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ABSTRACT

Aromatization of alkanes represents an important process in the chemical industry, traditionally relying
on noble metal catalysts. Developing a non-noble metal catalyst and a relevant new process offers signif-
icant potential for promoting technologic progress in this field. Herein, we present Cu-ZSM-5 zeolite as a
highly effective catalyst for alkane aromatization, achieving outstanding aromatics selectivity. In-situ
Fourier transform infrared spectra of adsorbed nitric oxide, high-angle annular dark field scanning trans-
mission electron microscopy, X-ray absorption spectroscopy, and electron paramagnetic resonance anal-
yses reveal that the Cu®* species act as the primary active centers for aromatics formation. During
aromatization of alkanes, the reduction of Cu?* to Cu* species correlates with diminished aromatics selec-
tivity. Notably, introducing CO, into the reaction feed not only enhances aromatics selectivity by main-
taining Cu?* species in their active oxidation state under reducing conditions, but also improves catalytic
stability by eliminating coke. Furthermore, CO, is converted into CO and aromatic products during the

reaction, offering a novel way for CO, utilization through the coupling reaction of alkane and CO,.
© 2025 Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian Institute of

Chemical Physics, Chinese Academy of Sciences.

1. Introduction

Aromatics, specifically benzene, toluene, and xylenes (BTX),
serve as key indicators in the petrochemical industry and are
extensively utilized as intermediate materials within the chemical
sectors [1]. These compounds can play pivotal roles as basic raw
materials for producing synthetic fibers, synthetic resins, synthetic
rubbers, and fine chemicals such as dyes and pesticides [2]. Cur-
rently, catalytic reforming and steam cracking of naphtha are the
primary sources of BTX production [3]. However, producing BTX
from alkanes holds great potential to address the limitations of cat-
alytic reforming, including high cost, high content of heavy aro-
matics, and high energy consumption [4]. The alkane
aromatization reaction mainly involves three steps: the initial pro-
duction of olefins via dehydrogenation or cracking, followed by the
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generation of olefins with long carbon chains, and then the forma-
tion of aromatics through cyclization and hydrogen transfer [5,6].

The essence of alkane aromatization technology lies in catalyst
development, as alkanes would otherwise undergo thermal crack-
ing at elevated temperatures in the absence of catalysts. The main
direction for technological innovation is to find a non-noble catalyst
to replace the traditional Pt/Al,O3 aromatization catalyst and to
develop a relevant technology process. As zeolite was found to be
effective for the alkane aromatization reaction through carbonium
and hydrogen transfer mechanism [7], the catalytic performance
of H-ZSM-5 zeolite in alkane conversion has been widely explored,
attributed to its unique channel size (0.55 nm) and acidic properties
for higher aromatics selectivity [8,9]. The coupling of dehydrogena-
tion function with basic catalysis was expected to further enhance
aromatics, which has been demonstrated by the introduction of
metal cations such as Zn into the channels of H-ZSM-5 [10-13].
However, the loss of Zn active species in Zn/ZSM-5 at elevated tem-
peratures limits its practical applications [14,15]. Copper, a
classic component of many catalysts, has exhibited unique activity
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in various reactions, including CO, hydrogenation, methanol syn-
thesis, and biomass hydro-deoxygenation [16-19]. However, cop-
per catalysts are typically employed at lower temperatures due to
the instability of their redox states at elevated temperatures
[20,21].

