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Despite great efforts to achieve ideal atomistic packing of carbon in the pore networks of even the largest pore zeolites, tem-
plating inaccuracies are ubiquitous in all presently synthesized zeolite-templated carbon (ZTC) materials. Idealized models 
suggest that the long-sought schwarzite-like structures could in principle be obtained by zeolite templating if the appropriate 
zeolite template were chosen (e.g., faujasite for D surface schwarzites) and if perfect template fidelity (insertion of a pristine 
layer of pure carbon directly on the surface of the zeolite) could be achieved. A requirement to achieve such structures is in-
creased carbon density within the zeolite. We report the investigation of a series of alkali metal cation-exchanged zeolites to 
determine how the periodic trends in the group 1 elements influence zeolite templating, with a specific focus on the metric of 
structural packing density (SPD) as resolved by ex situ thermogravimetry. In a survey based on controlled synthesis tempera-
ture, time, and flow conditions, an increasing SPD was observed with decreasing cation size, an effect that is consistent with 
the increasing strength of cation-π interactions. This effect could be promising for future work to increase the SPD of ZTCs 
for the synthesis of closed-tube, schwarzite-like carbonaceous solids.
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1. Introduction

Graphite and diamond were the only known pure crystalline forms 

of carbon until the discovery of fullerenes in 1985 [1] ushered in the 

still active “era of carbon allotropes” [2]. Since then, carbon nano-

tubes [3] and graphene [4] were also discovered, leaving one missing 

constituent in the sp2-hybridized series of carbon allotropes. Whereas 

fullerenes, carbon nanotubes, and graphene are 0-, 1-, and 2-dimen-

sional network solids, respectively, a 3-dimensional network solid of 

sp2-hybridized carbon has yet to be synthesized. One possibility is a 

class of theoretical materials referred to as schwarzites [5–9]: any of 

an infinite set of structures that carry the topology of one of the triply 

periodic minimal surfaces first described by Hermann Schwarz [10] 

and later augmented by Alan Schoen [11] (see Fig. 1).

One possible route to the synthesis of schwarzite-like materials 

is to insert carbon into a pre-existing ordered template that car-

ries a minimal surface topology. Zeolites are a class of well-known 

crystalline aluminosilicate minerals with a diversity of microporous 

structures (each given a bold typeface 3-digit code such as FAU for 

faujasite) [12]; several zeolite framework types carry a triply periodic 

minimal surface topology (e.g., FAU carries the D surface, LTA 

carries the P surface, etc.) [13]. Kyotani and coworkers pioneered 

the search for ordered carbonaceous solids templated within the mi-

croporous channels of a zeolite [14], resulting in the first successful 

zeolite-templated carbon (ZTC) [15] reported in 1997. FAU is one of 

the most effective zeolite templates for synthesizing ZTCs since its 

pore entrances are ∼7.4 Å wide [12], allowing for facile impregnation 

with one or more carbon precursors, and is commercially available in 

a wide variety of Si:Al ratios. The ideal FAU structure carries the D 

surface topology and is made up of sodalite cages connected by hex-

agonal prisms of SiO4 tetrahedra. Zeolites can undergo a substitution 

of tetravalent silicon with trivalent aluminum, requiring the introduc-

tion of an extra-framework charge balancing cation [16]. For ex-

ample, FAU zeolites can be exchanged with a wide range of cations: 

most commonly Na+, K+, Ca2+, NH4
+, or H+. The identity of the 

cation exchanged within the framework significantly influences the 

catalytic and functional properties of the zeolite [17]. An important 

recent breakthrough in the synthesis of ZTC was made by cation ex-

change with La3+ [18]. However, despite numerous reports otherwise 

[19–22], no experimental ZTC exists that has a carbon density that 

is high enough to be considered as a “closed-tube” (schwarzite-like) 

framework material [23]. An accurate atomistic description of experi-

mental ZTC is shown in Fig. 2; significant advances would be needed 

in order to achieve a schwarzite-like solid via zeolite templating.
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The key requirement for realizing a schwarzite-like material via 

