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Zeolite-templated carbons (ZTCs) are a family of Closed:strut moieties (CSM)

ordered microporous carbons with extralarge surface areas and = Sma/precureor . e
igh-T densification
micropore volumes, which are synthesized by carbon deposition .
within the confined spaces of zeolite micropores. There has been
great controversy regarding the atomic structures of ZTCs, which
encompass two extremes: (1) three-dimensionally connected
curved open-blade-type carbon moieties and (2) ideal tubular
structures (commonly referred to as “Schwarzites”). In this study,
through a combination of experimental analyses and theoretical
ge precursor

calculations, we demonstrate that the atomic structure of ZTCs is Low-TdensiﬁcarionE% 3 .
difficult to define as a single entity, and it widely varies depending Open-blade moieties (OBM)
on their synthesis conditions. Carbon deposition using a large
organic precursor and low-temperature framework densification generates ZTCs predominantly composed of open-blade-type
moieties, characterized by low surface curvature and abundant H-terminated edge sites. Meanwhile, synthesis using a small precursor
with high-temperature densification produces ZTCs with an increased portion of closed-strut carbon moieties (or closed-fullerene-
like nodes), exhibiting large surface curvature and diminished edge sites. The variations in the atomic structure of ZTCs result in
significant differences in their macroscopic properties, such as N,/CO, adsorption, oxidative stability, work function, and
electrocatalytic properties, despite the presence of comparable pore structures. Therefore, ZTCs demonstrate the potential to
synthesize ordered nanoporous carbons with tunable physicochemical properties.
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Significant efforts have been made to understand the atomic
structures of ZTCs.””~>® Because of carbon deposition within
the highly confined zeolite micropores, ZTC frameworks are
expected to exhibit high surface curvature and lack conven-
tional graphite-like layer stacking. Nevertheless, due to their
amorphous framework nature, unambiguous structural charac-
terization is extremely challenging, resulting in significant
controversy regarding the atomic structures of ZTCs. At one

Zeolite-templated carbons (ZTCs) refer to a family of ordered
microporous carbons synthesized through the replication of
zeolites with carbon."”” These materials are created by
carbonizing various organic precursors within the confined
space of zeolite micropores.’ > Large-pore zeolites with >12-
membered ring pore apertures (diameter >0.7 nm) are

typically used as templates, as they produce robust, extreme, ZTC frameworks are hypothesized as a 3D tubular
interconnected carbon networks after zeolite dissolution.® In carbon networks, commonly known as Schwarzites (Scheme
principle, the framework and pore connectivity of ZTCs can be 1a).”>™* Schwarzites are theoretical structures characterized
tailored based on the structures of the initial zeolite templates. by a triply periodic minimal surface with negative Gaussian
Three-dimensional (3D) carbon structures have been synthe- curvature, and they are anticipated to exhibit extraordinary
sized using FAU,' *BEA,”” and EMT zeolites as templates,® physical properties.””*° However, experimentally characterized
while a two-dimensional (2D) carbon structure has also ZTC structures have shown significant disparities in properties
recently been produced using an IWV zeolite.’ Due to their compared with the ideal structures of Schwarzites. For
uniform micropore diameter, huge specific surface area (up to

3900 m* g™'), large micropore volume (up to 1.8 cm® g ™), and January 8, 2024

good electronic conductivity, ZTCs have garnered extensive March 6, 2024

attention for a wide range of applications, including hydro- March 6, 2024

gen”'”"" and methane storage,”””'* catalysts,'>'® catalyst March 29, 2024

supports,'”’ ™"’ supercapacitors,””*' and membrane fabrica-

tion.
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Scheme 1. Schematic Illustration of the Possible Atomic Structure of ZTCs; (a) 3D Closed-Strut-Type Carbon Networks
(Schwarzites); (b) 3D Open-Blade-Type Carbon Networks; (c) 3D Open-Blade-Type Carbon Networks with Partially Formed

Closed-Strut Moieties

Closed-strut

instance, to create a tubule-like carbon framework within FAU
zeolite, a high carbon packing density of 0.62—0.68 g..1on
Greolite - is required,””** which is more than twice the typical
experimental values (~0.3 gobon Sseolte L)--° In addition,
similar to carbon nanotubes, ideal Schwarzites should not have
hydrogen (H)- or oxygen (O)-terminated carbon edge sites,
and their H and O contents should be negligible. However,
ZTCs generally contain substantial amounts of H and O.

