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In the continuous direct oxidation of methane to methanol (cDMTM), suppression of tandem reactions of
the produced methanol to olefins is one of the key problems that must be solved to improve the methanol
formation rate, selectivity, and catalytic stability. Herein, a strategy to reduce the thickness along the c-axis
of AEl-type crystals was adopted to fulfill a short diffusion path along the straight channel. A c-axis-
oriented sheet-like Cu-exchanged AEI zeolite (Cu/AEl) was prepared by adding C16-cationic surfactant into
the synthesis gel. The effect of the thickness of the straight channels in the c-axis on the catalytic
properties was investigated. Comparative results demonstrated that the sheet-like Cu/AEl zeolite exhibited
a higher methanol formation rate and reaction performance with greater stability compared to the typical
cubic-shaped zeolite. This advantage was ascribed to the decreased straight channel length that
significantly facilitates the diffusion of reactants and products, decreases the accessibility of acid sites, and
thus suppresses the secondary reaction of methanol to olefins on the Bransted acid sites. Furthermore, the
influence of the acid content in the framework of the cubic crystal AEl zeolite was investigated by means
of post-calcination at high temperature. Thus, lower methanol formation rates and decreased stability were
obtained with post-calcined Cu/AEl zeolites as compared to sheet-like Cu/AEl zeolite. The acidic property
of the sheet-like Cu/AEl zeolite was optimized by post-treatments involving dealumination followed by
desilication. Thus, treated sheet-like Cu/AEl zeolite achieved a methanol formation rate of 34 umol g™
mint (2022 umol g h™Y) (i.e., space time vyield (STY)) with 77% selectivity, which was higher than that for
the cubic zeolite (28 umol g™* min™, 49%) and the original sheet-like Cu/AEl zeolite (33 pmol g™* min™,
45%). This improvement was caused by the modified acidic properties and the introduction of secondary
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ratio, and Al distribution have a great influence on the activity
of methane oxidation.” However, the influence of the

1. Introduction

There has been a great deal of academic and industrial
research on the continuous direct oxidation of methane to
methanol (cDMTM) in recent decades.” Although diverse
catalysts have been dedicated to this process, the Cu-
exchanged zeolites have been considered the promising
ones.">* Binuclear Cu centers have been widely recognized as
active sites, being inspired by natural biocatalytic enzyme
systems.”>* It is well known that the topology structure, Si/Al
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morphology of zeolites on the catalytic performance in
c¢DMTM has not yet fully been investigated.

van Bokhoven and co-workers merely reported the impact
of omega zeolite (MAZ) morphology on the methanol yield in
the stepwise conversion of methane reaction.® A greater
methanol yield was achieved with the larger crystal Cu/MAZ
zeolite despite the similarity of the other physicochemical
properties, which was contrary to normal. Apart from this,
the effect of zeolite morphology on the reaction performance
of continuous methane oxidation has seldom been reported.
It has been widely researched in other reactions such as
methane to olefins (MTO),” "> alkylation of benzene,"
cracking,'* syngas to olefins,">'® Beckmann rearrangement
of cyclohexanone oxime,'” and epoxidation of 1-hexene.'® In
addition, research has been performed to determine the
influence of morphology on tandem reactions. Specifically, in
the reactions of CO or CO, hydrogenation to aromatics over
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the metal oxides/ZSM-5 bifunctional catalyst via a tandem
reaction coupling approach, the aromatic distribution was
controlled by altering the crystal size of ZSM-5 along the
b_axis‘16,19721

It is well accepted that the crystal morphology of zeolite
plays an indispensable role in determining the catalytic
activity. By controlling the length of channels, it is possible
to affect the diffusion paths. The path length through the
zeolite crystal is directly linked to diffusional problems, and
can cause an increase in secondary reactions as well as
subsequent carbon deposition inside the channels and cages
that ultimately is responsible for catalyst deactivation, ie.,
catalyst lifetime.”® Therefore, great efforts have been
expended toward the fabrication of zeolite crystals with
desirable morphologies, and breakthrough progress has been
achieved.

The most common example is the strategy of decreasing the
diffusion path along the straight channel (b-axis) for MFI-type
zeolites. It was first reported by Ryoo and co-workers, who
prepared ZSM-5 zeolites with multilamellar stacking 20-40 nm
in thickness and a unilamellar structure corresponding to a
single-unit-cell thickness along the b-axis using a self-made
diquaternary ammonium-type surfactant.>>* This resulted in a
high surface area, and also effectively eliminated the diffusion
problem of bulky molecules, thereby leading to a much higher
catalytic activity as compared to conventional ZSM-5 in the
cracking of branched polyethylene and the aldol condensation
of benzaldehyde and 2-hydroxy acetophenone.>*?**® This
method has been used to successfully synthesize MFL,>” beta,*’
MRE,*® MTW,”” MOR,’ and many other zeolites.

