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ABSTRACT: Dry reforming of methane (DRM) using a heterogeneous catalyst presents 100 4 ( 1.4
one of the CO, mitigation pathways to address global warming and climate change oeney
challenges. Such a suitable DRM catalyst with optimum activity and stability is still under = 801 12
intense research. We herein present a facile, slightly modified version of the conventional 2 0 | X
wet impregnation method to synthesize a NiO-faujasite nanocatalyst for DRM with the % S
help of aniline, judiciously chosen based on the hard—soft acid—base (HSAB) principle. E 4 08 =
The resulting catalyst was characterized by the N, adsorption isotherm, PXRD, SEM/ ©, ’
TEM, XPS, *Si solid-state NMR, H,-TPR, NH;-TPD, and DRM reaction, and its results g 20 | 06
were compared with those without aniline assistance. A smaller NiO nanoparticle with = Ni-IE-An |
better dispersion was observed for our aniline-assisted sample resulting in a significant 0 L oa
increase in activity (peaking at 86% CH, conversion with a H,/CO ratio of 0.93) and 0 2 4 6 8 10 12
stability for a 12 h time on stream. We hope that this work would pave the way to utilize _Time on stream [h]

. . . . B —o—CH4 conversion [%)] CO2 conversion [%)] H2/CO
the HSAB principle to synthesize more nanocatalysts with optimum overall performance.
B INTRODUCTION nanoparticles display favorable C—H cleavage and C—C

coupling, which boost coke formation.'”'”~"? Increasing the

Global warming and climate change occur due to the high 0/C ratio to suppress coking by using a nonstoichiometric

concentration of anthropogenic CO, in the atmosphere

because of our heavy dependence on fossil fuels." An alarming fiedstotc_k ratltc;l (mcfreasnllag t:he DCRCI)\/ZI msl 'ratlo)d CSILIFII_ bezo,azx}
increase of 50% in CO, concentration compared to the atternative pathway for a better activity and stability.

. . 2-6 Additional issues to consider are the activations of CH, and
preindustrial era catalyzes global efforts for CO, abatements h d limiti . h2
£ hich b d utilizati CO as they were reported as rate-limiting steps in DRM.™ In
rom which many carbon capture, storage, and utilization

(CCSU)-based research groups and institutions were estab- te.r s of.op tiI.num nanop article. size, it was reported t},la,t ANi
lished. An example of CO, utilization is CO, reduction, with particle sizes of 2—3 nm display the best DRM activities,

. . L while the unwanted carbon whisker yield increases with
forming value-added chemicals such as formic acid, methane, . ine Ni tidle size.”> Theref like oth talvti
methanol, and many more.””"" CO, another CO, reduction inereasing i parhcie size. erefore, like other catalytic

. . A _— processes, DRM still appeals for a stable heterogeneous catalyst
product, is an important Cl-building block for Fischer— with optimum performance 15,23—33
Tropsch and Monsanto/Cativa reactions and can be effectively Metal-in-zeolite, typicall}; synthesized by the impregnation
proiuc}eld Via a reverse watelr gaISZ,Sl};lft (RV}\ZGS) reaction lismg 4 method, is an example of a heterogeneous catalyst. A variety of
sta.?et. ete.rogteneous CéthYSt' bi AEOt te}: exa:}lllpe c;h Co, metal cations have been successfully embedded using this
mlul‘%la cllon 1sf o reuse ¢ ihcom (SEM‘SWt lrcne agg Z;_(I)_ method, ranging from noble, rare earth, and transition metals,
catied dry reformiing oF methane ) to form and T giving excellent catalytic performances.”* Despite being favored
(syngas) as raw materials to produce petrochemicals. Besides by industry due to its simple and cost-effective method,
th andtlr% NIDIE;TP aﬁide}s"ai}e (r:ep Ic—’Ir teci.totpe th]i'lrp ost iiCttl;e impregnation suffers from metal sintering, which results in a
€ emep S .or with a hug - a? ivation ability an 14 12 larger metal size, hence reducing catalytic performance. The
latter is highly preferred due to its significantly lower cost.”™
There are, however, two major drawbacks currently found in
using Ni nanoparticles as a catalyst, e.g, susceptible to Received:  October 20, 2024
sintering and coke formation, which unfortunately inactivate Revised: ~ March 9, 2025
its catalytic activity. At highly endothermic DRM temperatures Acce_Pted‘ Mar.ch 11, 2025
(over 600 °C), Ni nanoparticles incline to sintering due to Published: April 18, 2025

i 0 1518 1y .

