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ABSTRACT: Catalyst deactivation has drawn continuing concern
from both the academia and industry. Preventing deactivation and
optimizing the regeneration process necessitate molecular decipher-
ing of coke deposits. Key to achieving this goal is to identify
previously less unexplored, more condensed coke species. Herein,
taking commercially relevant HZSM-5 zeolite-catalyzed methanol-
to-hydrocarbon as a prototypical reaction, we decode the “structural

code” of the previously elusive coke molecules. This is made e 2 , ‘

. . . . . . . £ &
possible by integrating multiple techniques, especially scanning P “5D s
tunneling microscopy (STM) and noncontact atomic force &oco e i s . . ¥
microscopy (nc-AFM) techniques, which enables the single- > J
molecule direct imaging of coke species with atomic resolution in m/z

real space. Combined with complementary techniques, such as gas

chromatograph—mass spectrometry and matrix-assisted laser

desorption/ionization Fourier-transform ion cyclotron resonance mass spectrometry, coke species with an explicit molecular
structure covering soluble and insoluble ranges are identified. With this, their molecular routes are consequently unveiled. Molecular
imaging with atomic precision resolves the previous ambiguity about “average structures” of “ensemble coke” given by the traditional
means with group-based structural identification. This work showcases the potential of STM and nc-AFM as powerful mechanistic
tools for resolving mechanistic hypotheses in catalysis.

B INTRODUCTION and also highly relevant to industrial processes.”'' Coking is
one of the main challenges during industrial operations,
especially for reactions with fast coke deposits that severely
impair process efficiency. Molecular deciphering of PAHs is
the prerequisite for alleviating (or even preventing) deactiva-
tion and for improving the catalysis efficiency. Despite
intensive research efforts, a unified and complete molecular
picture of the full spectrum of coke remains absent and is only
beginning to be fully unveiled."?

Although a substantial amount of work has dealt with the
deactivation of PAHs as the known deactivating species,”” "
the majority of coke molecules remain uncharacterized, and
the molecular structures of those heavier coke species are still
less known. These insoluble, heavier coke molecules are highly
polyaromatic, with many fused rings. The limited information

Zeolites are one of the most industrially important crystalline
microporous materials. Due to their moderately strong
acidities and shape selectivity, zeolites are widely used as
solid acid catalysts to mediate chemical reactions in fine
chemicals, petroleum- and coal-based chemical processes.' ™
The hydroxyl groups acting as the Brénsted acid sites,
associated with the surrounding confining microporous voids
being of molecular dimensions (<2 nm), collectively behave as
the actual active centers.”” Nanospace confinement endowed
by the molecular-sized confines (nanoenvironments) of
zeolites can appreciably accelerate chemical reaction (via
stabilizing the reaction transition state) and delicately control
the product selectivity (via size and shape selectivity
control).”® In the zeolite confined space, coking and
deactivation are inevitable. The active organic species residing
in the inner and outer surfaces of zeolites gradually grow into
inactive polycyclic aromatic hydrocarbons (PAHs), covering
the acid sites and hindering the mass transfer, thus eventually
terminating the catalysis reaction.”” "’

Understanding how PAHs deactivate zeolites at the
molecular or even atomic scale is of fundamental significance,
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Figure 1. Schematic illustration of the strategy to identify the broad-range molecular structures of coke species by integrating GC—MS, MALDI

FT-ICR MS, and STM and nc-AFM techniques.

is often related to their elemental compositions,"* except for a
preliminary proposal of cage-passing molecular structures of
the condensed PAHs deduced by MALDI FT-ICR MS over
the cage-structured SAPO-34."” In this regard, unlocking the
“structural coding” of coke species is the prerequisite for
unraveling the growth routes of coke. Hence, this work aims to
decode the molecular structures of more condensed PAH
molecules.

Much effort has been made to identify the molecular identity
of those complex PAH molecules. The classic Guisnet’s
method, ie., liberating the coke deposits from the spent
zeolites by HF dissolution, extracting the released organics
with solvent, followed by gas chromatograph—mass spectrom-
etry (GC—MS) analysis, is commonly used to identify the
soluble aromatic molecules (up to approximately four rings)."*
This method is proven to be nondestructive, as 20—40% HF
will not cause any significant change of aromatic structure,"*
but it fails in identifying the more condensed coke (with
molecular weight >300 g/mol). Spectroscopic methods such as
IR,'>'® UV—vis,"*~"” UV-Raman,'®"? 3C NMR,'¢ etc., with
the merits of nondestructive and operando operation, can
distinguish the lighter aromatic species from the highly
condensed constituents.”’ However, such spectroscopic
information is generally obtained from bulk analysis. Recently,
two advanced microscopic techniques, i.e., confocal fluores-
cence microscopy (CFM)*'~** and atom probe tomography
(APT),”** were developed by Weckhuysen et al. with sub-yum
and sub-nm resolution, respectively. These two advanced
microscopic techniques can directly visualize the spatial
location of coke species in a single zeolite particle. However,
they are unable to provide the detailed molecular structural
information and are applicable to large zeolite crystallites (with
a size of 50—100 pm).**>*

