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ABSTRACT: Au nanoparticles supported on the exterior surface
of the ZSM-5 zeolite (Au/ZSM-5) have shown the ability to
partially oxidize methane to methanol and acetic acid. However,
further improvements to the catalyst activity are required. This
study investigates the effect of modifying the acidic properties of
the ZSM-5 support through a desilication−recrystallization (DR)
process on the activity of Au/ZSM-5 catalysts toward methane
oxidation. A DR treatment of 24 h leads to a 50% higher oxygenate
yield compared to the analogous catalyst prepared using the
untreated support. Characterization using solid-state 27Al NMR and
FTIR adsorption of pyridine and 2,4,6-trimethylpyridine reveals
that DR induces framework dealumination and redistribution of
Brønsted acid sites to the zeolite external surface. Two-dimensional
27Al MQMAS NMR further identifies partially coordinated
framework Al sites on the zeolite surface, correlating with a higher oxygenate yield. These external acid sites help stabilize the
Au nanoparticles, enhancing catalyst stability for methane partial oxidation.
KEYWORDS: methane oxidation, oxygenates, Au nanoparticles, zeolite, acid sites

■ INTRODUCTION
The conversion of methane to value-added fuels/chemicals is
of great academic and industrial interest.1−4 Since methane has
a stable tetrahedron structure and high C−H bond energy
(439 kJ/mol),5−7 the activation and conversion of methane are
thermodynamically challenging. Currently, on an industrial
scale, methane is converted into chemicals using an indirect
route, involving the reforming of methane to syngas (a mixture
of CO and H2), which is subsequently utilized in the formation
of oxygenated products via Fischer−Tropsch synthesis (FTS).8

This indirect route necessitates high temperatures (up to 1000
°C) and pressures (up to 30 bar) with considerable associated
energy demands. Hence, developing alternative processes,
where methane is activated efficiently under mild conditions
has become an area of intense research attention in recent
years.9−14

The direct conversion of methane to oxygenated products in
the liquid-phase under low-temperature conditions requires
strongly acidic media such as oleum5,15 in a homogeneous
system. Previous studies have shown that electrophilic metals
such as Hg and Pt-complexes are active catalysts for methane
oxidation.5,15 However, the homogeneous system has several
drawbacks, such as the use of highly corrosive reagents (e.g.,
sulfuric acid and trifluoroacetic acid), the difficulty of
separating the methanol product from the solvent, and

substantial environmental impacts. Therefore, researchers
have explored heterogeneous catalytic systems as an alternative
approach.16−18 H2O2 is a potent oxidant for methane
conversion over various heterogeneous catalysts,19−24 but its
low utilization efficiency (due to its rapid decomposition) and
its high cost limits application in methane selective oxidation
processes. However, recent investigations have reduced the
cost barrier to the use of H2O2 through its synthesis in situ
from H2 and O2 over ZSM-5-encapsulated AuPd alloys,
although considerable improvements in reactivity are still
required.25 Molecular oxygen may be considered an ideal
oxidant for methane conversion, but it has low efficacy in mild
conditions, requiring the use of coreductants, such as H2 and
CO to enhance methane oxidation rates.26,27 In particular,
Flytzani-Stephanopoulos and co-workers have demonstrated
the efficacy of Rh/ZSM-5 catalysts for methane oxidation using
O2 in the presence of CO, with high selectivity toward acetic
acid observed.18
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Cu-zeolites have also been reported to exhibit significant
activity in the partial oxidation of methane to methanol using
O2 as an oxidant.6,28−31 The methanol productivity of Cu-
zeolites is highly dependent on the catalyst preparation
strategies and catalytic routes, which are influenced by the
properties of the zeolitic support.32,33 Cu-modified ZSM-5 and
MOR zeolites catalysts can utilize a two-stage catalytic cycle to
form methanol,32,34,35 in which a surface methoxyl group is
first formed on the oxidized Cu species and then extracted as
methanol at a lower temperature with water. Various Cu sites,
such as mono(μ-oxo) dicopper, trinuclear, and larger copper
oxygen clusters were reported to be formed depending on the
structure of the zeolite, with the method of introduction of the
Cu species, and post-thermal treatment, significantly affecting
catalytic performance. In particular, it was found that methanol
productivity increased linearly with the Cu/Al ratio and varied
with the Si/Al ratio.36 Recently, Qi and co-workers reported
that Au nanoparticle-supported ZSM-5 catalyst can enable
direct catalytic conversion of methane to methanol and acetic
acid in water at temperatures between 120 and 240 °C using
O2 and in the absence of any coreductant.37 It was
demonstrated that oxygen was activated on Au nanoparticles
and the acidity of zeolite facilitated methane activation to
reactive CH3 species for further transformations.37 However, as
with many approaches to methane valorization, considerable
improvements in oxygenate productivity are still required to
rival the current industrial process.

