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Crafting highly dispersed active metal sites on catalysts is an optimal method for improving the catalytic
reactivity and stability, as it would improve atomic utilization efficiency, enhance reactant adsorption and
activation ability through unique geometric and electronic properties. In this study, two synthesis
methods were employed (@ammonia evaporation (AE) and the impregnation method (IM)) to load Rh
species onto the ZSM-5 support in order to attain tunable dispersivity, during which a 1.25-fold increase
in the total yield of liquid oxygenated products (32 433.33 pmol geae * h™Y) was achieved specifically over
a Rh—-ZSM-5-AE sample when the reaction was carried out at a loading level of 0.3 wt% and at 240 °C
for half an hour. The results of the study revealed that this elevated productivity originated from the
smaller size and higher degree of dispersion of Rh clusters on AE samples. It was demonstrated that the
ammonia evaporation method would cause Si leaching and introduce a substantial number of —OH

groups during the preparation process, which worked in coordination in altering the electronic structure
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Accepted 10th January 2025 of Rh species. Consequently, these modifications modified the disordered Rh precursor adsorption,

which resulted in a more homogeneous distribution of Rh species, hence facilitating the activation of
methane. This study offers a practical and constructive approach for improving the dispersion of Rh
nanoclusters and designing strong metal-support interactions (SMSI).
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Introduction

Converting methane directly into liquid oxygenated products
such as methanol and acetic acid is an energy-efficient method
with significant potential for various industrial applications."™®
However, the solid tetrahedral shape of CH, presents a high
energy barrier for the activation of the first C-H bond
(439 kJ mol™ "), making it difficult to avoid unwanted over-
oxidation reactions (e.g., to CO, CO,).>** Currently, CH;OH is
produced through steam reforming of CH, to generate H, and
CO, followed by Fischer-Tropsch synthesis. And acetic acid is
further produced by the carbonylation of methanol. These steps
are complex, energy-intensive (high temperatures at 700-1000 °©
C), and require harsh reaction conditions (high pressures up to
15-40 atmospheres).”™® Thus, it becomes crucial to explore
a more direct and mild way to convert CH, to C1/C2 oxygenates
while maintaining high activity and selectivity.
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Inspired by the active tri-copper cluster site of particulate
methane monooxygenase (pMMO) in nature, early studies
primarily focused on modelling its function using zeolites with
copper and iron, which convert methane to methanol using
strong oxidants (O, or N,0) under mild conditions.”*** These
systems generally require a pre-oxidizing step at high temper-
ature to form the active Cu/Fe-oxo configurations. And methane
is then converted to methoxy species through catalysis, gener-
ating Cu/Fe-oxygen reactive species. Finally, methanol is
extracted by introducing water vapor.*** This method proved to
be effective, but its low oxide yield limits the potential for
application in large-scale industries. To solve the problem,
H,0, has been employed as an oxidizing agent, which has
greatly improved the efficiency of methanol synthesis over
a variety of heterogeneous catalysis. However, the rapid
decomposition of H,0, in methane-selective oxidation reac-
tions reduces its efficiency, and the high consumption of H,0,
limits the practical application of H,0,-based processes for
converting methane to methanol.****

The method of using reducing gases to promote selective
methane oxidation shows great potential. Recently, the partial
catalytic oxidation of methane to oxygenated compounds like
CH3;0H, HCOOH, and CH3;COOH has been successfully ach-
ieved using platinum group metal-based catalysts with CO
gas.>** Among the platinum-group metals, rhodium has
attracted great attention due to its excellent oxidizing properties
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and the SMSI effect with various carrier materials. Preparing
active sites with greater dispersion would optimize the use of
precious metals. In recent decades, zeolites have been viewed as
promising supports for achieving high dispersion of metal
species, including single atoms, nanoclusters, and nano-
particles, owing to their huge specific surface area and regular
microporous channels.**

In the preliminary experiments, we loaded Rh species onto
ZSM-5 zeolites. The results indicated that the catalyst activity
prepared by ammonia evaporation (AE) achieved a total yield of
liquid-phase oxygenated products of 32 433.33 pmol g, * h™?,
which greatly surpassed that of the impregnation method (IM)
under identical reaction conditions. Additionally, the liquid-
phase product (including CH;OH, HCOOH, and CH3;COOH)
selectivity exceeded 87%. To investigate the reasons for this
difference, combining with TEM, H,-TPR, XPS and in situ
DRIFTS experiments, we systematically investigate the
morphology and electronic structure of Rh species loaded on
two different catalyst carriers and to identify potential electron
transfer pathways between the two catalysts. Furthermore, the
in situ DRIFTS technique was utilized to study the desorption of
OH from the carrier surface at varying temperatures, and
potential pathways for CO, generation in the reaction atmo-
sphere were modelled.