These zeolites exhibited catalytic potential in the Fischer-
Tropsch reaction,” Pechmann condensation reaction for
bulky molecules,®® and glycerol etherification with tert-butyl
alcohol.”?' However, these zeolitic materials are synthesized
using highly elaborate and complex structure-directing agents
(SDAs),*****% or by complicated swelling, pillaring, and
exfoliation procedures.** From a practical point of view and
taking into account the environment, inexpensive additives
such as NH,F (ref. 35 and 36) and urea'™"’ have widely been
employed to modify the crystal morphology of different types
of zeolites.”**”

Recently, we adopted the commercially available typical
surfactant cetyltrimethylammonium bromide (CTAB) as a
crystal growth inhibitor (CGI) to synthesize an AEI zeolite
with sheet-like crystals in the c-axis orientation.*® The acidic
AEI zeolites were applied in the propene to butene reaction,
and the sheet-like AEI zeolite exhibited a higher selectivity
for iso-butene and a longer catalytic lifetime as compared to
the cubic sample.

In this study, c-axis-oriented sheet-like and typical cubic-
shaped AEI zeolites were hydrothermally prepared in the
presence and absence of CTAB, respectively. The obtained AEI
zeolites were treated in Cu(NOs), solution to attain Cu-
exchanged AEI zeolite (Cu/AEI) containing Bregnsted acid sites
(BAS) and Cu sites. The bifunctional Cu/AEI zeolites with
different crystal morphologies were used as catalysts for
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¢DMTM to clarify the impact of the crystal morphologies on the
catalytic properties. In addition, to alter the acidic properties
and/or introduce additional mesopores, post-modification
involving dealumination followed by desilication was applied to
the sheet-like AEI zeolite, improving the catalytic properties. We
found that the environment of Cu and BAS, especially the
length of the path through which reactants, methanol
intermediates, and olefins passed, greatly influenced the
methanol yield, selectivity, and catalytic stability.

2. Experiments

AEI-type aluminosilicate zeolites with cubic and sheet-like
morphology were hydrothermally synthesized according to
our previous report®® without or with the presence of
cetyltrimethylammonium bromide (CTAB) as a CGIL
Specifically, a gel with the molar composition of 1.0 SiO,:
0.033 Al,03:0.18 OSDA:0.185 NaOH : 0 or 0.01 CTAB: 20 H,O
was transferred to an autoclave and crystallized at 170 °C for
3 days with a tumbling rate of 40 rpm. Herein, the FAU-type
zeolite (Zeolyst, CBV720) was used as the source of SiO, and
Al,O;. After filtration, washing, and drying at 100 °C
overnight, the as-prepared samples were obtained and named
as-AEI-C and as-AEI-S, respectively, where C and S denote
cubic and sheet-like AEI crystals without or with the presence
of CTAB, respectively.

The organic structure-directing agent (OSDA) and CTAB
were removed by calcination at 550 °C for 10 h. Then, the
calcined sample was ion-exchanged twice with 2.5 mol L™
NH,NO; aqueous solution at 80 °C for 3 h. NH,-form AEI was
calcined at 550 °C for 5 h to obtain H-AEI zeolite. The
exchanged Cu/AEI zeolite catalysts with various copper
loadings were prepared by varying the concentration of
Cu(NOj3), solution. Typically, 1 g NH,-form AEI was ion-
exchanged with 100 mL of 1, 5, or 50 mmol L™ Cu(NO;),
aqueous solution at 80 °C for 24 h. The solid product was
washed, dried, and calcined at 550 °C for 5 h in air. The
obtained samples were denoted as xCu/AEI-C and xCu/AEI-S,
where x corresponds to the concentration of Cu(NOj3),
solution.

Because the Si/Al ratio of AEI-C (approximately 10) was
lower than that of AEI-S (approximately 12),*® to regulate a
similarly strong amount of acid, the as-AEI-C zeolite was
calcined in air at higher temperatures (700 or 800 °C) to
reduce the amount of framework Al. Herein, the calcined
samples were named AEI-C-700 and AEI-C-800, respectively.
The procedures followed were similar to those mentioned
above. Finally, the obtained samples were denoted as 5Cu/
AEI-C-700 and 5Cu/AEI-C-800, respectively.