In this study, we investigate the oxidation of methane using
Au/ZSM-5 catalysts with modified zeolite acidity. This is
achieved through a desilication−recrystallization (DR) treat-
ment of the ZSM-5 support prior to the immobilization of Au
species via a deposition−precipitation method (Scheme S1).
We explore the impact of the DR treatment on the activity and
stability of the Au/ZSM-5 catalysts. The modified catalyst
demonstrates a 50% increase in oxygenate yield (mainly
through the increased formation of methanol and acetic acid),
compared to the unmodified catalyst. We show that the
location of Brønsted acid sites (BASs) influences the activity of
Au/ZSM-5 in methane oxidation, with partially bonded Al sites
on the external surface of ZSM-5 promoting both catalyst
activity and stability.

■ EXPERIMENTAL METHODS
Note on Safe Operation of Experiments. Any reaction

involving catalytic oxidation must work under conditions
outside of the explosive mixture composition of the reagents.
The preparation of Au-supported ZSM-5 catalysts was handled
in small quantities (less than 1 g) to avoid the explosion of
fulminating gold, which might be yielded by the reaction of
ammonia and hydrogen tetrachloroaurate(III).38 In the case of
the methane oxidation reaction, Cooper and Wiezevich have
shown that as long as the experiments are conducted at ≤14%
O2, even at elevated temperature and pressure, the experiment
is outside of the explosive regime.39 This is the case for all
experiments reported in this work.

DR Treatment of ZSM-5 Zeolite. The ZSM-5 (Si/Al =
13.5, Nankai University Catalyst Co., Ltd.) powder was
calcined at 550 °C for 6 h in static air with a ramp rate of 3
°C/min from room temperature to 550 °C. Then, ZSM-5 (4 g,
calcined) was mixed with tetra-propylammonium hydroxide
(TPAOH) solution (3.25 g, 25%, Sinopharm Chemical
Reagent Co.) and deionized (DI) water (37 mL) at 500 rpm
for 20 min to form a slurry. The slurry was transferred into a

PTFE-lined autoclave and heated at 160 °C for different times
(6−72 h) under autogenous pressure without stirring. After the
desired time, the vessel was allowed to cool to ambient
temperature, and the resulting solid was filtered, washed with
around 150 mL of DI water, dried (120 °C, 16 h), and calcined
(550 °C, 6 h). The resulting product was denoted as ZSM-
5(DR-x) (x represents the post-treatment time in h). The
ZSM(DR-24) were washed with ammonium hexafluorosilicate
(AHFS) by dispersing the samples in AHFS solution at a
concentration of 1 g/10 mL with an AHFS: Al ratio of 4
[denoted as ZSM(DR-24-AHFS)]. The mixture was heated to
90 °C under vigorous agitation. After 5 h of stirring, the final
mixture was filtered and washed three times with 1 L of
deionized water; subsequently, the samples were dried in air at
100 °C overnight and then calcined at 550 °C for 6 h in static
air with a ramp rate of 2 °C/min from room temperature to
550 °C.

Preparation of Au-Supported ZSM-5 Zeolites. 0.25−2
wt % Au-loaded Au/ZSM-5(DR-x, x: 6−72 h) catalysts were
prepared by a deposition−precipitation method following a
previous report.37 Typically, the zeolite (1.0 g) was dispersed
in DI water (67 mL) and mixed with a known amount of
HAuCl4 aqueous solution (6.0 mmol/L, HAuCl4·3H2O,
≥49.0% Au basis, Merck) under vigorous stirring. A suitable
volume of 2.5 wt % aqueous ammonia solution was gradually
added to the above solution until the pH value of 6 was
reached, which took more than 30 min at room temperature.
The resulting solution was aged in a preheated water bath at 60
°C for 2 h under stirring at 600 rpm. Then, the sample was
filtered and thoroughly washed with around 300 mL of
deionized water. After drying in an oven at 60 °C (16 h), the
sample was further calcined in a tubular furnace in static air.
The temperature was programmed from room temperature to
240 °C at 3 °C/min and held at 240 °C for 90 min and then
cooled to room temperature. The same procedure was used to
prepare Au/ZSM-5 using the untreated zeolite for comparison
(Table S1).

