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Summary

The atomic-scale and near-atomic-scale local structures during zeolite-templated carbon (ZTC)
growth are not well understood. Our study provides insights into the structural evolution from
the early to later stages, and finally, the completed stages of growth (i.e., carbon deposition
inside the zeolite pores) of Ca-exchanged FAU zeolite-templated carbon using acetylene as a
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carbon source, through integrated differential phase contrast (iDPC) STEM. Furthermore, the
combination of CO: and Ar adsorption techniques provides a full pore size distribution and
provides values for the inner and outer surface areas and volumes of the hollow carbon structure.
These findings can help to better understand the structure of ZTCs at the atomic and near-atomic
levels, which can be leveraged to enhance ZTC performance in existing applications and
potentially enable their use in new applications.
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Introduction

Trivalently-bonded carbon (TBC) is the basic unit of a variety of carbon allotropes including
fullerenes,' carbon nanotubes,? graphene,* and various three-dimensional (3D) porous carbon
structures.*”’ Different 3D architectures of porous carbons composed of TBC have attracted wide
interest for basic science studies and potential use in catalysis, adsorption, mechanics,
electronics, and energy storage, among others.®!* For example, schwarzites® contain network
pores with negative-curvature surfaces and an open topology. There are (in principle) an infinite
variety of schwarzites, and since they are a sub-class of all porous carbons composed of TBC,
the structure space in terms of even further variety is even larger. In short, an infinite number of
different unit cells that periodically repeat can be formed at least in principle. In addition to
computational modeling, what experimental approaches have been or could be used to deepen
our understanding of this class of structures?

One is “bottom-up” synthesis that requires the accurate control of five-, six- or seven-membered
rings to form negative-curvature surfaces, and exciting progress is being made.!> Another is “top-
down” synthesis by templating the carbon product using existing porous and periodic
(crystalline) solids, such as zeolites,'®?* yielding “zeolite-templated carbon” (ZTC). The wide
variety of zeolites?® suggests that a wide variety of ZTCs can likely be generated.! Removal of
the zeolite template after depositing carbon inside its pores yields the ZTC. The topology of this
ZTC will depend on the structure of zeolite template, while the properties of this ZTC benefit
from both the graphene-like surfaces and periodic micropores. (Here, ZTC is “the templated
carbon with zeolite removed” and C@FAU is “the templated carbon with the zeolite still

present.”)
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FAU is a naturally occurring aluminosilicate zeolite also synthesized in large scale for
commercial applications, and that has been used to synthesize certain ZTCs.!®? When metal
ions, such as La*" and Ca®*, were introduced by ion exchange of some of the Na* ions
conventionally present in FAU, it was reported that acetylene and ethylene could be carbonized
inside the zeolite pores at a relatively low temperature compared to the earlier syntheses of
ZTCs." A carbon “replica” of the ordered micropores in this La- or Ca- FAU zeolite was
reported to have high surface area, low density, high rigidity, good stability and relatively high
electrical conductivity.'

Real ZTCs are not perfectly periodic, since there is disorder on the local (i.e., atomic) scale and it
seems that not all the zeolite channels are perfectly filled by TBC.!**” Note that ZTCs are
typically analyzed by powder X-ray diffraction (PXRD), gas adsorption isotherms, Raman
spectroscopy, and solid state nuclear magnetic resonance (SSNMR); these have not provided
high-spatial-resolution information of atomic-scale and near atomic-scale local structures (we
note that multidimensional SS-NMR might eventually provide such information but are not
aware of any such studies on ZTCs; indeed we are planning such studies in the future). Thus, the
evolution of the growth, from the initial to the final stages, of ZTCs and other porous carbons is
not yet really well understood, with recent attempts reported about beta zeolite and ethylene as a
carbon precursor and FAU zeolite (sodium counterion) and acetylene as a carbon precursor
(carbon deposition done at 600°C), FAU zeolite (proton counterion) and ethylene as a carbon
source at 680°C.%33Y Our study here provides insights into the structure from the early to the
latter, and final, stages of growth (carbon deposition inside the zeolite pores) of the Ca-
exchanged FAU zeolite templated carbon using acetylene as a carbon source.