To alter the acidic properties and/or introduce additional
mesopores, the post-modifications including dealumination
using ammonium hexafluorosilicate (AHFS) followed by
desilication using NaOH solution were also applied to the
AEI-S zeolite. Specifically, the calcined AEI-S zeolite was
dealuminated in 0.2 mol L™ AHFS aqueous solution at 80 °C
for 2 h, and then, the suspension was filtered, washed, and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEM images of the (a) AEI-C and (b) AEI-S zeolites.

dried overnight. The obtained sample was named AEI-S-A.
Afterward, the AEI-S-A sample was desilicated in 0.1 mol L™
NaOH aqueous solution at room temperature for 1 h, and the
suspension was subsequently filtered, washed, and dried
overnight. The obtained sample was named AEI-S-A-N. The
AEI-S-A-N sample then underwent NH, exchange, followed by
Cu exchange with 5 mmol L™ Cu(NOj3), aqueous solution at
80 °C for 24 h. The obtained samples were named 5Cu/AEI-S-
A-N after calcination at 550 °C for 5 h. The details regarding
the characterization and catalytic activity test for cDMTM are
provided in the ESL}

3. Results and discussion
3.1. Catalyst characterization

3.1.1 Physicochemical properties and morphology. The
crystalline structures of all the samples were confirmed as AEI
by powder X-ray diffraction (Fig. S11). The morphology of AEI-C
and AEI-S was verified as cubic and sheet-like particles,
respectively, by scanning electron microscopy (SEM) (Fig. 1).
The textural properties of the samples were investigated by N,
adsorption and desorption (Fig. S27), and the physicochemical
properties of AEI-C and AEI-S are listed in Table 1. Similar to
our previous report,*® the Si/Al ratio in H-AEI-C (approximately
10) was slightly lower than that in H-AEI-S (approximately 12).
The H-AEI-C showed a higher Brunauer-Emmett-Teller (BET)
surface area and micropore volume but lower external surface
area than H-AEI-S (Table 1). The chemical composition of the
Cu/AEI zeolite catalysts is listed in Table 2, indicating that the
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Cu content increased along with x. Note that the Cu/Al ratios for
all the samples were less than 0.2, meaning that BAS remained.
The Al MAS NMR spectra of H-AEI-C and H-AEI-S showed that
the Al atoms were mostly incorporated into the framework (Fig.
S37).

3.1.2 Cu speciation. UV-vis spectroscopy was used to
evaluate the Cu speciation of the xCu/AEI zeolite. The xCu/
AEI-C and xCu/AEI-S zeolites exhibited an intensity band at
210 nm irrespective of x, which was attributed to the O —
Cu** charge transfer (CT) transitions (Fig. S51).>°

The Cu speciation was also identified by NO adsorption
Fourier transform infrared (FTIR) spectroscopy at =120 °C. As
demonstrated in Fig. 2, the bands at 1810 and 1730 cm™
were associated with NO bound to Cu" sites, and the bands
at 1900, 1927, and 1950 cm ™" were assigned to different Cu*"
species.”® According to Palagin et al. and our recent work,”*’
the bands at 1887 and 1900 cm ' are related to the
adsorption of a single NO molecule on the Cu(OH)" species,
while the bands at 1927 and 1950 cm™ correspond to the
adsorption of a single NO molecule on the dimeric copper
species. The peak intensity is related to the amount of the
corresponding copper species after normalization. Because
the intensity of the band at 1950 cm™" for 5Cu/AEI-S was
stronger than that for 5Cu/AEI-C, and the intensity of the
band at 1927 em™ for 5Cu/AEI-C was stronger than that for
5Cu/AEL-S, the intensity of the bands belonging to dicopper
species for 5Cu/AEI-C and 5Cu/AEI-S were similar.

In addition, CO adsorption FTIR spectroscopy at —120 °C
was adopted to simultaneously clarify the acidic and Cu

Table 1 Chemical composition and textural properties of the H-AEI zeolites

Sample Si/Al¢ Sper’ (M? g7Y) Vrotal” (cm® g7) Sexr’ (m* g7") Vimiero. (cm® g71)
H-AEI-C 10.3 559 0.27 10 0.21
H-AEI-C-700 10.3 644 0.28 11 0.22
H-AEI-C-800 10.3 645 0.30 10 0.24
H-AEI-S 12.7 430 0.27 28 0.15
H-AEI-S-A-N 10.9 488 0.45 70 0.15

@ By ICP-AES. ” Calculated using the Brunauer-Emmett-Teller (BET) equation on the N, adsorption isotherms. ¢ Calculated by the t-plot

method based on the adsorption isotherms.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Chemical composition of the Cu-exchanged AEI zeolites