More recently, the single-crystal electron diffraction
technique was adopted to directly map the location of coke
species inside zeolite channels.”® The electron diffraction
results showed that coke nucleation started in the channel
intersections of HZSM-S and then grew along the straight
channel.”® Besides, the advanced MS techniques, such as
MALDI FT-ICR MS with the merits of soft ionization that
minimizes fragmentation, have been adopted to fingerprint the
molecular structures of heavier PAHs.'>*”** MALDI FT-ICR
MS can trace the growth trajectory of coke molecules formed
inside zeolite pores, but the accurate molecular structures are

still difficult to determine only on the basis of m/z
signals.'>*7%®

These spectroscopic and microscopic tools provide rather
limited information about the structural details of coke
molecules, and they afford information about “average
structures” of “ensemble coke” with the group-based structural
identification. Thus, fingerprinting coke species at a molecular
or subnanometer level, with atomic resolution structural
identification, is highly desirable. Noncontact atomic force
microscope (nc-AFM) enables real-space visualization of
intramolecular chemical bonds with atomic resolution.””*
This single-molecule imaging technique has exhibited unique
advantages in the analysis of complex organic mixtures, and
thus has successfully been applied for direct imaging of PAHs
and their derivatives in petroleum asphaltenes,”"”” interstellar
organic haze,*® combustion soot,>* etc.

Herein, taking HZSM-5-catalyzed MTH as a model reaction,
we combined STM and nc-AFM techniques to directly image
coke molecules with atomic resolution. The previously
unidentified radical and oxygen-containing species were also
imaged. These findings provide structural insights into the
molecular mechanisms of coke growth. By integrating STM
and nc-AFM with GC—MS and MALDI FT-ICR MS
techniques (Figure 1), a molecular picture spanning soluble
coke to insoluble one was achieved. With this, a channel
intersection-passing deactivation mechanism was proposed on
HZSMS-S. Direct visualization and identification of coke species
resolved the uncertainties about the “hypothetical/average
structures” of “ensemble coke” given by traditional tools,
bringing new insights into the widely studied catalysis
reactions.

B RESULTS AND DISCUSSION

Taking Industrially Relevant MTH as a Prototypical
Reaction. Since its discovery in 1972, HZSM-5 zeolite has
underpinned lots of important processes in coal, chemical, and
petrochemical industry, such as MTH, isomerization, trans-
alkylation of aromatics, and fluid catalytic cracking reactions,”
etc. MTH reaction is autocatalytic, where a pool of olefins,
methylcyclopentenyl, and polymethylbenzene species inhibited
in zeolite micropores function as actual active centers to
catalyze methanol conversion.”* > The complex autocatalytic
reaction network drives the high turnover of the MTH

https://doi.org/10.1021/jacs.5c10664
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Figure 2. (a) MTH reaction performance of HZSM-S and (b) thermogravimetric analysis of the spent catalysts at various temperatures of 300—450
°C with methanol WHSV values of 5§ h™' (300—325 °C) and 15 h™" (350—450 °C). (c) GC—MS chromatograms of the retained organic species
over the spent HZSM-S and HZSM-S@S-1 zeolites after MTH reaction at 350 °C. It is worth mentioning that soluble “coke” contains some active
aromatic species, e.g., polymethylbenzenes, that are retained on the spent zeolites.

reaction, but the active aromatic species age unavoidably into
inactive PAHs, leading to deactivation.

Over 50 years of experimental and computational studies of
MTH reaction,”** PAHs as the deactivating species have
been recognized but not unambiguously structurally identified,
resulting in the mechanistic controversies of deactivation
remaining ongoing. The traditional view posited that coke
deposits covering the external surface were the main cause of
HZSM-S deactivation.”** However, recently, the internal
coke species were demonstrated to be more detrimental than
the external ones.”*** Coke precursors (aromatic species) were
found to be generated inside the channel intersections of
HZSM-5, followed by ring-expansion growth along straight
channels.”** To decode the hidden molecular details and
deactivation patterns, we reinterpret the deactivation behavior
of the HZSM-5-catalyzed MTH reaction.