(Scanning) transmission electron microscopy, (S)TEM, has a high spatial resolution and can
resolve atoms and bonds including in periodic structures.’!"3 Zeolites, and the carbons grown
inside its channels, are composed of low atomic number elements and are thus beam-sensitive,
which limits the sample stability and also spatial resolution and signal-to-noise ratio of the
(S)TEM images acquired with standard STEM modes. Recently, integrated differential phase
contrast (iDPC) STEM has been introduced,***¢ and applied to atomic-scale imaging of various
porous materials including zeolites®’ and metal-organic frameworks,* given its low electron
dose, high signal-to-noise ratio and other favorable attributes. Indeed, small and individual
aromatic molecules confined in zeolites have been imaged with excellent contrast.*'*> We report
here how the iDPC-STEM can be applied for studying the ZTC structures during the initial-

through-final stages of carbon growth.

We find that the real-space imaging of the FAU template and ZTCs by the iDPC-STEM shows
an ultrahigh resolution and good signal-to-noise ratio and provides details about local structures.
Combining the iDPC-STEM images with other characterization results, the ZTC product is
found to have a near-periodic network and hollow structure of TBCs that “replicates” the FAU
template. We report on the evolution of carbon and also of carbon structure in the FAU zeolite as
a function of time by interrupting growth before it is complete. In addition to atomic-scale iDPC-
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STEM imaging, we report (as far as we are aware, for the first time) the volume and surface area
of the “inside” and “outside” surfaces of a ZTC (defined as V1, V2 and S1, S2, respectively)
obtained from the gas adsorption isotherm (CO> 273 K and Ar 87 K) measurements. That is,
prior to removal of the zeolite by etching it away, S1 and V1 are the “inside surface and
volume”. After removal of the zeolite, S2 and V2 are the “outside surface and volume”. We
report our study in detail below.

Results and Discussion
STEM images of FAU template

Figure 1A and Figure S1 show the structural model of FAU zeolite. The FAU framework
contains 0.74-nm channels and 1.12-nm cages with each cage connected with four other cages
by “short neck” channels as shown in Figure 1B. Such a network of channels and cages comprise
the space for carbon deposition and thus determines the topology of the ZTC structure if the
templating works well. Several different models of TBC structures based on the FAU zeolite
template have been reported.!?16:18:19:21.23.25 We have chosen to use the model reported by K.
Kim, et al., which shows the electron-density map of C atoms obtained by single-crystal X-ray
diffraction data (Figure 1C).! Note that the real ZTC structure was reported to have high static
disorder, especially at “short neck” channels, where the electron densities were reported to be too
crowded to assign C-C bonding. This reported model indicates that the real ZTC structure is
hollow, that is, the C atoms are formed into a network that replicates the porous FAU template
along its curved inner surface (at least in the supercage region).'”

