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In situ X-Ray Powder Diffraction Investigation on the
Development of Zeolite-Templated Carbons in FAU zeolite

Thibaud Aumond,™ Martin Esteves,™ Cristian Mocuta, Isabelle Batonneau-Gener,?

Julien Haines,'® Ricardo Faccio,™

A time resolved in situ X-ray powder diffraction study using
synchrotron radiation allowed for describing the evolution of
the zeolite FAU structure during the development of a zeolite-
templated carbon (ZTC) in its porous voids. During the ZTC
formation the intensity decrease of most zeolite reflections and
the simultaneous rise in intensity of the 222 reflection (of null
intensity in the pristine zeolite) was observed. Full pattern

Introduction

Zeolites are crucial components in numerous industrial catalyst
formulations and are predominantly employed in hydrocarbon
transformation processes.™? The stability of these catalysts is
significantly impacted by the formation of polyaromatic secon-
dary reaction products, commonly known as coke,® which has
led to extensive research efforts aimed at developing effective
coke mitigation strategies.”” However, there is also a domain
where controlled coke formation is desirable, as in the case of
Zeolite-Templated Carbons (ZTCs).

ZTCs exhibit unique textural properties, directly attributable
to the formation of a carbon skeleton within the microporous
voids of the sacrificial zeolite. The zeolite plays a dual role: its
active sites catalyze the formation of a polyaromatic carbon
network, while its micropore topology imposes steric con-
straints that limit the extension of the carbon skeleton.” Upon
removal of the zeolite, the resulting ZTC retains a high
micropore volume and electrical conductivity-properties that
are highly advantageous for the design of advanced electrodes
in energy conversion and storage devices.®

[a] Institut de Chimie des Milieux et Matériaux de Poitiers (IC2MP) — UMR 7285,
CNRS, Université de Poitiers, Poitiers, France

[b] Centro NanoMat & Area Fisica, Departamento de Experimentacion y Teoria
de la Estructura de la Materia y sus Aplicaciones (DETEMA), Facultad de
Quimica, Universidad de la Republica, Montevideo, Uruguay

[c] Synchrotron SOLEIL, Gif-sur-Yvette, France

[d] Institut Charles Gerhardt Montpellier, CNRS, Université de Montpellier,
ENSCM, Montpellier, France
Correspondence: Dr. Alexander Sachse, Institut de Chimie des Milieux et
Matériaux de Poitiers (IC2MP) — UMR 7285, CNRS, Université de Poitiers, 4,
rue Michel Brunet, 86073 Cedex 9 Poitiers, France.
Email: alexander.sachse@univ-poitiers.fr

L Supporting Information for this article is available on the WWW under
https://doi.org/10.1002/cmtd.202400018
© © 2024 The Author(s). Chemistry - Methods published by Chemistry Europe
and Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Chemistry—Methods 2024, e202400018 (1 of 6)

and Alexander Sachse*?!

profile fitting by Rietveld refinement allowed for achieving a
detailed description of the underlying chemistry, with coinci-
dent pore filling with carbon atoms in specific positions and
framework distortion. Monitoring the intensity profiles of the
222 reflection allowed assessment of the energetics of the ZTC
formation. Our results contribute to a better understanding of
the phenomena involved on the atomic scale in ZTC synthesis.

Despite the growing interest in ZTC materials, there remains
a gap in understanding their formation, likely due to the
challenges in characterizing the carbon materials after the
zeolite template has been removed. These challenges are
compounded by the still poorly understood modifications that
occur within  the carbon skeleton during template
elimination.”® In this context, studying the carbon/zeolite
hybrid materials provides a valuable opportunity to gain
insights into the chemical and structural evolution of ZTCs. For
instance, in situ thermogravimetric analysis (TGA) of Na—Y
zeolite during carbon/zeolite hybrid formation has revealed the
existence of three distinct kinetic stages, which suggest the
development of individual nanographene entities that con-
dense during heat treatment®'” Our group has recently
identified the key steps in ZTC formation through a compre-
hensive ex situ kinetic study of carbon/zeolite hybrid formation,
employing techniques such as gas physisorption, Raman
spectroscopy, Continuous-Wave Electron Paramagnetic Reso-
nance, Hyperfine Sublevel Correlation spectroscopy, and online
Gas Chromatography.” This study revealed the rapid nucleation
of small polyaromatic hydrocarbon species, which subsequently
grow to fill the zeolite voids before condensing to form the
carbon network. Furthermore, the characterization of carbon/
zeolite hybrids has provided insights into the previously unclear
impact of zeolite properties on the resulting ZTCs."!