possessing a low Tammann temperature of 581 °C. Having
multiple Ni active sites in close proximity, further, made Ni
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lack of control in the location of inserted metal is another
drawback reported for this method.*

One eye-catching, relatively new technique is the in situ,
ligand-assisted zeolite synthesis wherein atomically dispersed
metal catalysts (ADMC) and atomicallg precise metal clusters
(APMC) are successfully synthesized.”> Despite an enticing
breakthrough in catalytic performance, this method, however,
did not use the readily made or commercially available zeolites
that chemical industries preferred to use. Inspired by the need
to find an effective postsynthetic modification of commercial
zeolite to form a stable heterogeneous catalyst, herein, we
introduce a simple, aniline-assisted synthetic method to
successfully disperse ~5 nm NiO-sized clusters embedded
within faujasite, showcasing higher yield and stability in the
DRM reaction compared to those samples prepared without
aniline. Based on the hard—soft acid—base (HSAB) principle,
aniline, being a borderline base, should interact better with
borderline acid, Ni?****” therefore was chosen as the ligand to
predisperse the Ni** precursor within faujasite pores. Pre- and
post-DRM reaction results of these samples are compared and
discussed in terms of textural properties, PXRD, electron
microscopy images (SEM and TEM), XPS, *Si solid-state
NMR, H,-TPR, and NH;-TPD, highlighting the advantage of
aniline assistance during the postmodification process to
obtain better NiO dispersion with smaller size and stronger
NiO—support interactions, therefore better DRM catalytic
performance.

B EXPERIMENTAL SECTION

Postmodification Procedures. The following chemicals,
zeolite Y or faujasite, H-FAU (Alfa Aesar, hydrogen form,
$i0,/Al,0; = 80), aniline (Sigma-Aldrich), and nickel(II)
nitrate (Sigma-Aldrich), were used as received without any
further purification. Commercially available faujasite was
immersed in aqueous solution of nickel(II) nitrate with varied
mass ratios of faujasite to the metal precursor as well as varied
mole ratios of aniline to water. The best performing
nanocatalyst, named Ni-IE-An, was made using the mass
ratio of 1:1 for faujasite and nickel(II) nitrate, respectively,
with 0.22 mol of aniline to 0.38 mol of H,O, with a detailed
methodology as follows. The required metal salt precursor and
the required amount of aniline were dissolved in 7 mL of
deionized water, giving a total volume of ~26.4 mL solution of
H,O and aniline. A 4.0 g amount of faujasite was then added
into the solution and mixed using a magnetic stirrer for 1 day.
The filtered powder was dried overnight at room temperature,
followed by calcination at 550 °C for 5 h. For comparison with
the Ni-IE-An sample, we also synthesized the NiO-faujasite
sample using a similar condition as mentioned above, but
without aniline, designated as Ni-IE. Another NiO-faujasite
sample having a comparable NiO actual content was also made
using a typical wet impregnation method,”* termed Ni-I, for
further DRM property assessments. We further varied NiO
contents (S, 10, and 20 wt %) using the aniline-assisted
method, named Ni-IE-An-5, Ni-IE-An-10, and Ni-IE-An-20, to
assess the effect of NiO contents in terms of DRM-related
properties. These calcined samples were then ready for
characterization and DRM-related evaluations.

Zeolite Characterization. The nitrogen adsorption—
desorption isotherm was utilized to evaluate the BET surface
area, external surface area, pore volume, micropore volume,
and mesopore volume using an ASAP2020 Micromeritics
analyzer. The strength of zeolitic acidity was determined using

temperature-programmed desorption of ammonia molecules
by performing NH;-TPD analysis (BELCAT II, MicrotracBel).
The measurement was performed by preheating the sample
(50 mg) to SO0 °C for 1 h under continuous flow of helium
with a flow rate of S0 mL/min; then, the sample was cooled to
100 °C. Following 10% ammonia in helium fed to the reactor
tube for 30 min with a flow rate of 30 mL/min, the sample was
flushed with helium for 45 min to remove the excess ammonia,
and the temperature was ramped again to 600 °C at a ramping
rate of 10 °C min~' and the thermal conductivity detector
(TCD) signal was recorded simultaneously.