zeolite templating is to deposit carbon directly and exclusively on 

the inner walls of the zeolite pores, as opposed to randomly within 

the entire pore volume. To achieve this goal, the catalytic activity 

of the pore walls needs to be precisely tuned for the carbon precur-

sor of choice. A metric that is useful in determining the templating 

fidelity of ZTCs is structural packing density (SPD), which can be 

calculated using thermogravimetric analysis (TGA). Together with 

powder X-ray diffraction (XRD) measurements to ensure that no 

carbon stacking occurred on the outer surfaces of the zeolite particles, 

TGA can indicate how much carbon (and other mass) was incorpo-

rated within the zeolite pore network. A specific SPD metric used 

herein is SPDcell, which has been defined elsewhere as the mass of 

carbonaceous material within the zeolite divided by the mass of zeo-

lite if it were an ideal pure silica variant [23]. Schwarzite-like ZTCs 

would necessarily exhibit a high SPDcell of 0.63–0.71 gZTC g−1
SiO2 (see 

Table 1) whereas currently existing high-quality experimental ZTCs 

typically exhibit SPDcell quantities of 0.32–0.40 gZTC g−1
SiO2.

Several strategies have been implemented to increase the SPD of 

ZTCs, including altering the deposition kinetics by means of pulsed 

chemical vapor deposition (P-CVD) [24] and reducing the diffusion 

path length of precursor diffusion using nano-sized zeolites [22]. 

The highest SPDcell values achieved to date are the following: 0.53 

for P-CVD and 0.68 for nano-sized zeolites (all calculated using 

the same method by the authors herein). However, in these cases, 

over-deposition occurred [22, 24] meaning that a graphitic shell was 

formed on the external surface of the zeolite particles, resulting in a 

core-shell type structure. Hence, in both cases it was difficult to as-

sess solely the SPD of the porous ZTC network and the solid was not 

a homogeneous framework.

The polycyclic hydrocarbon rings formed during the synthesis of 

ZTCs can in principle participate in cation-π interactions [25] with 

the extra-framework cations present in the zeolite template. The 

strength of these interactions depends on the charge and size of the 

cations, increasing in strength as the size of the cation decreases. 

While multivalent cations increase the interaction strength and sub-

sequent catalytic activity [18, 21], they also reduce the number of 

catalytic sites which could lead to carbon deposition heterogeneity. 

Therefore, in this study we aim to systematically investigate the ef-

fects of monovalent cation size on the template fidelity of FAU-ZTC 

by templating Li-, Na-, and K-exchanged variants of zeolite Y.

2. Materials & Methods

2.1 Zeolite cation exchange
Lithium-exchange was achieved using a previously reported pro-

cedure [26] by stirring 20 g of sodium-exchanged USY zeolite (HSZ-

320NAA, Si:Al= 11, Tosoh Corp.) in 200 mL of 1 M aqueous LiCl 

(99.0%, J. T. Baker) at 80 °C for 4 h. The Li-exchanged zeolite was 

then filtered using cellulose filter paper (8 µm, Whatman 1002090), 

rinsed with water, dried under suction for 10 min, and then further 

dried at 80 °C for 12 h. The dried zeolite was then placed in an alu-

mina boat (10×30×107 mm) which was inserted into a quartz tube 

(ϕ45 mm) installed in a horizontal tube furnace (HST 12/600, Car-

bolite Gero) and heated to 350 °C at 1 °C per min, under flowing N2 

(99.999%). This procedure (comprising a single exchange step) was 

repeated five times in total. After each exchange step, 4 g of partially-

Fig. 1 From left to right: D766 schwarzite (black) overlaid on Schwarz D surface (blue), P8bal schwarzite (black) overlaid on Schwarz 
P surface (yellow), and G8bal schwarzite (black) overlaid on Schoen G surface (red).

Fig. 2 Representative depiction of a blade-like subunit of ZTC 
confined within a supercage of an FAU zeolite. Carbon, oxy-
gen, and hydrogen atoms are shown in black, red, and white, 
respectively. The T-sites (Si or Al) are shown as the vertices 
of a polyhedral depiction of FAU (teal lines and transparent 
faces) and zeolitic oxygen sites and cations are omitted for 
clarity.
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exchanged zeolite were collected and a 10 : 1 ratio of LiCl solution 

volume to zeolite mass was maintained.