X-ray powder diffraction (XRPD) is a powerful tool for
characterizing zeolites from a structural perspective."” However,
only a limited number of studies have reported the evolution of
XRPD patterns in zeolites during the formation of hydrocarbon
species within their porous voids. Modifications in the XRPD
patterns of ZSM-5 zeolites during coking have been observed
and attributed to lattice distortion,""*"® with structural calcula-
tions revealing a phase transition to the orthorhombic form.!*'
For FAU-type structures, only one study has discussed the XRPD
patterns of H-Y zeolites during coking.'® The authors observed
no changes in the XRPD patterns at 200 °C but reported a slight
expansion of the unit cell parameter by 0.01 nm for reactions
conducted above 250°C, suggesting that this might be related
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to the nature of the coke species forming at different temper-
atures. However, the XRPD patterns were not presented, and
structural refinement was not conducted. Ryoo and colleagues
have reported an electron-density map obtained through X-ray
single-crystal diffraction of carbon/zeolite FAU hybrids, propos-
ing nine possible positions for carbon atoms within the zeolite
voids.!"”

In this study, we present a time-resolved in situ synchrotron
XRPD investigation of ZTC formation using ethylene in H-USY
(FAU) zeolite. The combination of experimental and theoretical
analyses has enabled us to elucidate the structural modifica-
tions occurring during this process and to calculate its
energetics.

Results and Discussion

In situ synchrotron XRPD patterns were recorded on the powder
diffraction station of the DiffAbs beamline at SOLEIL
synchrotron."® The FAU structured zeolite (protonic Y zeolite,
Si/Al=2.6) was filled in a quartz capillary and fixed with quartz
wool. The capillary was then placed in the sample holder and
introduced into an oven featuring two opposite apertures
allowing for recording XRPD patterns in transmission mode
(Figure S1). XRPD patterns were recorded with time intervals of
2 minutes using 17.919 keV (A=0.06919 nm) radiation. A blank
experiment was performed, in which the zeolite was maintained
at 680 °C under argon flow during 8 h (Figure S2). The position,
intensity and FWHM of the zeolite reflections remained
constant throughout the blank experiment, indicating the
stability of the zeolite structural features at this temperature.

An experiment was then performed in which the gas
composition was switched to 2.5wt% ethylene in argon at
680°C. After 20 min of the start of ethylene feeding a steady
intensity decrease of the zeolite reflections was observed
(Figure 1). Simultaneously, the evolution of a peak centered at
5.63° 20 was recorded. Structural refinement allowed for
ascribing the emerging peak to the 222 reflection of the FAU
structure (Figure S3). It is interesting to note that this reflection
is of null intensity in the pristine zeolite and features a linear
growth until 140 min of ethylene feeding, reaching 60% of the
maximal peak intensity. Thereafter, the intensity accretion is
more progressive and a plateau is attained after approximately
400 min of ethylene feeding. It is interesting to note that the
mass gain during carbon/zeolite hybrid formation was previ-
ously reported to follow a linear trend up to 60% of total
carbon content.” This suggests that the intensity rise of the 222
reflection might be proportional to the amount of carbon
forming within the zeolite pores.

The intensity increase of the 222 reflection in FAU zeolites
was previously reported in a scarce number of publications.
Sakamoto et al' reported the development of the 222
reflection upon the formation of MoS, clusters in Na—Y zeolite.
The authors surmised on a possible electron distribution with
antisymmetric character with respect to the centers of the
supercages upon cluster formation. It was further described
that the La** exchange in Y zeolites previous to calcination
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Figure 1. a) Time resolved in situ XRPD patterns (A=0.06919 nm) of H-Y
zeolite during ZTC formation at 680 °C. The insert presents a magnification
of the 5.2°-5.8° 26 region. b) Evolution of XRPD patterns with logarithmic
intensity scale in the 5.2°-5.8° 26 region. c) Intensity evolution of the 111
(blue) and 222 (black) reflections.

