activity of 3D curved graphene with chemical
dopants, as suggested by the pre-screening output of the models,
was experimentally investigated by on-site electrochemical mea-
surements with scanning electrochemical cell microscopy (SECCM)
[30e35] to link the geometry (local structures) and catalytic
properties (global properties). This sequential approach using
simple mathematical modeling over atomistic calculations for
experimental realization provides not only a good interpretation of
material properties but also an effective pathway to save compu-
tational resources and to guide the design of newmaterials via their
geometry.
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2. Materials and methods

2.1. Standard realization and DFT calculations

Structural optimization of non-doped and nitrogen-doped gra-
phene containing 5e7 defects was performed either by SRRI or DFT.
A periodic boundary condition was applied, and the graphene unit
cell contained 230 atoms. For the SRRI model, the energy and force
were calculated using Eq. (1). In the case of graphitic nitrogen,
because the interactions were based on electrostatic repulsion, kij
were assumed to be unchanged to leading order. On the other hand,
the spring constants kij of the NN of the nitrogen atom were
increased by a factor of 1.2, which corresponded to the difference in
the electronegativity of carbon and nitrogen. DFT calculations were
performed using the Vienna ab initio simulation package (VASP)
[36], based on the spin-polarized density functional theory within
the generalized gradient approximation (GGA). The electroneion
interactions were described by frozen core, all-electron projector
augmented-wave pseudopotentials [37]; the GGA exchange-
correlation potential was also adopted in the form of the Per-
deweBurkeeErnzerhof (PBE) [38] function. The electron wave-
functions were expanded using a plane-wave basis set with a cut-
off energy of 400.0 eV. All calculations were performed by sam-
pling the Brillouin zone at the gamma point only. In the structure
relaxations, the atomic geometries were fully optimized until the
HellmanneFeynman forces were less than 0.01 eV/Å. Further de-
tails and relevant references are presented in the supplementary
text.

2.2. Material fabrication

NiO nanoparticles [39] (~10 nm) drop-casted on Cu sheets were
annealed at 350 �C for 25 min and continuously annealed at 750 �C
for 3 min to clean the Ni surface under a mixed atmosphere of H2
(100 sccm) and Ar (200 sccm). Subsequently, graphene/chemically
doped graphenewas grown at 800 �C under a mixed atmosphere of
H2 (100 sccm), Ar (200 sccm), benzene (0.1 mbar, 99.8%, anhy-
drous), pyridine (0.1 mbar, 99.8%, anhydrous), and/or thiophene
(0.2 mbar, 99%, anhydrous). The furnace was quickly opened, and
the inner quartz tube was cooled with a fan to room temperature.
The Ni substrates were dissolved in a 0.2 M Fe(NO3)3 solution for
two days and in a 1.0 M HCl solution for 3 days of etching at 50 �C.
The resulting graphene sheets from the solution were repeatedly
rinsed with pure water five times and kept on water for 3 days.

2.3. Imaging and spectroscopic characterization

The microstructures of chemically doped and curved graphenes
were characterized by scanning electron microscopy (SEM, JEOL
JSM-6700) and transmission electron microscopy (JEM-ARM200F)
with electron energy-loss spectroscopy (EELS; GATAN Enfinium).
The samples were transferred on a Cu grid without a carbon sup-
port film.

2.4. Electrochemical characterization

The SECCM employed a moveable nanopipette probe containing
a 0.5 M H2SO4 solution and a PdeH2 quasi-reference counter
electrode (QRCE). The nanopipette was prepared by pulling a bo-
rosilicate glass capillary (GC150F-10 from Harvard Apparatus). The
nanopipette diameter was ~100 nm. In the case of chloride-ion-free
solutions, PdeH2 QRCE was generally used for SECCM experiments
[40,41]. All the potentials were converted into electric potentials