A frequently observed phenomenon during the activation of
copper-exchanged zeolites is auto-reduction, where certain Cu®*
species spontaneously transform to Cu® at elevated temperatures
in an inert environment, without a reducing agent [22-27].
Researchers have determined that the oxidation state of Cu in Cu-
ZSM-5 zeolites depends on the evacuation temperature, with Cu*
species initially emerging at 473 K and progressively increasing until
873 K [28,29]. Giamello et al. reported that after heating at 873 K,
Cu" constitutes 70% of the total Cu in Cu-ZSM-5 [30]. A few exam-
ples of copper valence state change have been documented in the
literature. Bokhoven et al. proposed a method for converting
methane into methanol on Cu-MOR zeolite via partial oxidation
with water, where methane is oxidized at Cu®* oxide active centers,
followed by Cu* reoxidation to Cu?* by water [31]. During thermal
treatment in an NO/O, mixture, metallic Cu® nanoparticles in Cu
agglomerates on silica xerogels are oxidized to Cu’/Cu®* [32,33].
Some critical questions related to Cu-zeolite catalyst for aromatiza-
tion reaction should be considered. (1) Can Cu-zeolite be an effective
catalyst at high temperature? (2) Which state of Cu (Cu®* or Cu*) is
more effective for the reaction? (3) if Cu®* is more active, how does
Cu keep in an oxidative state in the hydrocarbon reduction condi-
tion? The objective of this study is to answer these questions and
further explore whether CO, can assist the Cu-zeolites in catalyzing
alkane conversion reactions to yield aromatics.

Cu-ZSM-5 zeolite was employed as a catalyst for the conversion
reaction of cyclohexane to aromatics. The results revealed that Cu-
ZSM-5 zeolite exhibits excellent aromatization properties during
the reaction, with Cu®* species identified as the more active species
in the aromatization pathway. In-situ experiments have demon-
strated that the Cu?* active species are converted into inactive
Cu*, accompanied by aromatics formation. The introduction of
CO, to the cyclohexane feed could enhance the aromatics selectiv-
ity and prolong the reaction lifetime, attributed to the stabilization
of the Cu?* oxidation state, and the CO, is concurrently converted
to CO and aromatics during the reaction.

Oxidation of copper supported on zeolites by CO, has not been
previously reported despite CO, also revealing weak oxidizing
properties. The climate change, driven by rising carbon dioxide
(COy) levels, has emerged as a global problem, attracting world-
wide attention to CO, utilization [34,35]. Our research also pro-
vides an innovative strategy for CO, utilization via the coupling
reaction of alkanes and CO,.

2. Experimental
2.1. Materials and reagents

H-ZSM-5 zeolite was purchased from Nankai University Cata-
lyst Co., Ltd, which possesses a Si/Al ratio of 17. Cu (NOs),-3H,0
and NaNOs; were acquired from Damao Chemical Reagent Factory.
Hexamethylene and n-hexane were bought from Guangdong
Guanghua Sci-Tech Co., Ltd. CO, (CO,, 85.0%; Ar, 15.0%) and helium
(99.999%) were provided by Dalian Special Gas Co., Ltd. All chem-
icals were used as received without further purification.

2.2. Synthesis of Cu-ZSM-5 and Na-ZSM-5
Cu-ZSM-5 catalysts were synthesized by an ion-exchanged

method. Firstly, three portions of 50 g H-ZSM-5 zeolite were indi-
vidually placed into three beakers containing 500 g deionized
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water. Following that, 6.04 g Cu (NOs3),-3H,0 was weighed into
the first beaker and stirred at room temperature for 30 min. In
the second beaker, 12.08 g Cu (NO3),-3H,0 was added and heated
with stirring using 80 °C water bath for 3.5 h. 89.6 g Cu (NO3),-3H,-
O was placed into the third beaker and stirred in a 90 °C water bath
for 2.5 h. Afterward, the three samples were filtered, washed with a
large excess of water, dried at 130 °C for 4 h, and then calcined at
550 °C for 6 h. The samples are respectively named Cu0.9-ZSM-5,
Cul.9-ZSM-5, and Cu2.4-ZSM-5, where the numbers represent
the mass percentages of Cu, which were characterized by an X-
ray fluorescence spectrometer (XRF).