We used annular dark field (ADF) STEM and iDPC-STEM to study the crystal shapes and
atomic structure of the FAU template; we chose to focus on FAU zeolite with Ca** ions (Ca-
FAU) that are inserted by ion exchange. Figure 1E shows the [111] projection of the FAU lattice
acquired from the red frame in Figure 1D. The FAU channels are imaged in this projection.
Figure 1F gives the comparison of a magnified iDPC-STEM image and the structural model and
this shows that the Ca-FAU channel system is consistent with the model. Atomic imaging of the
FAU lattice was achieved from the [110] direction (Figure 1G-I). Figure 1H is an atomic-
resolution iDPC-STEM image of the [110] projection of Ca-FAU, acquired from the thin region
at the crystal corner (the red frame in Figure 1G). Compared to the image of H-FAU without
Ca?" ions (there are still some H" and Na* ions, see Figure S2) where the channels are nearly
empty, there are obvious additional contrasts inside the channels of the Ca-FAU sample.
Elemental mapping (Figure S3) of H-FAU and Ca-FAU by energy dispersive spectroscopy
(EDS) indicates that these additional contrasts in the channels should be the Ca** ions connected
to acid sites (Al sites) and exposed in channels (the “contrasts” of H" and Na" ions were too low
to be observed; note that Na signal was detected by EDS, see Figure S3. EDS cannot detect H).
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Figure 11 includes the magnified iDPC-STEM images at the regions with empty channels and
Ca?"-filled channels, respectively. The atomic positions of T (Si or Al atoms) and O (O atom)
sites can be identified in the magnified images, which are highly consistent with the structural
model and thus simulated image in Figure S4. To further test this assigned atomic structure, we
applied profile analysis to the iDPC-STEM image. Figure 1J shows two intensity profiles
obtained from the regions that are marked by the red and blue frames in Figure 11. In the ‘red’
profile, we can identify two peaks for T (Si or Al) atom columns and the middle small peak for
the O atom column. The peaks in the ‘blue’ profiles represent four projected positions of O atom
columns. Thus, the T and O sites can be well resolved by the iDPC-STEM imaging, which, to
the best of our knowledge, has not been reported for the FAU zeolite. Such atomic imaging of the
Ca-FAU lent us confidence to further study the growth from early to middle to final stages of the
carbons “templated” by the Ca-FAU.
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Figure 1. STEM images of FAU template

(A) Structural model of FAU zeolite viewed from the [111] direction.

(B) Channel system of the FAU zeolite.

(C) Probable structural model of C@FAU sample.

(D) ADF-STEM image of FAU zeolite viewed from the [111] direction.

(E) iDPC-STEM image of FAU zeolite obtained from the red box in (D).

(F) Comparison between the magnified iDPC-STEM image and the structural model viewed from the [111]
direction.

(G) ADF-STEM image of the FAU zeolite viewed from the [110] direction.

(H) iDPC-STEM image of the FAU zeolite obtained from the red box in (G).

(I) Comparison between the magnified iDPC-STEM images (with and without Ca** ions) and the structural
model viewed from the [110] direction.

(J) Profile analysis of the magnified iDPC-STEM image obtained from the red and blue boxes in (I).
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ZTC synthesis and characterization

The ZTCs were synthesized at 450°C and 700 torr using acetylene (20 sccm) mixed with Ar (80
sccm). A parametric study of temperature and pressure was “optimized” as shown in Figure S5.
FAU templates with Ca?", Mg?*, La>", and Y>" were prepared by ion exchange (see Methods).
Figure 2A shows the weight ratio of carbon-to-zeolite with different reaction times and the
different metal ions. The time of exposure to acetylene was varied, and the acetylene flow was
turned off at a given time (but Ar was left on) following which the samples were heated at 850°C
for 2h.** Thermogravimetric analysis (TGA) is shown in Figure S6. The Ca**, Mg?*, La**, and
Y**-exchanged FAU templates show a similar trend of carbon content vs exposure to acetylene
time. The carbon content (the weight ratio of carbon-to-zeolite) plateaus at a value of about 0.30
for these four FAU templates. We henceforth focus on results for the Ca-FAU; note that some
results for Mg?", La**, and Y** are shown in the Supporting Information (Figure S7-S9). Since
these supporting results indicate a similar ZTC structure for different metal ions, the study on the
ZTCs from Ca-FAU template is perhaps representative of all samples that we have prepared (but
further study is indicated).
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Figure 2B shows the PXRD results of Ca-FAU and ZTC, and the sharp peak at 6.5° shows the
replication of the FAU (111) planes. '3C SSNMR and Raman spectroscopy indicate the presence
of TBC in the ZTC. The single peak at 120-130 ppm in the 3C SSNMR spectrum (Figure 2C) is
from TBCs. The G-band and D-band in the Raman spectrum (Figure 2D) can be interpreted as
due to TBC networks with C-H defects.?! Figure 2E shows a scanning electron microscope
(SEM) image of the ZTCs after removing the Ca-FAU templates, which is similar to those of the
FAU particles (Figure S10). The ZTCs were also imaged by ADF-STEM (Figure 2F). The
magnified high-resolution TEM image in Figure 2G shows the curved layers in networks at the

edge of porous ZTC.
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Figure 2. ZTC synthesis and characterization. All results in (B) — (G) are about the Ca-FAU zeolite, and
ZTC is (nominally) carbon only, that is, the zeolite has been removed

(A) Carbon content (carbon-to-zeolite mass ratio) for different growth times as measured by TGA.