Fig. 1. Simplification of carbon network and mathematical determination of geometry. (A) Mathematical abstraction from carbon network to mathematical modeling for the
standard realization and the standard realization with repulsive interaction. The stability of external deformations of the surfaces is described by the mean curvature in classical
geometry. Using its discrete analog [29], the stable configuration of a carbon network can be realized by the simple “standard realization” mathematical model. The modification of
this model considers repulsive forces between atoms, as shown in the present study, and is denoted as “standard realization with repulsive interactions.” Red and bright blue balls
represent nearest-neighbor and NNN atoms from the central gray atom, respectively. Green arrows show attractive linear forces, whereas blue and orange arrows show repulsive
Coulomb forces. (B) Construction of geometric structures by SRRI and by DFT as a cross-check for a periodic lattice with two 5e7 defects per unit cell. Changes in bond length and
Gauss curvatures are shown by colored cylinders and colored vertices (spheres), respectively. Longer (purple) or shorter (green) bonds are relative to defect-free graphene, and the
colors of the vertices are normalized by their respective maximum value. (C) Site dependence of the Gauss curvature changes along the path through the lattice marked with blue
dotted lines shown in Fig. 1B. (A colour version of this figure can be viewed online.)
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when the reversible hydrogen electrode was used as the reference
electrode. The scanning protocol details are described in the Sup-
plementary Information.

3. Results

3.1. Mathematical modeling by standard realization with repulsive
interactions

The standard realization of a crystal lattice provides the most
symmetric configuration of a given graph structure (lattice of bonds
between atoms) using normalization for primitive cells to have a
constant volume, and is defined by the unique (up to translations

and scaling) minimizer of the energy
P

i;j2NN

kij
2 kxi � xjk2, where xi is

the position of the i-th atom and kij are defined by the adjacency
matrix of the weighted graph; kij physically represent spring con-
stants. In other words, the standard realization is a mathematical
model of the crystal lattice as an elastic network (Fig. 1A), whose
NN atoms are connected by springs with periodic boundary con-
ditions. The standard realization behaves as a minimizer of energy
as a consequence of the symmetry of the structures described by
harmonic oscillation models and reproduces classical crystal
structures such as those of the sp2-carbon network (i.e., graphene)
[29]. However, because the interactive forces are purely attractive,
the standard realization of a lattice with two-dimensional period-
icity is always flat.
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Because of this crucial difference between the lattice obtained
by the standard realization without repulsive interaction and the
benchmark lattice obtained by DFT calculations, a model with
repulsive forces is introduced:

U ¼
X

i;j2NN

kij
2
kxi � xjk2 þ

X

i;j2NNN

kijd
3

��xi � xj
��; (1)

where U is the total energy. The second term in Eq. (1) is a model of
repulsive interactions between NNN, where kij describe their
strength of bonding and d is the length scale. Accordingly, SRRI is a
simple model with the first term in Eq. (1) representing attractive
interactions between NN atoms by covalent bonds and the second
term in Eq. (1) representing repulsive interactions by electrostatic
repulsion between the ion cores in NNN atoms (Figs. S1 and S2 and
supplementary text). In the case of the graphene lattice, because all
the atoms are equivalent, kij and kij were simplified as kij≡k and
kij≡k. The parameter k was further uniquely determined by forcing
a stable minimum of the potential with a honeycomb lattice with

lattice constant d ¼ 1:42�A. This led to k ¼
ffiffiffi
3

p
2 k and k ¼ 11:6 eV=�A

2

(Figs. S1 and S2 and supplementary text). Thus, the model with
repulsive interactions simplifies physical interactions and yields a
curved graphene lattice even for two-dimensional models with
5e7 defects.

For a given connectivity of the lattice, Eq. (1) provides a uniquely
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curved equilibrium lattice with an overall length scale d, and also
provides an optimal distribution of the mean curvature, because
the mean curvature expresses stability with respect to interactions
with the physical space (three-dimensional Euclidean space).
Moreover, the presence of the length scale enables optimization of
the lattice volume. Similar to the standard realization without
repulsive interactions, SRRI in the curved graphene lattice also
exhibits conceptual simplicity, a unique connectivity-structure
relationship, and absence of free parameters. In addition, SRRI
provides accurate suggestions for 3D curved graphene lattices with
defects at a high computational speed. Concretely, single-point
calculations of the lattice (Fig. 1B) consisting of 216 atoms per
unit cell take ~39 ms on a personal desktop computer; this is more
than 15 times faster than that of OPLS-AA [42], which is the
simplest fixed-valence FF model (Tables S1 and S2), and requires
considerably fewer model parameters (Table S2). Furthermore,
SRRI can be applied to parallel computing systems (supplementary
information). Such differences in speed and parameters allow SRRI,
in principle, to analyze models with infinite sizes, and the resulting
data and physical properties can be complemented with FF/DFT
(Table S1 and supplementary information) and can also be
compared with a global continuous model based on the continuous
approximation theory [27,43].
3.2. Cross-check between standard realization and DFT calculations

