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% Check for updates Ni-based catalysts are highly reactive for dry reforming of methane (DRM) but

they are prone to rapid deactivation due to sintering and/or coking. In this
study, we present a straightforward approach for anchoring dispersed Ni sites
with strengthened metal-support interactions, which leads to Ni active sites
embedded in dealuminated Beta zeolite with superior stability and rates for
DRM. The process involves solid-state grinding of dealuminated Beta zeolites
and nickel nitrate, followed by calcination under finely controlled gas flow
conditions. By combining in situ X-ray absorption spectroscopy and ab initio
simulations, it is elucidated that the efficient removal of byproducts during
catalyst synthesis is conducted to strengthen Ni-Si interactions that suppress
coking and sintering after 100 h of time-on-stream. Transient isotopic kinetic
experiments shed light on the differences in intrinsic turnover frequency of Ni
species and explain performance trends. This work constructs a fundamental
understanding regarding the implication of facile synthesis protocols on
metal-support interaction in zeolite-supported Ni sites, and it lays the needed
foundations on how these interactions can be tuned for outstanding DRM
performance.

Dry reforming of methane (DRM) provides a promising route for con-
verting methane and carbon dioxide into a valuable industrial feed-
stock, syngas, with equimolar H,/CO ratio, which is ideally suited for
Fischer-Tropsch synthesis of long-chain hydrocarbons'. Rising con-
cerns about climate change, primarily driven by the accumulation of
atmospheric greenhouse gases, have reinvigorated research interest in
DRM. The consumption of two prevalent greenhouse gases makes DRM
an intrinsically greener approach compared to steam methane
reforming (SMR). However, the endothermic nature of DRM

(AH,98x =247 kf mol™) requires a high energy input and operating
temperature (>600 °C) to achieve practical conversion and yield. In an
optimized scenario, DRM at a relatively lower temperature could reduce
energy input, thereby enhancing the energy efficiency and economic
viability of the process’. Unfortunately, at temperatures between
580°C and 710°C, catalysts undergo quick deactivation caused by
severe coke formation** and active phase sintering®. Thus, the rational
design of efficient and stable catalysts for low-temperature DRM is a
challenging but vital task in both applied and academic research.
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Ni-based solid catalysts are traditionally employed for DRM due to
their high reactivity and low cost®. Unfortunately, the catalysts suffer
from rapid deactivation, especially caused by coke deposition at lower
temperatures (-650 °C)”%. It is found that the C-C bond formation rate
shows apparent size dependency on metallic Ni surfaces, where larger
particles favor coke formation’'°. Therefore, it is paramount to find
ways to stabilize dispersed Ni sites by either physical confinement
or metal-support interactions. Ni-loaded zeolites have served as
effective catalysts in reactions under harsh conditions, including CO,
hydrogenation”, alkene dimerization'**, and DRM". The microporous
structure not only provides physical confinement to limit sintering but
also offers a unique coordination environment for anchoring Ni spe-
cies within micropores**. Up to now, Ni-supported zeolites have been
synthesized via both in situ and post-synthesis methods, including
hydrothermal synthesis with sol gel'*", seed-directed crystallization®,
inter zeolite transformation’>?°, impregnation*** and decomposition
of volatile organic metal precursors”. The consensus is that the
interactions between Ni?* and the framework enhance catalyst stability
during DRM*. Successful anchoring of atomically dispersed Ni** has
been revealed as a key step to creating stable catalysts. Therefore,
maintaining isolated Ni** ions during synthesis is desirable. Strategies
to stabilize Ni** include the use of organic ligands/solvents during
hydrothermal synthesis or impregnation'®”, and the use of vapor-
phase organic nickel precursors for metal incorporation®. In addition,
ion-exchange sites?” and defects formed during hydrothermal synth-
esis, dealumination®, or deboronation” are effective in encapsulating
isolated species and clusters. However, despite efforts in selecting
metal precursors and anchoring sites, the Ni** species loaded onto
zeolites still exhibit a broad size distribution, from isolated cations and
clusters to nanoparticles (NPs), even when using similar supports?-*.

All in all, the underlying chemistry of Ni-Si interaction in zeolites
for the creation of stable catalytic sites is poorly understood, and thus,
catalyst optimization defaults to inefficient trial-and-error. In this
study, we establish a fundamental understanding regarding the impact
of catalyst synthesis mechanisms on catalyst properties, and ultimately
on catalyst performance for DRM. We employ a solid-state grinding
protocol to anchor highly dispersed Ni** sites onto dealuminated Beta
(dBeta) zeolite supports. Notably, the dispersion and Ni-zeolite
interaction can be precisely controlled by adjusting the airflow during
calcination, allowing for tunable metal dispersion ranging from NPs to
isolated sites within the framework. A combination of infrared (IR)
spectroscopy, X-ray absorption spectroscopy (XAS), and microscopy
allowed us to characterize the dispersion of the synthesized Ni species
and their interaction with the support. Structure-performance corre-
lations demonstrated that the finely tuned synthesis method leads to
catalysts with significantly enhanced stability during DRM. Interest-
ingly, transient isotopic kinetic studies showed that metallic Ni sites in
NPs have higher turnover frequency (TOF) than those on dispersed
sites (clusters), explaining the observed macroscopic conversion of
reactants. More importantly, in situ XAS reveals the distinct mechan-
isms dominating NP and isolated Ni formation under varied flow
conditions. The fundamental understanding of the precision synthesis
of active sites and their intrinsic activity opens up a gateway to rational
catalyst design. The superior catalyst designed in this work challenges
or surpasses the stability and reaction rate of reported best-
performing catalysts for moderate temperature DRM.