Chemical composition”

Sample Si/Al Cu/Al Cu (Wt%)
1Cu/AEI-C 10.8 0.01 0.07
5Cu/AEI-C 10.8 0.05 0.53
50Cu/AEI-C 10.9 0.16 1.55
1Cu/AEIL-S 12.1 0.02 0.13
5Cu/AEI-S 12.3 0.09 0.70
50Cu/AEI-S 12.0 0.19 1.45
5Cu/AEI-C-700 10.0 0.04 0.33
5Cu/AEI-C-800 10.8 0.04 0.24
5Cu/AEI-S-A-N 10.9 0.07 0.62

“ By ICP-AES.

sites.**™** As revealed in Fig. 3, at low CO coverages, exclusive
formation of Cu'(CO), at 2151 ecm ' and Cu’*'CO at 2183
cm™" was observed.*”*! Increasing the CO pressure led to the
appearance of a new but weak band assigned to Cu’(CO); at
2196 cm.*>*! As the CO pressure continued to increase, the
band at 2183 em™' blue-shifted to 2172 ecm ™', which was
assigned to the vc_o vibration of adsorbed CO interacting
with zeolitic OH groups via weak hydrogen bonds.*?

Concomitant with the development of these bands was
the appearance of a broad feature centered at 3300 and 3430
em™, and negative features in the vibrational region of
zeolitic OH groups centered at 3600 and 3640 cm '. The
intensity of the band at 2151 cm™* for 5Cu/AELI-S was
obviously higher than that for 5Cu/AEI-C, while the intensity
of the band at 2183 em™ for 5Cu/AEI-C was slightly higher
than that for 5Cu/AEI-S, signifying different Cu speciation
and locations. Additionally, 5Cu/AEI-C presented a weak band
at 2230 cm™, which was assigned to Lewis acid sites (LAS).
Moreover, the BAS amount of xCu/AEI-C at 2172 cm * was
obviously higher than that of xCu/AEI-S wunder the
corresponding Cu content due to the greater amount of Al in
the framework of the AEI-C zeolite.

3.1.3 Acidic properties. The acidic properties of the samples
were analyzed by NH;-temperature-programmed desorption

View Article Online

Catalysis Science & Technology

(TPD) (Fig. 4 and S67). The NH,-TPD curves were deconvoluted
into three peaks centered around 150, 300, and 475 °C, which
corresponded to the physically adsorbed NH;, the medium acid
sites derived from NH; adsorbed on LAS, and the strong acid
sites related to the NH; adsorbed on the BAS (Si-OH-Al),
respectively.*** The acid amount estimated from the fitting
peak area of the NH;-TPD profiles is listed in Table 3.

Obviously, for the two types of AEI zeolites, when the Cu
content increased, the strong acid amount decreased due to
the replacement of protons from (Si-OH-Al) by Cu**, and the
medium acid amount increased because of the cumulative
Cu content. These results were in accordance with our
previous work and the literature.>** The total acid amount of
the xCu/AEI-C zeolite catalysts was higher than that of the
xCu/AEI-S samples under similar Cu content due to the
higher Al content of the parent AEI-C zeolite.

3.2. Catalytic performance

3.2.1 Comparative study of cubic and sheet-like Cu/AEI
zeolites with different Cu content. Direct oxidation of
methane to methanol was conducted over the Cu/AEI zeolites
with different c-axis thicknesses aiming to gain insight into
the intrinsic effect of morphology on the catalytic activity.
Note that to obtain a high methanol yield, a relatively high
temperature (350 °C) and stronger oxidant (N,O) were used
in this study.” Product selectivity, methane, and N,O
conversion, as well as methanol formation rate as a function
of time are shown in Fig. 5. The conversion of methane and
N,O increased with Cu content for Cu/AEI-C and Cu/AEI-S
zeolites due to the improved active sites.

For the low Cu content Cu/AEI zeolites (1Cu/AEI),
methanol was the dominant product at the initial stage,
whose selectivity for 1Cu/AEI-C and 1Cu/AEI-S reached 55
and 70%, respectively (Fig. 5(a and d)). Interestingly, the
methanol selectivity of 1Cu/AEI-C decreased to 10% at 1.17 h,
while that of 1Cu/AEI-S remained at 57% at 1.17 h. In
addition, at 5.17 h, 1Cu/AEI-C and 1Cu/AEI-S obtained olefin
selectivity greater than 95%, with the C,  selectivity of 1Cu/

Cu2*(NO)

HE R Cu*(NO),

1927 pEmwsss

NI Cu*(NO) !