Characterization. X-ray Diffraction. Powder X-ray
diffraction (XRD) was performed on a PANAlytical X’Pert
Powder X-ray diffraction diffractometer with Cu Kα (λ =
1.5406 Å), recording at 40 kV and 40 mA. The scan rate is 0.2
deg/s.
Fourier Transform Infrared. The acidity of the prepared

catalysts was measured by Fourier transform infrared (FT-IR)
transmittance of pyridine and 2,4,6-trimethylpyridine adsorp-
tion experiments. The measurements were carried out on a
Bruker Tensor 27 spectrometer. The samples were pretreated
under vacuum (<2 Pa) at 473 K for 3 h. After cooling down to
303 K, a background spectrum was recorded. Then the
samples were exposed to saturated adsorption pyridine or
2,4,6-trimethylpyridine for 10 min to reach equilibrium.
Physiosorbed pyridine or 2,4,6-trimethylpyridine was removed
by evacuation at 473 K for 2 h. The band area at 1515−1565
cm−1 and 1435−1470 cm−1 was used to quantify the
concentration of BASs and Lewis acid sites (LASs),
respectively.
Inductively Coupled Plasma Optical Emission Spectros-

copy. The Au content of the Au/ZSM-5(DR-x) samples was
analyzed using an Agilent ICP-OES 730 inductively coupled
plasma optical emission spectrometer.
Transmission Electron Microscopy. High-angle annular

dark-field imaging was performed by using an aberration-
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corrected JEOL ARM200CF microscope equipped with a cold
field-emission gun operating at 200 kV.
Solid-State NMR. 29Si solid-state NMR experiments were

carried out at 11.7 T on a Bruker Avance III 500 spectrometer
equipped with a 7 mm probe with resonance frequencies of
99.45 MHz. The magic angle spinning rate was set to 5 kHz.
The hpdec 29Si MAS NMR experiments were performed using
a 29Si 45° pulse length of 3.65 μs and a recycle delay of 30 s.
The 29Si chemical shifts were referenced to kaolinite (−91.5
ppm).

27Al solid-state NMR experiments and two-dimensional
(2D) 27Al multiple-quantum (MQ) z-filtering NMR experi-
ments were carried out on an 18.8 T Bruker Avance III
spectrometer using a 3.2 mm double-resonance probe with an
MAS spinning rate of 20 kHz. The resonance frequency of 27Al
was 208.5 MHz. The 27Al MAS NMR spectra were acquired
using a small-flip angle technique with a pulse length of 0.5 μs
(<π/6) and a recycle delay of 0.5 s. For the 2D 27Al 3Q MAS
z-filtering NMR experiment, the z-filter pulse sequence was
used with high-power (υRF ≈ 191 kHz) excitation (0Q → ±
3Q) and conversion pulses (±3Q → 0Q) of 5.6 and 1.5 μs,
respectively. The “soft” π/2 pulse (0Q → −1Q) was set to 16
μs with υRF ≈ 16 kHz. All spectra had a recycle delay of 0.2 s.
The 27Al chemical shifts were referenced to 1 M Al (NO3)3
aqueous solution (0 ppm). 27Al solid-state NMR and 2D 27Al
MQMAS NMR experiments were also carried out on an 11.7
T Bruker Avance III spectrometer using a 4 mm double-
resonance probe with an MAS spinning rate of 12.5 kHz. The
resonance frequency of 27Al was 130.4 MHz. The 27Al MAS
NMR spectra were acquired using a small-flip angle technique
with a pulse length of 0.2 μs (<π/6) and a recycle delay of 0.5
s. For the 2D 27Al 3Q MAS z-filtering NMR experiment, the z-
filter pulse sequence was used with high-power (υRF ≈ 209
kHz) excitation (0Q→ ± 3Q) and conversion pulses (±3Q →
0Q) of 5.6 and 2.0 μs, respectively. The “soft” π/2 pulse (0Q
→ −1Q) was set to 16 μs with υRF ≈ 16 kHz. All spectra had a
recycle delay of 0.2 s. The 27Al chemical shifts were referenced
to 1 M Al (NO3)3 aqueous solution (0 ppm). The single-pulse
27Al MAS spectra were fitted using a quadrupolar line shape
with a Cz simple model in the DMFIT software.40 The fittings
accounted for the centers of gravity in the F1 and F2
dimensions as well as the isotropic chemical shifts and
quadrupolar product parameters obtained from the 27Al
MQMAS NMR spectra.
Methane Oxidation. Methane oxidation with oxygen was

carried out in a stainless-steel Parr autoclave (25 mL) without
a liner. In general, the catalyst (0.1 g) and DI water (15 mL)
were transferred into the reactor, which was then sealed and
bubbled with pure nitrogen for more than 30 min to remove
the dissolved gas in water. After being purged three times with
methane, the reactor was pressurized with a gas mixture of
methane and oxygen. The total pressure was set at 24.2 bar
with varied methane and oxygen partial pressures (0.14−3.5
bar) at room temperature. The mixture was stirred at 1000
rpm for 5 min at room temperature, and the pressure remained
constant at 24.2 bar. Subsequently, the reactor was heated to
the desired reaction temperature (120−240 °C) within 40 min
and maintained at the reaction temperature for 32 min to 32 h
under a stirring rate of 1000 rpm. The reaction was stopped by
cooling in ice water to a temperature below 10 °C in order to
minimize the loss of volatile products. The reaction gas was
released into a gas sampling bag.