SRRI was computed by minimizing the interaction potential in
Eq. (1) for a periodic graphene lattice with two 5e7 defects per unit
cell, as an example of a 3D curved graphene lattice with non-zero
Gauss curvature. These results were compared to a benchmark
lattice obtained using DFT calculations. Qualitatively, both lattices
are very similar (Fig. 1B). For the CeC bond lengths, the agreement
is qualitative with a relative deviation of bond length that is less
than 19% between the two lattices. For the Gauss curvature, SRRI
overestimates the curvature by a factor of ~3; however, the quali-
tative distribution of the Gauss curvature over the lattice is in very
good agreement when rescaled by its maximum value (Fig. 1C).
These geometric features are expected to be closely related to the
geometrically frustrated energy, which is locally induced by the
defects, as can be seen by comparing the geometry near the
pentagon and heptagon rings.

The bond lengths near the pentagon (heptagon) tend to be
shorter (longer) than those of the hexagons in the graphitic lattice,
even in the SRRI case [27,28]. Such tendencies have been explained
by mathematical arguments that depend on the eigenvalues of the
graph Laplacian [44,45]. Therefore, the positivity of Gauss curva-
tures near the pentagon rings is relatively large, because the dif-
ference in normal vectors of the neighboring atoms is relatively
large. By contrast, the negativity of Gauss curvatures near the
heptagon rings is comparatively small because the difference in
normal vectors of the neighboring atoms is relatively small.
Moreover, in the case of SRRI, a shorter (longer) bond length yields
a large (small) number of NNN repulsive interactions. This
competition between incompatible tendencies (short NN distance
and large NNN distance) results in the force that pushes atoms out-
of-plane and yields a large degree of geometric frustrations.

A possible explanation for the larger curvature in SRRI is that the
mathematical model neglects delocalization effects for simplifica-
tion, particularly those of the p-electrons in the rings, which may
favor more planar configurations. A similar comparison for a flat
graphene lattice was carried out with one ThrowereStoneeWales-
type (TSW) defect per unit cell, as a second cross-check. A good
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agreement between the SRRI and the DFT calculations was
observed again (the relative deviation of bond length was less than
4.1%, Fig. S3).

Considering the viewpoint of physics, DFT calculations indicate
that the 5e7 defects induce a slightly heterogeneous charge dis-
tribution (Fig. S4). In particular, the pentagonal ring tends to be
negatively charged, whereas the common edge of the
pentagoneheptagon is positively charged. Moreover, the geometric
frustrations introduced by the 5e7 defect enhance the density of
states at the Fermi level compared to that of pristine graphene
(Fig. S5). Several DFT calculations have reported on this defect-
induced enhancement of density of states [46,47]. This suggests
that the five-membered-ring side featuring a high Gauss curvature
can increase the density of states. Several studies have described
the relationship between the geometric structure and electronic
properties [48,49]. Further systematic analysis and mathematical
considerations on these aspects in a more general setting could
provide new insight into the connection of discrete surfaces and
physical properties.
3.3. Suggestion of available doping sites in a flat lattice