Results and discussion

High air flow during catalyst synthesis leads to enhanced stabi-
lity during DRM

Nickel nitrate hexahydrate is widely used as a precursor in the synth-
esis of Ni-zeolite catalysts and the chemistry of nitrate decomposition
can provide guidance for precision synthesis of Ni active sites, from NP
to clusters or isolated sites. Based on the literature”*, the incor-
poration of Ni species into the zeolitic support is postulated to occur

through four key steps: (1) solvation of Ni(NOs), after losing chemically
bonded water below 100 °C¥, (2) solution diffusion into pores by
capillary effect®, (3) decomposition of nitrate to hydroxide accom-
panied with water and NO, desorption at elevated temperature”, and
(4) condensation of Ni hydroxide with silanol on zeolitic support”.
Thus, it is hypothesized that enhancing the removal of decomposition
by-products, through high airflow, can strengthen Ni-support
interaction.

In our synthesis procedure, dBeta was mixed with nickel nitrate
hexahydrate and subjected to grinding in a mortar. The subsequent
calcination step was conducted using a stepwise heating procedure
under varying flow conditions, as depicted in Figs. 1a and S1 and S2.
This mechanochemical method predominantly involves the decom-
position of nitrate in the solid phase, circumventing the complexities
of speciation and interactions in the solution phase or sol-gel process.
The as-obtained catalysts are anticipated to exhibit a metal dispersion
trend correlating with the gas flow rate: Ni-dBeta HD (HD for highly
dispersed, 6300 mLmin"g?’)>Ni-dBeta D (D for dispersed,
2000 mL min™g™) > Ni/dBeta D (1200 mL min™ g™) > Ni/dBeta NP (NP
for NPs, static air).

Catalyst particles were sieved to 45-75um to avoid internal mass
transfer limitations (Fig. S3). The catalysts were pretreated via calci-
nation at 550 °C and reduction at 750°C to attain the most stable
structures (named as Ni/dBeta NP _red, Ni/dBeta D _red, Ni-dBeta D red,
Ni-dBeta HD_red) before conducting DRM at 650 °C (see Figs. S4-S7
and associated discussion). During catalytic tests, methane conversion
was intentionally kept below equilibrium (61% CH, conversion at
650 °C) to accurately assess real deactivation trends. Under enhanced
gas flow conditions in a fixed-bed configuration (Figs. 1a and 3), both
Ni-dBeta samples demonstrated slightly higher initial methane con-
versions and H, to CO ratios compared to Ni/dBeta (Figs. 1b and S8).
Normalized values of CH,4 conversion (Fig. 1c) and TOS to reach equal
deactivation (Fig. 1d) show a clear stability trend, ranking from least to
most stable as: Ni/dBeta NP _red < Ni/dBeta D _red < Ni-dBeta D red < Ni-
dBeta HD_red. This ranking relates to the gas flow rate used during
synthesis (Fig. 1a). The range of particle sizes of the precursors plays no
significant role in the catalytic performance (Fig. S9). Temperature-
programmed oxidation (TPO) of the spent samples was conducted to
measure the coke deposited after conducting DRM (at reaction con-
ditions shown in Fig. 1), as depicted in Fig. S10 and Table S1. TPO
profiles show that all the samples exhibit a minor peak between
200-300 °C and a broader peak around 650-750 °C, typically ascribed
to soft and hard coke respectively”. Quantitative analysis of CO, for-
mation revealed carbon deposits of 1.15wt% for Ni/dBeta NP_red and
0.68 wt% for Ni/Beta D_red. Both the resilient Ni-dBeta D_red and Ni-
dBeta HD_red samples present minor coke formation, accounting for
0.32 and 0.21wt%, respectively (Table S1). The direct correlation
between carbon deposition and catalyst stability indicates that
enhanced gas flow conditions during synthesis might hinder sintering
and coke formation in moderate-temperature DRM. The best-
performing catalyst, Ni-dBeta HD_red, shows comparable stability
and reaction rate to the reported best-performing catalysts for mod-
erate temperature DRM. A summary of best-performing zeolite-based
catalysts is presented in Table S2. However, the deactivation of the Ni-
dBeta HD_red catalyst is more pronounced at higher reaction tem-
peratures (Fig. S11). In the following sections, we thoroughly char-
acterize the local environment of the Ni sites; further, we provide a
clear link between the mechanisms of catalyst synthesis and the cata-
lytic properties of the active sites created.