On the other extreme, Nishihara and coworkers proposed
that ZTCs are better described as 3D interconnected curved
open-blade-type carbon moieties (Scheme 1b).*° This model
provides a better explanation for the experimental carbon
packing densities and the presence of a large number of carbon
edge sites terminated with H and O atoms. Later, the same
group proposed more realistic models by introducing increased
structural heterogeneity.””** These models can be described as
a 3D interconnected carbon framework consisting of diverse
open-blade-type carbon moieties with partially formed closed-
strut moieties (or closed-fullerene-like nodes; Scheme 1c).
This model can be considered an intermediate between the
aforementioned two distinct models.

Earlier studies have generally attempted to model the
structure of ZTC based on the most commonly reported
physical properties in the literature.”* >® However, careful
analysis of previous synthesis results indicates that the
structural properties of ZTCs, such as carbon packing density,
porous structures (micropore volume and surface area), and
the amount of carbon edge sites (or H and O contents), can
signiﬁcantlg vary depending on their synthesis condi-
tions.”*>*"*> This implies that the atomic structure of ZTCs
cannot be described by a single structural model. Instead,
within the highly heterogeneous structures of ZTCs, the
proportions of open-blade moieties (OBM) and closed-strut
moieties (CSM) are likely to change depending on their
synthesis conditions.

In the present study, we synthesized a series of ZTCs with a
wide range of carbon packing densities (0.26—0.36 g..bon
Zeotte ') and carbon edge amounts (H/C atomic ratio =

Open-blade
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Closed-strt

0.18—0.27) using different organic precursors and thermal
densification temperatures. Rigorous material characterization
was conducted by combining X-ray diffraction, N, and CO,
adsorption, electron microscopy, Raman spectroscopy, compu-
tational modeling, derivative thermogravimetric analysis, ultra-
violet photoelectron spectroscopy, and electrocatalytic oxygen
reduction reaction. The results demonstrate that the atomic
structure of ZTCs significantly varies depending on the
synthesis conditions, leading to remarkable differences in
their macroscopic properties, such as oxidative stability, work
function, and electrocatalytic properties. A comprehensive
understanding of the correlation between the atomic structures
and macroscopic physicochemical properties of ZTCs would
empower us to design novel nanoporous carbons with desired
characteristics.

ZTCs were synthesized through the chemical vapor deposition
(CVD) of three different organic precursors with varying
molecular sizes: acetylene (kinetic diameter: 0.33 nm),
ethylene (0.42 nm), and propylene (0.45 nm). Given that
the reactivity of the organic precursors decreases in the order
of acetylene > propylene > ethylene, we increased the
precursor concentration in the following order: acetylene
(2%) < propylene (10%) < ethylene (20%) to ensure a
reasonable CVD time for ZTC synthesis at 873 K. The carbon
deposition was carried out on Ca**-exchanged Y zeolite (Si/Al
=2.55) because the Ca>* exchange increases the zeolite acidity.
This facilitates the polymerization/carbonization of the
precursors and enhances the affinity between zeolite micropore
surfaces and carbon deposits.”®

In Figure 1a, the residual micropore volume of the zeolite is
plotted as a function of the CVD time and carbon packing
density (w.). The results indicate that carbon packing density
at full filling of the zeolite micropores decreases in the order of
CVD using acetylene (0.36 gi.bon eoite ) > ethylene (0.30

Scarbon gzeolite_l) > Propylene (026 Ecarbon gzeolite_l)' This can be
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Figure 1. (a) Residual micropore volume of CaY zeolite plotted as a function of CVD time and the carbon packing densities (w.) during CVD at
873 K using 2% acetylene/Ar (red), 20% ethylene/Ar (green), and 10% propylene/Ar (blue). (b) XRD patterns of ZTCs and CaY. TEM images
and Fourier diffractograms (insets) of (c) PP-1073K, (d) ET-1073K, (e) AC-1073K, (f) PP-1273K, (g) ET-1273K, and (h) AC-1273K.

interpreted as utilizing a smaller organic precursor in CVD
being advantageous for a continuous supply of a carbon source
into zeolite micropores during ZTC synthesis, resulting in a
higher carbon packing density. The carbon/zeolite composites
with complete micropore filling (CVD times for acetylene,
ethylene, and propylene were 12, 32, and 13 h, respectively)
were subsequently subjected to thermal framework densifica-
tion at two different temperatures, 1073 and 1273 K, in an Ar
atmosphere. The densification process is essential to obtain
ordered microporous carbon structures after zeolite dissolu-
tion. We confirmed that the carbon packing density did not
change appreciably after thermal densification (Figure S1)
because hydrogen atoms were primarily removed during this
process. The resulting composites were treated with an HF/
HCI aqueous solution to obtain freestanding ZTCs. The ZTC
samples were denoted as “x—yK,” where x represents the
organic precursors (AC: acetylene, ET: ethylene, and PP:
propylene), and y represents the thermal densification
temperature.