The influence of the changes in Gauss curvatures of the catalytic
reaction field induced by topological defects and a single hetero-
atom, such as graphitic nitrogen (a nitrogen atom bonded to three
neighboring carbon atoms), incorporated into the flat graphene
lattice, was examined (Fig. 2 and Fig. S6). In SRRI, a heteroatom
differs from carbon only via the constants kij and kij in Eq. (1) that
describe its interaction with its neighbors. As a result, the CeN
bonds are shorter than the CeC bonds in the same model, which
agrees with the DFT calculations. Starting from the lattice with two
5e7 defects per unit cell shown in Fig. 1B, a selected carbon atom is
replaced with a graphitic nitrogen atom, and the lattice is relaxed
using SRRI and DFT calculations. This process is repeated for
different doping positions, and the position dependence of bond
length and Gauss curvature can be obtained (FIgs. S7�S9 and
Table S3). Similar to the undoped case, good agreements (relative
deviation of bond length less than 12% for doping near pentagon
(Fig. 2(A and C)) and 26% for doping near heptagon (Fig. 2(B and D))
were seen between the doped lattices obtained by SRRI and DFT
calculations. The positive Gauss curvature was found near the
pentagon ring with the maximum curvature at site 13, whereas the
lattice was flat near the heptagon ring at site 8 (solid symbols in
Fig. 2 (E and F)). The positive curvature significantly decreases
when the graphitic nitrogen is doped at site 14 near the pentagon
ring (empty symbols in Fig. 2E). Conversely, when the graphitic
nitrogen atom is doped next to site 8 in the heptagon ring, the
negative curvature shows almost no changes (empty symbols in
Fig. 2F). This behavior indicates that the highly positive curvature is
relaxed by the dopant; this is consistent between SRRI (red sym-
bols) and DFT calculations (black symbols).

The relationship between the curvature relaxation and doping
energy (i.e., the total energy of the doped system relative to the
most stable one) was investigated. Because the shorter CeC bond
near the pentagons can be replaced by the short CeN bond, the
curvature relaxation is expected to be preferable for doping
graphitic nitrogen. Accordingly, a correlation between the normal
vector that is tuned by bond lengths near the doping site and the
doping availability of the nitrogen dopant is expected (Fig. 3A and
Table S3). The average bond length of the pre-doping system is
computed at each site in the SRRI model (red symbols) and DFT
calculations (black symbols), and plotted against the doping



Fig. 2. Correlations between geometric features and doping availability for graphitic N. Doping of a single graphitic nitrogen atom into site 14 with an adjacent pentagon ring
simulated by (A) SRRI and (C) DFT calculations. Doping of a single graphitic nitrogen atom into a position next to site 8 with an adjacent heptagon ring simulated by (B) SRRI and (D)
DFT calculations. Numbers in (A) represent the site positions shown in (E and F). (E) Position dependence of the rescaled curvature near the pentagon ring along the blue line shown
in (A and C). (F) Position dependence of the rescaled curvature near the heptagon ring along the blue line shown in (B and D). Blue lines in (AeD) represent guides for the sites
employed in the rescaled curvature plots in (E) and (F). Filled symbols represent rescaled curvatures before doping and open symbols represent the difference between the rescaled
curvatures after and before doping. Cyan circles represent the nitrogen position in the pentagon ring shown in (A and C) and the position next to nitrogen near the heptagon ring
shown in (B and D). The red and green shaded regions represent the pentagon and heptagon sites in the blue line shown in (A and C), respectively. (A colour version of this figure
can be viewed online.)
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energies, which is set at 0 eV. An almost linear relation between the
average bond length and the doping energy is observed, indicating
that sites with shorter bonds are preferred as doping locations. SRRI
shows a linear relationship because the energy is a function of only
the distance between atoms. The large curvature changes (%),
specifically the large positive Gauss curvature becoming nearly
zero, are noted to correlate with lower doping energies (Fig. 3B and
more details in Fig. 2 (E and F)). Because the Gauss curvature ap-
pears as a consequence of geometric frustration, the release of
geometric frustration can stabilize the dopant. The direct corre-
spondences between geometric features and doping energies
facilitate the suggestion of the preferred doping sites using bond
lengths and Gauss curvatures obtained from SRRI. A similar analysis
was also performed for doping a single graphitic nitrogen atom into
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a lattice including a TSW defect (Fig. S5) and for doping a single
pyridinic nitrogen atom (a nitrogen atom bonded to two neigh-
boring carbon atoms) into the lattice shown in Fig. 1B
(Figs. S10�S12 and supplementary text). In both cases, the
preferred doping sites were found to be those with short bonds,
corresponding to a relationship similar to the one depicted in Fig. 3;
the Gauss curvature of the lattice was likewise reduced when the
pyridinic nitrogen was doped near a pentagon with a vacancy
defect (Figs. S10eS11). Furthermore, the doping accessibility of
graphitic and pyridinic nitrogen in the lattice was compared. The
doping of pyridinic nitrogen into the sites with large Gauss curva-
tureswas energetically preferable owing to the concentrated doped
pyridinic nitrogen near the defects. By contrast, the doped graphitic
nitrogen was not concentrated near the defects owing to the small