Na-ZSM-5 samples were also prepared by ion exchange
method. Three beakers were first prepared, each containing 10 g
H-ZSM-5 molecular sieve and 100 g deionized water. Then, 5.1 g
sodium nitrate was added to the first beaker, and the mixture
was stirred in water bath at 80 °C for 2 h. In the other two beakers,
1.7 g and 0.08 g of NaNO3; were added, and the mixtures were stir-
red at room temperature for 30 and 10 min, respectively. After-
ward, the samples underwent filtration, washing, drying, and
roasting following the same procedure as that for Cu-ZSM-5. The
mass percentages of Na were determined by XRF, and the three
prepared samples were named Nal.1-ZSM-5, Na0.6-ZSM-5, and
Na0.3-ZSM-5, respectively.

2.3. Back-exchange experiment

5 g Cu1.9-ZSM-5 sample was subjected to two consecutive ion-
exchange treatments with 0.5 M NaNOs solutions at 80 °C for 4 h
each, in a water bath. After filtration, washing, and drying, the Cu
content in the zeolite was reduced to below 0.01 wt%, as measured
by XRF.

2.4. Catalyst characterization

XRF analysis was used to measure the silicon-to-aluminum
ratio of the samples, as well as the contents of copper and sodium.
The structural characteristics of samples were characterized by
scanning electron microscope (SEM), X-ray diffraction (XRD), the
Brunauer-Emmett-Teller (BET) method with nitrogen adsorption-
Brunauer-Emmett-Teller (N,-BET), and 2’Al and 2°Si magic angle
spinning nuclear magnetic resonance (MAS NMR). The acidity of
catalysts was analyzed by Fourier transform infrared (FTIR), pyri-
dine adsorption FTIR spectra, and 'H MAS NMR. The state of copper
was investigated by high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), energy dispersive
X-ray spectroscopy (EDS) elemental mapping, Cu K-edge X-ray
absorption spectroscopy (XAS), ultraviolet-visible (UV-vis)
diffuse-reflectance spectra, and electron paramagnetic resonance
(EPR). More detailed description of the characterization processes
can be found in the Supporting Information.

2.5. In-situ FTIR measurements of NO adsorption

In-situ FTIR spectra of nitric oxide (NO) adsorbed were recorded
on a Thermo Nicolet iS50 FTIR spectrometer equipped with a mer-
cury cadmium telluride (MCT) detector and operando cell with a
CaF, window. Optical adsorption was measured from 400 to
4000 cm~! with a resolution of 4 cm™! optical resolution and 128
scans. Spectra of surface species were obtained by subtraction of
the pre-treated Cu-ZSM-5 spectrum before the reaction. 20 mg
Cu-ZSM-5 was pressed in a self-supporting disc and loaded into
the sample cell. Before the measurements, the samples were acti-
vated in the IR cell attached to a vacuum line at 723 K for 1 h. A
low-temperature vacuum cell cooled with liquid nitrogen was
used for NO adsorption measurements. The gases were introduced
into the cell and the spectra were collected immediately. Different



G. Fan, R. Liu, Y. Zhao et al.

spectra were obtained by the subtraction of the spectra of the acti-
vated samples from the spectra of samples with the adsorbate. For
the change of atmospheric experiments, three sets of spectra were
obtained: (1) spectra of NO adsorbed over the fresh Cu-ZSM-5; (2)
spectra of NO adsorbed over Cu-ZSM-5 after the oxidation in O,
and (3) spectra of NO adsorbed over Cu-ZSM-5 after oxidation with
0, and reduction in N,. Oxidation with O, was carried out in situ in
the vacuum IR cell. Temperature was 723 K and the oxidation time
was 1 h. After the oxidation, the sample was evacuated and cooled
down with liquid nitrogen, and NO was gradually adsorbed. For
reduction in N, after the oxidation in O,, the sample was reduced
with N, at 723 K for 2 h followed by evacuation. Then, the sample
was cooled down and probe molecules were adsorbed at liquid
nitrogen temperature.