In X-ray diffraction (XRD) (Figure 1b), all ZTC samples
exhibited a sharp peak at 26 = 6.6° (corresponding to a d-
spacing of 1.34 nm), which originates from the (111)
structural regularity of the CaY zeolite with a FAU topology.
The peak indicates the highly ordered microporous structures
of the ZTCs. All ZTCs showed no detectable diffraction peak
at 20 = 24-26°, indicating the negligible formation of dense
carbon with graphite-like layer stacking on the zeolite external
surface.'””" The absence of dense external carbon was further
confirmed by a unitary temperature distribution for carbon
oxidation at 700—800 K in derivative thermogravimetry
(DTG) analyses (Figure S2). In contrast, ZTC deliberately
synthesized via carbon overdeposition to additionally contain
dense external carbon (denoted as “AC-1073K-ext”) exhibited
an additional oxidation peak at 820 K (Figure S2). This high-
temperature peak can be attributed to the oxidation of dense
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external carbon.”’ Transmission electron microscopy (TEM)
images showed clear lattice fringes for all synthesized ZTCs,
confirming their highly ordered microporous structures
(Figure 1c—h). In the TEM images, dense carbon layers
were not observed at the outer rim of all ZTC particles, which
is consistent with the DTG results. These results support that
all of the used CVD conditions have produced highly ordered
microporous carbons without the formation of dense external
carbon.

It is noteworthy that insufficient carbon filling within zeolite
micropores results in poor interconnection of the carbon
framework and thus the formation of disordered (or collapsed)
ZTC structures.””> Conversely, excessive carbon deposition
leads to the development of dense external carbon on the
surfaces of ZTCs. The copresence of these nonideal carbon
structures hinders the accurate characterization of true ZTC
structures. Therefore, the present highly ordered ZTCs
without dense external carbon can serve as ideal model
systems for understanding the effects of different synthesis
conditions on the ZTC pore and framework structures.

All ZTC samples exhibited type I N, adsorption—desorption
isotherms (Figure 2a), indicating the predominant presence of
micropores. According to the nonlocal density functional
theory (NLDFT) calculations, the samples exhibited uniform
micropore size distributions centered around ~1.2 nm (Figure
S3). The ZTC samples showed Brunauer—Emmett—Teller
(BET) surface areas ranging from 2562 to 3676 m> ¢! and
micropore volumes ranging from 1.00 to 1.54 cm® g~ (Table
1). This wide variation is significant, considering that all ZTC
samples show good structural order and the absence of dense
external carbon. Both the BET surface area and micropore
volume decreased when using a smaller organic precursor and
a higher densification temperature (PP-1073K > PP-1273K >
ET-1073K > ET-1273K > AC-1073K > AC-1273K). Notably,
when the surface areas and micropore volumes were

https://doi.org/10.1021/jacsau.4c00028
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Figure 2. (a) N, adsorption—desorption isotherms of ZTCs at 77 K. (b) CO, adsorption isotherms of ZTCs at 273 K. (c) H/C (black circle) and

0O/C (blue circle) atomic ratios of ZTCs.

Table 1. Textural Properties of the ZTC Samples

sample Sper” (m? g Vmicro,Nz v (cm® g Vmicro,coZ < (cm® g
PP-1073K 3676 1.54 0.21
PP-1273K 3452 1.34 0.23
ET-1073K 3121 1.32 0.24
ET-1273K 2988 122 0.25
AC-1073K 2569 1.02 0.29
AC-1273K 2562 1.00 0.31

1) Vtotald (Cm3 gil)

pore size® (nm) H/C atomic ratio O/C atomic ratio

1.92 1.16 0.27 0.03
1.63 1.16 0.22 0.06
1.53 1.16 0.24 0.04
1.38 1.16 0.23 0.04
1.30 1.24 0.20 0.04
1.20 1.24 0.18 0.06

“BET surface areas calculated from N, adsorption isotherms determined in the P/P, range of 0.05—0.15. Micropore volumes calculated from N,
adsorption 1sotherms using the Dubinin—Radushkevich (DR) equation. “Ultramicropore volumes calculated from CO, adsorption isotherms using
DR equation. “Total pore volumes determined from N, adsorption isotherms at the P/P, of 0.96. “Pore sizes calculated from N, adsorption

isotherms using the NLDFT analysis.

normalized by the mass of the initial zeolite template used for
CVD (rather than the mass of the resulting carbon), all ZTC
samples exhibited remarkably similar values (Figure S4). This
suggests that the zeolite micropore surface and framework
were faithfully transcribed into the carbon surface and
micropore, respectively. Thus, substantial variation in the
surface areas and micropore volumes of ZTCs likely originates
from the different densities of a carbon framework that is
inaccessible to N, at 77 K.