strengthens the 222 reflection importantly.?®*? It was specu-
lated that an increase in electron density near the cation
exchange position Il would lead to the modifications in the
XRD patterns.” The intensification of the 222 reflection in
Na—Y zeolite was further evidenced upon benzene physisorp-
tion, suggesting that the hydrocarbon primarily adsorbs onto
cations positioned at exchange site Il within the supercages
and in the 12-ring windows.?*

It is hence reasonable to assess the possibility to study the
evolution of the ZTC skeleton within the zeolite FAU voids by
theoretically investigating the intensity evolution of the 222
reflection. It is worth mentioning that we observed intensity
evolution of the 222 reflection in carbon/FAU hybrids for a wide
range of Si/Al ratios and for different carbon precursors.”

The FAU framework is constructed by sodalite or -cages
linked through 4 of the 8 hexagonal faces to 6-6 secondary
building units (double six-rings, D6R). This leads to the
formation of larger voids (supercages), which feature a diameter
of ca. 13 A. Supercages are connected through four 12-ring
windows of ca. 7.4 A, allowing to generate the 3D microporous
system (Scheme 1). Due to the narrow opening of 6-rings, the
diffusion of ethylene, and hence carbon formation, is consid-
ered exclusively to occur in the micropore void system built by
the arrangement of supercages.

A full pattern profile fitting using the Rietveld method was
applied to the whole data set, considering the FAU structure
with the space group Fd3m, a lattice parameter a=
24.3097(8) A and a Si/Al occupation fraction of 2.6 (Figure 2,
Table 1). Based on the previously reported benzene adsorption
experiments in FAU zeolite® ' refinement of the two Wyckoff
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Scheme 1. FAU structure. The Si/Al atoms are the vertexes of the colored
polyhedra, representative positions of oxygen atoms O(1)-O(4) are noted.
Sodalite cages are depicted in green and D6R in yellow. In the center sits the
supercage.
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Figure 2. Observed (blue crosses), calculated (green curve) and weighted
difference (turquoise) patterns (A =0.06919 nm) from Rietveld refinement
using data from t=0 (a) and 470 min (b). The insets present magnifications
in the 4°-10°20 region.

positions i and g for carbon atoms within the supercages of the
FAU structure was considered, corresponding to a crystallo-
graphic disordered carbon model. The fractional occupation of
these positions was further revealed by the difference Fourier
map established by Rietveld refinement of the pristine FAU
model with the intensities of the experimental XRPD pattern
after 470 min (Figure S4).

This allowed for evincing the evolution of the fractional
occupation of the i and g positions and hence the number of
total carbon atoms per unit cell (UC), (Figure 3a). These latter
present a linear evolution as a function of the intensity of the
222 reflection, indicating that the number of carbon atoms
directly correlates to the intensity evolution of this reflection
(Figure S5). Both positions are gradually occupied during the
experiments reaching a maximum of 0.97(30) and 0.68(16) for i
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Figure 3. Evolution of the number of carbon atoms per UC and fractional
occupation of the two carbon atom positions (a), of the unit cell parameter
(b), of the T-O bond lengths (c) and of the T-O—T angles (d) as a function of
ethylene feeding time. Estimated Standard Deviations (esd) are reported in
table S1 and S2. R,,, and GOF are presented in Figure S6.

and g, respectively. This is pictured in Figure 4 for selected
ethylene feeding times. A total number of 223 carbon atoms
per UC is attained at the end of the experiment, which would
correspond to a structural packing density (SPD) of 0.23 g- g; .
This value is slightly below those experimentally reported
(SPD=0.30-0.36 g. g, ', depending on synthesis conditions).”!
This difference can be explained by the presence of carbon
atoms which might not contribute coherently to the observed
diffraction signals. It is further to mention that SPD is invariably
calculated from TGA data, hence overestimation of the value
due to the presence of carbon on the external zeolite surface
may not be excluded. The correlation of the 222 intensity with
SPD and more strikingly with the residual zeolite micropore
volume is foregrounded from ex situ experiments (supplemen-

470 min

Figure 4. Refinement structural models for ethylene feeding times at t=0,
50, 100 and 470 min, indicating atomic positions for carbon atoms with their
corresponding fractional site occupation. Projection along the (110) plane.
Color code: Si/Al: blue, O: red, C: brown. Drawings produced by VESTA.®!
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Table 1. Rietveld refinement parameters and statistics of fitting for t=0 and 470 min."”