Fig. 3. Relation between bond length, curvatures, and doping energy for graphitic N. (A) Doping energy vs. bond length: the horizontal axis shows the average length of the three
nearest neighboring bonds of the respective carbon atoms in the undoped system, and the vertical axis shows the relative total energy (eV) of the system with a doped graphitic
nitrogen at that site. The energy of the most stable system is set to zero when graphitic nitrogen is doped to site 4, as shown in Fig. S7. (B) Doping energy vs. change in the Gauss
curvatures: the horizontal axis represents the relative change in the Gauss curvatures (summed over all atoms of the unit cell in Fig. 1(B) after doping. In both (A) and (B), the lines
represent a linear least-squares fit to the respective data. (A colour version of this figure can be viewed online.)
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differences of doping energies at the site with high and low Gauss
curvatures (Fig. S13).

3.4. Doping availability and suggestion of doping positions in a
curved lattice

Two scenarios involving the generated defects exist: one in-
volves defects generated on a flat graphene lattice, whereas the
other involves defects generated on a curved graphene lattice with
a low curvature for constructing the entire 3D network; the first
scenario has been discussed in sections 3.1e3.3, wherein the de-
fects were noted to influence the Gauss curvature in terms of the
geometry of the catalytic reaction field. Subsequently, the second
case was considered, in which the flat graphene lattice is bent with
two 5e7 defects to form a curved lattice to examine the stability
under external deformations (i.e., 30� bending, Fig. S14). As a result,
the Gauss curvature of the bent lattice changes only slightly
compared to that of the flat lattice, whereas its mean curvature
significantly changes and strongly reflects the structural stability of
the entire model (mathematical details have been provided in the
Supplementary Information and Fig. S15). This indicates that the
mesoscopic bending of a graphene sheet does not significantly
affect the Gauss curvature. Therefore, the difference in doping
availability of the mean curvature can be identified. The bent gra-
phene shows a 0.06e0.20 eV lower doping energy of graphitic ni-
trogen as calculated by DFT (Table S4). Moreover, a large reduction
in doping energy is observed at a position away from the 5e7 de-
fects. This implies that the Gauss curvature influences chemical
doping near a five-membered ring (local geometry), and the mean
curvature influences chemical doping at a location relatively
further away from the 5e7 defects (stability of the entire model).
Thus, mesoscopic bending of the graphene sheet contributed to the
enhancement of chemical doping in the regions with no defects.