For the in-situ coupling reaction of cyclohexane and CO,, four
sets of spectra were obtained: (1) spectra of NO adsorbed over
0O,-activated Cu-ZSM-5 sample; (2) spectra of NO adsorbed over
Cu-ZSM-5 after the reaction with cyclohexane; (3) spectra of NO
adsorbed over Cu-ZSM-5 after the reaction with cyclohexane and
reactivated in CO,; and (4) spectra of NO adsorbed over Cu-ZSM-
5 after the reaction with cyclohexane and CO,. Activation in O,
was conducted in a vacuum IR cell at 723 K for 1 h, after which
the sample was evacuated. Then, cyclohexane was introduced into
the IR cell along with nitrogen at 798 K for 10 min. After the reac-
tion, the sample was cooled down with liquid nitrogen and NO was
gradually adsorbed. For the reaction with CO, after the reaction
with cyclohexane, the sample was reached with CO, at 723 K for
1 h followed by evacuation. Then, the sample was cooled down
and probe molecules were adsorbed at liquid nitrogen tempera-
ture. Additionally, a separate experiment was performed where
cyclohexane and CO, were simultaneously introduced into the IR
cell at 798 K for 10 min. After the reaction, the sample was cooled
down with liquid nitrogen, and probe molecules were adsorbed for
further analysis.

2.6. Catalytic performance evaluation

The details of catalytic performance evaluation were given in
the Supporting Information.

3. Results and discussion
3.1. Structure characterization

Cu-ZSM-5 samples with varying Cu contents (Table S1) were
synthesized to investigate the relationship between the nature of
Cu species and catalytic performance. SEM (Fig. S1) coupled with
N, BET (Fig. S2) analysis indicates that all samples exhibit compa-
rable morphologies and N, adsorption-desorption isotherms, and
analogous diffraction peaks are observed in XRD (Fig. S3), suggest-
ing that the crystal and pore structure of ZSM-5 samples remained
intact following Cu ion-exchange. The influence of Cu loading on
the ZSM-5 framework was further examined using 2’Al and 2°Si
MAS NMR (Figs. S4 and S5). The observation of similar peak shapes
in the NMR spectra indicates that the introduction of Cu did not
exert a discernible influence on the framework structure of
zeolites.

3.2. Catalytic performance analyses

Fig. S6 illustrates the aromatization performance of industrial
naphtha (composition detailed in Table S2) over H-ZSM-5 and
Cu1.9-ZSM-5 catalysts. The introduction of Cu species significantly
enhances aromatics selectivity, particularly for benzene, toluene,
and xylene (BTX). Cyclohexane was chosen as a model substrate
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to explore the relationship between Cu species and catalytic activ-
ity [36,37]. Compared to H-ZSM-5, Cu-ZSM-5 catalysts exhibit
higher aromatics selectivity, which increases with the increase of
Cu content or reaction temperature, as illustrated in Fig. 1(a-c).
Specifically, the aromatics selectivity of Cu2.4-ZSM-5 was
improved by 30.97% compared to H-ZSM-5 at 575 °C. Meanwhile,
similar trends are observed in the aromatization of n-hexane, as
shown in Fig. S7, underscoring the strong aromatization capacity
of Cu-ZSM-5 catalysts, especially at elevated temperatures.

3.3. Influence of Brensted acid sites

Aromatics formation from cyclohexane over Cu-ZSM-5 catalysts
occurs via two pathways: (i) the hydrogen transfer reaction on
Brensted acid sites (BASs) and (ii) the dehydrogenation reaction
facilitated by Cu species [38,39]. FTIR analysis of the characteristic
Si(OH)Al band at 3607 cm™' (Fig. 1d) reveals a decrease in the
amount of BASs with increasing Cu loading, indicating that Cu spe-
cies replace H" ions in cationic positions of H-ZSM-5 sample. This
reduction is further supported by the diminishing 3.9 ppm signal
in the '"H MAS NMR spectra (Fig. S8) and the attenuation of the
1545 cm™! BAS vibrational band in pyridine-adsorbed FTIR spectra
(Fig. S9), with the acid content quantified from the py-IR summa-
rized in Table S3 [40,41].