(B) PXRD results of Ca-FAU zeolite and the ZTC.

(C) 13C SSNMR spectrum of the ZTC. Asterisk shows the chemical shift at 120-130 ppm indicative of TBC.
Hashes indicate the spinning sidebands.

(D) Raman spectrum of ZTC. Asterisk and hash indicate the G-band and D-band, respectively.

(E) SEM image of the ZTC.

(F) ADF-STEM image of the ZTC.

(G) Magnified high-resolution TEM image of the ZTC.
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Adsorption measurements of ZTC

We then used gas adsorption isotherms to study the microporous structure of ZTC in detail.
According to the model based on the electron-density map of C atoms,'” the negative curvature
of a hollow carbon structure should be expressed in two different kinds of pore widths in the
whole pore size distribution, which correspond to the pore volumes inside and outside the hollow
carbon structure, defined as V1 and V2, respectively. For this we applied Ar adsorption at 87K as
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Figure 3. Adsorption measurements of ZTC

(A) Ar (87 K) adsorption isotherms of the ZTC samples with different growth times.

(B) CO; (273 K) adsorption isotherms of the ZTC samples with different growth times.

(C) Pore distributions of the ZTC samples with different growth times obtained from the combination of Ar (using a
dedicated QSDFT slit pore kernel) and CO; (using a dedicated NLDFT slit pore kernel) adsorption isotherms
(bullet points and circles, respectively). V1 and V2 represent the pore volumes as described in the text.

(D) Schematic model to define the inner and outer surfaces (S1 and S2) of hollow ZTC structure.

(E) Change of V1:V2 and S1:S2 ratios of the ZTC samples with growth time.
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well as CO» adsorption at 273 K. CO; adsorption at 273 K is a standard method for the
assessment of carbon nanopores of width < 1 nm and the combination of Ar and CO: adsorption
allows one to obtain the complete pore volume/size distribution ranging from ultramicropores to
meso/macropores.

Figure 3A shows the Ar adsorption isotherms of the ZTC samples after etching that were
obtained by different times of exposure to acetylene (different growth times). They were used to
detect the pores with a width > 0.7 nm, which contribute most of the pore volume and surface
area in these ZTCs. The Brunauer-Emmett-Teller (BET) areas obtained by Ar adsorption
isotherms are 990, 1500, 2050, and 2280 m?*/g for the 30-, 60-, 120-, and 180-min samples,
respectively. It should be noted that these BET areas only represent apparent surface areas,
because the BET theory cannot be applied in a strict sense on adsorption data obtained on
microporous materials.** The increasing BET area with growth time indicates that the
microporous structure was gradually formed during the growth process. As for pores < 1 nm, the
CO; adsorption isotherms were used to supplement the pore size distribution in the nanopore
region (Figure 3B). In these isotherms, the amount of CO> adsorbed in the 30- and 60-min
samples are nearly identical, which correspond to the space inside the hollow ZTC, while more
CO; was adsorbed in the 120- and 180-min samples.

