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Abstract: The interaction between electron spin and
oxygen molecules in non-platinum catalysts, particularly
carbon catalysts, significantly influences the catalytic
performance of the oxygen reduction reaction (ORR).
A promising approach to developing high-performance
catalysts involves introducing five-membered ring struc-
tures with spin into graphitic carbons. In this study, we
present the successful synthesis of cage-like cubic carbon
catalysts enriched with pentagon structures using penta-
gon ring-containing C4 and a NaCl template. The
number of pentagons contained in the structure was
increased by doping with nitrogen and annealing, and
the number of electron spins also increased, thereby
improving catalytic activity. The prepared catalyst ex-
hibits remarkable activity in ORR under acidic electro-
lytes. Furthermore, we elucidate the correlation between
the pentagon structure, the number of spin, and catalytic
activity, demonstrating that enhanced activity is con-
tingent upon the presence of spin. Density functional
theory (DFT) calculations support the role of spin in
improving activity. The concept of spin and the
introduction of pentagon structures provide new design

principles for carbon catalysts. )

Introduction

Carbon materials are highly anticipated as electrode cata-
lysts that will be used in large quantities in a carbon-neutral
society. In recent years, extensive research has been
conducted on carbon catalysts for various electrochemical
reactions, including oxygen reduction reactions (ORR) in
fuel cells, oxygen evolution reactions (OER), hydrogen
evolution reactions (HER) via water electrolysis, and CO,
reduction reactions (CO,RR) for chemical conversion of
CO,." The unique properties of carbon catalysts with
customized surface features such as elemental doping and
defects are highlighted.” In particular, nitrogen-doped
carbon catalysts for ORR are attracting attention as non-
platinum catalysts for fuel cells.”) However, a major problem
with nitrogen-doped carbon catalysts is the deactivation in
acidic electrolytes with showing low limiting current in
rotating disc experiments of ORR.¥ The deactivation
mechanism of nitrogen-doped carbon catalysts in acidic
electrolytes has not been fully elucidated. We have proposed
that protonation of pyridinic nitrogen (pyridinic N) is the
cause of deactivation.”) It is an important research topic to
compare the deactivation mechanism of pyridinic N-doped
carbon catalysts with that of nitrogen-free carbon catalysts,
such as pentagon-containing carbon catalysts, in acidic
electrolytes.
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Beyond pyridinic N, defects such as pentagons and
vacancies have also been reported to create active sites for
ORR. These defects can promote charge redistribution on
n-conjugated carbon atoms, potentially avoiding the effects
of protonation.”! Especially, Jia et al. demonstrated that
edged pentagon defects could serve as primary active sites
for acidic ORR, outperforming pyridinic N sites.’” How-
ever, further studies are needed to understand the catalytic
behavior of defects-including carbon catalysts, in which a
critical aspect often overlooked in previous studies is the
role of electron spin in the defect structure. In ORR
catalysis, the interaction of electron spins can significantly
influence the energy levels because the activation of the
ground state triplet O, can be induced by the electrons from
the catalyst with high spin concentrations.””! Furthermore,
the concept of singly occupied molecular orbitals (SOMO)
becomes crucial in this context.”” These unpaired electrons
are central to facilitating electron transfer processes. For
example, Tian et al. shows that o-type free radical species in
graphene belts provide the dominant sites for ORR catalytic
activity through the spin-spin interaction.”! Nonetheless,
unlike transition metal-based catalysts, considerably less
work has been done to exploit the spin properties in carbon
materials with defects since inducing high spin concentra-
tions in carbon matrix systems remains quite challenging.
The introduction of pentagon defects has been proposed as
a method to induce magnetism, thereby altering spin density
and distribution in carbon-based materials.” This suggests a
promising strategy: creating active carbon sites with spin by
integrating a high concentration of pentagon defects.