3.5. Synthesis and characterization of curved graphene with
chemical dopants

3D curved graphenes with and without chemical dopants were
synthesized by chemical vapor deposition (CVD) using NiO nano-
particles as CVD templates (Fig. S16) to obtain the similar structures
suggested by the mathematical model (supplementary text). The
morphology of the 3D curved graphene with and without chemical
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dopants was characterized by Cs-corrected scanning transmission
electron microscopy (STEM). Dark-field STEM (DF-STEM) images of
nitrogen and sulfur (NS) co-doped graphene, which is known as an
excellent graphene catalyst [26], show curved morphologies with
100e500-nm spherical and tubular-like graphene (Fig. 4A). The
corresponding selected area electron diffraction patterns of gra-
phene show sharp diffraction spots (inset in Fig. 4A), verifying the
high crystallinity of randomly orientated multi-layer graphene. A
high-resolution TEM (HRTEM) image of the doped graphene lattice
at the curved region reveals the topological 5e7 defects (yellow
lines) with a vacancy-induced heavily disordered lattice of carbon
hexagons that form the curved graphene lattice (Fig. 4B). The
HRTEM image of the flat region shows a point defect induced by the
chemical dopant (Fig. S17). Moreover, the DF-STEM image and the
corresponding elemental mappings obtained by EELS (Fig. 4C)
demonstrate the distribution of NS dopant atoms at the curved
regions (brighter contrast in the white circular regions, i.e., more
chemical dopants); the distribution is not observed at the flat re-
gions (dark contrast in the white arrow regions, i.e., considerably
fewer chemical dopants) regardless of the existence of carbon
atoms (green contrast on the flat regions, i.e., the major component
is carbon). Additionally, the curved and flat regions of the non-
doped graphene are similarly characterized, and the heavily dis-
torted lattice is not observed (Figs. S18 and S19). These observations
are also supported by X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy (Figs. S20eS22, Table S5 and supplementary
text). Therefore, chemical dopants can be incorporated near topo-
logical defects that are geometrically required to form the curved
lattice or in the vicinity of the defects at curved regions, thus
providing a model system for comparison between the mathe-
matical model and experimental results.

3.6. On-site electrochemical hydrogen evolution reaction current
mapping

On-site electrochemical measurements for real-space electro-
chemical hydrogen evolution reaction (HER) current mapping were
obtained by SECCM (Fig. 5A), which can examine both topography
and the electrochemical reaction (Hþ þ e�/H2) in a 50-nm-radius
nanopipette with a 0.5 M H2SO4 electrolyte; these were performed
to link the local structural configurations with the on-site electro-
chemical HER activity at the sub-micrometer level. The topography



Fig. 4. Characterization of chemically doped and curved graphene. (A) DF-STEM image with a corresponding selected area electron diffraction pattern (inset). The red circle and
rectangle highlight spherical and tubular-like graphene, respectively. (B) HR-TEM image of the curved parts obtained from the rectangular region in Fig. 4A. Red and yellow dotted
lines indicate graphene lattices and topological defects, respectively. (C) DF-STEM image and the corresponding EELS chemical mappings of C, N, and S. White arrows and circles
indicate the flat and curved graphene regions, respectively. (A colour version of this figure can be viewed online.)
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and on-site HER currents for 3D curved graphenes with and
without chemical dopants were simultaneously measured
at �700 mV (vs. reversible hydrogen electrode (RHE)) on highly
ordered pyrolytic graphite (HOPG). Notably, the large negative
current accelerates hydrogen production. The mapping of the on-
site reduction current on NS-doped curved graphene clearly dem-
onstrates the dependence of the reduction currents on morphology
(Fig. 5 (B and C)). Moreover, the HER line profile demonstrates
topography dependent HER currents at the highly curved topog-
raphies (i.e., curved graphene) (Fig. 5 (D and E)). Conversely, the
non-doped graphene demonstrates a nearly constant line profile of
HER currents regardless of the curved topography (Fig. S23). To
quantitatively compare the catalytic abilities of the non-doped and
NS-co-doped graphene, the turnover frequency (TOF) [25,26] of
hydrogen molecules was estimated using the HER current at �200
mV (vs. RHE) (Fig. S23). The TOF values of NS-co-doped graphene at
the curved regions (200e900H2/s) were approximately 100e300
times higher than those of non-doped graphene at the curved re-
gions. This directly proves that the HER activity is affected by the
morphology and morphologically induced chemical dopants at the
curved regions.

4. Discussion

The potential of a simple mathematical method such as SRRI
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was explored as a pre-screening tool of DFT to design novel ma-
terials. Its accuracy was verified by DFT calculations, and the cata-
lytic properties of one such material were experimentally
investigated. The accuracy of the SRRI model showed a qualitative
agreement with DFT calculations; moreover, its screening speed
was roughly 1 billion times higher than that with DFT. The struc-
tural results obtained from both methods were used to analyze
important characteristics of geometric features; they revealed that
the regions on the positive Gauss curvatures induced by topological
defects on the curved graphene could readily host dissimilar dop-
ants whose differing bond lengths readjusted the structure to
reduce the Gauss curvature of the graphene lattice. Moreover, va-
cancy defects in the heavily disordered graphene lattices (Fig. 4B)
were attributed to chemical dopants, such as pyridinic nitrogen or
sulfur atoms (bivalent bonds with carbons), near the topological
defects for releasing the geometric frustrations, which was also
consistent with the SRRI (Fig. S11) and DFT models (Figs. S10 and
S11). Thus, topological defects and chemical dopants co-existed in
close proximity to release geometric frustrations.