Combining the Ar and CO; adsorption results, as indicated above, we calculated, for the different
samples, the pore size distributions in the range from ultramicropores to narrow mesopores by
applying advanced methods based on statistical mechanics, i.e., the non-local density functional
theory (NLDFT) method for CO; and quenched solid density functional theory (QSDFT, which
takes into account surface roughness) for the Ar data, assuming in both cases a slit pore
model.****® With regard to this, it should be noted that the calculated pore size is strongly
depending on the chosen pore model, i.e., here we apply for simplicity a slit pore model, which
may underestimate the true pore width but still is capable of producing the correct character of
the pore size distribution curve, i.e., here a bimodal distribution. The circular and round data
points in Figure 3C were extracted from the Ar and CO> adsorption, respectively, and then
combined to indicate the V1 and V2 that are defined on both sides of the dashed line. The pore
volume at the pore widths of about 1 nm is naturally the volume generated after etching the
zeolite (that is, V2, nearly consistent with the previous results'®). The pore volume at the pore
widths of about 0.6 nm indicates the inner space of the ZTC (that is, V1), which, although CO,
adsorption was done before,?”* has not been previously reported for perhaps similar ZTC
samples. We present a model in Figure 3D to define the V1 and V2, as well as the corresponding
S1 and S2 of this type of carbon structure. S1 is the accessible surface prior to etching the
zeolite, that is, the inner surface of the ZTC. S2 is the other surface generated when we etch the
zeolite away, that is, the outer surface of the ZTC.

Based on the cumulative surface area and pore volume in Figure S11 calculated based on the
CO; and Ar adsorption isotherms shown in Figure 3A and 3B, we can assign the S1 (V1) and S2
(V2) with the pore width at 0.7 nm as the dividing line. The values of V1, V2, S1, and S2 for
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these four samples are given in Table S1. V1 and S1 were obtained from the cumulative volume
and surface area curves (Figure S12) with pore width ranging from 0 to 0.7 nm, while V2 and S2
were obtained from those with pore width ranging from 0.7 to 5.0 nm (reaching the maximum of
volume and surface area). For the 180 min sample, V1 and V2 are 0.14 and 0.99 cm?/g, and S1
and S2 are 500 and 1640 m?/g. The ratios of V1:V2 and S1:S2 in the different samples are given
in Figure 3E. The changes of these ratios and pore size distribution can help to understand the
structural evolution of the ZTCs during the carbon deposition. At 30 min, some of the FAU cages
were filled by the hollow carbon segments, but the rigid connections (necks) between the cages
were not yet well formed. Therefore, when we etch the zeolite away, the pores with about 1 nm
sizes (the outer space of these ZTCs) collapsed, while some of the pores with about 0.6 nm sizes
(the inner space of the hollow ZTCs) remained. For 60 min, the carbon content still increased
(the carbon-to-zeolite ratio, as shown in Figure 2A) accompanied by improved integrity of
connections, so that more V1 was available and the V2 does not change. After further growth
from 60 to 180 min, the carbon-to-zeolite ratio reached the plateaus at about 0.3, the network of
ZTC was more rigid and the V1 and V2 reached their maximum values. The real-space imaging
of carbon deposition in Figure 4 further supports this picture.

Due to their high surface areas, chemical composition, and chemical and thermal stability, ZTCs,
including derived from FAU, were tested in adsorption, hydrogen storage, methane storage, and
carbon dioxide capture*’. However, the effect of S1, V1, S2, and V2 in these studies is not well
understood, and their values and ratios may play crucial roles. As the number of closed strut
moieties, as referred to by Choi et al.,?” increases, the S1 and V1 values also rise. In an ideal
case, where all pores are occupied by interconnected CLMs, the final structure will consist of
two interpenetrating but non-connected surfaces. These structures can exhibit interesting

mechanical, electronic, catalytic, battery, and gas sorption properties.

iDPC-STEM measurements of C@Ca-FAU
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As mentioned, the iDPC-STEM enables atomic-imaging of beam-sensitive and light-element
atoms, molecules, and structures. Thus, in addition to imaging the Ca-FAU, we could also
observe the growth and distribution of carbon species in it. Figure 4A-D show four iDPC-STEM
images of the [110] projections of different “C@Ca-FAU” samples made with the reaction times
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Figure 4. Structural analysis of C@Ca-FAU with different growth time
(A-D) iDPC-STEM images of C@Ca-FAU samples with different growth times.
(E) Structural model of empty FAU and C@FAU (note: not specifically Ca-FAU).
(F) Profile analysis of iDPC-STEM images of empty Ca-FAU and C@Ca-FAU samples for different growth
times. The profile width and direction in (B-D) are the same as those shown in the red box and red arrow in (A).
The colored horizontal bands for 10-, 20-, 60-, and 180-min C@FAU products show the range (the “spread”) of
C peak heights (obtained in the channels). Notice that this spread is much smaller in the 60- and 180-min
samples.
(G) iDPC-STEM image of the 180-min C@FAU sample showing the surface carbons. (H) '*C SSNMR spectra
of C@FAU samples with different growth times.
(I) Raman spectra of the C@FAU samples with different growth times.