In this context, the micropore structures of the ZTC samples
were further analyzed using CO, adsorption at 273 K (Figure
2b). In the case of very narrow carbon micropores (ultra-
micropores; diameter <1 nm), N, adsorption at 77 K is hardly
measurable due to diffusion limitations of N, (kinetic
diameter: 0.36 nm) molecules at the cryogenic temperature.
In contrast, the adsorption of smaller CO, molecules (kinetic
diameter: 0.33 nm) at an elevated temperature (273 K) can
circumvent such diffusion problems.”* Notably, the CO,
uptakes corresponding ultramicropore volumes increased in
the order of PP-1073K < PP-1273K < ET-1073K < ET-1273K
< AC-1073K < AC-1273K (Figure 2b and Table 1), which is
completely opposite to the trend of micropore volumes
determined by N, adsorption at 77 K. These results confirm
that the ZTC samples synthesized using a smaller organic
precursor and a higher densification temperature contain more
ultramicropores that are inaccessible to N,. Such ultra-
micropores likely originate from the presence of a less
accessible CSM rather than a highly accessible two-sided
OBM in the ZTC framework. NLDFT analysis of the CO,
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adsorption isotherms indicated that the size of ultramicropores
is centered at approximately 0.6 nm for all ZTC samples
(Figure SS).

Elemental analysis of ZTCs (Figure 2c and Table 1)
revealed a decrease in the H/C atomic ratios from 0.27 to 0.18
when a smaller organic precursor and a higher densification
temperature were employed in their synthesis. This indicates a
decrease in the amount of H-terminated carbon edge sites.
Conversely, the O/C ratio (or the amount of O-terminated
edge sites) was always kept low (O/C = 0.03—0.06), and the
proportions of various oxygen functional groups determined by
temperature programmed decomposition-mass spectroscopy
(TPD-MS) were similar for all samples (Figures S6 and S7 and
Table S1). The present results demonstrate that when a
smaller organic precursor and a higher densification temper-
ature are employed for ZTC synthesis, the resulting ZTC
exhibits a higher carbon packing density, larger ultra-
microporosity, and lower amount of H-terminated carbon
edge sites. All of these results coherently support the idea that
ZTCs synthesized under these conditions comprise more
CSM.

To gain additional insights into the carbon building units,
we treated AC-1273K, the sample expected to have the largest
portion of CSM, with H, at 873 K. After the treatment, the H/
C atomic ratio slightly increased from 0.18 to 0.19. Meanwhile,
the ultramicropore volume determined from CO, adsorption
decreased from 0.31 to 0.25 cm® g~* (Figure S8a), whereas the
micropore volume determined from N, adsorption increased
from 1.00 to 1.03 cm® g~' (Figure S8b). These results imply
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Figure 3. (a) Low-frequency Raman spectra of ZTCs. (b) Icgy/Iopy ratios of RBM bands plotted as a function of the H/C atomic ratios of ZTCs.
(c) High-frequency Raman spectra of ZTCs. (d) Ip/I; ratios plotted as a function of the H/C atomic ratios of ZTCs.

that some of the initially N,-inaccessible ultramicropores
became accessible, likely due to the opening or unzipping of
the CSM through H-termination. It is not surprising that
certain CSM in ZTCs have very high surface curvature and
stress, making them prone to unzipping upon H, treatment at
873 K.