Selecting an appropriate carbon source is pivotal for
introducing pentagon defects into graphitic carbons. Full-
erene Cg and its derivatives have emerged as promising
carbon precursors due to their inherent presence of
pentagons that significantly influence electron distribution
and spin characteristics. Zhu et al. demonstrated the utiliza-
tion of intrinsic pentagon defects in Cg, (PD—C) as an ORR
catalyst in alkaline electrolytes.!'”) However, limitations exist
for PD—C performance in acidic media, highlighting the
need for enhanced control over specific surface area and
morphology. Furthermore, nitrogen (N) incorporation into
Cq, molecules via amination reactions can be further trans-
formed into pentagon structures under annealing conditions,
potentially leading to a high concentration of these active
sites.”™ Moreover, as spherical building blocks, Cq, and its
derivatives facilitate the fabrication of nano- to micro-sized
carbon structures with controlled shapes, ranging from well-
ordered one-dimensional to three-dimensional forms, by
assembly at the molecular level.'! Particularly promising is
the use of templates to prevent agglomeration and tailor
surface attributes such as pore distribution, surface area, and
overall morphology.™? Our prior research demonstrated
that regulating the growth kinetics of the Cg nucleus and
employing a droplet template can yield versatile hollow Cg,
spheres.'”) Employing non-carbonizable sodium chloride
(NaCl) salt as a template has proven to be an effective,
economical strategy to enhance the surface area of carbon
precursors. For instance, Zeng et al. observed that a NaCl
template significantly improved the surface area of Fe, N,
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and S tri-doped porous carbon, which exhibited superior
activity and stability compared to the Pt/C catalyst for ORR
in acidic media.' Similarly, we have developed a caged N-
doped reduced graphene oxide (Caged-NrGO) catalyst
using a NaCl template, which enhanced not only the specific
surface area but also the hydrophobicity, thereby boosting
its activity for acidic ORR.'®! Given Cg’s assembly capa-
bilities, there is potential for constructing cage-like struc-
tures using salt templates, harnessing both the high surface
area and hydrophobic nature of these configurations to
advance the field of carbon-based catalysis.

In this study, by applying a salt-templated approach,
cage-like N-doped carbon called Caged-NC, and cage-like
carbon without N doping called Caged-C were successfully
synthesized with a distinct caged hollow structure and were
evaluated for their performance in ORR catalysis. The
resulting Caged-NC and Caged-C were processed by anneal-
ing engineering to adjust the configuration of the pyridinic
N and pentagons. For the Caged-NC, after annealing
between 800 and 1100°C in N, atmospheres, activity was
observed to increase as doped pyridinic N was removed, and
pentagons were generated. The catalyst with higher penta-
gon concentration exhibits higher magnetism, which could
induce singly occupied molecular orbitals and is supposed to
contribute to enhanced performance. The results show that
the activity has improved further and exhibits outstanding
ORR performance in the acidic electrolyte, ascribed to the
higher concentration of pentagons. This work manifests the
important role of morphology control and helps understand
the spin effect of pentagons on ORR performances.

Results and Discussion

The schematic illustrating the salt-templated synthesis strat-
egy is shown in Figure la. To endow the catalyst with a
caged-like structure, cube-shaped NaCl was chosen as the
template for this study. The NaCl aqueous solution was
dripped into the acetone solution for recrystallization to
obtain the fine NaCl nanocrystal with a size of 500 nm
~4mm (Figure S1). Here, pristine Cg molecules were
chosen as the precursor for synthesizing the carbon catalyst
without N doping, whereas Cg-ethylenediamine (C4-EDA)
molecules were used for synthesizing the carbon catalyst
with N doping. Regarding C4-EDA molecules, the pristine
Cg molecules can be dissolved in EDA solvent by chemical
reaction to form a crosslinked structure to generate Cgy-
EDA nuclei. The chemical equation is shown in Figure S2.
Photographs of the C¢-EDA solution and dried C4-EDA
powder, and the Fourier transform infrared (FTIR) spec-
trum of the C4-EDA powder are shown in Figures S3a and
S3b, respectively. These results indicate that the Cq-EDA
complex was formed, as previously reported.*'® For the
synthesis of cage-like N-doped carbon (Caged-NC), first, the
NaCl nanocrystal was mixed with C4-EDA solution so that
Cs-EDA molecules would attach to the surface of the NaCl
nanocrystal and stack one by one to form a cube structure.
The obtained powder, after drying, was annealed at 750 °C
at N, atmospheres. Throughout the pyrolysis process, the
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Figure 1. (a) The schematic illustrating the salt-templated synthesis of nanocages from Cg-based precursor. Pristine C4, molecules were employed
for synthesizing the carbon catalyst without N doping (Caged-C), while Cy-ethylenediamine (Cg-EDA) molecules were used for synthesizing the
carbon catalyst with N doping (Caged-NC). Electron microscope imaging for Caged-C (b-e) and Caged-NC (f-i): SEM images of Caged-C (b) and
Caged-NC (f); TEM images of Caged-C (c) and Caged-NC (g); (d) high-resolution TEM image in area 1 shown in (c) that indicates the thickness of
the Caged-C; (e) high-resolution TEM image in area 2 shown in (c) that indicates the fringe spacing of Caged-C; (h) high-resolution TEM image in
area 1 shown in (g) that indicates the thickness of the Caged-NC; (i) high-resolution TEM image in area 2 shown in (g) that indicates the fringe

spacing of Caged-NC.