Potassium-exchange was achieved using a similar procedure as 

that described above. Since potassium can exchange with sodium 

more readily than lithium [27], the concentration of potassium in 

each exchange solution was altered to create a diverse series of 

potassium-exchanged zeolites. This series was created by varying the 

volume ratio within a mixture of 1 M aqueous KCl (99.7%, Fisher 

Chemical) and 1 M aqueous NaCl (99.7%, Fisher Chemical). Mix-

tures containing volume ratios of 20 : 80, 40 : 60, 60 : 40, 80 : 20, and 

100 : 0 were prepared in an attempt to achieve an extent of potassium 

exchange of 20, 40, 60, 80 and 100%, respectively.

A control sample was also prepared to reveal any chemical or 

structural changes that could occur during the cation-exchange pro-

cedure described above. One exchange control step was performed 

using a similar procedure as in lithium- and potassium-exchange, 

with 5 g of sodium-exchanged USY zeolite in 50 mL of 1 M aqueous 

NaCl (99.7%, Fisher Chemical).

The cation-exchanged zeolites are named to indicate the type of 

cation exchanged, the letter Y to indicate the zeolite type, and which 

exchange step the zeolite was collected after. For example, LiY3 and 

KY3 are zeolite Y samples that have undergone three steps of lithi-

um- and potassium exchange, respectively. The sodium-exchanged 

sample is referred to herein simply as NaY.

2.2 Zeolite-templated carbon synthesis
All ZTCs were synthesized via a 2-step method whereby 2 g of 

zeolite template was degassed in a glass oven (B-585, Büchi Corp.) 

at 300 °C for 24 h under oil-free vacuum (<2×10−3 mbar). The dried 

zeolite template was then transferred into a 2-neck round-bottom 

flask in an inert atmosphere and 20 mL of furfuryl alcohol (FA, 98%, 

Aldrich) was added via syringe. The mixture was stirred at room tem-

perature under passive vacuum for 12 h. The impregnated solid was 

then collected by vacuum filtration in air, washed three times with 

10 mL aliquots of mesitylene (97%, Aldrich) and dried under suction 

on the filter frit for 15 min. The impregnated and rinsed zeolite was 

then placed in an alumina boat (10×30×107 mm) which was inserted 

into a quartz tube (ϕ45 mm) installed in a horizontal tube furnace 

(HST 12/600, Carbolite Gero). The tube was purged with dry argon 

flow (200 sccm) and the FA within the zeolite pores was first polym-

erized by heating up to 80 °C at 5 °C per min and held for 24 h. The 

poly-FA was then carbonized by heating up to 700 °C at 5 °C per min 

and held for 30 min. Carbon deposition was accomplished via propyl-

ene (200 sccm, 7 mol% 99.99% propylene in 99.999% argon) CVD 

at 700 °C for 5 h. After ambient pressure CVD, the gas flow was re-

turned to dry argon at 200 sccm. A heat treatment step was performed 

by heating the zeolite-carbon composite up to 900 °C at 5 °C per min 

and held for an additional 3 h. The system was then cooled overnight, 

the gas flow was stopped, and the annealed zeolite-carbon composite 

was collected. Removal of the zeolite template was accomplished 

by three sequential dissolutions in 35 mL of aqueous hydrofluoric 

acid (HF, 48–51%, Thermo Scientific). The final ZTC product was 

collected by centrifugation, washed three times with 35 mL aliquots 

of distilled water, and dried in air at 40 °C to obtain the final ZTC 

material. Some samples were subject to additional iterations of acid 

washing to ensure complete dissolution of the zeolite template, as 

determined by XRD.