Ni speciation in as-synthesized samples

The preservation of the Beta zeolite structure during synthesis is
confirmed by X-ray diffraction (XRD) patterns (Fig. S12) and N,
adsorption-desorption isotherms (Fig. S13). For Ni/dBeta NP, diffrac-
tion patterns for NiO were observed. Ni loading is consistent across all
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Fig. 1| Catalyst synthesis setup and catalytic performance. a Gas flow condition
during precursor calcination to tune the metal dispersion. The synthesis of Ni-
dBeta D and Ni-dBeta HD is performed in a tubular furnace and U-shape reactor,
respectively. The configuration of reactors for synthesizing Ni-dBeta D and HD is

100 Ni/dBeta Ni/dBeta Ni-dBeta Ni-dBeta

NP_red D_red D_red HD_red

shown in Fig. S2. b CH4 conversion is measured at 650 °C, 12.3 kPa CO,, 12.3 kPa CH,
balanced by 111.1 kPa Ar, overall WHSV =1056 L g'.,. h™". ¢ The normalized methane
conversion is evaluated by normalizing conversion by the peak value. d Stability is
compared by TOS when normalized methane conversion drops by 8%.

samples, ranging from 51wt% to 5.6wt% (Table S3). High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images (Figs. S14-S16) reveal that Ni particles, visible
as bright dots due to the higher atomic weight of Ni compared to Si,
are highly dispersed on Ni/dBeta D and Ni-dBeta D, with particle sizes
of 1.98 nm and 1.87 nm, respectively. In contrast, Ni/dBeta NP shows
noticeably larger Ni particles (20.8 + 5.2 nm, Figs. S14 and S17a), which
agrees with XRD patterns (Fig. S12).

Ex situ XAS spectra were collected on the as-synthesized samples
to investigate the local electronic and coordination environment of Ni.
The Ni K edge XANES spectra of all samples and NiO (Fig. 2a) display
the characteristic pre-edge absorption peak of Ni** at 8330.4 eV, cor-
responding to the dipole-forbidden 1s- 3d transition®°. This finger-
print of Ni*" and the alignment of the absorption edge for all samples
with NiO suggest the predominant Ni** sites. Nonetheless, the k space
EXAFS spectrum of Ni/dBeta NP is quite different from the other Ni-
zeolite samples, as shown in Fig. S18. The k space EXAFS spectrum of
Ni/dBeta NP is very similar to that of NiO, suggesting that NiO NPs are
the dominant Ni species in the as-synthesized Ni/dBeta NP. Interest-
ingly, the other three samples with higher dispersion show different k-
space spectral features compared with NiO and Ni foil, indicating that
the highly dispersed Ni** species have a unique local bonding envir-
onment generated by controlling the gas flow condition (Fig. 1a). Thus,
the peaks in the range of 2-3 A in the R-space spectra of Ni/dBeta D and
two Ni-dBeta samples (Fig. 2b) are not primarily due to Ni-Ni con-
tribution as in NiO. Wavelet transform EXAFS analysis performed on
Ni/dBeta D (as described in Fig. S19) indicates that the second-shell
peak is originated from Ni-Si, different from Ni-Ni in Ni/dBeta NP.
Fitting results of the EXAFS (Fig. S20) further confirm the 4 coordi-
nated O at the first shell as well as 4 Si at the second shell for the
dispersed Ni** center, which is evidence for the incorporation in the
zeolite framework. It is worth noting that synthesis in flowing Ar,
instead of flowing air, has negligible influence on Ni dispersion; rather,
the flow conditions play the main role (Fig. S21).

However, according to particle size distribution derived from
STEM images, the observed Ni** clusters in Ni/dBeta D show a mean

diameter of about 1.98 nm, exceeding the size for both silanol nests
and micropores of Beta zeolites. A potential explanation is that there is
a considerable amount of silanol-grafted Ni** sites below the detection
limit of STEM characterization (Fig. S15a), and they make a dominant
contribution to the second-shell signal in the EXAFS spectra. The same
phenomenon has also been observed on Pt/SiO,. For now, it is safe to
declare that more highly dispersed Ni species in Ni/dBeta D are linked
to the zeolite support with a Ni-Si interaction, compared to Ni/dBeta
NP. These chemically bonded species can either present as isolated
sites beyond the detection limit of STEM, or exist at the interface
between NiO clusters and the zeolite support. Similar XANES and
EXAFS features are shared by two Ni-dBeta samples, but both samples
present a discernible shift toward higher absorption energy, compared
to Ni/dBeta D (insert in Fig. 2a). Notably, the second-shell scattering
peaks in the R space EXAFS spectra of Ni-dBeta D and HD are appar-
ently displaced to an increased bonding distance (see Fig. 2b) com-
pared to Ni/dBeta D, originating from the longer distance of Ni-Si
(Ni-Si distance labeled by the red dash line in Fig. 2b) compared to
second shell Ni-Ni path. EXAFS fitting also reveals the presence of a
Ni-Si path for the second-nearest neighbor (Table S4). Accordingly, Ni-
dBeta samples could have more framework-associated Ni** sites
compared with Ni/dBeta D. Thus, the potential metal-support inter-
action should be stronger.

To gain further insights into the chemical properties of Ni sites in
dBeta, diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) of CO was performed on the as-synthesized catalysts. All
samples were calcined at 400 °C before CO adsorption, and the
spectra were measured at —150 °C. For comparison, spectra of the
dBeta and NiO were also recorded. As shown in Fig. 2c, CO spectra
recorded after 5 min adsorption show vibrational modes at 2193 cm™,
2156 cm™, and 2135cm™ across all Ni-embedded Beta samples. The
vibrational mode at 2193 cm can be ascribed to CO adsorbed on
grafted Ni** sites in silanol nests®. The vibrational mode at 2135 cm™ is
also observed for CO adsorbed on the NiO reference. Peaks at
2156 cm™ and 2132cm™ in dBeta mainly arise from silanol-group-
adsorbed and physically adsorbed CO?, respectively. These vibration
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calcined samples after 5 min CO adsorption. d Normalized DRIFTS spectra
regarding the highest peak intensity for 5 min adsorption were plotted to compare
the change of fraction for different components.

modes indicate a complex surface speciation including grafted Ni*
sites, surface Ni*" in NPs/clusters, and unoccupied silanol groups.
Normalized IR spectra (Figs. 2d and S22) undoubtedly show a greater
contribution of Ni** in NiO for Ni/dBeta NP than for Ni/dBeta D. Fur-
ther, more silanol groups are available for CO adsorption on Ni/dBeta
NP compared to Ni/dBeta D, suggesting that more silanol groups are
occupied by anchored Ni** species in Ni/dBeta D.