MTH Reaction and the Soluble “Coke” Analysis. To
rule out the possible effect of the external coke, the external
acid sites of HZSM-S were selectively passivated by an in situ
crystallized silicalite-1 layer. The obtained sample was labeled
as HZSM-5@S-1. The physicochemical properties of HZSM-$
and HZSM-5@S-1 samples are presented in Figures S1, S2 and
Table S1. After silicalite-1 deposition, almost no change in the
XRD patterns indicated the maintenance of the MFI
topological structure (Figure S2). No significant variations of
specific surface areas and micropore volumes confirmed the
nondestruction of silicalite-1 deposition (Table S1). The
element distribution analysis by STEM-EDS showed that the
silicalite-1 layer with a thickness of around 200 nm was
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relatively uniformly distributed on the outer surface of HZSM-
S zeolite (Figure S3).

MTH reactions over HZSM-S and HZSM-5@S-1 at various
temperatures of 300—450 °C are shown in Figures 2a and S4.
Under low temperature (<350 °C), an obvious induction
period was observed. The thermogravimetric analysis of the
spent catalysts (Figure 2b) showed that the coke content was
less than 6%. The coke deposits were released and analyzed by
a GC—MS analysis. GC—MS chromatograms show that the
retained coke molecules were mainly methylbenzene and
methylnaphthalene species (Figure SS). Increasing the reaction
temperature from 350 to 400 °C, there was an almost linear
increase in the proportion of insoluble coke, and correspond-
ingly, the proportion of soluble “coke” decreases linearly
(Figure 2b). Concurrently, the retained organic species
gradually transitioned from methylbenzene and methylnaph-
thalene species (at 300—325 °C) to three-ring PAHs species
(at 350—375 °C) (Figure SS). Noticeably, at temperatures
above 375 °C, the increasing trend of the coke amount slowed
down, and the proportions of soluble “coke” and insoluble
coke no longer changed apparently (Figure 2b). In parallel, the
detectable soluble “coke” molecules by GC—MS decreased
dramatically at 375—450 °C (Figure SS), suggesting the
remarkable transformation of lighter, soluble “coke” (1—3 ring
aromatics) into a heavier, insoluble one (i.e., the highly
condensed PAHs).

A detailed structural analysis of the imprisoned organic
species on the spent HZSM-S and HZSM-5@S-1 zeolites is
shown in Figure 2c. Regardless of whether silicalite-1 was
deposited on the outer surface of HZSM-S, the soluble
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J. Am. Chem. Soc. 2025, 147, 41379-41389


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c10664/suppl_file/ja5c10664_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10664?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10664?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10664?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10664?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

Table 1. Molecular Composition of Coke Species Extracted from the Spent HZSM-S after MTH Reaction at 450 °C“

Unsaturation Carbon
Group Formula m/z range Molecular structure
number number
A 12 CyHnCH; 1823 231-301 P Gy,
B 13 CisHiz+nCH; 1823 229299 CCCCk
C 14 CxHi#nCH, 2023 255-297 ’/“
® cQ
D 15 CuHi#+nCH, 2026 253-337 ﬂ, O
E 18 CasHigtnCHy  25-29 317-373 OOOOO N OQ'OQQ
O =R
F 20 CxsHigtnCHy  28-32 355-411 seeely
@
G 21 CxHistnCH>  28-33 355-423 00000@
C e
H 23 CuHotnCH>  32-38  405-489 O‘OO QOO0
® S
I 26 CyHotnCH,  36-42 455-539 OOOO“O 3r
& g
J 37 CsiH3+nCH,  52-57 657-727 O‘OO‘OOOO‘ 3e
® Q
K 40 CssHzxtnCH,  55-62 693-791 O‘OO‘C?OO‘OO

“Molecular structure of coke species (groups A—I) assigned from nc-AFM images. The heavier coke molecules (groups J and K) are inferred
according to the imaged molecular structure and molecular growth regularity of coke species. For clarity, only coke molecules with the initial
aromatic hydrocarbon structures are taken as illustrative examples. It should be noted that the CH, site has a large potential to be oxidized to a

radical or a ketone group.

molecular species were almost consistent. This finding
indicates that coke species on the outer surface are too
heavy to be soluble in the solvent, thus not affecting the
structural analysis of internal coke. In addition to the common
aromatic species with 1—3 fused rings, biphenyl, methylfluor-
ene, and methylene-bridged aromatic molecules were also
detected, indicating the existence of a condensation growth
route of two adjacent aromatic nuclei. These detected soluble
coke molecules are mainly linear aromatic hydrocarbons,
which conform to the 10-MR straight channels of the HZSM-5
zeolite.