2.3 Inductively coupled plasma optical emission spec-
trometry

The extent of cation exchange in each zeolite was determined via 

optical emission spectrometry (OES) using a benchtop inductively 

coupled plasma (ICP) emission spectrometer (Thermo iCAP-6500 

Duo View, Thermo Scientific). Each sample of dried zeolite powder 

was dissolved in a series of proprietary reagents (UniSolv, Inorganic 

Ventures Inc.) prior to analysis [28]. First, 10 drops of water were 

added to 80 mg of zeolite to hydrate the sample and prevent agglom-

erations in a 250 mL Nalgene bottle. Then, 10 mL of UA-1 (Inorganic 

Ventures) and 0.5 mL of concentrated 70% nitric acid (Certified ACS 

Plus, Fisher Chemical) were added to the vessel, capped, and shaken 

for 2 min. The solution was neutralized by adding 50 mL of UNS-1 

(Inorganic Ventures) and allowed to fully react. DI water was then 

added to achieve a final solution weight of 150 grams. To achieve 

homogeneity, the final solutions were mixed by inverting the capped 

bottles 50 times prior to further analysis.

2.4 X-ray diffraction
Powder XRD patterns were measured using Cu Kα radiation (λ= 

1.54 Å), generated at 40 kV and 40 mA, in Bragg-Brentano geometry 

(D8 Advance, Bruker Corp.). The powder was thinly dispersed on a 

“low-background” sample holder comprised of oriented crystalline 

silicon.

Table 1 SPD, BET surface area (SA), and pore volume of ZTCs synthesized from cation-exchanged FAU zeolite templates compared to bench-
mark ZTC models.

Material/Model SPDcell  
(gZTC g−1

SiO2)
ZTC BET SA 

(m2 g−1)
ZTC Pore Volume 

(mL g−1) C (at %) H (at %) O (at %)

LiY5 ZTC 0.40 3360 1.57 78.4% 14.7% 6.4%
NaY ZTC 0.39 3560 1.60 78.6% 15.7% 5.3%
KY5 ZTC 0.35 3650 1.76 80.5% 15.7% 4.6%
Nishihara Model II+ [29, 30] 0.35 4290 1.61 71.2% 23.8% 5.0%
Braun Model R [19] 0.68 1600 0.62 100% 0% 0%
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2.5 Nitrogen adsorption
Nitrogen adsorption/desorption isotherms were measured at 77 K 

between 10−4 and 100 kPa using an automated volumetric instru-

ment (3Flex, Micromeritics Instrument Corp.). Specific surface areas 

were calculated by Brunauer-Emmet-Teller (BET) method between 

P/P0=5×10−7–0.02 and P/P0=4×10−6–0.10 for zeolite and ZTC sam-

ples, respectively. Pore-size distributions were determined by nonlo-

cal density functional theory (NLDFT) calculations using a dedicated 

software package (MicroActive Share, Micromeritics Instrument 

Corp.) with a carbon slit-pore model.

2.6 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed using a micro-

balance (Discovery TGA 5500, TA Instruments) under flowing dry 

air at 25 mL min−1 (Grade D breathing air with a moisture trap) to 

determine the hydrocarbon content of each zeolite-carbon composite 

prior to HF treatment. The temperature program was specified as 

follows: the sample was first held at 50 °C for 15 min under dry air 

to purge, and then water removal was performed by heating up to 

300 °C at 10 °C per min and holding for 1 h. The weight at the end of 

this dehydration step was taken to be the initial mass, mi. The carbon 

was oxidized by heating up to 800 °C at 5 °C per min and holding for 

2 h, and finally remaining sample was cooled to 300 °C and held for 

1 h to determine the final weight (mf).

2.7 Structural packing density
The SPD of each ZTC was determined using the data obtained 

from TGA of the corresponding zeolite-carbon composite according 

to Equation 1: 

ZTC i f 1
exp ZTC zeolite

zeolite f
         m m m

SPD g g
m m

−−
= = =     ························ (1)

In order to accurately compare the SPD across samples where the 

zeolite templates differ in Si:Al ratio, charge balance cation identity, 

or framework type all together, the SPDexp must be converted to ac-

count for the subsequent differences in zeolite mass or pore volume 

[23]. If the same type of zeolite framework is used within a given se-

ries of samples (e.g., FAU), SPDexp can be converted to SPDcell using 

the molecular weight of the zeolite (MWzeolite) and the corresponding 

theoretical molecular weight of the pure silicate (cation free) version 

of the zeolite (MWSiO2), according to Equation 2: 

2
2

zeolite 1
cell exp ZTC SiO

SiO

MW
SPD SPD g g

MW
−= × =     ························ (2)

Example calculations are given in the Supporting Information.