NaCl nanocrystal acted as a cube template, preventing the
collapse and agglomeration of the C4-EDA assembly and
maintaining the cube structure. Simultaneously, N elements,
originating from the decomposition of ethylenediamine and
amines functionalized Cy4-EDA, were doped into the Cg,
fragments..'”! Finally, water was employed to remove the
NaCl, resulting in the formation of caged-like N-doped
carbon (Caged-NC). On the other hand, for the synthesis of
cage-like carbon (Caged-C), pristine Cg molecules were
dissolved in a p-xylene solvent and underwent a similar
synthesis procedure to that of Caged-NC.

Figure 1b-i shows the SEM and TEM images of the
resulting Caged-C and Caged-NC. Both samples present
their caged structures under the synthesis assisted by the
NaCl template. The morphology and size of the cavities are
similar to NaCl nanocrystals (Figure Sle—g), suggesting that
NaCl has successfully acted as a template to induce the
caged structure in the materials. TEM images (Figure 1c, g)
further indicate that the cavity exists in the Caged-C and
Caged-NC samples. N-doped carbon (NC) was produced
with a similar procedure to demonstrate the role of NaCl
templates, where the Cy\-EDA molecules as the precursor
but assembled without NaCl templates. Figure S4 shows that
NC exhibits a solid three-dimensional cross-linked morphol-
ogy, indicating the aggregation of C4-EDA. High-resolution
TEM images (Figure 1d, h) in the specific area indicate the
thickness of the Caged-C/Caged-NC is approximately 10—
14 nm. Besides, Figure le and Figure 1i suggest an amor-
phous carbon structure of both samples after annealing at
750°C. It is worth mentioning that both Caged-C and
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Caged-NC exhibit distinctive short, curved fringe in the
cage’s corner that appears to have no orientation relative to
each other. The curved fringe is distinct from the flat
graphene structure and could be a result of the utilization of
Cq-based molecules as building units. These structures
comprise a stack of 20-30 layers with the interplanar
distance ranging from 0.46 to 0.47 nm, thus being larger than
the typical plane distance in graphite (0.34 nm).'*! Such a
short, curved structure would be expected to introduce more
edged and defective carbon, therefore benefiting an excep-
tionally high surface area and catalyst activities.['”)

Table 1 summarizes the surface area, pore volume, and
N contents of Caged-C and Caged-NC. The N-doping
content calculated from X-ray photoelectron spectroscopy
(XPS, Figure S5a) for Caged-C, NC (Table S1) and Caged-
NC is 0, 1.09, and 1.07 at%, respectively. Since the synthesis
of Caged-C did not utilize any N source, the detected N
content is zero. Additionally, NC and Caged-NC result in
similar N content and N constitute. Four types of N species

Table 1: Surface area, pore volume, and N contents of Caged-C and
Caged-NC.

Surface  Pore vol- Total Pyridinic Graphitic Pyrrolic Oxidized
area ume N N N N N
(M’g") (ecm’g) (at%)(at%) (at%) (at%) (at%)

Caged-C606.624 1.399 - - -
Caged- 812.738 1.087 1.07 0.37 0.34 012 024
NC
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can be identified from the N 1s spectrum: pyridinic N (~
398.2 eV), pyrrolic N (~399.6 eV), graphitic N (~400.8 eV),
and oxidized N (~403.2 eV).! Figure S5b shows the X-ray
diffraction (XRD) pattern of NC, Caged-C, and Caged-NC.
Compared to pristine Cg, the characteristic peaks of Cg,
have disappeared in all samples, indicating that the molec-
ular structure of Cy4 has been cracked after annealing,
leading to the formation of Cg, fragments. The broad peak
observed around 25 degrees represents the generation of
amorphous graphite.””! The N, adsorption/desorption iso-
therms and the pore width distribution curves of NC,
Caged-C, and Caged-NC are shown in Figure S5c, d. As
listed in Table 1, and Table S1, compared to NC, the
introduction of the cavity structure significantly increases
the specific surface areas and pore volumes of the Caged-C,
and Caged-NC. In particular, the surface area/pore volumes
of Caged-NC is 812.74 m*g '/1.087 cm®’g~". As shown in
Figure S5d, all the sample possess similar hierarchical
distributions of micropores and mesopores. The micropores
are mainly distributed in 1.4nm and 1.8nm. Caged-NC
contains a larger quantity of micropores than NC and
Caged-C. Therefore, it can be concluded that the utilization
of the NaCl template and ethylenediamine has an important
impact on the formation of micropores.