Notable was the observed branched aromatic molecule,
methylphenalene, as shown in Figure 2c. Its triangular-shaped
configuration may enable it to be prone to occupying the
channel intersections of HZSM-S. To verify this hypothesis,
the tail gas of the MTH reaction was collected by CCl,
absorption for 3 h and then analyzed by GC—MS. The
chromatogram showed that tail gas mainly consisted of
polymethylbenzene and polymethylnaphthalene species (Fig-
ure S6). No phenalene species were detected in the gaseous
effluent. This observation implies that the bulky phenalene
species fit in the channel intersections of HZSM-5, making it
difficult for them to diffuse out. In this context, we can

reasonably speculate that the occluded phenalene species may
serve as key structural building blocks for the growth of PAHs.

Besides, some intermediate aromatic species with exocyclic
saturated five- or six-membered rings (indan, tetralin, and
dihydronaphthalene substances) were also detected in tail gas
(Figure S6). This observation implies the olefin alkylation and
ring expansion pathway of aromatic growth. Moreover, the
appearance of polymethylnaphthalenes in tail gas indicates
their good fluidity inside the channels of HZSM-S. We can
surmise that the fluid methylnaphthalene species may diffuse
nearby and condense with the occluded aromatic precursors,
e.g., phenalene species and their extended derivatives, into
more condensed PAHs.

MALDI FT-ICR MS Analysis of the Condensed PAH
Molecules. GC—MS analysis has identified the molecular
structures of soluble “coke” retained inside the micropores of
HZSM-5. However, at temperatures above 375 °C, the
insoluble counterparts (beyond the upper limit of GC—MS
analysis) dominated the coke species (Figure 2b). The
molecular elucidation of these more condensed PAHs remains
a formidable challenge. The advanced high-resolution MALDI
FT-ICR MS technique seems promising. Next, we adopt the
MALDI FT-ICR MS technique to analyze these heavier PAHs
on HZSM-5@S-1 zeolite.

https://doi.org/10.1021/jacs.5c10664
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MALDI FT-ICR MS analysis of the liberated coke deposits
from the deactivated HZSM-5@S-1 after MTH reactions at
350 and 450 °C was performed. At 350 °C, the mass spectrum
shows a pattern with a continuous distribution feature in the
m/z range of 200—600 Da (Figure S7). At 450 °C, the mass
spectrum can be divided into two clusters: 200—600 and 650—
800 Da. The mass distribution in the m/z range of 200—600
Da was similar to the distribution at 350 °C. For simplification,
the feature-rich spectrum within the m/z range of 200—600 Da
was classified into nine groups (A—I) (Figure S7 and Table 1).
The classification was based on the unsaturation number of the
corresponding pristine aromatic counterparts of the imaged
coke species by nc-AFM, as shown in Figure 4. The extracted
MS peaks of the nine classified families of coke molecules are
shown in Figure S8, which include the molecular composition
and formula obtained through MS analysis and the imaged
molecular structure by nc-AFM. The unsaturation number of
coke molecules was linearly correlated with the carbon number
in the range 12—26 (Figure S9).

Nine peak-groups were overlapped, and each group
exhibited the characteristic of Gaussian-curved distributions
of mass, characterized by the repeated mass increment of 14
Da (substitution of H- by CH;- group). The complex mass
pattern in the m/z range of 200—600 Da (between groups A
and I) presented regular and repeated mass increments of S0
and 38 Da. Such mass intervals between the adjacent peak
groups could be assigned to the building units of C,H, (C,
olefins) and CyH, (C; olefins) that were attached to aromatic
precursors, leading to the enlargement of aromatic rings. This
observation implies the dominance of successive ring-
expansion growth pathways of PAH molecules.

When the reaction temperature was increased to 450 °C, the
mass range of coke deposits was extended to 650—800 Da
(Figure 3), suggesting further mass growth of coke molecules.
The mass spectral peaks in the m/z range of 650—800 Da can
be classified into two groups (J and K) (Figure 3 and Table 1).
The mass gap between the two clusters of 200—600 and 650—
800 Da implied the condensation growth route, ie, two
adjacent aromatic precursors are condensed into a larger one.
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Noticeably, the m/z of groups A, I, and K differ regularly by
238 Da. This mass pattern enables us to speculate that coke
molecules located in the neighboring channel intersections of
HZSM-5 can be cross-linked across the channel, resembling
the cage-passing growth mechanism on SAPO-34."° In
summary, aromatic precursors formed inside the channel
intersections can grow into the heavier homologues through
the successive alkylation-cyclization-hydrogen transfer steps
(with continuous mass distribution) and condensation route of
the adjacent aromatics (with group-based structural character-
istics).

The MALDI FT-ICR MS technique can provide rich
structural information on the condensed PAHs with m/z of
around 200 ~ 1000 Da, bridging the analysis upper limit (<300
g/ mol) of the traditional GC—MS method. The broad mass
spectrum range for analyzing diverse PAHs, associated with the
regular coke molecular architecture, makes it feasible to track
the growth trajectory of coke molecules. However, due to the
molecular diversity, the molecular structures inferred by the
mass number of MALDI FT-ICR MS analysis are by no means
conclusive. The presence of diverse isomers cannot be
resolved. Next, by combining STM and nc-AFM techniques,
we realized the single-molecule imaging of PAH molecules
with detailed structural feature.