To isolate the effect of BASs on aromatics selectivity, Na
cations—catalytically inactive species—were introduced into H-
ZSM-5 zeolites through a conventional ion exchange approach.
The FTIR spectroscopy (Fig. 1e) and py-IR spectra (Fig. S10 and
Table S4) reveal the gradual decrease in the number of BASs with
the increasing Na contents, accompanied by a corresponding
decline in aromatics selectivity during the reaction of cyclohexane
conversion (Fig. 1f). These findings confirm that the enhanced aro-
matics selectivity in Cu-ZSM-5 is not related to changes in BAS
density but rather to the activity of Cu species.

3.4. State of copper species

The structural states of Cu active sites within the Cu1.9-ZSM-5
sample were investigated by comparing HAADF-STEM images, EDS
elemental maps, and Cu K-edge X-ray absorption near-edge struc-
ture (XANES) spectroscopy. EDS mapping results (Fig. 2a) show a
uniform Cu metals distribution throughout the Cu1.9-ZSM-5 parti-
cle. No clusters are visible in the HAADF-STEM image of this sam-
ple at lower voltage (Fig. 2b). However, upon applying higher
voltage, highly dispersive single Cu atoms are observed after the
zeolite framework is destroyed by the electron beam (Fig. 2¢), indi-
cating that monodispersed Cu ions are the predominant copper
species in Cu-ZSM-5. Besides, back-exchange experiment indicates
that virtually all the Cu species were removable through ion
exchange, which also confirms that the Cu present in the sample
exists as truly exchanged Cu ions rather than as aggregated CuO,
species. Cu K-edge XANES analysis (Fig. 2d) indicates a Cu valence
state of approximately +2. Cu K-edge Extended X-ray absorption
fine structure (EXAFS) models of the Cu1.9-ZSM-5 sample used O
as the nearest neighbor, with the Cu-0 coordination number being
refined to ~3.9 (Fig. 2e). EXAFS analysis of Cu1.9-ZSM-5, CuO, and
Cu,0 shows that Cu1.9-ZSM-5 lacks the higher Z neighbors (Cu)
seen in the second shell of CuO and Cu,O. In contrast, the second
shell peak of Cul.9-ZSM-5 suggests lower Z neighbors, such as
Si/Al, consistent with the formation of uniform and well-defined
mononuclear Cu sites [42].

The UV-vis spectra (Fig. S11) reveal the visual signals of Cu ions,
while the CuOy species, typically observed at wavelengths near
242 nm, are not discernible [42-44]. This indicates that Cu ions
are the predominant Cu species in Cu-ZSM-5. It is well established
that atomically dispersed Cu?* species, characterized by unpaired
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Fig. 1. Catalytic performance of cyclohexane conversion on H-ZSM-5 and Cu-ZSM-5 samples with varying reaction temperatures (a) 525 °C, (b) 575 °C, and (c) 600 °C.
Reaction conditions: 0.5 g catalyst, weight hourly space velocity (WHSV)cyciohexane = 4 h~!, He = 10 mL/min, TOS = 10 min. (d) FTIR spectra of the H-ZSM-5 and varying Cu-
ZSM-5 samples. (e) FTIR spectra of the H-ZSM-5 and varying Na-ZSM-5 samples. (f) Catalytic performance of cyclohexane conversion on H-ZSM-5 and Na-ZSM-5 samples.
Reaction conditions: 0.5 g catalyst, T = 575 °C, WHSV.yciohexane = 4 h~!, He = 10 mL/min, TOS = 10 min.