Based on the above discussion, it was shown that, apart
from the absence of N, Caged-C exhibits similar morphology
and fragmented Cg, structures to Caged-NC, which facili-
tates a comparative investigation of the impact of pyridinic

Raman spectra
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N and pentagons on ORR activity. Hence, a series of
annealing experiments were conducted on Caged-NC and
Caged-C to adjust the pentagon configuration. The samples
were subjected to annealing at high temperatures of 800°C,
900°C, 1000°C, and 1100°C under a N, atmosphere. As
shown in Figure S6, the samples maintain their caged
structure even after annealing at 1100 °C. Figure S7 indicates
that the samples do not ultimately form crystalline graphite
at 1100°C. Instead, they largely retain an amorphous
structure. Moreover, Fast Fourier transform (FFT, Fig-
ure S7e, f) patterns revealed the absence of a periodic
pattern, with only amorphous halo features observed. This
observation suggests that the carbon networks comprise not
only hexagons but also pentagons or other types of
defects.??

The configuration of pyridinic N and pentagon is
examined using Raman spectroscopy (Figure 2a, b) and XPS
experiments (Figure 2c). As shown in the Raman spectra, all
samples displayed two broad peaks at around 1345.5 cm™
and 1591.5 cm™!, respectively.” Raman spectra are sensitive
to carbon structure, the results are fitted into five bands (G,
D1, D2, D3, and D4) at the range of 800-2000 cm ™
(Table S2).2 Tt has been reported that the appearance of
the D3 peak around 1500 cm ' in Raman spectra signifies
disorder in the graphite lattice, often due to the inclusion of
pentagons and other non-hexagonal rings.””) Meanwhile, in
our study, we used C4 as the starting material. The Cy,
molecule consists of 12 pentagon rings and 20 hexagon rings.

! XPS-N1s
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Figure 2. Raman spectra of Caged-C and its pyrolysis derivatives (a) and Caged-NC and its pyrolysis derivatives (b). (c) XPS spectra of Caged-NC
and its pyrolysis derivatives. The 800, 900, 1000, and 1100 indicate anneal of the samples at 800, 900, 1000, and 1100°C at N, atmospheres,

respectively.
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When Cy, aggregates are annealed at 700°C or higher,
graphitization occurs, but it is expected that the pentagonal
structure remains. It is also known that the pentagonal
structure is transformed by the removal of doped pyridinic
N in graphitic carbons. In this study, the presence of the
pentagonal structure and the resulting disorder were con-
firmed by high-resolution TEM imaging. It is thus consid-
ered that the presence of the pentagonal structure may be
reflected in the intensity of the D3 peak. Hence, in the
present study, we adopt the D3 peak as an indicator of the
pentagon structure.”***! It is a commonly observed phenom-
enon that the intensity of the D3/G peak increases as the
annealing temperature rises from 800°C to 1000°C for both
Caged-C and Caged-NC samples. However, at 1100°C, the
intensity of the peak decreases. This trend can be explained
by the fact that pentagons are incorporated into the graphite
layer between 800°C and 1000°C. However, at a higher
temperature of 1100°C, some of the thermodynamically
unstable pentagonal ring structures are graphitized and
converted to hexagons. The D3/G peak intensity of the
Caged-NC series is greater than that of the Caged-C series.
In addition, the difference between the Caged-C and Caged-
NC samples can be attributed to the process of pentagon
formation by nitrogen removal, which occurs actively
around 800-1000°C. It has previously been demonstrated
that the high-temperature heat treatment of pyridinic N
results in the formation of pentagons.’*?! Figure 2¢ shows
the XPS Nls spectra of Caged-NC and its pyrolysis
derivatives Caged-NC-800, 900, 1000, and 1100. The N
contents derivatives from XPS results are listed in Table S3.
Due to the stable graphitic N configuration in carbonation,
graphitic N contents are almost similar from Caged-NC
(0.34 at%) to Caged-NC-800 (0.32 at%), Caged-NC-900
(0.39 at%), Caged-NC-1000 (0.29 at%) and Caged-NC-1100
(0.21 at%). Nevertheless, the pyridinic N concentrations
decrease obviously from 0.36at% in Caged-NC-800 to
0.06 at% in Caged-NC-1100 with the rising of pyrolysis
temperature. Based on Raman and XPS results, for the
samples of Caged-NC and its pyrolysis derivatives, the
increase in the pentagon’s percentage during the pyrolysis
process should be ascribed to the removal of pyridinic N
d Opants'[53.27b, 28]