of 10, 20, 60, and 180 min, respectively. Regions in the channels with significantly different

contrast compared to the empty Ca-FAU sample (Figure 11) are evident. These regions were
confirmed to contain carbon species as shown by EDS (Figure S12 and S13; and please note the
other characterizations given in Figure 4). The structural evolution of carbon network from
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partial to possible complete filling of these Ca-FAU channels could be assessed from these four
iDPC-STEM images (typically 4 or 5 images were obtained for each sample—the images shown
in 4a-d are representative).

As shown in Figure 4A and 4B, some channels are partially filled by carbons and others are
nearly empty. The carbon contrasts in the Ca-FAU channels of the samples made by 10-minute
or 20-minute exposures to acetylene vary over a wide range, indicating that a complete network
has not been formed (note that the carbon content is about 0.05), and that some channels have
more carbon than others. The convergent semi-angle of 15 mrad corresponds to a depth of focus
of 18 nm, which means that all the “carbon information” for 18 nm along these channels is
contained in these images. The carbon content of the 60 and 180 min (exposure to acetylene)
samples is about 0.30—as carbon values plateau, most of the FAU channels are filled by a TBC
network (but they are not fully templated to reach ratio of 0.62-0.68 ZTC g/zeolite g, as seen
from modelling);*”*’ as shown in Figure 4C and d, the carbons are more uniformly distributed
and show high contrast in all channels. Figure 4E gives the structural models of empty FAU and
C@FAU viewed from the [110] projection. As mentioned above, the model of C@FAU sample is
based on the single-crystal ~ X-ray diffraction data reported by K. Kim, et al.,'” as shown in
Figure 1C. There is obvious contrast (representing C atoms) appearing in each channel from this
[110] projection after carbon deposition, which is consistent with our imaging results.

Profile analysis was used to address the change of carbon contrast in different regions and, thus,
the structural evolution of the carbon network. The profiles in Figure 4F were obtained in the
same area and direction as marked by the red box and red arrow in Figure 4A. The valleys in
these profiles indicate the Ca-FAU channels, while the small peaks in these valleys indicate the
carbons. The height of the carbon peak is positively correlated to the quantity of carbon atoms in
each channel. In the profile of the pristine Ca-FAU sample, we can hardly observe a carbon peak.
For the 10- and 20-min samples, the peak intensities (heights) show the breadth of the variation
in carbon contrasts (marked by the translucent color bands). The carbon peaks from the 60- and
180-min samples are all nearly the same height and this value is usually higher than those of the
10- and 20-min samples. Then, as shown in Figure 4G, there is a 3-nm thick layer of carbon (it
might contain some H) deposited on the surface in the 180-min sample, but this was not found in
the 60-min sample (Figure S14). It was also confirmed by the Ar (87 K) adsorption results in
Figure S15. Such surface carbon layer evidently blocks the Ar adsorption into the pores and
channels. We noticed that this ~3-nm thick layer can be removed during the etching (removal) of
zeolite template, since a BET surface area of up to 2280 m?/g was then obtained.