1950 ; R :

i : . 80 Pa
N}
5Pa

Wavenumbers (cm™)

2000 1950 1900 1850 1800 1750 1700 1650 2000 1950 1900 1850 1800 1750 1700 1650

Wavenumbers (cm™)

Fig. 2 NO (5-80 Pa) adsorption FTIR spectra over (a) 5Cu/AEI-C and (b) 5Cu/AEI-S zeolite catalysts collected at -120 °C after pretreatment at 500

°C in a vacuum for 1 h.
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Fig. 3 CO (5-1000 Pa) adsorption FTIR spectra over (a) 5Cu/AEI-C and (b) 5Cu/AEI-S zeolite catalysts collected at 120 °C after pretreatment at

500 °C in a vacuum for 1 h.
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Fig. 4 Deconvolution of NH3-TPD curves of the (a) 5Cu/AEI-C and (b) 5Cu/AEI-S zeolite catalysts.

AEI-C (approximately 53.3%) being slightly higher than that
of 1Cu/AEI-S (approximately 45.8%).

The earlier formation time of 1Cu/AEI-C was due to the
higher acid amount of the AEI-C zeolite, and also particle size
because the sheet-like morphology of AEI-S was beneficial for

Table 3 Acidity of the Cu-exchanged AEI zeolites

NH;-TPD (mmol g ')

Sample Weak Medium Strong Total
1Cu/AEI-C 0.45 0.25 0.51 1.21
5Cu/AEI-C 0.32 0.39 0.41 1.12
50Cu/AEI-C 0.37 0.61 0.41 1.39
1Cu/AEI-S 0.33 0.24 0.36 0.93
5Cu/AEI-S 0.25 0.36 0.29 0.90
50Cu/AEI-S 0.29 0.43 0.40 1.12
5Cu/AEI-C-700 0.35 0.43 0.26 1.04
5Cu/AEI-C-800 0.18 0.27 0.29 0.74
5CUu/AEI-S-A-N 0.20 0.33 0.28 0.81

“ Determined by NH;-TPD; the fitting peaks of the weak, medium,
and strong acid amounts were calculated at approximately 150, 300,
and 400-450 °C, respectively.

This journal is © The Royal Society of Chemistry 2023

the transformation of methanol between the particles. For
the AEI-C zeolite, due to the large cubic particles, the
intermediate methanol was merely able to transfer within the
cubic zeolite, and thus, olefins formed. When 5Cu/AEI
zeolites were used, the selectivity of hydrocarbon decreased,
but the selectivity of CO and DME increased in comparison
with 1Cu/AEI because of the condensed acid amount and
increased Cu content (Fig. 5(b and e), Table S1t).

The reaction results at time-on-stream (TOS) of 5.17 h for
5CU/AEI zeolites were compared, and a 28.2 umol g min™"
MeOH formation rate with 49.1% selectivity and 32.5 umol
g™ min™" MeOH formation rate with 45.4% selectivity were
obtained by 5Cu/AEI-C and 5Cu/AEI-S, respectively
(Fig. 5(b and e)). After a further increase in the Cu content, a
17.0 pumol g min™ MeOH formation rate with 24.7%
selectivity and 27.2 umol g™* min™' MeOH formation rate
with 33.4% selectivity were obtained at 5.17 h by 50Cu/AEI-C
and 50Cu/AEI-S, respectively (Fig. 5(c and f)). The greatly
enhanced CO, selectivity was attributable to the increased Cu
content, resulting in methanol being overoxidized, which has
been previously reported.*

Catal. Sci. Technol,, 2023, 13, 5831-5841 | 5835
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Fig. 5 Stability test of (a) 1Cu/AEI-C, (b) 5Cu/AEI-C, (c) 50Cu/AEI-C, (d) 1Cu/AEI-S, (e) 5Cu/AEI-S, and (f) 50Cu/AEI-S zeolite catalysts in the
cDMTM reaction at 350 °C. Reaction conditions: 100 mg catalyst, CH4/N,O/H,O/Ar = 10/10/2/3 ml min™%, SV = 15000 mlg™* h™.

3.2.2 Influence of mass transfer on the cDMTM reaction.
To further verify the influence of mass transfer on the
c¢DMTM reaction, the space velocity (SV) was varied from
15000 to 30000 ml g h™ by increasing the flow rate of Ar
from 3 to 28 ml min~". The 5Cu/AEI-C and 5Cu/AEI-S zeolites
were used because they were two samples with suitable
amounts of Cu and acid. As displayed in Fig. 6, olefins were
observed on 5Cu/AEI-C and 5Cu/AEI-S within 6 h. However,
the massive formation of olefins on 5Cu/AEI-C was at 2.17 h,
and the selectivity of olefins reached approximately 96%. The
selectivity of olefins at 5.17 h reached 100% for 5Cu/AEI-C. In
the case of 5Cu/AEI-S, the maximum olefin selectivity was
approximately 50% at 5.17 h.