Start of ethylene feeding (0 min) End of ethylene feeding (470 min)
UC parameter 24.3097(8) A 24.3507(9) A
Atom positions X y z U, (A X y z Ui, (A
T (Si,Al) —0.0530(4) 0.1229(5) 0.0373(4) 0.0339(28) -0.0549(6) 0.1200(7) 0.0381(6) 0.109(5)
o1 0.00000 0.8937(7) 0.1063(7) 0.055(5) 0.00000 0.8930(12) 0.1070(12) 0.145(11)
02 —0.0031(7) —0.0031(7) 0.1388(10) 0.055(5) -0.0016(10) -0.0016(10) 0.1423(14) 0.145(11)
03 0.0737(6) 0.0737(6) -0.0184(9) 0.055(5) 0.0736(6) 0.0736(6) -0.0068(12) 0.145(11)
04 0.0741(9) 0.0741(9) 0.3177(10) 0.055(5) 0.0729(10) 0.0729(10) 0.3071(13) 0.145(11)
(@ —0.0530(4) 0.1229(5) 0.0373(4) 0.0339(28) -0.0549(6) 0.1200(7) 0.0381(6) 0.109(5)
(e 0.516(21) 0.516(21) 0.465(20) 0.055(5) 0.5364(13) 0.5364(13) 0.4836(13) 0.145(11)
C1/C2 occupancies™ 0.10(1)/0.01(8) 0.96(3)/0.68(2)
Rup 60 1058 6.41
Noar. 43 43
Nops. 2429 2429
GOF 5.38 2.94
@ Estimated Standard Deviations are in parentheses. ™ Atomic site occupancies can be used to determine total number of carbon atoms considering the
site multiplicity 96 and 192 for C1 and C2 respectively.

tary information). Slight variations of the UC parameter indicate
that the developing carbon species within the zeolite voids
impact the zeolite framework (Figure 3b, Table 1). This is further
evidenced by the evolution of the T-O (T=Si, Al) bond lengths
and T-O-T angles during the ethylene feeding experiment.
The FAU structure comprises four crystallographic distinct O
atoms: O(1), which bridge the two halves of the D6Rs; O(2),
which connect the four-ring of D6R units and a six-ring of a the
sodalite cages; O(3), which share four-rings from D6Rs and
sodalite cages and O(4), which bridge three of the six edges of
the hexagonal faces of the sodalite units (Scheme 1).

From the T-O bond length data (Figure 3c) it can be
observed that the distances vary little during the ethylene
feeding experiment, the mean distance increases from 1.616 to
1.680 A (Table S1). Strongest modification of the bond distance
was recorded for T-O(2) and T—O(4). Similarly, mean T-O—T
angles decrease slightly during the experiment (Table S2).
However significant modifications occur with individual T-O—T
angles. The angles about O(2) and O(4) remain approximately
constant, whilst a reduction for both T-O(1)-T and T-O(3)-T can
be observed. The distortion of the T-O—T angles occurs on the
4-rings building up the D6Rs, which implies a stretching of the
T-O distances in the 6-rings in the sodalite units. It is
conspicuous that the degree of distortion accelerates after
100 min of the experiment, which suggest that the initially
forming hydrocarbon species exert a weak impact on the
zeolite framework.

It is important to mention that Havenga et al.?” reported
that amorphization of Y zeolite was triggered by the severe
distortion of the D6Rs upon exposure to pressure. This
observation was supported by the results of Colligan et al.,”*®
who reported modifications in bond angles of the D6R units
and reduction of the UC parameter by subjecting silicious FAU
to external pressure. It is hence possible to hypothesize that the

27]

Chemistry—Methods 2024, e202400018 (4 of 6)

observed distortion of D6R units during ethylene feeding might
result from local pressure exerted by the developing carbon
skeleton on the zeolite structure.