In conjunction with the XAS findings, it is inferred that Ni/dBeta
NP has fewer Ni** sites associated with the framework, leaving more
unoccupied silanol nests on the dBeta support. In contrast, more
highly dispersed Ni** species are anchored by silanol groups in Ni/
dBeta D and two Ni-dBeta samples in the form of grafted isolated sites
or framework-associated interfacial species. Therefore, the interac-
tions between the silanol-enriched Beta support and the metal pre-
cursor are postulated to enhance the anchoring of the dispersed Ni*
sites—a phenomenon promoted by increased airflow during calcina-
tion. Tuning the calcination procedure allowed us to tune the bonding
and electronic environment of Ni in dBeta support, from dispersed Ni
(Ni/dBeta D, Ni-dBeta D, and Ni-dBeta HD) to Ni NP (Ni/dBeta NP).

Mechanism of Ni** anchoring in dBeta
It has been shown that enhanced airflow during the calcination of the
precursor mixture (ground dBeta and nickel nitrate hexahydrate)

dramatically increases the dispersion of Ni sites on the dBeta support
with a stronger Ni-Si interaction. In addition, catalytic performance
shows that catalysts with more dispersed Ni** sites are more stable
than NPs during DRM. Therefore, in situ characterization will provide
valuable insight into the interactions between Ni nitrate and dBeta
support with the varied flow. Herein, in situ XAS was performed while
ramping the temperature and using two distinct airflow conditions
(100 mL min™ vs static air) to study mechanisms of Ni anchoring dur-
ing synthesis (Fig. 3). In situ XANES spectra for the synthesis of Ni/
dBeta D and Ni/dBeta NP (Fig. S23a-c), respectively) show a decline in
the white-line peak intensity, which is attributed to thermal motion and
loss of chemically bonded water. In Fig. S23a, the circled isosbestic
points along the heating process indicate a smooth transition between
the initial and final states under flowing air (synthesis of Ni/dBeta D)*,
corresponding to a stepwise decomposition of Ni(NOs), into Ni(OH),
intermediates, which subsequently condense with the silanol groups
on dBeta” without aggregation of isolated Ni** species (Fig. 4a). In
contrast, under static air (Figs. 3b and 4b, c), the phase transition can
be separated at 400 °C as indicated by the change of isosbestic points
(Fig. S23b, c) and emerging new features at 8361 eV. At temperatures
above 400°C, the sudden shift of XANES spectra involves the
increasing of white line peak intensity, accompanied by the rapid
growth of second-shell Ni-Ni scattering (Fig. 4c). It has been reported
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that nickel nitrate hexahydrate becomes anhydrous at 205 °C under
flowing air®, thus, during synthesis in flowing air, H,O and NO, desorb
and Ni(OH), is formed, followed by anchoring of Ni. However, in static
air, basic nickel intermediates, represented as Ni(NO5),-Ni(OH),-H,O,
form around 225°C, due to inefficient removal of reaction inter-
mediates like H,O0 and NO,”* The sluggish desorption of H,O and
NO, can be exacerbated by the confined micropore structure, thus, the
generation of Ni(OH), will occur at higher temperatures. A hydrated

framework lowers the energetic barrier required for the sintering of Ni,
as demonstrated computationally later in Section: “Enhanced metal-
support interaction and intrinsic activity of Ni sites”, which promotes
the formation of bulk NiO NP.

Further linear combination fitting reveals two distinct reaction
pathways. Principal component analysis of XANES spectra indicates
that spectral changes can be represented predominantly by two states
when air is flown and three states under static air conditions
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Fig. 5 | Characterization of reduced catalyst samples via DRIFTS and SSITKA.

a CO DRIFTS at -100 °C measured on Ni/dBeta samples and NiO reference pre-
treated with 4% H,/Ar at 500 °C, after 10 min CO adsorption and 10 min desorption
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by Ar flushing. b Resident time (t) measured by SSITKA at 450 °C, reactant flow of
66 mLmin™, 88 mL min™, and 110 mL min™ 9.1% CO,, 9.1% H, balanced by He (1% Ar
as internal standard).

(Fig. 4d, e). For the air flow case, a linear combination of two spectra,
one recorded at 100°C (¢=15min) and one recorded at 550°C
(t=226 min) (representing the initial and final states) offers a good fit
for the observed XANES spectra. For the case of static air, it was not
possible to describe the array of XANES spectra as a linear combination
of only two spectra at the initial and final stages. Instead, a linear
combination of three spectra, recorded at 100 °C (¢ =15 min), 400 °C
(t=165min), and 550 °C (¢=226 min) (representing an initial, inter-
mediate, and final state) offers a good fit for the observed XANES
spectra. The intermediate temperature corresponds to the beginning
of the increase in Ni-Ni second-shell scattering in NiO,. In the synthesis
of Ni/dBeta NP under static air, initially, the metal nitrates slowly transit
to intermediates over a temperature range of 50 °C to 400 °C. Next,
these intermediates exhibit rapid decomposition (400-460 °C,
195-207 min in Fig. 4e), accompanied by a marked increase in the
contribution of the “final state”. Notably, a swift phase transition
between 400 °C and 500 °C is also coupled with a discernible rise in
the water signal as measured by the residual gas analyzer (RGA)
(Fig. 4f). This suggests that water desorption plays a crucial role in the
rapid phase transition. This analysis characterizes the distinct
decomposition chemistry of nitrate under both dynamic and static air
conditions”*, As a result, the Ni-Si interaction is significantly impac-
ted by the desorption of synthesis by-products, and in turn, dramati-
cally affects the stability of Ni sites for DRM.