In comparison with Fig. 5(b and e), the production of
olefins at a high SV indicated that accelerated mass transfer
between the bifunctional sites was conducive to the
occurrence of a tandem reaction, but unfavorable for the
yield of methanol and the catalytic stability. We considered
that accelerated SV was beneficial for the mass transfer
between Cu and acid sites, but sheet-like AEI zeolite was able
to reduce such transfer in the zeolite crystal. Hence, we claim
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that sheet-like AEI zeolite was conducive to the stable
production of methanol.
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Fig. 6 Stability test of the (a) 5Cu/AEI-C and (b) 5Cu/AEI-S zeolite

catalysts in the cDMTM reaction at 350 °C. Reaction conditions: 100
mg catalyst, CH4/N,O/H,O/Ar = 10/10/2/28 ml min™%, SV = 30000 ml
-1 -1

g h.
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3.3. Impact of morphology on the cDMTM reaction

CUu/AEL-S zeolites achieved a higher methanol formation rate
than Cu/AEI-C under similar Cu content (Fig. 5 and 6). This
difference would be caused by two factors - the acidic
properties and crystal morphology (Tables 2 and 3, and
Fig. 1). To exclude the influence of acidic properties, the acid
amount of AEI-C was decreased so that it was similar to that
of AEI-S by post-calcination at higher temperatures. In
addition, post-treatments involving dealumination and
desilication were used to adjust the acid amount of AEI-S so
that it was similar to that of AEI-C.

3.3.1 Post-calcination at high temperature. The AEI
structure was maintained after calcination at 700 and 800 °C
(Fig. S17). As for the textural properties, except for the slightly
improved Sgpgpy, the other properties were similar to that of
AEI-C (Fig. S9,f Table 1). By deconvolution of the *’Al MAS
NMR spectra (Fig. S107), the proportion of Al in the
framework for AEI-C-700 and AEI-C-800 was calculated as
86% and 80%, respectively. The calculated Al/Si ratio in the
framework of AEI-C-700 and AEI-C-800 was 0.086 (calculated
as Al/Si* (proportion of Alg)) and 0.080, which was in the
middle of AEI-S (0.082), respectively (Fig. S10 and S3f).
Simultaneously, by deconvolution of the 2°Si MAS NMR
patterns, the proportion of Q*(1Al) + Q*(2Al) in the total Si
for AEI-C-700 and AEI-C-800 was reduced to (23 + 0) and (5 +
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0)% from (31 + 3)% of AEI-C (Fig. S11 and S4f), where
Q*(nAl) is Si(OSi);_,(OAl),. The reduced Al content in the
framework of the AEI-C-700 and AEI-C-800 zeolites resulted
in decreased acid, acid strength, and Cu (Tables 2 and 3). As
can be seen in Fig. 7d and Table 3, the fitting peak of the
strong acid sites shifted from the center at 475 to 425 °C
when the calcination temperature was increased from 700 to
800 °C, indicating the weakened acid strength. The total acid
amount of 5Cu/AEI-C-700 and 5Cu/AEI-C-800 decreased to
1.04 and 0.74 mmol ¢~ from 1.12 mmol g™* of 5Cu/AEI-C,
respectively.

Regarding Cu speciation, no marked difference in the UV-
vis spectra was observed before or after post-calcination
(Fig. 7a). However, the NO adsorption FTIR spectra revealed
that the intensities of the bands were attributed to dicopper
species at 1950 and 1927 cm ™', and the bands attributed to
Cu(OH)" at 1900 cm™* decreased upon post-calcination
compared to 5Cu/AEI-S, suggesting that Cu speciation was
influenced by post-calcination (Fig. 7b). Moreover, the
weakened intensity of bands belonging to Cu(CO) at 2183
em™ and Cu(CO), at 2151 cm™ in the CO adsorption FTIR
spectra in comparison with 5Cu/AEI-S suggested that there
was a decrease in Cu species in the jonic sites (Fig. 7¢).