It is interesting to note that by combining most of the
previously described atomistic structures of ZTCs®” with our
pristine FAU model did not prove successful in reproducing the
experimentally observed powder pattern of the carbon/zeolite
hybrid. This is particularly true for the three distinct Nishihara
models,®'3? for which no enhancement of the 222 reflection
could be observed (Figure 5). Intensity of the 222 reflection was
observed for the Russel model® together with the appearance
of reflections not present in the experimental pattern and not
ascribable to the FAU structure. In 2016, Kim et al.'” proposed
a model, achieved from the electron-density map of a carbon/
zeolite hybrid derived from X-ray single-crystal diffraction. This
Kim model is based on the fractional occupation (0.10-0.22) of

Experimental at t=470 min

——Kim
Roussel
Nishihara Il
Nishihara |
Nishihara Oa

111

Intensity (a. u.)

20(°)

Figure 5. Comparison of the experimental XRPD pattern achieved at

t=470 min with simulated patterns by combining previously reported ZTC
models®” with the pristine FAU model. Intensities are normalized on the 111
reflection.
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9 distinct sites. By comparing the simulated XRPD pattern using
the Kim model with the experimental a stronger decrease in the
intensity of the 220 and 331 reflections and a less pronounced
increase of the 222 reflection can be observed. This suggests
that the fractional occupation of the distinct sites proposed in
the models is ill-defined, which might result from the non-
inclusion of framework distortion during the assessment of
electron density.

The refinement results in this study primarily provide
insights into the evolution of occupancies at C1 and C2, offering
limited direct information on the structural features of the
emerging carbon species. However, by connecting the adjacent
carbon atoms within these occupancies, the progression of
carbon framework can be observed. At earlier stages (50 min),
this method highlights the formation of smaller, individual
polyaromatic hydrocarbons, consistent with our previous find-
ings (Figure 6).”7 By the end of the synthesis (470 min), these
units connect to form the condensed ZTC carbon skeleton. It is
important to note that this structure should not be considered
a definitive ZTC model due to the irregularity in site occupancy.

In order to achieve insights on the energetics of the ZTC
formation, in situ XRPD experiments were carried out at differ-
ent temperatures monitoring the intensity evolution of the 222
reflection (Figure 7). From the initial slope of the intensity
profiles the rate constant could be determined, which allows

% WP %
"N %%‘~‘ -‘:?‘ t}f
:& W gw%
A
%a&ﬁ%;ﬁ%
Xy W ‘
¥ ;Qr& % : oA
50 min 470 min

Figure 6. Conceptual model of carbon species at 50 and 470 min.
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680 °C (black squares), 630 °C (red circles), 580 °C (blue triangles) and 520°C
(green triangles).
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calculating the apparent Arrhenius activation energy, amount-
ing to 141 kJmol™". This value is higher than the previously
reported apparent activation energy for coke formation in USY
zeolite (60-100 kJmol™),2¥ which suggests that coke formation
and ZTC development might only partially be comparable
processes. It is interesting to note that the obtained value falls
in the range of the apparent activation energy reported for the
nucleation and growth of graphene on copper (100-
200 kJmol™).B

Conclusions

Rietveld refinement using synchrotron X-ray powder diffraction
data on carbon/zeolite hybrid formation during ZTC synthesis
revealed pattern modifications associated with progressive pore
filling by carbon atoms. This process leads to a distortion of the
zeolite framework, particularly in the six-rings of the D6R units,
which becomes more pronounced with longer ethylene feeding
times. This suggests that the developing ZTC skeleton exerts
increasing internal pressure on the zeolite structure. Observing
the evolution of the 222 reflection provides quantitative
insights into the coherent contribution of developing carbon
atoms to the diffraction pattern. This approach offers a robust
method for evaluating carbon formation within the FAU zeolite
structure, focusing exclusively on carbon within the zeolite
voids, unlike SPD derived from TGA. This work could pave the
way for the development of advanced structural models for
ZTCs growing within FAU zeolite

Supporting Information

Details on experimental procedure, experimental setup for
in situ XRPD synchrotron study, Le Bail refinement, Fourier
Difference map, Statistics of fitting R,,, and GOF, Si—O distances,
Si-O—Si angles, ex situ experiments, and Crystallographic
Information Files can be found as Supporting Information. The
authors have cited additional references within the Supporting
Information.®
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