The liquid products were sampled using a glass syringe with
a Teflon filter head for NMR analysis. The gaseous product
analysis was performed on a Shimadzu GC-2014C gas
chromatography system equipped with a methanizer unit and
FID detector using a TDX-01 packed column. The liquid
products were quantified by 1H NMR on a Bruker Avance-500
liquid NMR spectrometer using a water suppression pulse
sequence (Watergate5). The measurement was calibrated by
using CH3CN as an internal standard.

■ RESULTS AND DISCUSSION
Structural Characterization of the Fresh Catalysts.

The crystal structures and gold species of the prepared Au/
ZSM-5 catalysts with different DR treatments were charac-
terized by powder XRD and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
XRD patterns (Figure 1a) reveal the MFI framework remains

stable after DR, as no significant changes were observed
compared to the reference ZSM-5 sample. This was further
confirmed by solid-state 29Si MAS NMR analysis (Figure S1).
Although bulk Au peaks are not detected in the XRD of any
samples (Figure 1b), likely due to the formation of well-
dispersed nanoscale particles, HAADF-STEM micrographs
(Figure 2) show the presence of Au particles greater than 6 nm
on all fresh catalysts, consistent with our recent report.37 No
isolated Au atoms or subnanometer clusters were observed.
Average Au particle sizes are estimated from HAADF-STEM
analysis to be 9.6 nm (±1.2 nm) for Au/ZSM-5(DR-6), 9.1
nm (±1.2 nm) for Au/ZSM-5(DR-24), 9.8 nm (±0.9 nm) for
Au/ZSM-5(DR-72), and 10.1 nm (±1.0 nm) for the Au/ZSM-
5 catalyst without DR. These similar particle sizes suggest DR
does not impact the initial state of supported Au, which is
primarily nanoparticulate in nature. Overall, complementary
XRD and STEM characterization reveals that the crystallinity
and framework of the DR-treated ZSM-5 support, as well as
the nanoscale morphology of dispersed Au species, remained
largely unchanged by DR treatments.

Methane Oxidation Reactions on Au/ZSM-5 with DR
Treatment. The direct oxidation of CH4 was performed on
the Au/ZSM-5(DR-x) catalysts, with comparrions made to the
catalyst without DR treatment (Figure 3 and Table S2). In
Figure 3a, the yield and selectivity of methane oxidation are
examined over various catalysts in water under optimized
conditions: 2 h at 240 °C, with 3.5 bar O2 and 20.7 bar CH4

Figure 1. XRD patterns of (a) ZSM-5 and DR-treated ZSM-5
supports and (b) Au-supported ZSM-5 and DR-treated ZSM-5
catalysts.
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charged at room temperature. These conditions have been
established as the optimum for CH4 oxidation on Au/ZSM-5
catalyst, as reported in our previous studies.37,41 The
identification of liquid oxygenate products, including meth-
anol, methyl hydroperoxide, acetic acid, and peracetic acid, was
performed through quantitative 1H NMR analysis. Overall, the
DR-treated samples exhibit improved oxygenate yield
compared with the unmodified Au/ZSM-5 catalyst. However,
the selectivity of oxygenates remains constant at approximately
65%, suggesting that the DR treatment of the zeolite support
does not alter the reaction pathways.37 The highest oxygenate
yield of 32.5 μmol/gcat is observed with the Au/ZSM-5(DR-
24) catalyst, representing a 50% enhancement when compared
with the Au/ZSM-5. These results indicate that the DR
treatment of the zeolite support is beneficial for the Au-
supported catalyst in methane oxidation. The optimal Au
loading amount was determined for the Au/ZSM-5(DR-24)
catalyst. Figure 3b illustrates methane oxidation catalyzed by
Au/ZSM-5(DR-24) with varying Au loadings ranging from
0.25 to 2.0 wt %. The yield of oxygenates increased with
increasing Au loading up to 0.5 wt % but declined as the Au
loading further increased to 2.0 wt %. TEM analysis reveals
significant agglomeration of Au particles at high Au loading
(Figure S2). The selectivity of oxygenates is only slightly
affected by the variation in the Au loading. Additionally, the
effects of reaction temperature and O2 partial pressure on
methane oxidation were investigated using the Au/ZSM-
5(DR-24) catalyst with 0.5 wt % Au loading. As depicted in
Figure 3c, higher temperatures significantly enhance methane
oxidation, while lower temperatures facilitate higher selectivity
toward oxygenates, possibly due to the restriction of methane
overoxidation to CO2. The variation in the pressure of the O2
demonstrates that higher pressure of the O2 leads to increased
liquid oxygenate yield, albeit with a slight decrease in
selectivity (Figure 3d). This observation may be attributed to
the overoxidation of liquid oxygenates under high-oxygen
atmospheres.