Single-Molecule Direct Imaging of Coke Deposits by
Combining STM and nc-AFM. The coke deposits were
liberated from the deactivated HZSM-S zeolite after MTH
reaction at 450 °C. After HF dissolution of the zeolite
framework and CCl, solvent extraction, the insoluble coke
deposits were collected through filtration. Then, they were
transferred onto a SiC wafer and deposited onto an Au(111)
substrate by flash-heating under ultrahigh vacuum conditions.
A CO-functionalized tip was used to perform STM and nc-
AFM imaging at 4 K, respectively.

STM image showed the morphology of coke molecules
deposited on the Au(111) substrate (Figures S10 and S11).
The intramolecular and intermolecular contrasts were almost
uniform. Most of the coke molecules adopted a distinct bone-
like morphology, which aligns well with the pore architecture
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Figure 4. Direct imaging of coke species. (a, c) STM images and (b, d) the corresponding Laplace-filtered nc-AFM images of coke species collected
from the spent HZSM-S zeolite. (e, g, i) STM images and (f, h, j) the corresponding Laplace-filtered nc-AFM images of coke species collected from
spent HZSM-5@S-1 zeolite. STM images were acquired at V, = —300 mV, I, = 20 pA. The nc-AFM images were acquired using a CO-
functionalized tip under constant-height mode (A = 100 pm). The proposed molecular structures of the coke species are superimposed on the
STM images. The depicted molecular structures represent one of the possible resonance forms of their pristine PAH molecules. The numbering of
the imaged molecules is based on the unsaturation number of their pristine PAH molecules. The lower numbers 1 or 2 represent the different
molecular structures with the same unsaturation number of their pristine PAH molecules; the upper symbols ’, ”, and " represent the radical

species, oxygen-containing species, and their mixture in one coke species. The bright spots can be classified into two categories of sites with

nonplanar configurations: methyl groups outside the carbon skeleton and CH, units in the carbon skeleton.

of the HZSM-S channel featuring “intersection-10 MR
channel-intersection” topology, implying that these regularly
shaped molecules were likely formed within the micropore of
HZSM-S zeolite.

Atomically resolved structures of individual coke molecules
were then obtained via the combination of STM and nc-AFM
imaging. Representative coke molecules extracted from the
spent HZSM-5 after MTH reaction at 450 °C are shown in
Figures 4a—d and S11. A variety of species, including PAHs,

radicals, and oxidized aromatic hydrocarbons, were identified.
It should be noted that the assignments of the radical site and
oxygen site are not absolutely conclusive. What should be
highlighted is the identification of the chemical reactivity of the
CH, site in the traditionally viewed inert coke molecule and its
evolution to the CH- and C=O sites. In light of the
unsaturated number of their normal aromatic counterparts, the
imaged molecules are classified into nine groups (A—I). These
molecular structures serve as references for correlating the
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Figure S. Growth routes of coke molecules on HZSM-5. The illustration depicts examples of the possible steps to propagate growth via a successive
route and/or a condensation route and examples of evolving routes of coke species in HZSM-$ channels. For clarity, only coke molecules with the
initial aromatic hydrocarbon structures are taken as illustrative examples. But it should be noted that the CH, site has a large potential to be

oxidized to a radical or a ketone group.

STM and nc-AFM observations with MALDI FT-ICR MS
results (Figures S7 and 3), enabling the assignments of the
corresponding spectral peaks.

Heavier coke deposits with a mass range of 650—800 Da
(Groups J and K in Figure 3) were not visualized by nc-AFM,
likely due to the limitations in sample preparation, such as the
difficulty in evaporating the highly condensed polycyclic
species under current experimental conditions. Nevertheless,
the structural evolution of the imaged molecules (groups A—I,
in Figure 3 and Table 1) in combination with their spatial
growth constraints inside zeolite micropores allows for the
rational prediction of the molecular structures of such heavier
coke species (Groups J and K) as proposed in Table 1.

The smallest species observed by nc-AFM were phenalene
(molecule P), benzophenalene (molecule A), and their radical
and oxidized derivatives with different methyl substitutions.
The detection of methylphenalene in the retained soluble
“coke” by GC—MS (Figure 2c) and its absence in tail gas
effluent (Figure SS) provides compelling evidence that such
species are trapped within the zeolite channel intersections. In
this context, phenalene and benzophenalene, with their shapes
like the ends of a bone, are identified as the basic structural
units for PAHs growth. Once formed, phenalene and
benzophenalene can continue to grow by successive alkylations
with olefins along the 10-MR channel, across the adjacent
channel intersection. They can also be condensed, by
dehydrogenative coupling, with the adjacent aromatics
(naphthalene, phenalene, benzophenalene, etc.) in the
neighboring channel intersections. Eventually, more condensed
PAHs are formed. The radical and oxidized aromatic species
shown in Figure 4 are the derivatives of their normal
counterparts. These two growth modes of PAHs are consistent
with the mass spectral patterns, as shown in Figure 3.