Enhanced metal-support interaction and intrinsic activity of

Ni sites

To confirm the stability of Ni** in the dehydrated dBeta structure, we
carried out density functional theory (DFT) calculations to determine
the energy required to remove a Ni atom from the surface (E.y).
Erm = Eni * Esurface — Enion surfaces Where Ey; is the energy of Ni bulk,
Esurface i the energy of the surface after removing a Ni atom, and
Eni on_surface 1S the energy of the surface with Ni anchored on it. The
more positive E,,,, the more stable Ni on the surface. Three cases were
studied: removal of Ni from NiO surface (and bulk), removal of Ni
integrated into the framework of a hydrated dBeta structure, and
removal of Ni integrated into the framework of a dehydrated dBeta
structure. As shown in Fig. S24, E,, is significantly more positive for
dehydrated Ni-dBeta than for all NiO surface models and the hydrated
Ni-dBeta. These findings support the exceptional stability of
framework-incorporated Ni** sites against reduction or sintering in our

experimental observations. In the following section, we show how
enhanced catalyst stability during DRM can be linked to strengthened
Ni-Zeolite interaction during catalyst synthesis.

To illustrate the evolution of Ni species, XAS were measured on
reduced and spent samples. After H, treatment at 750 °C, the reduc-
tion of Ni*" in all catalysts was confirmed via XAS (Figs. $25-S27, and
adjacent discussion). Nearly all the NiO NPs within Ni/dBeta NP are
reduced to metallic form. However, the catalyst synthesized using
flowing air retains some cationic Ni species. Considering the ex situ
measurement could result in the reoxidation of metallic clusters, CO
DRIFTS at -100 °C on in situ reduced samples (4% H,/Ar, 500 °C, 2 h)
was performed to elucidate the electronic state of Ni species (Fig. 5a).
The vibrational mode at 2196 is assigned to CO adsorbed on grafted
Ni?**2, Modes between 2169 cm™ and 2094 cm™ are assigned to
CO-Ni"**2*¢_ Vibrational modes attributed to CO adsorption on metallic
Ni are 2050cm™ (Ni°-(CO),), 2029 cm™ (a-top CO on Ni°, and
1980 cm™ (CO adsorbed on Ni-Ni with a bridge configuration)®. The
greater relative intensity of the oxidized Ni sites versus metallic Ni sites
in the Ni/dBeta D_red sample undoubtedly reveals its enhanced resis-
tance to Ni reduction when compared with the Ni/dBeta NP_red
sample.

The average particle size estimated from the coordination num-
ber (CN) of Ni-Ni (Table S1) in the reduced samples indicates that the
dispersed Ni** sites within the three high-dispersion samples are
reduced to metallic clusters with similar average size of around 1.1 nm,
smaller than those formed on Ni/dBeta NP. Interestingly, the initial
conversion of Ni/dBeta NP_red and Ni/dBeta D_red was almost iden-
tical (Fig. 1b), despite the difference in a number of exposed Ni species
according to the particle size estimated from XAS (Table S1). This
suggests that Ni NPs have higher turnover frequencies than Ni clusters.
To estimate TOF for the catalysts under operando conditions, steady-
state isotopic transient kinetic analysis (SSITKA) was employed. During
the SSITKA experiment, DRM was conducted over Ni/dBeta NP_red and
Ni/dBeta D_red catalysts for 2h to reach a pseudo-steady state
(Fig. S28). Next, the reactants were switched from CH,+ CO, to
CH,4 +BCO0,, and the transient evolution of CO and *CO was monitored
to estimate the surface residence time (1), which can be related to TOF
(t~1/TOF for pseudo-first-order reactions)®. Initially, the SSITKA
experiment was conducted at 650 °C but T of the surface species was
shorter than the time-resolution of our apparatus. Then, we conducted
the SSITKA experiment at 450 °C, the temperature at which T was
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measurable with our apparatus. At 450 °C, Ni/dBeta D_red exhibited a
To of 0.75 s (Fig. 5b), corresponding to a TOF of 1.3 s™%. Ni/dBeta NP_red
showed an almost negligible 1o, implying a larger TOF than for Ni/
dBeta D red (beyond the experimental detection limit). Therefore,
SSITKA shows a structure sensitivity, where larger Ni metallic NPs
(2.5nm) have higher intrinsic activity than smaller metallic Ni NP/
clusters (1.1nm), agreeing with findings on SiO,-supported Ni
catalysts'®. Despite more exposed sites on Ni/dBeta D_red, the higher
intrinsic reactivity of larger Ni NPs on Ni/dBeta NP_red leads to com-
parable methane conversion (Fig. 1).