To investigate the impact of DR treatment on the catalyst
stability in methane oxidation, reactions were conducted using
both Au/ZSM-5(DR-24) and Au/ZSM-5 catalysts over an
extended reaction time. Figure 4a−c presents the results of
time-on-line analysis, revealing the consecutive formation of
products (including liquid- and gas-phase products) and a
similar trend in liquid oxygenate selectivity over a 2000 min
reaction period. During the initial stage of methane oxidation
(before 400 min), both catalysts exhibit considerable activity
toward oxygenate synthesis. However, the Au/ZSM-5(DR-24)
sample demonstrates faster reaction rates than the Au/ZSM-5
sample, evident in both the liquid- and gas-phase products.
The reaction tends to stabilize in the later stage (after 1000
min), although a minor decrease in methane oxidation
products is observed over the Au/ZSM-5(DR-24) catalyst at
extended reaction times (Figure 4a,b). Notably, for both
catalysts, oxygenate selectivity in excess of 40% is observed
over the full 2000 min reaction period (Figure 4c). ICP
analysis confirms minimal leaching of Au on the catalyst during
extended reaction periods, as demonstrated by the Au content
of 0.41 wt % in the fresh catalyst and 0.38 wt % in the used
catalyst (after 960 min of reaction) of Au/ZSM-5(DR-24).
The XRD analysis reveals that the MFI framework is well-
preserved (Figure S3). These data suggest that the Au/ZSM-
5(DR-24) catalyst possesses strong stability during methane
oxidation. To further assess the stability of the Au/ZSM-5(DR-

Figure 2. HAADF-STEM characterization of various fresh catalysts
with 0.5 wt % Au loading and their corresponding particle size
distributions. (a) Au/ZSM-5, (b) Au/ZSM-5(DR-6), (c) Au/ZSM-
5(DR-24), and (d) Au/ZSM-5(DR-72).

Figure 3. Methane oxidation on 0.5 wt % Au-loading zeolites
prepared with different DR time (a) and Au/ZSM-5(DR-24) catalysts
with different Au-loading (b). The effect of reaction temperature (c)
and O2 partial pressure (d) on methane oxidation of Au/ZSM-5(DR-
24) sample with 0.5 wt % Au-loading. Reaction conditions: catalyst
(0.1 g), CH4 (20.7 bar), O2 (3.5 bar) 120 min, H2O (15 mL), 240 °C,
for (c) the reaction temperature varied from 120 to 240 °C and for
(d) O2 partial pressure varied from 0.35 to 7.0 bar and the total
reaction pressure was kept at 24.2 bar by CH4.
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24) catalyst, its reusability in methane oxidation was analyzed
under optimized reaction conditions. Following the comple-
tion of the first reaction, the Au/ZSM-5(DR-24) catalyst was
separated from the reaction mixture via centrifugation.
Subsequently, it was washed with water and dried at 240 °C

for 1.5 h before being reused in successive experiments.
Remarkably, the catalyst demonstrates recyclability for five
cycles while displaying only a marginal decline in methane
oxidation performance (Figure 4d). This highlights the
enhanced stability of the DR-treated catalyst compared to

Figure 4. Liquid oxygenate yield (a), gas-phase CO2 yield (b), and liquid oxygenate selectivity (c) using different reaction times and catalyst reuse
experiments (d) of methane oxidation on Au/ZSM-5(DR-24) catalyst. Reaction conditions: catalyst (0.1 g), CH4 (20.7 bar), O2 (3.5 bar), and
H2O (15 mL) 240 °C. For reuse experiments, after each run the catalyst was dried (60 °C, 16 h) and calcined (240 °C, 1.5 h) prior to the next run
and for each run the catalyst reaction time was 30 min.