In addition to the typical fused aromatic structures, there is
also a kind of coke molecule linked by a five-membered ring
unit (fluorene-based structure). These structures are thought
to arise from condensation (dehydrogenative coupling)
between two adjacent aromatic nuclei.”® These two molecular
growth routes of the condensed PAHs, i.e.,, a successive route
and a condensation route, are also applicable for the lighter

aromatic molecules, referring to the previous discussions on
GC—MS analysis of the soluble “coke” and tail gas effluent, as
shown in Figures 1c and S6. These results collectively suggest a
unified mechanism picture of coke growth.

To rule out the possible effect of external coke, coke
deposits collected from the coked HZSM-5@S-1 zeolite were
also imaged by STM and nc-AFM, as shown in Figure 4e—j.
The same structural motifs, including phenalene, benzophena-
lene, and their extended PAH derivatives, are identified. The
consistency between the observed coke species on HZSM-5
and HZSM-5@S-1 confirms that the observed molecules
originate primarily from the internal coke. In contrast, coke
formed on the external surface of zeolite, lacking the spatial
confinement, tends to grow freely into graphitized coke that is
too heavy to be detected by means such as GC—MS, STM, and
nc-AFM.

To summarize, as a complement to the traditional GC—MS
method, the MALDI FT-ICR MS technique can monitor the
molecule trajectories of coke deposits (with molecular weight
up to ~1000 g/mol) in light of the mass spectral pattern.
However, due to the molecular diversity, MALDI FT-ICR MS
cannot give precise molecular structures. STM and nc-AFM
can resolve this problem by the direct imaging of coke
molecules with precise structural determination. Nevertheless,
single-molecule imaging gives finite molecular structures due
to the sampling limit, making it difficult to realize the broad-
range imaging of infinitely diverse coke molecules. Fortunately,
molecular growth of coke species in a zeolite confined space is
regular; nanoconfinement imparted by zeolite pores regulates
the structural motifs and growth trajectories of PAHs. In these
contexts, with the “structural code” decoded by nc-AFM, we
can infer the unknown structures of the heavier coke species
based on the imaged known molecules and their evolutionary
pattern. By integrating the advantages of GC—MS, MALDI
FT-ICR MS, as well as STM and nc-AFM, a spectrum of coke
species ranging from soluble coke to insoluble coke with
explicit atomic structures is realized. This achievement is
difficult to achieve by any single technique.

Molecular Routes of Coke Deposits. Herein, we
achieved the atomic-resolution structural identification of
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coke species. This allows us to depict the molecular routes for
mass growth of coke with a more well-defined molecular
structure. Figure S shows examples of two classical growth
routes of coke molecules on HZSM-5: a successive route
(between aromatic precursors and olefins via alkylation-
cyclization-hydrogen transfer steps) and a condensation route
(between the adjacent aromatic precursors). According to the
above discussions, both radical and oxidized species are
derived from their normal aromatic hydrocarbons. For
simplification, only the coke molecules with normal aromatic
structures are taken as examples for illustration.

Coking of zeolites is a nucleation—growth process. Once
incipient olefins are formed, they go through methylation/
oligomerization-cyclization-hydrogen transfer reactions to form
methylcyclopentenyl and polymethylbenzene species. The
aromatic species can be taken as “nuclei/seeds” for coke
growth. Polymethylbenzene species are then transformed into
polyaromatic molecules (such as naphthalene, anthracene,
phenalene, and benzophenalene species) occupying one
channel intersection of HZSM-S. Phenalene and benzophena-
lene species, which have been identified as the key structural
units, further propagate growth along the 10-MR channel to
form more condensed PAHs occupying two channel
intersections. Such molecular mass growth is achieved either
through a successive route and/or through a condensation
route with the neighboring aromatic precursors (such as
phenalene or benzophenalene) in adjacent channel intersec-
tions. In the latter reaction stage, PAHs gradually block the
channels, restricting the diffusion of reactants and active
intermediates. The molecular routes of coke growth shift to the
dominance of the condensation pathway, forming heavier
PAHs occupying three or more intersections. Ultimately, the
condensed PAHs and their radical and oxidized counterparts
deactivate zeolite by covering the active sites and blocking the
zeolite pores.