Experimental

Catalysts preparation

Synthesis of Rh/ZSM-5-IM catalysts. Rh/ZSM-5-IM catalysts
were prepared by the impregnation method with different
loadings. As an example of 0.3 Rh/ZSM-5, 0.5 g of commercial
ZSM-5 carrier (Si/Al = 25) was pretreated by calcining for 4 h at
500 °C. 2.4 mL of Rh(NO;); solution (2 mg mL ") was added to
the carrier after cooling down. Deionized water was then added,
and the total volume was 25 mL. The mixture was stirred at 90 °©
C and 380 rpm until all liquid was fully evaporated. The evap-
orated catalysts were meticulously ground and then calcined in
a muffle furnace at a rate of 3 °C min~", reaching 500 °C for 4
hours. The Rh(NO3); solution was added in controlled amounts
to prepare catalysts with varying loadings (0.1 wt%, 0.5 wt%).

Synthesis of Rh/ZSM-5-AE catalysts. Rh/ZSM-5-AE catalysts
were prepared by the ammonia evaporation method with
different loadings. As an example, 0.3 Rh/ZSM-5, a commercial
ZSM-5 carrier (Si/Al = 25) was used with the same pre-treatment
steps as the impregnation method. Typically, 1.0 mL of
NH;-H,0 was added to 11.5 mL of water dispersed with 0.5 g of
ZSM-5 carrier and stirred for 10 min at 380 rpm. 2.4 mL of
Rh(NO;); solution (2 mg mL™") was incrementally introduced
into the above system and continued to be stirred for 60 min
before the mixture was heated to 90 °C to perform the ammonia
evaporation step for 60 min. The catalyst precursor was centri-
fuged, dried in an oven at 90 °C for 12 hours, and then calcined
in a muffle furnace at a rate of 3 °C min ™" for 4 hours at 500 °C
to produce the 0.3 Rh/ZSM-5-AE catalyst. The preparation of Rh/
ZSM-5-AE catalysts with different rhodium loadings (0.1 wt%,
0.5 wt%) was the same as that of 0.3 Rh/ZSM-5-AE, with the
main difference being the volume of Rh(NO;); solution. It
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should be emphasized that the total volume of the system
solution (deionized water and rhodium precursor solution) was
controlled at 25.0 mL for the preparation of rhodium catalysts
with different loadings, ensuring that the ammonia alkalinity
remained consistent across the various preparations. The actual
content of rhodium in 0.3 Rh/ZSM-5-IM (0.34 wt%) and 0.3 Rh/
ZSM-5-AE (0.35 wt%) was determined by ICP-AES were close to
its nominal percentage. The experimental methods and testing
equipment were in the ESL.f

Results and discussions
Structural characterization and analysis of catalysts

Transmission electron microscopy (TEM) was employed to
analyse the structure and crystal form of the catalysts, aiming to
assess the dispersion of Rh species. Rh generated more
agglomeration on the surface of support seen over 0.3 Rh/ZSM-
5-IM catalyst (Fig. 1A), and the particle size statistics indicated
that the average particle size was 1.88 nm. In contrast, the TEM
image (Fig. 1B) of the 0.3 Rh/ZSM-5-AE catalyst showed Rh
nanoclusters with an average particle size of 1.47 nm and more
homogeneous dispersion. When the loading was increased to
0.5 wt%, the Rh nanoclusters on catalyst carriers prepared by
ammonia evaporation still exhibited better dispersion and
smaller particle size compared to those prepared by impreg-
nation (Fig. S27).