Figure 5. HAADF-STEM images of fresh catalysts and used samples after different reaction times: (a) fresh Au/ZSM-5(DR-24), (b) used Au/
ZSM-5(DR-24) after 120 min reaction, (c) used Au/ZSM-5(DR-24) after 960 min reaction, (d) fresh Au/ZSM-5(DR-24-AHFS), (e) used Au/
ZSM-5(DR-24-AHFS) after 120 min reaction, and (f) used Au/ZSM-5(DR-24-AHFS) after 960 min reaction. Reaction conditions: catalyst (0.1
g), CH4 (20.7 bar), O2 (3.5 bar), and H2O (15 mL) at 240 °C.
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the previously studied Au/ZSM-5, which exhibited a consistent
reduction in yield during recycled runs.37 Taken together,
these results suggest that the DR treatment applied to the
ZSM-5 support enhances both the catalytic activity and the
long-term stability of the catalyst during the reaction.

The fresh and used Au/ZSM-5(DR-24) catalyst was
analyzed with HAADF-STEM to evaluate the effects of DR
treatment on the supported Au species. As shown in Figure
5a−c, the Au nanoparticles retained an average size of
approximately 10 nm following the reaction at 120 and 960
min. This indicates that there is little to no sintering of the Au
particles during the reaction. In contrast, our previous work has
shown the agglomeration of Au nanoparticles, during the
methane oxidation reaction, when immobilized on an un-
treated ZSM-5 support (i.e., the Au/ZSM-5 catalyst), under
identical reaction conditions.37 The stability of Au nanoparticle
in the case of the DR catalyst provides direct evidence
explaining its enhanced resistance to deactivation through
sintering over 2000 min of reaction time and multiple cycles.
In metal-supported catalysts, a common occurrence is a
decrease in catalyst activity as the supported metal particle size
increases due to sintering. However, the DR formulation
effectively bypasses this deactivation pathway by maintaining a
high dispersion of catalytically active Au nanoparticles on the
zeolite support.

Correlation of Catalyst Acidic Property to Methane
Oxidation Reactivity. Based on previous work, the acidity of
the zeolite support has been shown to significantly impact the
activity of Au/ZSM-5 for methane oxidation.37 Therefore,
modification of the acidic properties of ZSM-5 through DR
treatment may contribute to the improved catalytic perform-
ance of Au/ZSM-5. To test this, the acid sites of the parent
ZSM-5 and ZSM-5(DR-24) samples were characterized using
FT-IR spectroscopy with pyridine as a probe molecule (Figure
6). Pyridine is known to selectively interact with BASs and

LASs, forming pyridinium ions or stable adsorbates,
respectively. The IR spectra in Figure 6a,b reveal peaks
characteristic of pyridine−BAS interactions at 1545 cm−1,
pyridine−LAS interactions at 1450 cm−1, and a combined
BAS/LAS signal at 1490 cm−1. Quantitative analysis of the IR
data, detailed in Table 1, shows that the DR treatment
significantly decreases the BAS concentration from 431 to 232
μmol/g while increasing the LAS concentration from 32 to 59
μmol/g. Notably, despite having fewer BASs, the Au/ZSM-
5(DR-24) catalyst exhibits superior methane oxidation activity
compared to the untreated sample with higher BASs (Figures
3a and 4). This indicates that other acidity properties beyond
simple BAS concentration, such as site location or Brønsted−
Lewis character, also modulate the catalytic performance of
Au/ZSM-5.

To gain insights into the spatial localization of acid sites, IR
spectroscopy was also conducted using the bulky pyridine
derivative 2,4,6-trimethylpyridine (TMPy), which is too large
to penetrate the micropores of ZSM-5, enabling the measure-
ment of acidity on the external surfaces of the zeolites.42,43 The
IR spectra of TMPy-exposed samples (Figure 6c,d) show a
peak centered at 1639 cm−1 attributed to TMPy coordinated
to the BAS on external surfaces. Quantitative analysis (Table
1) reveals the DR treatment increases the external BAS
concentration from 67 to 93 μmol/g while decreasing the
internal BAS concentration from 364 to 139 μmol/g. Such
redistribution of BASs from internal to more accessible
external positions resulting from DR likely contributes to the
modified catalytic performance, given the improved access to
acidic sites near Au particles and tunable metal−support
interfacial interactions complex.

Given that the Al coordination state influences both zeolite
acidity and Au anchoring capabilities, 27Al MAS NMR was
performed to probe the Al environments for both ZSM-5
supports (Figure S4). The parent ZSM-5 exhibits resonance

Figure 6. FTIR spectra of pyridine adsorbed on (a) ZSM-5 and (b) ZSM-5(DR-24), collidine adsorbed on (c) ZSM-5 and (d) ZSM-5(DR-24).
The B and L peaks represent BASs and LASs, respectively.