To investigate the local structures of ZTCs in greater detail,
Raman spectra were analyzed. In the low-frequency Raman
spectra (Figure 3a), ZTCs exhibited bands at 270—480 cm™,
which can be attributed to radial breathing mode (RBM)
vibrations. These bands are observed in carbon materials with
high surface curvatures, such as carbon nanotubes
(CNTs),** nanostructured graphitic materials,”’ ™’ and
ZTCs.*** Two major bands could be distinguished for the
ZTC samples: one at 400—450 cm ™" and the other at 300—350
ecm™!. Since the frequencies of RBM bands (wggy) are
proportional to the surface curvature of carbon,’*' these
bands were assigned to CSM with extremely high surface
curvature and OBM with relatively low surface curvature,
respectively. With the use of a smaller organic precursor and a
higher densification temperature, the intensity ratio of the two
peaks (Icgm/Iopy) progressively increased: PP-1073K (Icgy/
Iopy = 0.46) < PP-1273K (Icsy/Iopy = 0.83) < ET-1073K
(Iesy/Iopy = 0.85) < ET-1273K (Icgy/Iopy = 0.93) < AC-
1073K (Iesy/Iopy = 1.08) < AC-1273K (Iesy/Iopy = 1.61).
These results confirm that using a smaller organic precursor
and a higher densification temperature forms ZTCs composed
of a larger fraction of CSM. In addition, the intensity ratio of
RBM bands (Icgp/Iopm) exhibited an inverse relationship with
the H/C ratio of ZTCs (Figure 3b), consistent with the idea
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that OBM should contain more H-terminated carbon edge
sites than CSM.>”

The high-frequency Raman spectra of ZTCs in the range of
1000—1800 cm ™" are shown in Figure 3c. The G band at 1600
cm™! arises from the in-plane stretching vibrations of sp’-
hybridized carbons in a hexagonal lattice structure. The G
bands of ZTCs are blue-shifted compared to that of graphite
(1580 cm™'), which indicates that the ZTC frameworks are
composed of nanosized carbon domains**** without graphite-
like layer stacking.** The D band at 1350 cm™ originates from
the vibrational modes associated with disordered carbon
structures, such as lattice defects, carbon edges, and other
forms of structural imperfections.”>™* The intensity ratio of
the D and G bands (Ip/I;) increased with a decreasing H/C
ratio of the ZTCs (Figure 3d). It appears that the increased
presence of CSM with higher surface curvature results in
increased structural disorder. Except for perfectly cylindrical
surfaces, the generation of high surface curvature requires
carbon polygons other than hexagons, such as pentagons (for
positive curvature) and heptagons (for negative curvature).
Consequently, the pronounced presence of CSM is likely to
generate more structural disorders due to the increased
presence of diverse polygons, thus strengthening the D band.

We theoretically constructed structural models for all the
synthesized ZTCs (Figures 4 and S9) to reflect their carbon
packing densities, H/C and O/C atomic ratios, and oxygen
functional group distributions (Tables S2 and S3). The
resulting carbon structures are composed predominantly of
sp>-hybridized carbons, and as grown within the confined
micropores, they lack conventional graphite-like layer stacking.
ZTCs synthesized using a smaller organic precursor and a
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Figure 4. Theoretical ZTC models of (a—c) AC-1273K and (d—f) PP-1073K. Multiunit structures (a,d) and their representative framework units

formed within supercages (b,e) and pore necks (c,f) of FAU zeolite.

higher densification temperature are predicted to contain a
greater number of CSM. Consequently, AC-1273K possesses
the largest number of CSM (units 1—3, Figure 4b), whereas
PP-1073K contains the smallest number (only unit 1, Figure
4e). It is noteworthy that even in the case of AC-1273K, CSM
appears to form only within the large supercage (internal
diameter: 1.3 nm) of the FAU zeolite template (refer to Figure
S10 for the zeolite structure). At the narrower pore neck
connecting the adjacent supercages (diameter: 0.73 nm), only
small naphthalene- or anthracene-like moieties could form as a
connecting carbon unit (Figure 4c,f). This result implies that
Schwarzites (an ideal 3D carbon tubular structure) are unlikely
to form within the FAU zeolite structure. The ZTC models
exhibited Gaussian curvature distributions centered around a
slightly negative curvature close to zero (Figure S11). The
distributions became broader in the models with increased
proportions of the CSM, indicating higher local surface
curvatures. The simulated adsorption isotherms of the
theoretical models were generated using grand canonical
Monte Carlo (GCMC) simulations for N, at 77 K and CO, at
273 K (Figure S12). The N, adsorption amounts decreased
when using a smaller organic precursor and a higher
densification temperature for ZTC synthesis, whereas the
CO, adsorption amounts increased. These results are
consistent with the experimental observations (Figure 2a,b).
The GCMC simulations also confirmed that the narrow spaces
within the CSM with high surface curvatures offer the
strongest adsorption sites for CO,.