When 5Cu/AEI-C-700 and 5Cu/AEI-C-800 were used in the
direct oxidation of methane to methanol and the stability
was compared with 5Cu/AEI-S, it was interesting to find that
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Fig. 7 (a) UV-vis spectra, (b) NO (5-80 Pa) adsorption FTIR, and (c) CO (5-1000 Pa) adsorption FTIR spectra collected at =120 °C after pretreatment
at 500 °C in a vacuum for 1 h. (d) Deconvolution of NH3z-TPD curves of the 5Cu/AEI-C-700, 5Cu/AEI-C-800, and 5Cu/AEI-S zeolite catalysts.
Stability test of the (e) 5Cu/AEI-C-700, (f) 5Cu/AEI-C-800, and (g) 5Cu/AEI-S zeolite catalysts in the continuous direct oxidation of methane.
Reaction conditions: 350 °C, 100 mg catalysts, CH4/N,O/H,O/Ar = 10/10/2/3 ml min™, SV = 15000 mlg™* h™.
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the reaction performance of 5Cu/AEI-C-700 was similar to
that of 1Cu/AEI-C. Although a 24.7 pmol g™' min™" initial
methanol formation rate with 47.7% selectivity was obtained,
methanol was transformed to olefins on the BAS. Normally,
we considered the production of olefins because the tandem
reaction of methane to olefins was related to the Bronsted
acid amount and the distance between Cu and acid sites.
Herein, the Brgnsted or strong acid amount of 5Cu/AEI-C-700
was verified as being lower than that of 5Cu/AEI-S.

After we confirmed the reproducibility of 5Cu/AEI-C-700 in
the ¢cDMTM reaction (Fig. S121), a possible conjecture was
proposed, as seen in Scheme 1. The channel system of the
AEI zeolite viewed from the c, b, a directions is exhibited in
Scheme 1a. Obviously, the straight channel was observed
from the c-axis. In the case of 5Cu/AEI-C-700, when methane
was passed along the c-axis, methanol initially formed on the
Cu sites. Thereafter, methanol continued to diffuse along the
c-axis, and when the acid amount was efficient, methanol
was converted to olefins on the acid sites. Finally, olefins
diffused out of AEI-C zeolite and were detected by GC-FID
(Scheme 1b). However, in view of the AEI-S zeolite, due to the
shorter c-axis, the formed methanol from the oxidation of
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methane directly and quickly diffused out of the zeolite and
was detected by GC-FID. Thus, no olefins were observed on
the 5Cu/AEI-S and 50Cu/AEI-S zeolites, with later formation
of olefins on 1Cu/AEI-S as compared to the 1Cu/AEI-C zeolite
(Scheme 1c).

In the case of the 5Cu/AEI-C-800 zeolite, the maximum
methanol formation rate was 15.8 umol g™ min~" with 70.8%
selectivity. Interestingly, approximately 8% olefin selectivity
was observed at 4.17 h, even though the amount and strength
of strong acid sites for 5Cu/AEI-C-800 were lower than those
for 5Cu/AEI-S (Table 3). This result verified once more that
the longer c-axis facilitated the tandem reaction of methanol
to olefins, while a shorter c-axis contributed to methanol
diffusion out of the AEI zeolite crystal and thereby suspended
the continuing conversion of methanol to olefins on the acid
sites.

3.3.2 Post-treatments involving dealumination and
desilication. The Si/Al ratio of the AEI-S zeolite decreased so
that it was similar to that of AEI-C by initial dealumination
using AHFS solution, and then desilication using NaOH
solution. The obtained sample was named AEI-S-A-N, where
A and N denote AHFS and NaOH, respectively."®"” The AEI

(a)

(b)

Acid
Cubic sites

Cu/AEIl zeolite

CwAEl zeolite Qg o%
v

Scheme 1 (a) Channel systems of AEl zeolite seen from different directions. (b) Schematic view of methanol production from methane and
diffusion within the Cu/AEI-C zeolite along the c-axis to produce olefins. (c) Schematic view of methanol production from methane and outward

diffusion along the c-axis of the Cu/AEI-S zeolite.
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topological structure of AEI-S-A-N was confirmed by X-ray
diffraction (XRD) (Fig. S11). The morphology of AEI-S-A and
AEI-S-A-N was identified by SEM (Fig. S13). Dealumination
by AHFS would not destroy the sheet-like morphology of AEI-
S, although some small SiO, particles would subsequently
form on the surface of zeolite (Fig. S13(c and d)f).*’
Desilication by NaOH would not remove a large amount of
silicon, resulting in a partially broken morphology (Fig. S13(e
and h)}). Dealumination and desilication resulted in
increased Vipe, pore size, and Sgxr (Table 1 and Fig. 8a).
Moreover, an increased uptake was observed between 0.9-1.0
P/P,, signifying the presence of mesopores.*®