Extra characterization

The 13C SSNMR spectra for these C@Ca-FAU samples (with different growth times) in Figure
4H show one peak at 120-130 ppm (indicative of TBC) for the 20-, 60- and 180-min samples (no
signal for the 10-min sample due to the too small quantity of carbons). The signal-to-noise ratio
of this TBC peak increased as a function of growth time. The consistent G-band and D-band in
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the Raman spectra of these three samples in Figure 41 also shows the formation of a TBC-
extended structure. These results show that the ZTC has experienced a process from distributed
early-stage growth to uniform filling at the latter stage. The carbon atoms of decomposed
acetylenes originally form TBC segments that are distributed (perhaps somewhat randomly) in
FAU channels. Such segments then further grow to connect into rigid networks yielding finally a
(not full) replication of the FAU framework. When these FAU channels are being filled by
carbons, the newly added carbons are trivalently-bonded.

The X-ray photoelectron spectra (XPS) survey spectrum in Figure S16 shows only carbon and
oxygen present. The Cls spectrum exhibits mainly C-C/C=C (274.79 eV) bond and negligible
amount of C-O (286.42 eV) and C=0 (287.19 eV) bonds. It means that the ZTC is composed
mainly of carbon.

We suggest: The C atoms obtained from the decomposition of acetylene are deposited in each
channel (pore) at a range of rates (rather than uniformly—at least in the initial stages of growth).
This non-uniform distribution of carbon atoms in different channels (for the 10- and 20-min
exposures to acetylene) might be contributed by the non-uniform distribution of Ca** ions that is
shown in Figure 1E. Also, there ought to be a stochastic aspect in terms of how acetylene
molecules enter and diffuse along channels (if they do diffuse—perhaps they dissociate
“quickly” and other C-containing species diffuse)—that is, it would be surprising and also
unexpected if the rate of entry of acetylene into each channel at its pore entrance(s), and
subsequent decomposition rates, were identical for all channels in an FAU particle. For longer
exposure times to acetylene, such as 60 or 180 min, the channels (pores) are evidently further
filled, and the growing carbon fragments are connected to form a 3D porous network. This
picture agrees with the progression of carbon growth from the fragments in each channel to the
hollow and porous structures that we deduced from the results of gas adsorption in Figure 3.

Methods
Synthesis of ZTC

The FAU zeolite template with a Si/Al ratio of 5.1 was purchased from Alfa Aesar. The ion
exchange was performed with 1M aqueous solution of metal salts, including CaCl,, LaCls,
MgCl; and Y (Ac)s, at 80°C for 1h. 3.3g of FAU zeolite and 100 ml of 1M solution was used.
The ion exchange procedure was done three times. The FAU zeolite template (300-500mg) was
placed in a vertical chemical vapor deposition tube and the tube was pumped out until 10~ torr.
The tube was then ‘backfilled’ with dry Ar(g) at a rate of 1000 sccm up to 700 torr, at which time
heating until 450°C at a ramp rate of 5°C/min was started. Once the temperature reached 450 °C
it was held at that temperature for 30 min and then the Ar flow rate was changed to 80 sccm and
acetylene was introduced at a rate of 20 sccm for different times (for example: 10 min, 20 min,
30 min, 60 min, 120 min, 180 min) at 450°C. At the end of these time periods the gases were
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evacuated, and the tube was backfilled with Ar with flow rate of 1000 sccm up to 700 torr, and
heating until 850 °C was initiated. Once T reached 850°C it was held at this T for 30 min
(making sure T is stable at this value) and then maintained for 2 h more at this T. After that, the
system was cooled down to room temperate naturally and the C@FAU samples were then
collected. ZTC samples were obtained after removing the FAU template in a 0.3 M HF/0.15 M
HCI solution.