Fig. 1C showed the XRD patterns of catalysts with different
loadings prepared by ammonia evaporation and impregnation
methods, respectively. Remarkably, the XRD patterns of the four
catalyst groups showed no peaks related to Rh species, espe-
cially when compared to the ZSM-5 carriers (Fig. S3t). This
suggested that either Rh metal was widely distributed across the
carriers or that the observed peaks resulted from the extremely
small size of Rh nanoclusters and the low content of Rh metal.**

Fig. S3AT showed the XRD patterns of ZSM-5 carrier, 0.3 Rh/
ZSM-5-IM and 0.3 Rh/ZSM-5-AE catalysts within the 26 range of
5-10°. All three samples exhibited diffraction peaks around 7.8°
and 8.88°, respectively, attributed to MFI-type zeolites. Further
analyses indicated that the diffraction peaks of the 0.3 Rh/ZSM-
5-IM catalyst closely aligned with those of the ZSM-5 carrier.
This observation suggested that the impregnation method
preserved the regular pore structure of the zeolite. In contrast,
the diffraction peaks of the 0.3 Rh/ZSM-5-AE catalyst had
evidently shifted to low-angle region. It was ascribed to the
framework desilication in alkaline solution.*” Notably, despite
this shift, the catalysts prepared using the ammonia evapora-
tion method retained the characteristics of MFI-type zeolites
and did not undergo any major structural changes.

EDS mapping images (Fig. 1) showed a uniform distribution
of Rh species on catalyst carriers made using the AE method,
unlike the larger Rh species found on those produced by
impregnation. Fig. S4t presented the CO, desorption profiles of
the two catalysts, revealing desorption peaks around 450 °C due
to the presence of strongly alkaline sites.*® It can be seen that
the total basicity of the AE sample had increased compared to
the IM sample. This might be due to the abundant hydroxyl
groups on the catalyst surface of the 0.3 Rh/ZSM-5-AE catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) TEM and EDS mapping images of 0.3 Rh/ZSM-5-IM and (B) 0.3 Rh/ZSM-5-AE. (C) XRD results of ZSM-5, 0.1 Rh/ZSM-5-IM, 0.1 Rh/ZSM-

5-AE, 0.3 Rh/ZSM-5-IM, and 0.3 Rh/ZSM-5-AE. (After experimental testing, the catalysts prepared by both methods showed the highest activity
at a loading level of 0.3 wt%. Therefore, 0.3 Rh/ZSM-5 was selected for characterization and analysis in this study.) (The scale bar in TEM images is

10 nm.)

after alkali treatment.**** The hydroxyl group may lead to
a more homogeneous distribution of Rh species, hence facili-
tating the activation of methane. We employed in situ DRIFTS
experiment to characterize the dehydration during the heating
process of dried (uncalcined) 0.3 Rh/ZSM-5-AE and 0.3 Rh/ZSM-
5-IM catalyst precursors, as illustrated in Fig. S5.T The intensity
of the negative peaks around 3637 and 3745 cm ' increased
with rising temperature for both samples. Among them, the
peak at 3637 cm™ ' was attributed to the hydrogen-bonded OH
group, whereas the peak around 3745 cm ™' corresponded to the
isolated OH group.***® Upon further observation, it was
observed that during dehydration, both peak intensities were
significantly higher in the AE sample compared to the IM
sample. This finding suggested that the introduction of
ammonia into the system resulted in the generation of
a substantial number of OH groups within the alkaline envi-
ronment. Consequently, a greater quantity of hydroxyl species
(surface-OH) was formed on the surface of the carrier. The
surface-OH groups may be further converted to surface-O-
groups. The evenly dispersed surface-O-groups can bind to the
Rh species, resulting in more evenly dispersed Rh species on the
carrier. In contrast, during the impregnation process, the Rh
species only underwent limited interactions with the carriers,
which resulted in significant agglomeration during subsequent
calcination due to the limited number of surface-O groups. This
may be the reason for the smaller Rh nanoclusters and more
uniform dispersion in the catalysts prepared by ammonia
evaporation.® By analysing the yield plots (Fig. 3A and B), it was
found that the formation of this difference coincided with the
difference in activity of the yields.