Particle size derived from XAS analysis on the spent Ni/dBeta
NP_red (50 h DRM), Ni/dBeta D red (50 h DRM), Ni-dBeta D _red (53 h
DRM) and Ni-dBeta HD red (60 h DRM) are summarized in Table S1.
The major portion of the Ni** sites within all samples are reduced to
metallic form and some undergo gradual sintering during DRM. As
predicted, the NiO NP within the Ni/dBeta NP catalyst exhibits the most
aggregation to larger particles, and presents the most coke deposition.
Metallic Ni clusters in Ni/dBeta D red, Ni-dBeta D_red and Ni-dBeta
HD_red had similar particle sizes according to the detection limit of
XAS*. More importantly, the most stable Ni-dBeta HD catalyst shows
no apparent sintering after a 60 h reaction, along with negligible coke
deposition according to TPO experiments.

The summary of the CN from XAS fitting reveals a clear trend in
the coordination environment evolution across samples subjected to
different treatments and reaction conditions. During synthesis,
enhanced gas flow conditions appear to favor the formation of highly
dispersed Ni species within the zeolite, as evidenced by the significant
reduction in the Ni-Ni second shell CN when comparing Ni/dBeta NP
with Ni/dBeta D (Fig. 6a). Concurrently, an increase in Ni-Si second
shell interactions suggests a rise in framework or framework-
associated Ni sites. Analysis of the reduced samples (Fig. 6b) pro-
vides further insight into the chemical nature of these highly dispersed
entities. Post-reduction in H, at 750 °C for 2 h, the retention of Ni-O
features is most pronounced in Ni-dBeta D_red and Ni-dBeta HD_red,
followed by Ni/dBeta D_red (Fig. 6b). In contrast, the Ni/dBeta NP
sample exhibits a near-complete reduction of oxidized sites. Following
prolonged DRM reaction (Fig. 6¢), the Ni-dBeta HD_red sample, which
possesses the most robust metal-support interactions, retains the
greatest number of Ni-O features and even some Ni-Si coordination in
the second shell. The preservation of cationic species and particle size
of metallic Ni in both reduced and spent samples suggests that strong
Ni-Si interaction prohibits the complete reduction of framework Ni**
sites and slows down the aggregation of metallic Ni clusters. The
unreduced Ni species could be located at the interface between the
metallic phase and supports, stabilizing the as-formed metallic clusters
similar to the Cu(ll)/Cu(l) interface in reduced Cu-MFI*°. Thus, Ni-dBeta

D shows the higher fraction of cationic species than Ni/dBeta D in the
reduced and spent samples (Fig. 6b, c¢), contributing to the enhanced
stability (Fig. 1b). Enhancing the desorption of decomposed bypro-
ducts during catalyst synthesis promotes strengthened metal-support
interaction between Ni and dBeta, and this interaction is directly cor-
related with the ability of the catalyst to withstand the harsh conditions
during DRM and provide unbeaten stability towards moderate tem-
perature DRM.

In conclusion, in this study, we developed a straightforward
method to fine-tune the dispersion and metal-support interactions of
Ni?* species within dBeta zeolites. Advanced techniques such as STEM,
XAS, and CO DRIFTS confirm that enhanced water removal during the
calcination of the catalyst precursors promotes a strong Ni-Si inter-
action that ultimately leads to catalysts more resistant to sintering and
carbon deposition during DRM. The catalyst synthesized under the
highest gas space velocity (6300 mL min™ g™), Ni-dBeta HD, exhibits at
least a fivefold increase in stability to the catalyst synthesized in static
air, Ni/dBeta NP. Despite dispersed Ni sites being more resistant to
sintering and coke during DRM, we show by means of operando iso-
topic transient kinetic analysis that this enhanced stability comes at the
expense of intrinsic TOF since Ni/dBeta NP has higher TOF. In situ XAS
characterization of the synthesis protocol reveals that efficient
removal of decomposition byproducts during Ni nitrate decomposi-
tion enhances the interaction between Ni(OH), intermediates and
silanol nests on dBeta. This enhanced interaction frustrates Ni-Ni
sintering to form NiO NPs, which are less stable for DRM. Our work
constructs a fundamental understanding regarding the implication of
facile synthesis protocols on metal-support interaction in zeolite-
supported Ni sites, and how these interactions can be tuned for out-
standing DRM performance. Further optimization of our synthesis
protocol promises to push the boundaries of catalyst stability for DRM.

Methods

Materials and catalysts

Ammonium form Beta zeolite was purchased from Zeolyst (NH4-Beta,
SAR =12.5). Nickel nitrate hexahydrate (98%), nitric acid (69-70%),
calcium fluoride, and quartz sand were purchased from Sigma Aldrich.
All the gas cylinders are purchased from Airgas.