We additionally conducted a comparison of the H/C atomic
ratios and carbon packing densities of the synthesized ZTC
samples with the anticipated values derived from various
theoretical models previously proposed (Figure S13). The
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results support that all ZTCs synthesized in the present study
are still primarily composed of the OBM rather than CSM, and
thus, their overall properties are significantly distant from the
ideal tubular structures of Schwarzites.

The variations in the atomic structures of ZTCs may give
rise to substantial differences in their macroscopic properties.
We assessed the oxidative stability and work function of ZTCs
through DTG analyses (Figure Sa) and ultraviolet photo-
electron spectroscopy (UPS) (Figure Sc), respectively. In the
DTG analyses, the temperature for carbon oxidation (T,,)
gradually increased with the use of a smaller organic precursor
and a higher densification temperature or with decreasing H/C
atomic ratios (Figure Sb). These results indicate that ZTC
frameworks with a higher proportion of CSM exhibit enhanced
stability against oxidation. This can be explained by the fact
that OBM contains a significant amount of H-terminated
carbon edge sites, which are more susceptible to oxidation
compared to in-plane carbon atoms.*” From the UPS spectra
(Figure Sc), the work functions of ZTCs were determined by
analyzing the secondary electron cutoff energies (Eqyog). The
ZTCs exhibited a wide range of work functions (4.56—5.19
eV), which gradually decreased with the use of a smaller
organic precursor and higher densification temperature or
decreasing H/C atomic ratios (Figure 5d). These results show
that a higher proportion of the CSM results in a reduction in
the work function.

Finally, the electrocatalytic oxygen reduction reaction
(ORR) properties of ZTCs were evaluated using a rotating
ring disk electrode (RRDE) in an O,-saturated 0.1 M KOH
electrolyte. The ORR polarization curves indicated significant
variation in catalytic activity across the ZTC samples (Figure
6a). The onset potentials determined at a current (i) of —0.01
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mA exhibited a gradual increase from 0.69 to 0.79 Ve with
the use of a smaller organic precursor and higher densification
temperature or with decreasing H/C ratios. Meanwhile, the
half-wave potentials increased from 0.57 Vpyg to 0.72 Vipyg.
These results indicate that ZTCs with a larger proportion of
CSM exhibit higher ORR activities. All ZTCs exhibited a
predominant production of hydrogen peroxide (H,0,) with a
selectivity exceeding 85%, indicative of a two-electron ORR
pathway (Figure 6b).

In the Tafel plots (Figure 6c), ZTCs with a larger
proportion of CSM exhibited smaller Tafel slopes, indicating
a lower activation energy for the rate-determining step. It has
been reported that the first electron transfer from the carbon
surface to O,, resulting in the formation of hydroperoxo
(OOH) species, is the rate-determining step in the two-
electron ORR over metal-free carbon catalysts.”” Notably, both
of the kinetic current densities ( jk,Hzoz) measured at 0.65 and

0.75 Vyyg exhibited an inverse relationship with the work
functions of ZTCs (Figure 6d). This can be attributed to the
fact that the low work functions of carbon catalysts are
beneficial in facilitating the first electron transfer to O,, thereby
increasing ORR activity.””*” As a result, AC-1273K exhibited a
116-fold higher Jim,0, value compared to PP-1073K at 0.75

Vpue (46-fold higher at 0.65 Vyyg). The observed H,0,
electrosynthesis activity is comparable to that of the state-of-
the-art carbon catalysts reported in the literature (Figure S14).

We synthesized a series of ZTCs with varying carbon packing
densities and carbon edge amounts by altering organic
precursors and thermal densification temperatures. Rigorous
structural characterization, combining experimental and
theoretical analyses, demonstrates that the atomic structure
of ZTCs significantly varies, depending on their synthesis
conditions. The results demonstrate that carbon deposition
using a large organic precursor and low-temperature thermal
densification generates ZTCs predominantly composed of an
OBM, characterized by low surface curvature and abundant H-
terminated edge sites. In contrast, synthesis using a small
precursor with high-temperature densification produces ZTCs
with an increased proportion of CSM, exhibiting a large surface
curvature and reduced edge sites. The variation in the atomic
structure of ZTCs results in substantial differences in their
macroscopic properties, such as oxidative stability, work
function, and electrocatalytic properties, despite the similarity
of their porous structures. A comprehensive understanding of
the correlation between the atomic structures and macroscopic
physicochemical properties of ZT Cs would enable us to design
novel nanoporous carbons with tailored properties.