XPS experiments were carried out to enhance the compre-
hension of the electronic structure of Rh species. The 3ds,

© 2025 The Author(s). Published by the Royal Society of Chemistry

spectra of Rh could be fitted to 309.05 eV and 308.75 eV,
respectively (Fig. 2A). Based on the available literature and
rhodium binding energy analyses,”"** rhodium species in both
catalysts were mainly present as Rh®*" and Rh*". Further analysis
demonstrated that the binding energy at the signal peak of
rhodium species in the 0.3 Rh/ZSM-5-AE catalyst (308.75 eV) was
lower than that observed at the signal peak of rhodium species
in the 0.3 Rh/ZSM-5-IM catalyst (309.05 eV). For this purpose,
the electronic structure of Si and Al species were explored. By
fitting the Si 2p spectrum (Fig. 2B), the Si 2p spectrum showed
that AE samples (102.95 eV) had a lower binding energy than IM
samples (103.15 eV). However, fitting the Al 2p spectrum did not
reveal any significant peak shift (Fig. S61). Valence states of Rh
(Fig. S71) showed that the proportion of Rh*" species in the IM
samples (43.85%) were significantly lower than in the AE
samples (75.83%), but the proportion of Rh® species were
higher than in the AE sample. In contrast, Rh® species were
nearly absent in the AE samples (Table S31). The findings
indicated that the Rh species in the AE sample experienced
stronger electron transfer with the carrier. This electron transfer
resulted in alterations in the valence condition of the Rh
species, which were attributed to the supply of electrons from
the Rh species to the Si species. In addition, after adequate
mixing of the ammonia and the carrier, the alkaline environ-
ment partially dissolved the silicon on the carrier, forming
defect sites,*®** thereby enabling the Rh species to be embedded
in the silicon defect sites. Such a procedure could also lead to
alterations in the valence state of the Rh species. The afore-
mentioned alterations in the electronic configuration of the Rh
species were due to their interaction with the carrier, which was
facilitated by the ammonia evaporation method. This interac-
tion likely involved the introduction of -OH, which transformed

RSC Adv, 2025, 15, 1301-1310 | 1303
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(A) Rh 3d XPS spectra of 0.3 Rh/ZSM-5-IM and 0.3 Rh/ZSM-5-AE. (B) Si 2p XPS spectra of 0.3 Rh/ZSM-5-IM and 0.3 Rh/ZSM-5-AE. (C) H,-

TPR curves of 0.3 Rh/ZSM-5-IM and 0.3 Rh/ZSM-5-AE. (D) CH,4-TPD curves of 0.3 Rh/ZSM-5-IM and 0.3 Rh/ZSM-5-AE.

the irregular binding of Rh with the carrier into a more regular
and uniformed binding process, resulting in a more homoge-
neous distribution of Rh species with smaller size in the AE
samples compared to the IM samples, thereby leading to
a higher activity in the AE samples.

Fig. 2C showed the experimental H,-TPR spectra of the 0.3
Rh/ZSM-5-AE and 0.3 Rh/ZSM-5-IM catalysts. The observed dual
peaks at 70 °C were ascribed to a decrease in surface-reactive
oxygen species.** The two weak reduction peaks observed at
approximately 260 °C and 380 °C for the 0.3 Rh/ZSM-5-IM
catalysts were attributed to the reduction of Rh,0,, which
formed due to varying degrees of interaction between RhO, and
the carrier.*®> In contrast, the 0.3 Rh/ZSM-5-AE -catalyst
exhibited markedly intensive peak signals at approximately
290 °C and 370 °C compared to the 0.3 Rh/ZSM-5-IM catalyst.
These increased signals in the AE sample could be originating
from the stronger effect between Rh and the ZSM-5 support,
which was induced by the introduction of -OH groups and the
leaching of Si species (forming more defective sites) in the
ammonia-involved alkaline environment during synthesis.
During subsequent calcination, the rhodium precursor may
populate these defective sites and interact with neighbouring Si
to form -Si-O-Rh- configuration. This interaction altered the
overall electronic structure of the material, making it more
susceptible to reduction in the reducing environment.