High-resolution (S)TEM imaging

All the (S)TEM imaging by different modes was carried out using a Cs-corrected STEM (FEI
Titan Cubed Themis G2 300) operated at 300 kV. For the iDPC-STEM imaging, the convergence
semi-angle is 15 mrad, and the collection angle is 4-22 mrad. The beam current is lower than 0.5
pA (and limited by the precision of the Faraday cup) with a dwell time of 32 ps and a pixel size
of 0.3555%0.3555 A2, For the ADF-STEM imaging, the convergence semi-angle is 15 mrad, the
collection angle is 17-102 mrad, and the beam current is 338 pA with a dwell time of 8 ps and a
pixel size of 32.05%32.05 AZ. For the high-resolution TEM, a BM-Ceta detector was used with a
pixel size of 39.35x39.35 A% The EDS elemental mapping was also carried out using this Cs-
corrected STEM; the beam current for the EDS is 247 pA with a dwell time of 24 ps and a pixel
size of 64.11x64.11 A% The EDS data were integrated using the Velox software. Multi-
polynomial and Brown-Powell models were employed to correct background and quantify the
EDS data. The image simulations for the iDPC-STEM images were carried out based on the
multi-slice method.*®*’ The parameters for simulations were selected to be the same as those in
our imaging experiments. The four-segment detectors generated four images, which were firstly
blurred with a Gaussian blur to account for incoherency of the source. And, the resulting images
can be further processed to obtain the iDPC image, according to the integration step described by
I. Lazié, et al.>®

Other characterizations

The SEM images were collected using FEI Verios 460 SEM with an EDS accessory (Octane
Elect EDS System) and Magellan 400 at 1.0-2.0 kV.

The TGA to measure carbon content was done with a TA Instrument Q 500 analyzer using a high-
temperature platinum pan and heating to 900°C at a rate of 10°C min™' under an air stream.

The PXRD patterns were collected using a Rigaku Smartlab diffractometer, operated at 40 kV
and 200 mA in the 2theta range of 5 to 90° using Cu-Ka radiation (A= 1.5418 A).

The Raman spectroscopy was done using a WITec GmbH Raman microscope with the power of
1 mW and the laser wavelength of 532 nm.

The 3C SSNMR spectra were recorded using a Bruker 500 MHz SSNMR spectrometer at room
temperature.
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The Ar (87K) and CO: (273K) adsorption isotherms were obtained using Micromeritics ASAP
2020. Zeolite and carbon samples were degassed following preloaded procedures in
Micromeritics ASAP 2020, at 350°C for 480 minutes and 180°C for 200 minutes with ramp rate
of 10.0°C/min, respectively. The Ar data were analyzed to obtain the BET surface area and
relative pressure range of 0.001 to 0.1 was used. Ar adsorption data was analyzed using a
dedicated QSDFT slit pore model, CO, adsorption was analyzed using a NLDFT slit pore model
using VersaWin software by QuantaTec, Anton Paar.

A VarioEL cube element analyzer was used to determine the content of C, H, O elements in
different samples. Under high temperature conditions (1200°C), the C, H, N, S/O elements in the
sample generated CO», H>O, N2, SO,/CO, and these different products were separated by
adsorption-separation, and then quantified by a TCD detector to obtain the weight percentage of
each element in the sample.

X-ray photoelectron spectra (XPS) was collected using ESCALAB-250Xi (Thermo Fisher
Scientific).

Conclusion

We used iDPC-STEM imaging of Ca** ion exchanged FAU zeolite and ZTCs from those zeolites
obtained at different growth times. Since the framework structure of FAU zeolite was atomically
resolved, the carbon contrast in each channel can be directly identified with sub-nanometer
resolution. The ZTC shows an ordered microporous structure with surface generated by extended
network(s) composed of trivalently bonded carbon and with a high measured BET surface area.
The hollow structure of ZTC was studied by gas adsorption and the inner and outer surfaces and
volumes (S1, S2, V1, and V2) were identified from the fit pore distributions. Changes in the
values and ratios of S1, S2, V1, and V2 helps one understand structure and structural evolution
of ZTCs. iDPC-STEM imaging provided detailed information about the local structures, such as
the distribution of carbons in FAU channels and about a thin carbon film that was at times found
on the surface of the FAU particles; imaging of the C@FAU samples obtained at different growth
times was used to study the structural evolution during the carbon deposition—as a function of
the exposure time to acetylene under growth conditions. The carbon segments are non-uniformly
distributed in each FAU channel at the initial stage and gradually connect to form a porous
network that mostly (but not entirely) fills up the FAU framework. We suggest that this approach
to studying the progression of carbon growth can guide in further understanding and perhaps
modifying the local carbon structures in a variety of templates.
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