electrons in the d,ﬁyz orbital, are active in EPR spectroscopy,
whereas Cu® ions remain silent in EPR owing to the absence of an
unpaired electron [45,46]. Consequently, the relative proportions
of Cu?* and Cu" species in Cu-ZSM-5 samples can be estimated by
EPR (Fig. 2f), with the precise quantities of Cu species further deter-
mined by XRF (Fig. 2g); the calculated results are shown in Table S1.
Approximately 60%-70% of Cu species in the Cu-ZSM-5 samples are
Cu?" jons, with the remainder being Cu*. The formation of Cu* spe-
cies in Cu-ZSM-5 results from the auto-reduction of Cu?*, a phe-
nomenon commonly observed in Cu-exchanged zeolites [23].
These sites, primarily composed of Cu?>* and Cu® ions, are critical
for the observed catalytic performance. The increasing concentration
of both Cu* and Cu* species with higher Cu loadings correlates with
the enhanced aromatics selectivity during cyclohexane conversion.
Here is a critical question: which Cu species predominantly drive
the aromatization pathway?

3.5. Active sites

To answer the above question, FTIR spectroscopy of adsorbed
nitric oxide (NO), a common probe molecule for Cu?** and Cu*
species, was employed (Fig. 3a) [25,31]. Before measurement,
the Cu1.9-ZSM-5 sample was pretreated in a vacuum at 723 K
for 1 h, followed by a slow introduction of NO. The spectra exhi-
bit vibration bands at 1813, 1733, and 1825 cm™!, corresponding
to NO bonded to Cu* species, as well as 1889, 1914, and
1962 cm™!, associated with various Cu?* species [25,26]. These
data suggest a higher quantity of Cu* than Cu?*, inconsistent
with the EPR results, likely due to further auto-reduction of
Cu?* species during pretreatment period. Following oxidation
of the vacuum-activated Cul.9-ZSM-5 sample with O, at 723 K,
the FTIR spectra of adsorbed NO demonstrated a marked
decrease in Cu* species and a concurrent increase in Cu?* species.
Upon subsequent reduction in Ny, low-temperature adsorbed NO
on the Cu1.9-ZSM-5 sample revealed an increase in Cu* species
and a decrease in Cu?'. These findings underscore the influence
of pretreatment atmosphere on the valence states of Cu species
of Cu-ZSM-5.
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This transformation process was further explored by in-situ EPR
(Fig. 3b, c), revealing that Cu®* species are converted to Cu* in N,
atmosphere, while Cu* species are converted to Cu?* in O, atmo-
sphere, consistent with the FTIR spectra of adsorbed nitric oxide.
Exploiting this relationship, cyclohexane conversion reactions
were conducted under different pretreatment atmospheres
(Fig. 3d). Compared to the un-pretreated sample, Cu1.9-ZSM-5 pre-
treated in N, atmosphere for 12 h exhibited lower aromatics selec-
tivity, corresponding to the decreased presence of Cu®* species,
whereas O,-pretreated Cul.9-ZSM-5 showed higher aromatics
selectivity due to the increased presence of Cu?*. These results con-
firm that Cu?* species serve as the more active sites for the arom-
atization pathway during cyclohexane conversion, though Cu® ions
also exhibit much better aromatization performance than H* of the
H-ZSM-5 sample.

A significant decrease in the EPR signal was observed for the
spent Cul.9-ZSM-5 sample (Fig. 3e), indicating the degradation of
active Cu?* species. After regeneration with air at 873 K for 4 h,
the EPR signal at approximately 3300 G in the regenerated sample
was comparable to that of the fresh sample, suggesting the effec-
tive recovery of Cu®* species [45,47]. Furthermore, the catalytic
performance of the regenerated sample was nearly identical to that
of the fresh sample (Fig. 3f), further indicating the critical role of
Cu?" species in the cyclohexane-to-aromatics reaction. Further-
more, we also pretreated the catalyst under a hydrogen atmo-
sphere to investigate the effect of reducing Cu?*. The results,
presented in Fig. S12, show that as the H, reduction temperature
increases, the aromatics selectivity tends to decrease. This indi-
cates that the reduction of Cu?* to lower valence states (Cu* or
Cu®) leads to a decline in catalytic performance. This finding fur-
ther confirms that Cu?* is the more active site for aromatization.