CaY zeolite was prepared by ion-exchanging NaY (CBV100,
Zeolyst International, Si/Al = 2.55) with a 1 M Ca(NO,;),
(98.5%, Samchun) aqueous solution twice at room temper-
ature. In a typical synthesis of ZTC, 5.0 g of CaY was placed in
a quartz plug-flow reactor (inner diameter: 5.5 cm) and heated
to 873 K (ramp: 2 K min~") under Ar flow (200 cm® min™").
To synthesize AC-yK samples, the gas was switched to 2%
acetylene/Ar (400 cm® min™"), and CVD was conducted for
12 h. Subsequently, the temperature was increased to 1073 or
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1273 K (ramp: 2 K min™") under Ar flow (200 cm® min™") and
held for 3 h to synthesize AC-1073K and AC-1273K,
respectively. The resultant carbon/zeolite composites were
treated with a 0.3 M HF/0.1 M HCI solution to remove the
zeolite template. The resulting ZTCs were collected by
filtration, thoroughly washed with deionized water, and dried
overnight at 373 K. The acid treatment was repeated twice.
Similarly, ET-yK and PP-yK samples were prepared through
CVD under a flow of 20% ethylene/Ar (400 cm® min™") for 32
h and a flow of 10% propylene/Ar (400 cm® min™") for 13 h,
respectively. To synthesize ZTC with dense external carbon
(AC-1073K-ext), CVD was conducted at 873 K for 12 h under
a flow of 2% acetylene/Ar (400 cm® min™'), followed by an
additional CVD at 1073 K for 4 h.

The carbon packing densities were determined through
thermogravimetric analysis of carbon/zeolite composites
using N-1000 (SINCO) with a ramping rate of 10 K min™"
under a flow of air (50 cm® min™"). DTG curves of ZTCs were
collected by using the same equipment with a ramping rate of
0.5 K min~! under a flow of air (50 cm® min™!). N,
adsorption—desorption isotherms were measured using a
BELSORP-max (BEL Japan) volumetric analyzer at 77 K.
Before measurement, the carbon/zeolite composites were
degassed at 673 K for 4 h, and ZTCs were degassed at 523
K for 4 h under vacuum. BET surface areas were calculated in
the P/P, range of 0.05—0.15. Micropore volumes were
calculated using the Dubinin—Radushkevich (DR) equation,
and the total pore volumes were determined at a P/P, of 0.96.
Pore size distributions were calculated by NLDFT analysis,
assuming a graphitic carbon with slit-like pore geometry and a
single log-normal pore size distribution. CO, adsorption
isotherms were measured at 273 K using a 3-Flex (Micro-
meritics) volumetric analyzer. Ultramicropore volumes were
calculated using the DR equation, and pore size distributions
were calculated by NLDFT analysis, assuming a graphitic
carbon with slit-like pore geometry. The H/C and O/C atomic
ratios of ZTCs were determined by elemental analysis using a
FLASH 2000 (Thermo Scientific). Prior to measurement,
ZTCs were thoroughly evacuated at 523 K for 4 h. Each
measurement was repeated three times. TPD-MS profiles were
collected using a BELMASS II (BEL Japan). Typically, 0.03 g
of the sample was heated to 1273 K (ramp: S K min™") under
Ar flow (30 cm® min™).

XRD patterns were recorded by using a SmartLab X-ray
diffractometer (RIGAKU) equipped with a Cu Ka radiation
source (40 kV, 200 mA). TEM investigation was conducted
with an FEI Titan Cubed G2 60-300 microscope operating at
200 kV (KAIST Analysis Center for Research Advancement,
KARA). Prior to the investigation, the samples were loaded
onto a lacey carbon grid (LC300-Cu) by drop-casting an
ethanolic dispersion. Raman spectra were recorded using a
LabRAM ARAMIS (Horiba Jobin Yvon) with an Ar ion laser
(514 nm). UPS analysis was conducted using an Axis-Supra
(Kratos) with a He I (21.21 eV) photon source. To minimize
the potential influence of adsorbates on the work function,”
ZTCs were evacuated at 523 K for 4 h before the UPS
measurement. Work functions were calculated from the shift in
the E . work function = hv (He I photon energy) — Eqyf

Fully relaxed ZTC structures were generated through a
computational methodology that combines continuous ran-
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dom network model-based Metropolis Monte Carlo (CRN-
MMC) simulations with density functional theory (DFT)
calculations. The structure generation began with a seed
comprising four carbon atoms (a central atom bonded to three
neighbors) positioned within the pore space of the FAU
zeolite. With our in-house code, the ZTC structures grew via
CRN-MMC simulations utilizin§ the valence force field
specific to sp> carbon systems.”® Carbon-framework inter-
actions reflect Lennard—Jones (LJ) parameters, guided by the
Universal force field with the Lorentz—Berthelot mixing rules,
and a truncated cutoff of 7.0 A was applied.