2.8 Elemental analysis
Elemental composition was determined via combustion analysis 

(in triplicate, Atlantic Microlab Inc.) after drying the ZTC powder at 

120 °C for 12 h under rough vacuum (10−3 mbar).

2.9 ZTC atomistic models
Two models, the Nishihara Model II+ and Braun Model R, are ref-

erenced as benchmark examples of open-blade and closed-tube atom-

istic renderings of FAU-ZTC, respectively. A carbon and hydrogen 

variant of Nishihara Model II was first published in 2018 [29], which 

has since been improved by the addition of oxygen resulting in the 

model most representative of experimentally obtained ZTC, referred 

to herein as Nishihara Model II+ [30]. A library of schwarzite-like 

structures which could result from perfect deposition of carbon on the 

inner pore surface of various zeolite templates was later published, 

all of which are clearly closed-tube type structures and not experi-

mentally realized [19]. In this work, the CP2K relaxed version of the 

FAU-templated carbon (FAU_1_nozeolite_relaxed) is referred to as 

Braun Model R.

2.10 Theoretical structural properties
Open-access software (Zeo+ +, v.0.3) [31] was used to calculate 

the N2-accessible surface area of all atomistic models assuming a 

channel radius and probe radius of 1.86 Å [32], with 2000 Monte 

Carlo samples per atom. Likewise, probe-occupiable pore volumes 

were calculated using the same assumptions except with 200 Monte 

Carlo samples per atom. All calculations were performed using the 

high accuracy (-ha) parameter.

3. Results

Cation exchange across a wide range of compositions (up to 58% 

for Li and 94% for K) was achieved using a standard aqueous solu-

tion exchange method, as shown in Fig 3. Lithium-exchange is ther-

modynamically unfavorable owing to the stronger hydration energy 

of lithium as compared to sodium [27]; the maximum exchange con-

centration (58%) achieved in this work is comparable to the replicat-

ed study [26, 33], though greater lithium exchange has been achieved 

using a lithium nitrate solution [34]. The potassium-exchange iso-

therm reaches a plateau between the third and fourth exchanges re-

sulting in KY3 and KY4 having similar potassium exchange amounts 

Fig. 3 Composition of cation-exchanged FAU zeolite templates as 
a function of the exchange step number, as determined using 
ICP-OES.
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[35]. Unlike lithium-exchange, complete potassium-exchange is 

eventually possible as previously reported [17, 34, 36–38].

The periodic structural integrity of the zeolite templates was main-

tained during cation exchange, without the loss of any characteristic 

XRD reflections, as shown in Fig. 4. The (222) reflection centered at 

2θ= 12.6° intensifies upon potassium exchange at high concentrations 

Fig. 4 XRD patterns of the cation-exchanged FAU zeolite templates (originally NaY).

Fig. 5 Nitrogen adsorption/desorption isotherms at 77 K of (a, b) select cation-exchanged FAU zeolite templates, converted to mmol g−1
SiO2, and 

(c, d) the corresponding ZTCs.

Table 2 BET surface area (SA) and pore volume of cation-ex-
changed FAU zeolite templates.

Zeolite Zeolite BET SA (m2 g−1
SiO2) Zeolite Pore Volume (mL g−1

SiO2)

LiY5 1000 0.40
NaY 1040 0.41
KY5 1050 0.40

Vol. 1 No .4 2022
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owing to the larger scattering cross-section of K+ compared to Na+ 

and Li+ [39]. Some structural differences between the three cation-

exchanged zeolites are evident by analysis of the nitrogen adsorption 

isotherms at 77 K (see Fig. 5). The pore volume decreases slightly 

upon incorporation of lithium and potassium (Table 2). Likewise, the 

pore size distribution of the cation-exchanged zeolites is also affected 

by cation identity; the larger pores present in LiY5 (∼8.0 Å in width) 

are revealed to decrease in prevalence as the cation size increases, as 

exemplified by comparison to NaY and KY5 (Fig. 6).