3.6. Roles of carbon dioxide

Fig. 4(a and b) shows the product distribution of cyclohexane
conversion on the Cul.9-ZSM-5 sample in He and CO, atmo-
spheres. Although cyclohexane was completely converted under
both conditions, the introduction of CO, significantly enhanced
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Fig. 2. (a) EDS elemental mapping of Al, Si, O, and Cu for the Cu1.9-ZSM-5 sample. HAADF-STEM images of the same area of the Cu1.9-ZSM-5 sample under (b) a lower voltage
and (c) a higher voltage. (d) Cu K-edge spectra and (e) Fourier transform k?-weighted EXAFS spectra of Cu foil, Cu,0, Cu0, and Cu1.9-ZSM-5 samples. (f) EPR spectra of varying
Cu-ZSM-5 samples. (g) The evolution of Cu?* and Cu® species in Cu-ZSM-5 samples with different Cu loadings and the provided Cu content data determined using a

combination of EPR and XRF.

aromatics selectivity and resulted in the formation of a substantial
quantity of CO (~70% of consumed CO, was converted into CO).
This process involves alterations in the valence state of Cu species,
as monitored using FTIR of adsorbed NO (Fig. 4c) [25,31]. Before
the introduction of cyclohexane, the Cu1.9-ZSM-5 sample was pre-
treated with O, at 723 K for 1 h. After interaction with cyclohexane
at 798 K, FTIR spectra of NO adsorption revealed an increase in Cu*
content and a concurrent decrease in Cu?*, indicating the reduction
of Cu?* species during the reaction of cyclohexane conversion. By
now, the cyclohexane conversion occurs mainly under the catalytic
action of Cu” ions. Subsequent exposure to CO, resulted in the oxi-
dation of Cu* to Cu?*, accompanied with the formation of CO. This
transformation of Cu species explains the enhanced aromatics
selectivity observed in the CO, atmosphere, as Cu®* species are
the more efficient active centers for aromatization. In addition,
we have included in situ NO-IR spectra for the reaction of cyclo-
hexane with CO, (Fig. S13). These spectra demonstrate that, under
a CO, atmosphere, Cu®* species are effectively stabilized. In con-
trast, in the absence of CO,, the content of Cu* increases while
the Cu®* content decreases, further supporting the role of CO, in
stabilizing Cu®*.
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The above results elucidate the catalytic process occurring at
the active sites of the Cu-ZSM-5 sample, which leads us to propose
a reasonable mechanism. For the Cu-ZSM-5 catalyst, Cu sites cat-
alyze the reaction of cyclohexane conversion in CO,, and the Cu?*
species serve as the more efficient active sites. During the reaction,
cyclohexane is converted to BTX, while the Cu?* species of Cu-ZSM-
5 are transformed to Cu*. Upon the introduction of CO,, the Cu?*
oxidation state of Cu-ZSM-5 can be stabilized during the cyclohex-
ane aromatization reaction, which enhances the BTX selectivity.

Another striking observation is the significantly longer reaction
lifetime of the Cul.9-ZSM-5 sample in the CO, atmosphere
(Fig. 4b). Cul.9-ZSM-5 catalyst deactivation during cyclohexane
aromatization process may arise from the formation of coke in zeo-
lite channels. Adequate milling and granulation of spent Cul.9-
ZSM-5 increased cyclohexane conversion from 60% to 80%
(Fig. S14), indicating that coke blockage partly contributed to cat-
alyst deactivation. The coke deposition on the used Cul.9-ZSM-5
sample during cyclohexane conversion was quantitatively ana-
lyzed using thermogravimetric analysis (TGA) under CO, and He
atmospheres, respectively (Fig. S15). The results reveal a signifi-
cantly reduced coke amount in the presence of CO, compared to
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Fig. 3. (a) In-situ FTIR spectra of NO adsorbed at 100 K onto Cu1.9-ZSM-5 sample vacuum-activated (top), oxidized in O, (middle), and reduced in N; (bottom). (b) In-situ EPR
spectra of the Cu1.9-ZSM-5 sample without pretreatment and pretreated in O, and N,, respectively. (c) The evolution of Cu?* and Cu* species distribution in Cu1.9-ZSM-5
sample corresponding to the EPR data. (d) Catalytic performance of cyclohexane conversion on Cu1.9-ZSM-5 sample without being pretreated (left), with being pretreated in
N, at 600 °C for 12 h (middle), and with being pretreated in O, at 600 °C for 12 h (right). Reaction conditions: 0.5 g catalyst, T = 600 °C, WHSV yciohexane = 4 h~!, He =10 mL/
min, TOS = 10 min. (e) EPR spectra of fresh, spent, and regenerated Cu1.9-ZSM-5 samples. (f) Catalytic performance of cyclohexane conversion on fresh (left) and regenerated