Figures 3a and 3b depict the linear sweep voltammetry
(LSV) curves of the Caged-C and Caged-NC catalysts, along
with their pyrolysis derivatives, for ORR in 0.1 M H,SO, at
a rotation rate of 1600 rpm. To illustrate the role of the
NaCl template, the activity of catalyst NC was also
measured and shown in Figure S8. The onset potential
(Egne) at 0.1 mAcm™2 for NC, Caged-C, and Caged-NC
catalysts were 0.53, 0.42, and 0.71 V (vs. RHE), and the half-
wave potentials (E,,) were 0.32, 0.14, and 0.43 V (vs. RHE),
respectively. First, it should be pointed out that the E,,, for
Caged-NC compared to NC was with an enhancement of
0.11 V, which suggests that the caged structure due to the
salt-templated method increases the activity. Additionally,
due to the involvement of the N doping, an increased
activity of the Caged-NC catalyst compared to Caged-C was
observed.”) While the higher activity of Caged-NC com-
pared to Caged-C could be attributed to the active site of
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Figure 3. LSV curves of Caged-C and its pyrolysis derivatives (a), and
Caged-NC and its pyrolysis derivatives (b) in O,-saturated conditions in
0.1 M H,SO, electrolyte recorded at a rotation rate of 1600 rpm.

pyridinic N, it is worth noting that the inherent pentagons in
Cq are also considered as one of the active sites of
ORR.**! The relatively poor catalytic activity of Caged-C
may be attributed to the lower concentration of pentagonal
active sites. Besides, the introduction of N is conducive to
the formation of pentagons during the pyrolysis process,
further contributing to the enhanced activity of Caged-NC
compared to Caged-C. With further analysis, in the Caged-C
catalyst series (Figure 3a), the E,;, values (vs. RHE) for the
800, 900, 1000, and 1100 catalysts were 0.21, 0.21, 0.29, and
0.25 V, respectively. Conversely, in the Caged-NC catalyst
series (Figure 3b), the E;;, values for the 800, 900, 1000, and
1100 catalysts were 0.48, 0.56, 0.56, and 0.49 V, respectively.
It can be seen that both catalyst series exhibited similar
temperature dependencies. Specifically, within the pyrolysis
temperature range of 800-1000°C, the performance of
catalysts from both series improved with increasing temper-
ature. Therefore, the increased activity of samples from 800—
1000°C can be attributed to the structure formed during the
pyrolysis process. Besides, the limiting current value for the
Caged-NC catalyst series is close to 5 mAcm ™" (comparable
to Pt/C catalyst), and the Caged-NC-1000 demonstrates a
4e” transfer process (Figure S9) with calculated n values at
03V vs. RHE of ~3.75, suggesting the protonation of
pyridinic N issue toward the ORR in acidic conditions was
effectively suppressed. Such remarkable limiting current, in
comparison to other N-doped carbon catalysts reported in
the previous literature,® should be attributed to the
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presence of the additional non-pyridinic N active site. This is
also consistent with the XPS analysis. It was observed that
the activity of the Caged-NC catalysts within the pyrolysis
temperature range of 800-1000°C increased as the pyridinic
N content decreased (Figure 2c), though pyridinic N is
widely recognized as an active site for ORR. We also
investigated the effect of different electrolytes on the ORR
activity and durability of the Caged-NC-1000 catalyst. As
shown in Figure S10, there was no significant difference in
the onset potentials of the ORR under both 0.1 M-HCIO,
and 0.1 M-H,SO,. This means that the acidic conditions
themselves do not have a major impact on the catalytic
activity of ORR. However, a slight difference in the
behavior was observed, suggesting a difference in proton
conductivity. Besides, the durability was found to be high.
As shown in Figure S11, the E,, was found to decrease
within 0.04 volts after 200 cycles of cyclic voltammetry (CV)
from 1V to 0V vs. RHE in oxygen-saturated 0.1 M H,SO,
at room temperature, indicating the high durability of the
catalyst.