1304 | RSC Adv, 2025, 15, 1301-1310

Consequently, this increased susceptibility led to higher H,
consumption.* Since desilication decreased the Si/Al ratio and
led to an increase in the number of acidic sites, NH;-TPD
experiments were carried out on both 0.3 Rh/ZSM-5-IM and 0.3
Rh/ZSM-5-AE catalysts in order to assess the effect of alkali
treatment on the acidity of the catalysts. As shown in Fig. S8,
both catalysts exhibited desorption peaks in the range of 100-
250 and 350-500 °C, corresponding to the weak and strong
acidic sites of the ZSM-5 carrier, respectively.*® The peak areas
were proportional to the number of the acidic sites. Obviously,
the AE sample had more acidic sites than the IM sample. This
may be caused by the desilication of the AE sample during the
alkali treatment process.>**® The Si/Al ratio changes in 0.3 Rh/
ZSM-5-AE, as presented in Table S1,T revealed that the partial
dissolution of Si occurred in the zeolite framework during the
ammonia evaporation process, ergo leading to the formation of
defective sites. These defective sites may interact with the
rhodium precursor ions to bounding, potentially influencing
the morphology of the Rh species present.

Fig. 2D presented the CH,-TPD profiles of the two catalysts
under investigation. Methane adsorption peaks were evident
over both catalysts within the temperature range of 200 to 600 °©
C. Notably, the 0.3 Rh/ZSM-5-AE catalyst exhibited significantly
greater adsorption peak intensity than that of the 0.3 Rh/ZSM-5-
IM catalyst. The adsorption of CH, was a crucial preliminary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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step for its subsequent activation and oxidation. The increased
CH, adsorption observed in the 0.3 Rh/ZSM-5-AE catalyst sug-
gested a higher reactivity during the reaction process. This
heightened reactivity was associated with a higher yield of
oxygenated compounds, which can be attributed to the smaller
and more homogeneous distribution of Rh species in the 0.3
Rh/ZSM-5-AE catalyst.

Catalytic properties of Rh/ZSM-5-IM and Rh/ZSM-5-AE

Methane oxidation experiments on Rh/ZSM-5-IM and Rh/ZSM-
5-AE catalysts were carried out in an autoclave reactor, as
shown in Fig. 3. Under identical reaction conditions, the liquid-
phase products of Rh/ZSM-5-IM and Rh/ZSM-5-AE catalysts
were CH3;OH, HCOOH, and CH;COOH, while the gas-phase
product was CO,. The study observed that at a loading level of
0.1 wt%, both catalysts exhibited low yields. However, a signifi-
cant increase in yield was noted when the loading level was
raised to 0.2 wt%, with the yield reaching its maximum at
0.3 wt%. The liquid-phase products of both catalysts showed
volcano curves with loading, and the total yields reached a peak
at a loading of 0.3 wt%. The 0.3 Rh/ZSM-5-AE catalyst produced
a total liquid phase yield of 32 433.33 umol g, ' h™" (Fig. 3B).
Additionally, it was discovered that the AE samples demon-
strated higher activity than the IM samples at equivalent
loading levels. Specifically, the yield of CH;COOH was 15 005.47
umol g, ' h™', which was the highest among the three prod-
ucts. Compared to the IM sample, the AE sample produced
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higher yields for all three products, particularly methanol and
acetic acid.

Within the experimental temperature, both catalysts
exhibited low yields at 150 °C (Fig. S9f). However, yields
significantly increased at 180 °C and peaked at 240 °C. After
240 °C, it is assumed that the liquid phase oxygenates become
severely peroxidized, leading to a lower target products’ yield.
Fig. 3C demonstrated that the yield of each product increased
with rising CH, pressure. Fig. 3D revealed that the yield of
formic acid increased with higher CO pressure, suggesting that
the production of HCOOH was influenced by CO. The produc-
tion rates of methanol and CH3;COOH exhibited significant
increases as the CO pressure increased from 0 bar to 8 bar. After
this specific CO pressure, the methanol production rate stabi-
lized, showing only minor fluctuations despite further increases
in CO pressure. In contrast, the production rate of acetic acid
continued to demonstrate a positive correlation with increasing
CO pressure, suggesting that CO might played a predominating
role in the generation of acetic acid. Our experiments demon-
strated that no products formed in the water without CO
involvement (Table S4%), indicating the necessity of CO for
catalyst activation. At lower CO concentrations, the amount of
CO was not sufficient, and therefore, the catalyst activation
intensity was lower, which led to a lower CH3;OH yield.
Increasing the CO pressure promoted catalyst activation,
significantly enhanced productivity. Fig. S10f showed the
stability test of 0.3 Rh/ZSM-5-AE. The catalyst maintained a high
yield after five cycles.
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Fig.3 Effect of (A) different loadings for IM samples, (B) different loadings for AE samples (reaction conditions: Pcy, = 20 bar, Pco = 8 bar, Po, =3
bar, 20 mL water, 20 mg catalyst, 0.5 h at 240 °C); (C) different CH,4 pressures for AE samples (reaction conditions: Pco = 5 bar, Po, = 3 bar, 20 mL
water, 20 mg catalyst, 0.5 h at 240 °C), and (D) different CO pressures for AE samples on the liquid-phase products (reaction conditions: Pcp, =