First, the Beta zeolite support was dealuminated. For deal-
umination, 1g of commercial H-Beta (obtained by calcining NH,-Beta
at 550°C in 600 mLmin™ air flow for 12h) was mixed with 25 mL
concentrated nitric acid in the Teflon jar (Savillex) and heated to 80 °C
in oil bath for 16 h. The solid was recovered by centrifuging and
washing, then dried in an oven at 90 °C overnight. The Ni-embedded
zeolite samples were prepared using a solid-state grinding method.
Nickel nitrate hexahydrate was combined with dBeta zeolite in a
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mortar, and the mixture was ground for 20 min to achieve a homo-
geneous fine powder, characterized by a uniform light green color. The
nickel loading was targeted to be 6 wt% based on the metal content.
Next, the mixture was calcined. For the synthesis of Ni/dBeta D with
dispersed Ni sites, the resultant mixture was placed in a ceramic boat,
with a typical sample mass of about 1g. The sample was then subjected
to a controlled temperature program, initially being heated to 100 °C
at a rate of 1°C min™ and maintained at this temperature for 3 h.
Subsequently, the temperature was increased to 600 °C at the same
ramping rate and held for 6 h. The calcination was conducted under a
continuous air flow of 1200 mL min™ (1200 mL min™g™). In contrast,
for the synthesis of Ni/dBeta NP, intended to support nickel NPs, an
identical synthesis protocol was followed, except that the calcination
occurred in static air. For the synthesis of Ni-dBeta D, to enhance the
gas flow through the precursor bed, 0.2 g of the precursor mixture was
pelletized, then crushed and sieved to achieve a particle size of
125-180 um. This material was then packed into an %2 inch quartz tube
reactor arranged in a fixed-bed configuration. The calcination proce-
dure for this sample mirrored that of the Ni/dBeta D, except with a
reduced airflow of 400 mLmin™ (2000 mL min*g™). Finally, the Ni-
dBeta HD sample was synthesized by packing 6.2 mg of pelletized
catalyst precursor, sized between 45 um and75 um, along with 50 mg of
quartz sand. This sample was loaded in a 4 mm U-shape reactor with a
fixed-bed configuration and calcined using a commercial AMI-300
instrument from Altamira Instruments, Inc. The calcination protocol
for these samples was consistent with that of the other dispersed
samples, but the flow was controlled to 40 mLmin™ of 21% O,/He
(6300 mL ming™).

Catalyst characterization

Powder XRD patterns of as-synthesized catalysts were measured by
PANalytical X’Pert Pro MPD equipped with an X’Celerator solid-state
detector (Cu Ko source, A=0.1542 nm, 45kV, 40 mA). The 26 scan
ranged from 5° to 70°, with an incremental step size of 0.017 °, and the
scan rate was set to 0.03°s™. Metal compositions were ascertained
through inductively coupled plasma atomic emission spectroscopy
(ICP-AES), conducted by Galbraith Laboratories, Inc. Nitrogen
adsorption-desorption isotherms of the samples (powder form,
125-180 pm) were determined at 77 K on a Quantachrome Autosorb
iQ. Prior to these measurements, the samples were degassed under a
vacuum of 3 Torr at 623K for a duration of 6 h. HAADF-STEM was
performed on Ni/dBeta NP, Ni/dBeta D, and Ni-dBeta D to characterize
the morphology of zeolite particles as well as dispersion of Ni species
on an aberration-corrected Hitachi HD2700C STEM operated at
200 kV. The zeolite samples were loaded on cooper grids with carbon-
coated film.

DRIFTS was conducted on both as-synthesized and in situ reduced
samples using a Nicolet Nexus 670 spectrometer with an MCT detec-
tor. CO was employed as the probe molecule, sourced from a gas
cylinder containing a 2% CO/He mixture. For the as-synthesized sam-
ples, 6-10 mg of material was placed into a porous ceramic cup and
then positioned in the DRIFTS cell (Pike technologies). The sample was
heated to 400 °C at 5 °C min*under 30 mL min™ 3.5% O, balanced with
Ar and He and held at 400 °C for 45 min. Following this, the cell was
purged with 30 mL min™ of Ar to evacuate any residual O, and then
cooled to —150 °C. At this temperature, background spectra were col-
lected. The adsorption spectra for CO were then recorded by intro-
ducing a gas mixture of 30 mL min™ 0.67% CO balanced with He and Ar
for 5min. Then, the gas was switched to 30 mL min™ Ar for 20 min for
desorption. For the characterization of the reduced catalysts and Ni
metal powder, CaF, was blended with the sample to enhance the signal
intensity. Typically, 1 mg of the sample was blended with 5 mg of CaF,
before being loaded into the DRIFTS cell. The mixture was heated to
400 °C at 5°C min under 30 mL min™ 3.5% O, balanced with Ar and
He and held for 45 min. After cooling down to 50 °C, the cell was

flushed with 30 mL min™ of Ar and then with 30 mL min™ of 4% H./Ar
for 30 min. Subsequently, the sample was heated to 500°C and
reduced with 30 mLmin™ 4% H,/Ar for 45 min. After flushing with
30 mL min™ Ar for 45 min, the sample was cooled down to -100 °C.
The procedure for measuring the CO spectra for the reduced sample
was the same as that used for the as-synthesized sample.

The Ni K edge XAS spectra were measured at beamline QAS 7-BM
of National Synchrotron Light Source Il at Brookhaven National
Laboratory (BNL) and at beamline BL 4-1 of the Stanford Synchrotron
Radiation Lighthouse (SSRL) at SLAC National Laboratory. In situ XAS
measurements were performed at BNL. For the in situ experiments, a
disc of the precursor mixture (ground dBeta and nickel nitrate hex-
ahydrate) was loaded in a Nashner-Adler cell and the temperature was
increased stepwise to 100 °C, 250 °C, 400 °C, and 550 °C, each held
for 30-60 min. In one experiment, air flowed through the cell
(100 mL min™), and in another experiment, air was static in the cell.
The exhaust from the cell was analyzed using a RGA. Spectra were
measured in transmission and fluorescence modes, focusing on the K
edges of Ni. Concurrently with the sample measurements, energy
calibration was executed using a third ion chamber, which was
equipped with Ni foil standards. The data analysis and reduction pro-
cess were carried out utilizing the Demeter software suite*.