Despite the minor differences in porosity of the templates as a 

function of cation exchange, no major change is evident in the peri-

odic structure of the resulting ZTCs, as shown in Fig. 7. All of the 

ZTCs exhibit a sharp (111) reflection at ∼6.5° in 2θ and the presence 

of a minor (220) reflection at ∼10.6° in 2θ indicating high pore-

to-pore regularity and the same pore-to-pore spacing. Notably, no 

graphitic stacking is observed (expected at ∼26° in 2θ) which is typi-

cally the result of carbon deposition on the outer surfaces of the zeo-

lite particles. Interestingly, once again, the nitrogen adsorption mea-

surements reveal some differences between the ZTCs resulting from 

different cation exchange. As the size of the cation increases, surface 

area and pore volume also increase, as seen in Fig. 5 and Table 1. 

The opposite trend is observed for SPDcell, where carbon deposition 

within the zeolite template (slightly) increases with decreasing cation 

size (Fig. 8 and Table 1). Lastly, combustion analysis (see Table 1) 

of the resulting ZTC samples shows a higher concentration of carbon 

in the overall chemical composition of KY5 ZTC when compared to 

both LiY5 ZTC and NaY ZTC, and a reversed trend for oxygen. The 

trends in SPDcell and chemical composition, while subtle in magni-

tude, are a credible body of results as a whole.

4. Discussion

Achieving schwarzite-like ZTCs necessitates the formation of 

closed-tube carbon struts within the confined pore spaces of the 

zeolite template. Currently existing ZTCs, such as all of the materi-

als produced in the present work, exhibit far lower carbon packing 

Fig. 6 NLDFT pore size distributions of the cation-exchanged 
FAU zeolite templates, converted to mL g−1

SiO2 Å−1 (left) and 
corresponding ZTC samples (right).

Fig. 7 XRD patterns of ZTCs synthesized from cation-exchanged FAU zeolite templates. No internal standard was used to correct for sample 
height error.

Fig. 8 SPDcell plotted as a function of percent cation exchange in 
the zeolite template used to synthesize each respective ZTC.
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(SPDcell ≤0.40 gZTC g−1
SiO2) and far higher surface area (BET SA 

>3000 m2 g−1) than would be predicted for such materials, as shown 

in Table 1. As carbon packing within the zeolite gradually increases 

toward this goal, surface area and pore volume, as measured by a 

nitrogen molecular probe, would eventually be expected to decrease. 

Eventually, the formation of fully enclosed closed-tube struts would 

be expected to result in a surface area of less than half that of the 

open-blade variant as the pore space on the inner side of the struts 

becomes inaccessible to N2. Such structures also comprise relatively 

more carbon than open-blade networks, imparting a higher SPDcell. 

Lastly, however, it must be noted that an increase in SPDcell can also 

simply occur via undesirable graphitic carbon deposition (graphitic 

stacking) on the outer particle surfaces, a form of contamination of 

the ordered porous ZTC structure. In summary, the figure of merit 

known as SPDcell is a worthwhile indicator of increasingly schwarz-

ite-like ZTCs, but must be interpreted with care owing to its complex 

relationship with the other key properties of ZTCs and schwarzites.