15 bar, Po, = 3 bar, 20 mL water, 20 mg catalyst, 0.5 h at 240 °C).
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Due to the abundance of CO in the reaction atmosphere and
the high reaction temperature, CO, was inevitably detected at
the end of the reaction, produced from both the oxidation of CO
in the reaction atmosphere and the overoxidation of the liquid-
phase products. Experiments had been conducted to verify this
speculation. Only trace amount of CO, was detected when N,
was used instead of CO, and there were also not any liquid-
phase products generation (Table S47). Yet when N, was used
instead of CHy, a large amount of CO, was detected under the
same reaction conditions (Fig. 4). To further explore the CO,
production pathway, the catalytic reaction properties were
investigated using the in situ DRIFTS technique. Fig. 5A showed
the infrared spectra of the catalyst under CH, and O, mixed
atmosphere (CH,: O, = 20:3) and mixed atmosphere of CHy,
0O, and CO (CH,: 0, : CO = 20: 8: 3), respectively. As seen from
the spectra, hydroxyl peaks were formed on the catalyst surface
(located at 3736 cm ') in both reaction atmospheres.** When
the reaction atmosphere was only CH, and O,, the signal of CO,
did not appear in the spectrum. This result was consistent with
the extremely stable chemical nature of CH,, suggesting that
these catalysts were not capable of catalytically oxidizing
methane to form CO, under forward mentioned conditions.
Whereas, when the reaction atmosphere was switched to
a mixture of CH,, CO, and O,, signals of both CO (located at
2112 and 2146 cm™ ') and CO, (located at 2310 and 2384 cm™ )
species appeared.®®> The above results indicated that CO can
be activated on the catalyst and further converted to CO,, while
the more stable CH, was difficult to be activated by the catalyst
to produce CO,. When these findings were combined with the
experimental results, it could be inferred that the CO, produced
during the experiment came from both CH, and CO, and the
overoxidation of CO produced more CO, than CH,.

Reaction mechanism investigation

The yield results indicated that the catalytic reactivity of the
catalysts synthesized through both techniques was closely
linked to the size of the Rh nanoclusters, with both excessively

5000 without CH, ]
. with CH,
= 4000 4 ]
203000 i
=]
£
=_ .
— 2000
=
= I
” 10004
- T
0 ; ; ] :
150 180 210 240

Temperature ( °C)

Fig. 4 0.3 Rh/ZSM-5-AE temperature-dependent CO; yield in CHg,
O,, CO and N, O,, CO gas atmospheres, respectively. The blue line
corresponded to the right axis, indicating the difference in CO,
produced under two different reaction conditions.
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small and large nanoclusters significantly impacting catalytic
activity. At a loading of 0.1 wt%, the catalyst exhibited lower
yields owing to the existence of fewer active sites. As the loading
increased, the quantity of metal active sites also rose, resulting
in a significant improvement in yield. However, with further
increases in loading, the metals on the catalyst surface tended
to agglomerate, leading to a reduction in reaction yield.
Notably, the activity of AE samples was higher than that of IM
samples at the same loading. TEM images (Fig. 1A, B and S1t)
showed that the size of Rh species was smaller and more
homogeneous in all AE samples than that in IM samples at the
same loading. And no obvious Rh nanoclusters were found on
the carrier surface when the loading amount was 0.1 wt%. With
further elevation of loading, Rh nanoclusters appeared and the
cluster size increased with the increase of loading (Fig. S21). It
could be seen that the catalyst activity presented a strong link
with the particle size of the Rh species. Based on the above
analyses, it was found that the catalysts synthesized using the
ammonia evaporation method facilitated interactions between
the Rh species and the carriers. This method introduced
hydroxyl groups (-OH) and generated defective sites, which
altered the disordered binding of the carriers and the active
species in the IM samples. Consequently, this resulted in
smaller Rh nanoclusters size and more homogeneous distri-
butions. These changes led to improved atom utilization and
subsequently increased reactivity.