Table 1. Acidity Property and Silicon and Aluminum Ratio of the Parent and DR-Treated ZSM-5 Zeolitesa

entry sample Si/AlNMR acid concentration (μmol/g) partially coordinated framework Al concentration (μmol/g)

BAS LAS

total external internal

1 ZSM-5 25.7 431 67 364 32 15.4
2 ZSM-5(DR-24) 33.3 232 93 139 59 71.5
3 ZSM-5(DR-24-AHFS) 58.2 159 21 138 12 4.5

aTotal BAS and LAS concentrations were obtained from the Py-IR experiments, the external BAS concentration was determined from the TMPy-
IR experiments, and the internal BAS concentration was calculated by the subtraction of external BASs from the total BASs. The concentration of
partially coordinated framework Al (PCFAL) was determined by multiplying the concentration of the total BASs by the proportion of PCFAL
which was quantified by deconvolution of the 1D 27Al MAS NMR spectra.
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primarily from tetrahedral framework aluminum (FAL) sites,
along with minimal octahedral extra-framework aluminum
(EFAL) signals. On the other hand, the ZSM-5 (DR-24)
displays a decreased FAL component and emergence of
pentahedral EFAL species. These 27Al NMR observations
corroborate the FT-IR acid site analysis, revealing deal-
umination and redistribution of Al species during DR
treatment.

Since there is an increase of LAS due to EFAL species on
ZSM-5(DR-24), we sought to probe the influence of EFAL on
the catalyst activity. ZSM-5(DR-24) was treated with
ammonium hexafluorosilicate (AHFS) to selectively extract
EFAL,44,45 yielding ZSM-5(DR-24-AHFS). FT-IR reveals
significant decreases in LAS (from 59 to 12 μmol/g) and
BAS (from 232 to 159 μmol/g) concentrations upon AHFS
treatment (Table 1), with a greater impact on external (from
93 to 21 μmol/g) versus internal (from 139 to 138 μmol/g)
BASs. Au/ZSM-5(DR-24-AHFS) catalyst was prepared with
0.5 wt % loading of Au and compared with Au-ZSM-5 and Au-
ZSM-5(DR-24) for methane oxidation under the standard
reaction conditions. As shown in Figure 7, the Au/ZSM-5(DR-

24-AHFS) catalyst exhibits a lower methane oxidation activity
than Au/ZSM-5 and Au/ZSM-5(DR-24) after both short-term
(120 min) and long-term (960 min) reactions (Figure 7). This
is expected, given that AHFS substantially reduced concen-
trations of both BASs and LASs. HAADF-STEM was used to
analyze the Au nanoparticles on the fresh and spent Au/ZSM-
5(DR-24-AHFS) catalyst. As shown in Figure 5d−f, the Au
nanoparticles on Au/ZSM-5(DR-24-AHFS) increase in
diameter following reactions at 120 and 960 min, in contrast
no to little variation in particle size was observed for the Au/
ZSM-5(DR-24) catalyst under identical conditions. The AHFS
treatment thus renders Au nanoparticles on the modified ZSM-
5 more susceptible to sintering during the methane oxidation
reaction, likely reflecting weaker metal−support interactions
and a loss of acid sites that could aid in nanoparticle
stabilization against aggregation.

To discern the impact of specific acid site types, oxygenate
yield after short- (120 min) and long-term (960 min) methane
oxidation was plotted against the concentrations of total BASs
and LASs (Figure 8) and external and internal BASs (Figure
S5) for the three catalysts. No clear correlations are observed
between oxygenate yield and concentration of these sites for

either the initial or steady−state reaction (Figure 8a,d for total
BASs; Figure 8b,e for LASs). This suggests the enhanced
activity on DR-treated samples cannot be solely attributed to
changes in the density or spatial distribution of traditionally
characterized BASs or LASs.

The nature of the active site was further investigated by two-
dimensional (2D) 27Al multiple-quantum (MQ) MAS NMR
spectroscopy. Figure 9 shows the 2D 27Al MQ NMR spectra of
ZSM-5, ZSM-5(DR-24) and ZSM-5(DR-24-AHFS). Three
groups of tetrahedral FAl species are distinguished by their
isotropic shifts of 53.1 ± 0.5 ppm (group 1), 55.4 ± 0.6 ppm
(group 2), and 56.5 ± 1.0 ppm (group 3). The anisotropic
slices along the F2 dimension reveal different quadrupolar
product (PQ) parameters for each group, indicating different
local environments of Al species. The PQ values for groups 1
and 2 are 2.1 MHz, while the PQ value for group 3 is 3.1 MHz.
Groups 1 and 2 are assigned to BASs at different T-sites in the
zeolite framework,46 while group 3 can be attributed to
partially coordinated framework Al (PCFAL) species,47,48