We proceeded with catalyst analysis assuming that the
additional active site includes the pentagon structure with
spin. Figure 4a—c shows the correlation of pyridinic N,
graphitic N, and pentagon concentration of catalysts with
the activities, respectively. Figure 4a depicts the correlation
between pyridinic N and the E,,, which indicates that the
activity of the Caged-NC catalysts within the pyrolysis
temperature range of 800-1000°C increased as the pyridinic
N content decreased as discussed before. Figure 4b depicts
the correlation between graphitic N and the E,, and no
discernible correlations were observed. The relative inten-
sity of the D3 band (Ips/l;) was proposed as a means to
characterize the concentrations of pentagons in the
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catalysts.”*** Hence, the correlation between the pentagon
concentration (D3/G area ratio) and catalytic activity was
also evaluated (Figure 4c). As shown in Figure 4c, the blue
solid line and black solid line represent the fitting lines of
the Caged-C series and Caged-NC series, respectively. It is
found that the D3/G area ratio is highly correlated to E),
with Pearson correlation coefficient values of 0.98 and 0.97
for the Caged-C series and Caged-NC series, respectively.
Besides, E,,., is also linearly related to D3/G area ratios
with Pearson correlation coefficient values of 0.90 and 0.91
for the Caged-C series and the Caged-NC series, respec-
tively (Figure S12a). Notably, both series exhibited a similar
trend, wherein an increase in pentagon concentration
corresponded to enhanced activity, indicating that the
presence of additional pentagon defects contributes to the
boost in catalytic activity. Additionally, owing to the
involvement of N elements, the Caged-NC 800, 900, 1000,
and 1100 displayed heightened catalytic activity even at
lower D3/G values, surpassing the activity levels of the
Caged-C series within the same D3/G ranges. The blue
dashed line, extending as a visual extension from the blue
fitted line of the Caged-C series, provides an expected
correlation between the concentration of pentagons and the
corresponding activity level in a theoretical context. It is
noteworthy that the blue dashed line is anticipated to
intersect with the black fitted line at approximately D3/G =
1.1. This value is considered as an N absent state for the
Caged-NC series, affirming the correctness of the theoretical
correlation depicted by the dashed line. Although the
current data indicates that activity improves with an
increasing D3/G ratio, further investigation is required to
ascertain whether catalytic performance increases at higher
D3/G values. In particular, it is necessary to ascertain
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Figure 4. The correlation of pyridinic N, graphitic N, and pentagon concentration of catalysts with the activities, respectively: (a) E;, vs. pyridinic N
ratio and (b) E, vs. graphitic N ratio. (c) Correlation of E;, and D3/G ratio of Caged-C, Caged-NC, and their pyrolysis derivatives. The blue dashed
line extending from the blue fitted line represents the theoretical correlation between the concentration of pentagons and activity. ESR spectra (d)
and magnetic susceptibility measurement (e) of Caged-C-1000 and Caged-NC-1000. The Aberration-corrected TEM images for Caged-C-1100 (f)
and Caged-NC-1100 (g), where the schematic illustrates the pyrolysis process of Cg, fragments and N-doped Cq, fragments, respectively. The 800,
900, 1000, and 1100 indicate anneal of the samples at 800, 900, 1000, and 1100°C at N, atmospheres, respectively.

Angew. Chem. Int. Ed. 2024, 63, €202410747 (6 of 10) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOWILLIOD aAITeRID 9 |edljdde au Aq peusenob ale seoie VO ‘8sn Jo Sejn Joy Aeiq i 8uluQ 8|1\ UO (SUOTIPUOD-pUe-SWIR)AW0Y" AS | 1M AReIq 1 pUI|UO//:SANY) SUONIPUOD PUe SWie | 8U)88S *[20z/TT/92] o Areiqiqauliuo A8|In ‘104 8imnsu| uoieN Ag /¥/0TyZ02 @1Ue/z00T 0T/I0p/0d A8 1m Aeid 1 pul|uo//sdny Wwolj pepeojumod ‘6v ‘v20g ‘ELLETZST



GDCh
=

whether there are any changes in catalytic activity depend-
ing on the location of the pentagonal ring. A correlation
analysis between the FE), and other factors, including G
peak intensity (Figure S12b), D1/G ratio (Figure S12¢), D2/
G ratio (Figure S12d), and D4/G ratio (Figure S12e), was
conducted based on the Raman fitting results. However, no
discernible correlation between the E,, and these factors
was observed at the current stage. We also discussed the
effect of electrical conductivity and surface area on the
change in ORR activity due to annealing temperature. As
shown in Figures S13 and S14, impedance measurements
showed no significant change in electrical conductivity due
to annealing and the conductivity was large enough to have
negligible effect on LSV. Regarding the correlation between
surface area and ORR activity, the cubic structure does not
change even after annealing at 1100°C (Figure S6) in this
study, and the surface area does not change significantly as
expected (Figure S15). However, the ORR activity changed
depending on the annealing temperature (Figure 3), which is
thought to be due to the dependence of ORR activity on the
number of spin. We are currently investigating the relation-
ship between the annealing temperature and the number of
spin.