In order to further investigate the existing state of the loaded
metal on the carrier, the CO as a probe molecule in combination
with DRIFTS was employed. In an effort to negate the impact of
CO, we collected the data after 30 minutes of CO exposure fol-
lowed by 30 minutes of purging with Ar gas. As shown in Fig. 5B,
after purging with Ar gas, the IR spectrogram of the 0.1 Rh/ZSM-
5-AE catalyst displayed only peaks at 2173 and 2112 cm *,
indicative of the adsorption of CO molecules on single-atom
rhodium molecules. In contrast, the IR spectrogram of the 0.3
Rh/ZSM-5-AE catalyst showed not only IR peaks at 2173 and
2112 cm ™ * but also a wide peak center at 1882 cm ™, which was
attributed to the bridged CO on rhodium nanoclusters.**** For
the 0.5 Rh/ZSM-5-AE catalyst, a peak corresponding to the
adsorption of CO molecules on rhodium nanoclusters was
detected only at 1882 cm ™. The finding suggested a correlation
between the Rh loading and the condition of Rh species atop
the carrier surface. At a Rh loading of 0.1 wt%, no significant
agglomeration was observed on the carrier surface, suggested
that the Rh species primarily existed in a monatomic state.
When the Rh loading was increased to 0.3 wt%, the Rh species
were present both as single atoms and nanoclusters. Further
increasing the Rh loading to 0.5 wt% resulted in the Rh species
primarily forming clusters. This corresponded to the results
shown in the TEM images.

The H,-TPR curves of Rh/ZSM-5-AE catalysts at various
loadings levels were shown in Fig. 6. The peaks observed below
100 °C were attributed to the reduction of reactive oxygen
species atop the carrier surface. Regarding the catalyst with
a loading of 0.1 wt%, only weak reduction peaks were detected
at 283 and 368 °C, which attributed to fewer Rh sites, resulting
in less H, consumption. As the loading increased to 0.3 wt%,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more pronounced reduction peaks appeared at 293 and 371 °C,
suggested that a larger number of oxidation state metal sites
atop the carrier surface consumed significant amounts of H,.
However, when the loading was further increased to 0.5 wt%,
the peaks of reduction detected at 238 °C and 370 °C were much
lower in intensity compared to the 0.3 wt% Rh/ZSM-5-AE cata-
lyst. This indicated that with the further increase in loading, the
metal sites on the catalyst surface transitioned from oxidation

© 2025 The Author(s). Published by the Royal Society of Chemistry

states to metallic states, again evidenced the significant
agglomeration of the Rh species.