(right) Cu1.9-ZSM-5 samples. Reaction conditions: 0.5 g catalyst, T = 525 °C, WHSVyciohexane = 4 h!
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Fig. 4. Catalytic performance of cyclohexane conversion on Cu1.9-ZSM-5 sample in (a) He and (b) CO, plotted as a function of TOS. Reaction conditions: 0.5 g catalyst, T =

575 °C, WHSV eyctonexane = 4 h™", CO; (or He) =

He, which indicates that CO, participates in the cyclohexane arom-
atization process and alters the pathway of coke formation. It has
been demonstrated in our previous research [48-50] that the C
of CO, was incorporated into the aromatic products via the oxy-
genated reaction intermediates, thereby balancing the H/C
between alkane and aromatic, in the coupling reaction between
alkane and CO, under high pressure condition. Moreover, CO,
can react with the deposited carbonaceous species to eliminate

43 mL/min, CO, (He): cyclohexane = 5:1. (c) In-situ FTIR spectra of NO adsorbed at 100 K onto Cu1.9-ZSM-5 sample that was O,-
activated (top), reacted with cyclohexane (middle), and reoxidized with CO, (bottom).

coke, because the reverse Boudouard reaction (CO, + C — 2CO)
has been shown to be feasible by thermodynamic calculations
(Table S5) [51]. These effects may jointly contribute to the pro-
longed catalytic lifetime of Cu-ZSM-5 during the cyclohexane
aromatization.

In summary, the Cu?* species in Cu-ZSM-5 serve as the more
efficient active sites for cyclohexane aromatization. During cyclo-
hexane conversion, BTX products are formed, and the Cu?*
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species are reduced to Cu* simultaneously. The introduction of
CO, can oxidize Cu* back to Cu?*, which means that the active
Cu?* species can be stabilized relatively under the condition of
co-feeding of cyclohexane and CO,. CO, not only enhances aro-
matics selectivity but also improves the catalytic lifetime by
maintaining stability of Cu active site and eliminating coke. This
dual role of CO, represents a promising strategy for the sustain-
able processes of cyclohexane aromatization.

4. Conclusions

Cu-ZSM-5 zeolite exhibits exceptional performance as a catalyst
for alkane aromatization, exemplified by the cyclohexane conversion
reaction. In the Cu-ZSM-5 catalyst, Cu ions are the catalytically active
sites for the aromatization pathway, with Cu®* species identified as
the more efficient aromatization centers. However, the transforma-
tion of Cu** to Cu* during cyclohexane conversion leads to the
reduced aromatics selectivity. The introduction of CO, into the reac-
tion feed addresses the challenge by stabilizing Cu®* species under
reducing conditions, thereby enhancing aromatics selectivity. Addi-
tionally, CO, contributes to the favorable catalytic stability by sup-
pressing coke deposition, highlighting its dual role as both a
reactant and a soft oxidant. This work not only underscores the
potential of Cu-ZSM-5 as a non-noble metal catalyst for alkane
aromatization but also unveils an innovative role of CO, in the cou-
pling reaction of alkanes and CO,, which provides valuable insights
for CO, utilization in catalytic processes.
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