By deconvolution of the *’A MAS NMR (Fig. S14at), 97%
Al in the framework of AEI-S-A-N was confirmed. Because the
Si/Al of AEI-S-A-N measured by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) was 10.9, the Al/Si of
AEI-S-A-N in the framework was 0.089, which was similar to
that of AEI-C (0.088). It should be noted that for the
deconvoluted *°Si MAS NMR result (Fig. S14bt), the Q*(2Al)
of AEI-S-A-N was 7%, which was higher than that of AEI-C
(3%). In regards to the chemical composition, the 0.62 wt%
Cu content of 5Cu/AEI-S-A-N was slightly higher than the 0.53
wt% of 5Cu/AEI-C. However, the amounts of weak and strong
acid sites for 5Cu/AEI-S-A-N were lower than those of 5Cu/
AEI-C (Table 3 and Fig. 8c), even though a similar Si/Al ratio
of 5Cu/AEI-S-A-N and 5Cu/AEI-C was observed. A possible
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reason for this was that a portion of Al and Si in the
framework of AEI-S was removed by AHFS and NaOH,
respectively. Additionally, a portion of SiO, was brought by
AHFS. These two reasons jointly created a similar Si/Al ratio,
but different acidity between 5Cu/AEI-S-A-N and 5Cu/AEI-C.

The Cu speciation of 5Cu/AEI-S-A-N analyzed by UV-vis,
NO, and CO adsorption FTIR spectra was quite similar to that
of 5Cu/AEI-S (Fig. 8(b, d and e)). Interestingly, when catalyst
5Cu/AEI-S-A-N was used in the methane oxidation reaction, a
maximum 33.7 pmol g™ min™" with 76.7% selectivity was
obtained (Fig. 8f). In comparison with 5Cu/AEI-C, we ascribed
the substantially improved methanol formation rate and
selectivity to the textural properties, including the decreased
diffusion path along the straight channel in the c-axis and
the enlarged aperture of the sheet-like crystals.

In comparison with 5Cu/AEI-S, we ascribed the noticeably
upgraded methanol selectivity to the decreased Al content in
the framework but the increased proportion of Q*(2Al), which
was useful for the construction of active dicopper species,
and the decrease in BAS. Furthermore, the enlarged aperture
of the sheet-like crystals is another possible reason. Hence,
the c-axis-oriented sheet-like AEI zeolite is a high-performing
catalyst for the direct conversion of methane to methanol,
and its reaction performance was able to further improve by
the dealumination and desilication that led to the increase in
the Al/Si ratio and the introduction of secondary large pores.
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Fig. 8 (a) N, adsorption and desorption isotherms, (b) UV-vis spectrum, (c) NH3-TPD curve, (d) NO (5-120 Pa) adsorption FTIR spectrum, and (e)
CO (5-1000 Pa) adsorption FTIR spectrum of the 5Cu/AEI-S-A-N zeolite catalyst. (f) Stability test of 100 mg of the 5Cu/AEI-S-A-N zeolite catalyst

at 350 °C, CH4/N,O/H,O/Ar = 10/10/2/3 ml min™%, SV = 15000 ml g™* h™,
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4. Conclusion

A c-axis-oriented sheet-like AEI zeolite and typical cubic-
shaped zeolite were hydrothermally prepared in the presence
and absence of CTAB, respectively, to investigate the effect of
length of the straight channel along with the c-axis on the
continuous direct oxidation of methane to methanol. The
catalytic properties were strongly dependent on the distance
along the straight channel, and the sheet-like Cu/AEI
catalysts achieved a higher methanol formation rate
irrespective of the Cu content. Considering the effects of the
acid amount on the reaction performance, the framework Al
content in the cubic AEI zeolite was reduced by the post-
calcination.

After adjusting the similar framework Al content of cubic
and sheet-like AEI zeolites, a higher methanol formation rate
was obtained with the Cu/AEI zeolite. In addition,
dealumination and desilication post-treatments were
performed on the sheet-like AEI zeolite, leading to the
simultaneous formation of additional mesopores as well as a
decrease in the amount of acid. These multiple advantages
contributed to generating more methanol from methane
oxidation on the active dicopper sites and promoting
diffusivity in the crystals, and therefore, a high methanol
formation rate and selectivity were obtained.

Based on these results, we concluded that the strategy of
decreasing the straight channel to reduce mass transfer
length suppressed the tandem reactions of methanol to
olefins, increased the methanol formation rate, and thus
significantly improved methanol selectivity and catalytic
stability. Our findings will contribute to increasing the
efficiency of the oxidation of methane to methanol and the
diversification of applications for the c-axis-oriented sheet-
like AEI zeolite.
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