High-concentration pentagon could lead to unique spin
configurations, further impacting the material’s catalytic
abilities and electronic properties. Magnetic measurements
are crucial for comprehending spin-related properties. To
mitigate the potential impact of N elements on the measure-
ments, Caged-NC-1000, with a pyridinic N content of only
0.08at%, was selected as the measurement specimen. A
comparative analysis was undertaken with Caged-C-1000 to
explore the influence of pentagon concentration on spin
properties. In Figure 4d, the electron spin resonance (ESR)
spectra, recorded under atmospheric conditions, reveal
broadening signals in both the Caged-C-1000 and Caged-
NC-1000 samples, indicating the presence of spins. Such
broadening signals typically arise when radicals are not
uniformly distributed in the bulk. The g-value for a free
electron is 2.00232, and deviations from this value, as
observed in our spectra, are attributed to magnetic inter-
actions and the environment.” Notably, the observed broad
peak around g=2.08 in the ESR measurement is attributed
to the adsorption of O,, which occupies the sample‘s spin
site, causing a shift and broadening of the peak.’ Figure 4e
presents the temperature dependence of the magnetic
susceptibilities of the Caged-C-1000 and Caged-NC-1000
measured at 1000 Oe in the temperature range between 1.8
and 300 K. Before measurement, the samples underwent six
cycles of vacuuming to eliminate O, from the air and were
subsequently measured under a helium atmosphere. As we
will describe later, the data are after the subtraction of
temperature-independent terms. Both samples show typical
Curie-like behaviors indicating the existence of paramag-
netic moments.’ The motion of electrons around double
bonds which are adjacent to the vertices of pentagons is
identified to be responsible for the paramagnetic term.?
We have fit magnetic susceptibility y to a modified Curie—
Weiss law:**!
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where C is the Curie constant, 8 is the Weiss temperature,
and y, represents temperature-independent contributions.
We have calculated the magnitude of spin number N using
the following equation:*!

_ 3Cky
- Sus*S(S+1)

where S is the spin value, yg is the Bohr magneton, g is the
electron g-value and kg is the Boltzmann constant. Assum-
ing g=2 and S=1/2 is expected for unpaired electrons due
to dangling bonds of disordered carbons. The magnitude N
for the Caged-NC-1000 sample is 2.46E +19 g!, surpassing
that of Caged-C-1000 (1.03E+419 g '). It is evident that the
augmentation in pentagon formation due to N removal
contributes to the elevated magnetization observed in the
Caged-NC-1000 sample.P”

The aberration-corrected TEM images of Caged-C-1100
(Figure 4f) and Caged-NC-1100 (Figure 4g) provide insights
into the structural differences between the carbon materials.
Caged-C-1100 maintains a clear carbon framework with
inherent pentagon shapes derived from the Cg, fragment.[*!
In contrast, Caged-NC-1100 showcases coupled pentagons,
transforming during pyrolysis due to nitrogen doping,
leading to pentagon defects. The N doping appears critical
for creating a high density of active pentagon sites™ The
electrocatalytic performance of Caged-C series derivatives
in acidic ORR environments is underwhelming, likely due to
a scarcity of active pentagon sites. The enhanced activity of
the Caged-NC series is attributed to an increase in the
number of pentagon-shaped reactive sites. The higher
density of the pentagon is believed to enhance the spin
density, emphasizing the crucial role of spin-structure
interactions in electrocatalytic processes.

We performed DFT calculations for free energy changes
during O, adsorption and reduction processes (Figure 5a),
molecular orbital diagram including both alpha and beta
spin orbitals (Figure 5b), and spin properties in pentagon-
containing aromatics and nitrogen-containing aromatics
(Figure 5c¢) to elucidate the electrochemical reduction proc-
ess and the correlation between spin density and oxygen
adsorption. Four model molecules were studied: frag-1 is a
molecule consisting only of hexagons (phenanthrene), frag-2
is a molecule with a pentagon, frag-N-1 is a molecule with
an NH group, and frag-N-2 is a molecule with an NH group
and a pentagon. Note that frag-N-1 and frag-N-2 are
pyridinic N (pyri-N) containing molecules and a proton is
added to pyri-N in consideration of acidic conditions so that
the initial state of nitrogen in frag-N-1 and frag-N-2 is pyri-
NH™. Upon electron reduction, pyri-NH* changes to pyri-
NH. We have reported that the formation of pyri-NH is an
important catalytic function of pyri-N in the O, adsorption
process. That is, the electrons added in the reduction of
pyri-NH™* to pyri-NH singly occupy the n* orbital, and pyri-
NH becomes an open-shell system with spin density."” The
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Figure 5. (a) Free energy profiles of electron reduction and O,
adsorption processes for four fragment models: phenanthrene(frag-1),
a molecule with a pentagon (frag-2), a molecule with an NH-group
(frag-N-1), a molecule with an NH group and a pentagon (frag-N-2).
(b) Molecular orbital diagram including both alpha and beta spin
orbitals. (c) Charge state and spin density distributions for four
fragment models. The red circles indicate the atomic sites of maximum
spin density in the molecules containing the pentagon.

generated spin density then induces interaction with O, and
adsorption becomes possible. In this calculation, we thus
investigated the relationship between the spin behavior and
O, adsorption in frag-N-1 containing pyri-NH, frag-2 con-
taining pentagon, frag-N-2 containing both, and frag-1
containing neither.