Catalytic performance

For the reactivity measurement, the catalysts were pelletized, crushed,
and sieved to a particle size from 45 um to 75 um to avoid internal mass
transfer limitations. Five milligram of the sieved catalyst sample was
mixed with 50 mg of 90-125 um quartz sand and loaded into a U-shape
quartz reactor of 4 mm inner diameter. The sample was held by two
pieces of quartz wool with a thermocouple on top to measure the
temperature of the catalyst bed. The reactor was installed in a com-
mercial AMI-300 instrument (Altamira Instruments, Inc.) for catalytic
tests. It was confirmed that the quartz wool and quartz sand dilution
did not provide background DRM reactivity. Before any catalytic test,
the catalysts were calcined in situ using 40 mL min™ of 5% O,/He at
550°C for 1h to remove adsorbed moisture and organics. After
flushing with 50 mL min™ Ar for 30 min at room temperature, the DRM
reaction was performed with a gas mixture containing 88 mL min™
9.1% CH,, 9.1% CO,, and 81.8% Ar at 650 °C (ramping rate 5°C min™)
and the pressure is around 135.7 kPa. When H, pretreatment was per-
formed, the sample was first calcined at 550 °C as described before,
and then cooled down to 50 °C under 40 mL min™ Ar before exposing
the sample to 40 mL min™ of 4% H,/Ar. Then, the reactor temperature
was ramped at 5°C min™ to 750 °C under 40 mL min™ of 4% H,/Ar and
held for 2 h. After cooling to 650 °C in the 40 mL min™ 4% H./Ar flow,
the gas line was flushed with 50 mL min™ Ar for 30 min and 88 mL min™*
9.1% CH,, 9.1% CO, and 81.8% Ar were introduced. The identity and
quantity of products were analyzed by a gas chromatograph (Buck
Scientific. Inc.) equipped with a thermal conductivity detector and an
online mass spectrometer (MS, Pfeiffer Vacuum).

The conversion of CH4 and CO, was calculated using Eq. (1):

X — Cinlet X Finlet

reactant —

— Coutlet x F outlet (1)

Cinlet x Finlet

where X eacane (%) is the conversion for CH, and CO,, Gy is the
concentration of reactant feeding into the reactor, C ., is the con-
centration of reactant in the product stream, Fj;, is the flow rate of the
feed and F . is the flow rate of the outlet stream.

C
H, to CO ratio = . 2-outlet @

CO,outlet

Where Cyy, oyrier aNd C ourier are Hp and CO concentrations in the
product stream, respectively.
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The carbon balance of all experiments is in the range of 95-102%.

TPO of spent samples was performed on the AMI-300 instrument.

After the reaction, the sample was flushed with 50 mL min™ Ar and
cooled down to 50 °C. Then, the gas was switched to 40 mL min™ 5%
0,/He for 30 min before ramping to 750 °C at 10 °C min™. The signal of
CO, was measured by an online MS.

SSITKA experiments

SSITKA measurements were performed on a homemade instrument
with two sets of gas lines*”: regular lines and labeled lines (with iso-
topically labeled reactants). The signals of CO, (44), *CO, (45), CH,
(16), H, (2), CO (28), >CO (29), Ar (40), and O, (32) at the outlet of the
reactor were monitored by an online MS. The catalyst amount and
dilution used were the same as in the catalytic tests described above.
SSITKA measurements were performed at 450 °C. The 88 mL min™ of
9.1% CHy4, 9.1% CO,, and 0.91% Ar (internal standard) balanced with He
was fed to the reactor, and the reaction was allowed to stabilize for 2 h.
Upon stabilization, the feed gas was switched to 88 mL min™9.1% CH,,
9.1% CO, balanced with He. During the switch, the pressure in the
regular and labeled line was held constant at ~48.3 kPa (gauge pres-
sure), using back-pressure regulators. The signals of all gases before,
during, and after the switch were monitored by MS. At least three
isotopic switches were performed to assess uncertainty in the mea-
surements. The SSITKA experiment was performed using three total
volumetric flow rates to account for the readsorption of species:
66 mL min™, 88 mL min”, and 110 mL min™.

DFT calculation

The periodic DFT calculations were performed using the Vienna ab
initio Simulation Package****. The Perdew-Burke-Ernzerhof* func-
tional generalized-gradient approximation (GGA) was used for elec-
tron exchange-correlation. The on-site Coulomb interaction was
included using the DFT + U method of Dudarev, et al. *°. using a Hub-
bard parameter U of 5.3 eV for Ni, following a previous study*’. The
Brillouin zone was sampled using a 3 x 3 x 1 Monkhorst-Pack scheme.
A kinetic energy cutoff of 500 eV was used for the plane waves. Based
on the model construction approach by Sazama et al. *%, we built a
structure for dBeta zeolite with a composition of Sig,O125 and cell
parameters of a=12.66 A, b=12.66 A, and c=26.41A of a tetragonal
lattice. Then we replaced some Si atoms with Ni, balanced with ~-OH
groups, to create Ni dBeta structures with an extensive refinement and
optimization process where around ten different configurations are
tested before arriving at the final most stable Ni/dBeta model with a
composition of NiySigoO128Hs.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information file.
Should any raw data files be needed in another format they are avail-
able from the corresponding author upon request.
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