According to the above discussion, the analysis of ZTC structure 

requires the use of combination of at least three characterization tech-

niques together: diffraction, TGA, and elemental analysis. For exam-

ple, a lower surface area could either be indicative of poor template 

fidelity leading to collapse of the atomically thin carbon walls upon 

zeolite removal, or it could signal the disappearance of edge sites and 

an improvement in carbon deposition within the zeolite. In severe 

instances, the former case can be confirmed using powder XRD to 

detect graphitic stacking, while the latter can be verified using com-

bustion analysis. As ZTCs consist of entirely sp2-hybridized carbon 

[40], hydrogen and oxygen must terminate edge sites of a graphene 

ribbon-like blade. The decrease in hydrogen content (Table 1) in 

accompaniment with lower BET surface area and pore volume signi-

fies the disappearance of edge sites in LiY5 ZTC. Oxygen functional 

groups could also terminate edge sites; however, a majority of the 

oxygen contamination is proposed to originate from σ radicals, which 

are originally stabilized by the zeolite pore walls, and ultimately 

quenched by oxygen during the zeolite removal process [41]. There-

fore, the increase in oxygen content could imply a ZTC structure 

which is templated closer to the zeolite pore wall. In comparison, 

KY5 ZTC exhibits both a higher BET surface area and pore volume 

with lower SPDcell and oxygen content, indicating an open-blade 

structure templated mainly in the pore volume of the zeolite template, 

as the reduced catalytic activity of the zeolite slows carbon deposition 

and the decreased zeolite pore size spatially restricts the introduction 

of carbon within the zeolite pores.

The observed difference in oxygen content between ZTCs insinu-

ates future complications in the synthesis of high template fidelity 

ZTCs. If templating close to the zeolite walls results in the forma-

tion of σ radicals, oxygen may be inherently grafted to the structure 

of even high-fidelity schwarzite-like ZTCs. Therefore, a rigourous 

quenching of the σ radicals (e.g., with hydrogen gas [41] or post-

synthetic heat-treatments/modifications) may be necessary to achieve 

a pure carbon structure. Such studies remain outside the scope of 

the present work but are warranted in future efforts to decouple the 

oxygen content from the edge content in post-HF dissolved ZTCs. 

In addition, it is notable that while some structural differences are 

observed between LiY5 ZTC and NaY ZTC (Table 1), the maximum 

effect of lithium-exchange within zeolite Y has not yet been fully 

captured. The CVD conditions, which were not varied in this work, 

would need to be optimized to determine if even higher SPDcell could 

be achieved without the presence of graphitic stacking on the outside 

of the template particles.

The hypothesis of this work was that higher SPDcell could be 

achieved without graphitic stacking by exchanging sodium with 

lithium within the zeolite template, exploiting stronger cation-π in-

teractions between the cation and the π-network of the eventual ZTC 

structure. While SPDcell did not appreciably increase as a function 

of lithium-exchange, the opposite effect did occur for potassium-

exchange, which could be a direct result of diminished cation-π 

interactions in KY templates. Likewise, the highest absolute car-

bon packing density achieved in this work was that for LiY5 ZTC 

(SPDcell=0.40 gZTC g−1
SiO2, Fig. 8), the most lithium-exchanged sample. 

The oxygen content, as noted above, could be a further indication of 

slightly closer templating of the LiY5 zeolite. These facts together 

lend credibility to the hypothesis that it is possible to leverage the 

stronger cation-π interactions in Li-exchanged templates toward more 

schwarzite-like ZTCs, and that further work in this direction is war-

ranted.

5. Conclusions

Lithium- and potassium-exchange across a wide range of composi-

tions were performed within zeolite Y using a standard procedure; 

58 and 100% exchange was accomplished in five exchange steps, 

respectively. High template fidelity ZTCs were then prepared from all 

templates under identical impregnation and CVD conditions without 

any apparent graphitic growth on the external surfaces of the zeolite 

particles. Minor but important trends in the properties of the resulting 

materials are insightful for future efforts to prepare less open-blade-

like and more closed-tube-like ZTC materials. Increasing the amount 

of potassium in the template led to more open-blade like structures 

with lower SPDcell and higher BET surface area and total pore vol-

ume. On the other hand, templating LiY revealed early signs of a 

transition to more closed-tube-like structure, with lower BET surface 

area and hydrogen content. Future efforts to synthesize schwarzite-

like ZTCs will require optimization of the synthesis conditions within 

LiY templates and may also require post-synthetic treatments to scav-

enge σ radicals in order to obtain a higher carbon content structure.
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