Figure 5a shows the DFT results of O, adsorption
processes for four model molecules. First, O, was not
adsorbed to the hexagon-only molecule frag-1 and the pyri-
NH™ containing molecule frag-N-1 without electron reduc-
tion so the results are not shown in this step of O,
adsorption. However, O, was adsorbed on pentagon-con-
taining molecules frag-2 and frag-N-2 without reduction.
The adsorption energy was similar as —0.28, and —0.19 eV
for frag-2 and frag-N-2, respectively, indicating that the
effect of pyri-NH™ is not large. On the other hand, in
molecules without a pentagon, O, was adsorbed only when
they were reduced as shown by blue and pink lines. The
energy differences between before and after O, adsorption
correspond to the O, adsorption energy. These results
indicate that the pentagon plays a significant role in the
adsorption of O, and that O, is adsorbed even without the
reduction of pentagon-containing molecules.

The atom labels for carbon atoms in the four fragment
models are shown in Figure S16 and the corresponding O,
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binding energies of each carbon atom for different redox
states of fragment models are listed in Table S4. Figure 5a
also shows the sites where O, is most strongly adsorbed. As
shown in Figure 5a, for molecules containing pentagon
(frag-2 and frag-N-2), O, is adsorbed on the vertices carbon
site of the pentagon ring. The O,-absorbed carbon atom is
not shared with the adjacent hexagon ring. Since the present
experimental results suggested that spin is related to ORR
activity, it is expected that the spin is localized on this
carbon atom in the pentagon, which is responsible for the
adsorption of O, as the initial process of ORR. We thus
investigated the spin properties of the four molecules using
DFT calculations. As a result, it turns out clearly that the
spin properties are completely different depending on
whether there is a pentagon ring or not. As shown in
Figure 5b, for frag-1, and frag-N-1 without pentagons, the
SOMO is characterized by n* orbitals and is energetically
high. Furthermore, it can be seen from the density distribu-
tion of spin (Figure 5¢) that the spin for frag-1, and frag-N-1
are delocalized to each atom, exhibiting relatively lower spin
density of each atom site. The delocalization can be
explained by the character of the n* orbital. On the other
hand, in frag-2 and frag-N-2, SOMO is lower in energy in
the n orbital. The spin density is highly localized on the
vertices carbon atom of the pentagon (red circled carbon
atom in Figure 5c), which is not shared with the adjacent
hexagon ring and shows higher density than other carbon
atoms. Note that there is also a spin density on the opposite
carbon due to the conjugation of the p, orbital in the
pentagon. The present DFT results clearly indicate that the
spin density localized on the pentagon enables O, adsorp-
tion. Based on the experimental results and DFT results, we
concluded that the origin of the ORR activity of the
pentagon-containing carbon catalyst lies in the spin that
inherently exists in the pentagon ring. Although the full
mechanism of ORR in pentagon-containing carbon catalysts
has not yet been elucidated, the free energy profile
calculated assuming a four-electron mechanism (Figure S17)
shows an overall downhill, suggesting that ORR does occur.
The computational results are based on a rather simplified
model system to see the effect of the introduction of the
pentagon and therefore will remain a qualitative discussion.
The main message of this study is that the localized spin
density of the pentagon plays an important role in the
adsorption of O,, an initial step in the ORR. The
experimental and DFT results strongly suggest that one of
the key factors in the ORR activity of pentagon-containing
carbon catalysts is the localized spin density of the pentagon,
which is inherently present in the pentagonal ring.

Conclusion

Our study demonstrates the synthesis of Caged-C and
Caged-NC catalysts using a NaCl salt template, a conducive
method to creating Cg-derived catalysts with distinct caged
structures and a high density of pentagon active sites.
Compared to Caged-C, the Caged-NC catalysts with N
doping, subjected to N, annealing at temperatures between
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800 to 1100°C, exhibited a notable increase in ORR activity.
This annealing process facilitated the formation of addi-
tional pentagon defects, affecting the spin properties of the
material, and potentially enhancing electrochemical per-
formance. The Caged-NC-1000 catalyst, demonstrated ex-
cellent ORR performance in acidic media, marked by a high
onset potential of 0.76 V vs. RHE and a pronounced
diffusion-limited region, indicative of facilitated electron
transfer. DFT calculations supported the role of spin in
enabling O, adsorption for enhancing activity. This research
highlights the importance of pentagon with electron spin in
designing efficient carbon-based catalysts for ORR, offering
new principles for catalyst development.
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