which are considered to form as defects during the DR
treatment. The proportion of PCFAL was estimated by
deconvoluting the 1D 27Al MAS NMR spectra using the
isotropic chemical shifts and PQ parameters from the 2D MQ
MAS NMR spectra (Figure 9 bottom and Table 1). The
analysis was also performed on the spectra recorded at 500
MHz (Figure S6). It reveals that the ZSM-5(DR-24) sample
contains the highest fraction of PCFAL at 30.8%. This was
further confirmed by combining these NMR results with Py-
IR, the concentration of PCFAL in the ZSM-5(DR-24) being
determined to be 71.5 μmol/g (Table 1). In comparison, the
unmodified parent ZSM-5 contains less PCFAL at 15.4 μmol/
g. This type of Al site shows greater susceptibility to alteration
by AHFS treatment, as evidenced by a significantly lower
concentration of 4.5 μmol/g remained on the ZSM-5(DR-24-
AHFS) sample. The PCFAL species may exhibit a more
surface-oriented distribution on the zeolite, thereby experienc-
ing greater modification upon exposure to the AHFS protocol,
relative to Al sites residing deeper within the zeolitic
framework. The elevated concentration of PCFAL species in
ZSM-5(DR-24), relative to the parent ZSM-5 catalyst, likely
contributed to its enhanced activity for methane oxidation.

To further explore the influence of PCFAL on catalytic
performance, we analyzed the relationship between the
oxygenate yield and PCFAL content for the three samples
under examination (Figures 8c,f and S7). The strongest linear
correlation was observed between oxygenate yield and PCFAL
sites. This direct positive correlation provides strong evidence
that partially bonded Al sites situated predominantly on the
zeolite’s external surface function to enhance methane
oxidation. Previous studies have demonstrated that Al species
exhibiting partial bonding within the zeolitic framework can
enhance catalytic activity in catalytic processes such as benzene
hydride transfer and n-hexane cracking.31 As our previous
density functional theory calculations for methane oxidation
over Au/ZSM-5 illustrated, oxygen is preferentially adsorbed
on Au nanoparticles to form active Au−O2 complexes that
facilitate methane activation.37 The surface acidity arising from
PCFAL could withdraw the electron density from the Au−O2
complex, thereby lowering the transition state energy for the
O−O bond scission and generating highly reactive oxygen
species. Considering the aforementioned TEM analysis
indicating stabilization of Au nanoparticle size on DR-treated
zeolite, the surface location of PCFAL appears to also hinder

Figure 7. Methane oxidation activity of Au/ZSM-5, Au/ZSM-5(DR-
24), and Au/ZSM-5(DR-24-AHFS). Reaction conditions: catalyst
(0.1 g), CH4 (20.7 bar), O2 (3.5 bar), and H2O (15 mL), 240 °C.
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Au agglomeration by strengthening metal−support interactions
between Au nanoparticles and the zeolite surface. This
enhanced interfacial contact contributes to improved catalytic
stability through resistance against sintering of the supported
Au species, conferring benefits for methane oxidation perform-
ance over extended reaction times.

■ CONCLUSIONS
This work investigated the effects of a DR treatment on the
activity and stability of Au/ZSM-5 catalysts for the direct
oxidation of methane to oxygenates. The modified zeolite

support offers up to 50% higher liquid oxygenate yield (mainly
methanol and acetic acid) compared to the unmodified
catalyst, with a maintained yield and stability over time. We
demonstrate how acid site speciation and distribution changed
with DR treatment. FTIR and 27Al NMR show the total BASs
decrease due to a reduction inside zeolite channels, while the
BASs become enriched on the external surface. 2D 27Al
MQMAS NMR further identifies more partially coordinated
framework aluminum sites on the DR sample, correlating to
both higher oxygenate yield and promoted catalyst lifetime due
to stabilization of supported Au nanoparticles. The results

Figure 8. Oxygenate yield of methane oxidation against the concentration of total BASs, LASs, and PCFAL on three catalysts at different reaction
times of (a−c) 120 and (d−f) 960 min. Error bars were obtained from triplicate measurements. Reaction conditions: catalyst (0.1 g), CH4 (20.7
bar), O2 (3.5 bar), and H2O (15 mL), 240 °C.

Figure 9. 27Al 3QMAS NMR spectra of (a) ZSM-5, (b) ZSM-5(DR-24), and (c) ZSM-5(DR-24-AHFS) at 800 MHz with summed projections in
both dimensions and the extracted 1D slices along the direction parallel to the F2 dimension in insets. Experimental and simulated 27Al MAS NMR
spectra at the bottom show the proportion of Al sites in different groups.
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provide insight into modifying zeolite supports to enhance the
methane conversion performance and stability through the
redistribution and coordination of acid sites. The findings offer
a viable strategy for an efficient catalyst design in this reaction.
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