In every simulation cycle, the code executed one of the
following moves: inserting a carbon atom into an under-
coordinated atom, deleting an existing carbon atom, switching
bonds between adjacent atoms, or bond dissociation.
Following each move, the new structure underwent a
relaxation phase. This structure was accepted if its energy
difference, AE, with the previous structure was negative or if
the Boltzmann factor, exp(—AE/kT), exceeded a random value
between 0 and 1. Structures failing this criterion reverted to
their former state. A penalty energy was enforced if the carbon
atom count surpassed the experimental carbon density for the
samples, and the CRN-MMC simulation ended when the
energy reduction became negligible. After the CRN-MMC
simulation, the zeolite template was removed, and based on
experimentally determined functional group ratios, functional
groups were manually introduced to the ZTC edges. Further
optimization of the ZTC structures was conducted through
DFT calculations, adopting the generalized gradient approx-
imation of Perdew, Burke, and Ernzerhof (PBE).55 These
calculations utilized the Vienna ab initio simulation package
(VASP),*¢ incorporating a plane-wave basis set and projector-
augmented-wave pseudopotentials.””>® Wave function energy
convergence was set at 107* eV. Optimization persisted until
residual forces reduced below 0.01 eV/A.

Simulated N, and CO, adsorption isotherms were obtained
using a grand canonical Monte Carlo simulation (GCMC)
implemented in RASPA.*’ In all GCMC simulations, the ZTC
frameworks were treated as rigid. The ZTC—adsorbate and
adsorbate—adsorbate interactions were modeled using the L]
potential with a cutoff distance of 14 A and tail corrections. For
N, (or CO,) adsorption simulation, we adopted the LJ
potential parameters for carbon atoms as € = 28.2 K (or 47.8
K) and 6 = 3.4 A (or 3.47 A).°*°' N, and CO, molecules were
described as the TraPPE model.®* For each GCMC simulation,
2 X 10° MC cycles (the initial 10° MC steps for equilibration
and the subsequent 10° MC cycles for property production
steps by running averages) were performed with random
translation, rotation, and insertion/deletion moves. Zeo++%
(with a 1.4 A probe size) was used to estimate the accessible
surface area and void fraction, while SESAMI 2.0°* was
employed to predict the BET surface areas of ZTCs from the
GCMC-simulated isotherms.

The local Gaussian curvature of ZTCs was estimated by
focusing on all carbon atoms and oxygen atoms connected to
two carbon atoms. Using the atomic coordinates, a KDTree
was constructed to efficiently determine neighboring atoms
within a radius of 3.5 A. For each atom, a second-order
polynomial (z = a + bx + by + xx* + cyy* + dxy) was used to fit
the local surface topology using relative coordinates of
neighboring atoms. The polynomial coeflicients were then
used to calculate Gaussian curvature. Atoms with fewer than
six neighbors were assigned a Gaussian curvature of zero.
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Electrochemical experiments were performed by using a VMP3
potentiostat (Bio-Logic). A three-electrode system was
equipped with a graphite rod counter electrode and a Hg/
HgO (RE-61AP, ALS) reference electrode. As an electrolyte, a
0.1 M KOH aqueous solution was used. All potentials denoted
in this study were referenced to the reversible hydrogen
electrode (RHE), after calibrating the reference electrode in
H,-saturated electrolyte using a Pt electrode. The catalyst ink
was prepared by dispersing 10 mg of the catalyst in a solution
containing 7137 uL of ethanol, 27 uL of 5 wt % Nafion
solution, and 793 uL of deionized water, followed by
sonication for 30 min. The working electrode was prepared
by drop-casting 10 pL of the ink onto a glassy carbon disk
(0.126 cm?) of a Pt-ring-disk electrode (A-011162, ALS). The
total loading of catalysts was fixed at 100 ug of cm 2. The ORR
responses were measured in the potential range of 0.05—1.0
Vyue with a scan rate of 5 mV s~ and a rotation speed of 1600
rpm in the electrolyte saturated with O, using the rotator
(RRDE-3A, ALS). H,0, selectivity was simultaneously
measured with the polarized potential of 1.3 Vi on the Pt-
ring electrode.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00028.
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