As the terminal product of the reaction, coke molecules
match the pores of zeolites, and their growth routes are directly
dictated by the pore architecture of zeolites. MALDI FT-ICR
MS peaks of SAPO-34 showed discontinuous clustering with
regular intervals."> While in addition to the regular intervals,
MALDI FT-ICR MS peaks of HZSM-S also exhibited
continuous peaks in the low m/z range (Figure 3). Similar
to the mode of cage-passing deactivation on SAPO-34,"
channel intersection-passing deactivation mechanism (i.e.,
condensation between the neighboring aromatic precursors
in adjacent channel intersections) is proposed on HZSM-S.
The difference is that, unlike narrow 8-MR pore opening, the
10-MR channel of HZSM-5 makes the successive growth route
more feasible. These results unravel the coke chemistry in
zeolite confinements and demonstrate that coke growth is a
shape-selective process.

Moreover, coke molecules with radical and oxygen-
containing species were also visualized by nc-AFM, as shown
in Figures 4 and S11. Figure S12 presents nc-AFM images of
the exemplified benzophenalene molecule and its radical and
oxidized counterparts, along with the discussion on the
formation of radical and oxidized carbonaceous species. With
this, we discerned the active structural sites on PAHs and
supposed their varying chemical reactivity, in contrast to the
previous view that PAHs in coke molecules are less reactive
due to their aromatic character.””” The identified radical and
oxidized sites on coke species might behave as the initial sites
for the ring-opening reaction during the regeneration process

of the deactivated catalysts. Thus, this finding lays a molecular
foundation for unraveling the regeneration mechanism of spent
catalysts.

B CONCLUSIONS

In this study, taking industrially relevant, HZSM-5-catalyzed,
MTH as a model reaction, we identified molecular structures
of coke species by integrating atomic-resolution STM and nc-
AFM with GC—MS and MALDI FT-ICR MS techniques. A
spectrum of coke molecules ranging from soluble to insoluble
species with explicit molecular structures was identified. The
structural identification provides molecular details of mecha-
nistic routes. Phenalene and benzophenalene species, situated
in the channel intersections of HZSM-S, were identified as the
key structural building units for coke growth. Further
molecular mass growth was realized either through a successive
route (alkylation-cyclization-hydrogen transfer steps) or a
condensation route (via fusing adjacent aromatic precursors),
with the latter route being dominant in the later reaction stage.
With this, a channel intersection-passing deactivation mecha-
nism was proposed on HZSM-5, resembling the cage-passing
deactivation mechanism on SAPO-34."> Besides radical and
oxidized coke molecules were also directly imaged, expanding
our molecular understanding of coke structures and laying a
molecular foundation for unveiling the regeneration mecha-
nism of the deactivated catalyst. This work resolved a long-
standing puzzle of how to definitively identify the molecular
structures of coke species. STM and nc-AFM techniques used
here illustrate the great promise of being a powerful tool for
mechanism exploration in catalysis science.

B METHODS

Preparation of HZSM-5@S-1 Sample. Commercial H-ZSM-$
with a Si/Al ratio of 19 was provided by the Catalyst Factory of
Nankai University. The external surface of HZSM-5 was coated with a
silicalite-1 layer by the in situ crystallization method. The HZSM-5
sample was immersed in the solution with a molar composition of 1
SiO,: 0.12 TPAOH: 30 EtOH: 230 H,O, and was then subjected to
continuous stirring for 3 h. The obtained suspension was transferred
into a Teflon-lined stainless-steel autoclave and treated hydro-
thermally at 120 °C for 24 h. The collected solid products were
thoroughly washed with deionized water three times and dried at 100
°C overnight. The resultant sample is herein designated as HZSM-5@
S-1.

Characterization. STEM-EDS measurement was performed using
a JEM-2100F instrument equipped with an energy dispersive
spectrometer (EDS). STEM image was observed using a Hitachi
TM 3000 scanning electron microscope at an acceleration voltage of
1S kV. Al and Si element distributions of HZSM-S@S-1 were
measured by line and area scans at an acceleration voltage of 200 kV.

XRD patterns of the catalyst powder were obtained using a
PANalytical X "Pert PRO X-ray diffractometer, equipped with a Cu
Ka radiation source (4 = 0.15418 nm) operating at 40 kV and 40 mA.
The scanning speed was set at 20 = 5.0° min~'. XRD patterns were
recorded at a 26 range of 5° to 60°.

TGA was performed using an SDTQ_600 analyzer with a heating
rate of 10 °C min™"' from room temperature to 900 °C in a flowing air
atmosphere (100 mL min™"). The weight loss below 250 °C was
attributed to the desorption of physically adsorbed water.