On-site electrochemical HER current mapping subsequently
allowed us to reveal links between the curved geometry containing
the topological defects/chemical dopants and the corresponding
catalytic activity. Because conventional electrochemical measure-
ments provided only electrochemical information averaged from
entire samples, SECCM in this study showed a direct link between



Fig. 5. SECCM HER current mapping of chemically doped curved graphene. (A) Schematic illustration of the experimental setup and a scan of the chemically doped porous
graphene. Red and green spheres represent NS atoms, respectively. (B) Topography and (C) HER current mapping and (D and E) HER current line profile of NS-doped curved
graphene. Yellow and white dotted lines in the topography images show the topology dependent HER current for the mapping and line profile positions, respectively. The red and
black lines represent the current and height, respectively. (A colour version of this figure can be viewed online.)
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the geometry and electrochemical activity. The co-existence and
coadjacence of heteroatoms such as NS at the atomic level clearly
resulted in preferable, catalytically active sites via synergistic ef-
fects, which were confirmed by experimental results obtained from
all the samples and DFT calculations [26,50e52]. Such interactions
with dopants can optimize local electronic structures, and the
Gibbs free energy of H* adsorption, |DGH*|, can be nearly zero
owing to the cooperation of the dopants near the topological defect
sites on the 3D curved graphene lattice [25,51]. Moreover, experi-
mental and theoretical analyses have suggested that the enhance-
ment of electronic density of states on graphene accelerates the
local electrochemical reactions [31], and the 5e7 defects enhance
the catalytic ability of chemically doped curved graphenes [25].
This indicates that the SECCM measurements can successfully
detect the origin of high catalytic activity (global properties) caused
230
by the 5e7 defects (local structures that can be described by the
geometry of discrete surfaces). Thus, the curved graphene induced
topological defects and enhanced the electronic density of states,
which hosted the chemical dopants; the curved graphene
demonstrated high catalytic activity, as demonstrated by the
SECCMmeasurements, which suggests that SRRI can serve as a pre-
screening and complementary tool of DFT to design and explore
novel materials, including novel 2Dmaterials such as boron nitride,
silicene, germanene, phosphorene, and transition-metal
dichalcogenides.

5. Conclusion

A new mathematical model based on the standard realization
was introduced as a pre-screening and complementary tool to DFT,
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and the relationship between the Gauss/mean curvatures and
catalytic properties of 3D curved graphene were investigated. The
mathematical model successfully captured the essence of structural
changes. The accuracy of geometric features obtained via SRRI
suggests its suitability for serving as a pre-screening and comple-
mentary tool for DFT in material design, as well as for cross-
checking with DFT calculations. In particular, a carbon atom at re-
gions of relatively large Gauss curvature around the atom was
relatively easily replaced by a chemical dopant to release its geo-
metric frustration, as confirmed by doping energy calculations us-
ing DFT. In addition, the curved graphene (i.e., large mean
curvature) contributed chemical doping at a location relatively
further away from the 5e7 defects. These enabled us to establish a
link between geometry and the doping energetics to infer the
properties of the material. In the experimental verification, 3D
curved graphenes with a high density of geometrically required
topological defects were found to accommodate several chemical
dopants on the curved lattice, and exhibited higher catalytic ac-
tivity on the curved regions than on the flat regions, as confirmed
by on-site electrochemical measurements. Although the accuracy
of standard realization does not reach that of DFT calculations, the
mathematical method described herein can be an effective and
universal approach for pre-screening in DFT calculations for ma-
terial design. SRRI can also be used as a pre-screening tool to
explore new 2D/3D carbonmaterials by combining with the FF/DFT
model in a complementary manner.
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