The XPS experiment further corroborated the appealing
conclusion from the electronic point of view. Fig. 5D showed the
Rh 3d XPS patterns of Rh/ZSM-5-AE samples with varying
loadings, illustrating the progression of binding energy as the
loading increases. The binding energy of Rh species in the 0.1
Rh/ZSM-5-AE catalyst was 308.5 eV, which was attributed to the
Rh** species. When the loading was increased to 0.3 wt%, the
binding energy shifted to 308.8 eV, which was attributed to the
mixed state with Rh®* and Rh*". And as the loading further
increased to 0.5 wt%, the binding energy moved to 306.8 eV and
the peak exhibited a substantial increase in intensity, which was
attributed to the formation of Rh® species in larger Rh nano-
particles.>* The state of Rh species gradually transitioned from
the oxidation state to the metallic state as the loading was
increased. When considering the yields, it had showed that the
0.5 Rh/ZSM-5-AE catalyst, which predominantly existed in the
metallic state of Rh, demonstrated significantly higher activity
compared to the 0.1 Rh/ZSM-5-AE catalyst, which primarily
existed in the oxidation state of Rh. Furthermore, the 0.3 Rh/
ZSM-5-AE catalyst, which featured a coexistence of both the
metallic and oxidation states of Rh, exhibited the most elevated
activity among the examined catalysts. The catalyst prepared
through ammonia evaporation method demonstrated a further
reduction in the size of Rh nanoclusters in contrast to the
catalyst prepared through impregnation method. The reduction
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in the nanocluster size was accompanied with a significant
alteration in the electronic structure of the Rh species, which
was influenced by the interaction with the carrier. Specifically,
the ammonia evaporation process facilitated the partial leach-
ing of Si, leading to the formation of a mixed state of Rh** and
Rh**, which significantly enhanced the reactivity of the catalyst.
The above conclusions indicated that the reactive center of
activity of the catalyst was composed of Rh single atoms and Rh
nanoclusters in the form of oxidation state in a specific range of
size (1.4-1.8 nm, with the best size around 1.5 nm), and that
altering the electronic structure of Rh and controlling the size of
Rh nanoclusters will further improve the activity. This was
supported by the CH,-TPD profiles of AE samples with varying
loadings, as shown in Fig. 5C, which demonstrated that
methane adsorption capacity peaked at a loading of 0.3 wt%,
correlating with increased reactivity. Therefore, controlling the
particle size of Rh species would enhance CH, adsorption
capacity, and eventually improve the overall catalytic activity.

In addition, an experiment using N, instead of CH, and 20
uL of CH30H in 10 mL of H,O was conducted with all other
reaction conditions unchanged. Upon the conclusion of the
reaction, no HCOOH or CH;COOH was detected in the liquid
solution. This indicated that CH;0H was likely not an inter-
mediate in the formation of HCOOH and CH;COOH, nor was
HCOOH likely an intermediate in the formation of CH;COOH.
Instead, each compound probably followed an independent
pathway. The yield plots in Fig. 3D demonstrated a positive
correlation between the yields of the acetic acid and CO pres-
sure. Therefore, a potential route for the generation of CH,-
COOH was proposed. As illustrated in Fig. 7, the methane (CH,)
underwent activation by Rh species, resulting in the formation
of methyl species, which served as the methyl source for CH;-
COOH. The carboxyl group in CH3;COOH was sourced from
carbon monoxide (CO). CO was inserted into Rh-CH; through
carbonylation, leading to the formation of Rh—-COCHj; species.
Subsequently, water (H,O) was dissociated on Rh species,
producing OH* and H* species. The OH* species then
combined with Rh-COCH; species to form Rh-COOHCH;.
Finally, Rh~-COOHCH; detached from the Rh species, yielding
acetic acid (CH;COOH). We increased the overall activity by
constraining the Rh species size and allowing the Rh species to
interact with the carrier by ammonia evaporation.
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Conclusions

In conclusion, Rh-ZSM-5 catalysts with specific particle size for
efficient CH, partial oxidation were prepared using the
ammonia evaporation method instead of the conventional
impregnation method. This approach aimed to achieve the
oxidation of methane directly into oxygenated compounds,
including methanol, formic acid, and acetic acid, facilitated by
CO gas. During the ammonia evaporation, the dissolution of Si
species produced defective sites and introduced enriched
surface hydroxyl species, which enabled Rh ions to interact with
the carriers. This interaction altered the electronic structure of
the carrier-activated metal and modified the disordered Rh
precursor adsorption form, resulting in a higher degree of
dispersion and a more uniform particle size of Rh species.
Consequently, this promoted CH, adsorption and significantly
increased the reactivity. Additionally, it was demonstrated that
varying the Rh loading could alter the valence state of Rh
species, as well as the size of the reactive sites, thereby signifi-
cantly affecting the reactivity. Experimental investigations
revealed that CO gas acts as a co-oxidant in the reaction, and the
CO, products originated from the overoxidation of both CO and
CH,. These findings provide a valuable reference for designing
carrier-active metal synergies and offer a feasible and
constructive approach to designing catalysts based on noble
metals for the oxidation of methane directly.
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