The surface area and pore volume of fresh and deactivated catalysts
were determined by nitrogen adsorption—desorption isotherms on a
Micromeritics ASAP 2020 analyzer. The catalysts were first degassed
under a vacuum at 350 °C for 4 h as a pretreatment to completely
remove the adsorbed water. Adsorption—desorption data between p/
po = 0.05—0.2 were utilized to determine the specific surface area
using the Brunauer—Emmett—Teller (BET) equation. The total pore
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volume was calculated using the total amount of nitrogen adsorbed at
p/po = 0.972. The adsorption—desorption data at p/p, = 0.2 were
utilized to calculate the external surface area, micropore area, and
micropore volume using the t-plot method.

MTH Reaction Test. All MTH reactions were carried out at
atmospheric pressure by using a fixed-bed quartz tube reactor with an
inner diameter of 4 mm. The catalyst powder was extruded and sieved
into 40—60 mesh particles. Before the reaction, the catalyst was
activated for 1 h under a flow of N, at 450 °C, and then the
temperature was set to the reaction temperature. CH;OH (>99.99%)
was carried into the reactor by N, through a saturated evaporator.
The gaseous reaction products were kept at 200 °C to avoid
condensation and were analyzed using an online GC—MS (Agilent
7890B/5977A) with a PLOT Q_ capillary column and a flame
ionization detector (FID).

Liberating Coke Species from the Deactivated Catalysts. In
the fume hood, the coke species were released by dissolution of the
zeolite framework with a HF solution. Typically, S0 mg of the
deactivated catalysts were dissolved in 0.5 mL of 40% HEF solution in a
Teflon vial. After the zeolite framework was totally digested and the
unreacted HF was evaporated in the fume hood, the liberated coke
species were extracted by 0.5 mL dichloromethane (CH,Cl,) or
carbon tetrachloride (CCl,). CH,Cl, is used for the extraction of coke
species for GC—MS analysis, while CCl, is used for the extraction of
coke species for MALDI FT-ICR MS analysis.

After HF dissolution of the zeolite framework and CCl, solvent
extraction, the insoluble fraction of coke deposits was collected
through filtration and then carefully washed with CCl, to remove the
absorbed organic substances. The collected coke powder was dried for
STM and nc-AFM measurements.

GC—MS Analysis. GC—MS analysis was performed using an
Agilent 7890A/5975C gas chromatograph equipped with an HP-$
capillary column and an FID detector. After HF dissolution of the
zeolite framework, soluble coke species were extracted with CH,Cl,.
Hexachloroethane (C,Cls) was used as an internal standard to
quantify the amount of soluble coke species.

MALDI FT-ICR MS Analysis. For MALDI FT-ICR MS measure-
ments of coke species, the deactivated catalysts were dissolved in HF
and then extracted with CCl,. The coke species retained in the CCl,
phase were tested after extraction. Then, 10 uL of the extracts was
mixed with 10 uL of a THF solution with dithranol (5 mg mL™" in
THF) as the MALDI matrix. After sonication treatment, 1 yL of the
mixture was spotted onto the sample holder and dried in air. The
sample holder was then transferred into the ion source of the mass
spectrometer for analysis. MS signals were recorded in a positive ion
mode on a 15-T FT-ICR mass spectrometer (Solarix XR, Bruker
Daltonics, Bremen, Germany) equipped with an Nd: YAG laser,
emitting 35S nm laser to generate ions. The ion source parameters
were optimized for a wide m/z range (153 < m/z < 2000). The
ionization frequency was 200 Hz, and the grid width was 1000 pm.

EPR Measurement. Free radicals generated in the coke species
were analyzed using a Bruker A200 at room temperature with a
central magnetic field of 3250.00 G, a sweep width of 150.00 G, a
sweep time of 30.00 s, a microwave power of 3.99 mW, a modulation
amplitude of 1.000 G, and a conversion time of 40.0 ms. Two groups
of samples were examined: liquid sample (using CH,Cl, as solvent)
and solid sample (S—10 mg of solid powder). Each sample was moved
to a quartz tube with an inner diameter of 2 mm and then placed into
the cavity of the EPR spectrometer for testing.

STM and nc-AFM Measurements. The collected coke powder
was carefully transferred onto a clean SiC substrate. After cleaning the
Au(111) surface by repeated Ar* sputtering and annealing at 400 °C,
coke molecules were then sublimated to the Au(111) surface via the
flash-heating method under ultrahigh vacuum conditions. The
experiments were conducted by using a ScientaOmicron low-
temperature STM/nc-AFM system operated with a Nanonis
controller. The nc-AFM images were recorded in constant-height
mode based on a gPlus sensor design*® with f, = 46 kHz, Q = 5 x 10,
A =100 pm. STM and nc-AFM images were processed with the
Gwyddion software.
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