Temperature-programmed reduction (H,-TPR) was also
performed to determine the ability of the synthesized materials
in consuming hydrogen. The measurement was performed by
preheating the sample (50 mg) to S00 °C to remove moisture
and impurities under an argon environment with a flow rate of
50 mL/min. The sample was then cooled to 50 °C, and a
mixture of hydrogen (S mL/min) and argon (45 mL/min) was
fed to the reactor tube for the reduction process. The
temperature was ramped again to 700 °C at a ramping rate of
10 °C min~" and the TCD signal was recorded simultaneously.

Powder X-ray Diffraction. Ground mixtures of poly-
crystalline powders of the samples were used to collect powder
X-ray diffraction patterns using a Rigaku Ultima IV powder
diffractometer (Cu Ko radiation 1 = 1.5418 A) over the 20
range of 5—50°, with a step size of 0.02° and a scan speed of
0.25°/ min. The measured patterns were compared with those
in the ICDD database.

TEM, SEM, and ICP-OES. Transmission electron micros-
copy (TEM) images were taken on a JEOL GrandARM 300
keV, 10 mA instrument using annular dark-field (ADF) and
annular bright-field (ABF) detectors. The samples were
prepared by grinding a small amount of the specimen and
dispersing it ultrasonically in absolute ethanol. Subsequently,
drops of this suspension were applied on a Cu grid (200 mesh)
with a lacey carbon film, and ethanol was evaporated at room
temperature.

A Quattro ESEM 400 high-resolution field emission
scanning electron microscope (SEM) operating between $
and 15 kV for SE, BSE images, and energy-dispersive X-ray
analysis (EDX) was used for taking SEM images of the
samples. Quantitative NiO contents of the samples were
determined using an analytikjena PlasmaQuant PQ_ 9000
inductively coupled plasma-optical emission spectrometer
(ICP-OES). Prior to the measurements, the samples (S0
mg) were dissolved in aqua regia (0.5 mL) and HF (2 mL; 40
wt %), neutralized by boric acid (1.2 g), and diluted using 0.42
M HNO,.*

XPS and Si Solid-State NMR. X-ray photoelectron
spectroscopy (XPS) studies were performed using a multip-
robe photoelectron spectroscopy (Scienta Omicron, Germany)
equipped with a monochromatic Al Ka X-ray source (1486.6
eV) operated at 300 W. Samples were analyzed under ultrahigh
vacuum (P < 107° mbar), whereas survey scans and high-
resolution scans were collected using pass energies of 50 and
20 eV, respectively. A low-energy electron gun was employed
for charge neutralization during the measurement. Binding
energies were calibrated with respect to the C 1s binding
energy at 284.6 eV. CasaXPS software was employed for the
calibration as well as to estimate the surface nickel content on
the catalyst surface. 2°Si solid-state NMR studies were
performed using a JEOL LAMBDA 500 spectrometer
operating at 99.35 MHz using a broadband CPMAS probe.
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»Si CPMAS spectra were acquired under Hartmann—Hahn
matching at applied radio frequency fields of 36 kHz, using
contact times of 5 ms and relaxation delays of 4 s. Typically,
15,000—20,000 transients were collected for the >Si experi-
ments. Neat tetraethylorthosilicate (—82.4 ppm) was used as
the reference of *’Si.

Catalytic Evaluation. The prepared catalysts were
evaluated for dry reforming in a fixed bed reactor (PID
Microactivity-Effi reactor). The sample (100 mg) was packed
in a quartz tube that has an internal diameter of 10 mm and a
length of 30 cm between two layers of quartz wool. The sample
was reduced in situ and preheated to 750 °C under helium
flow (45 mL/min) and hydrogen flow (5 mL/min) at
atmospheric pressure for 30 min. After that, the hydrogen
and helium gases were stopped, and then, a mixture of
methane and carbon dioxide (50:50) was fed to the reactor
tube with a flow rate of 80 mL/min. The products were
analyzed by online gas chromatography (GC-2014, Shimadzu).
The GC was equipped with one flammable ionization detector
(FID, GasPro column, 30 m length and 0.32 mm diameter)
and a thermal conductivity detector (TCD, configured with
two packed columns including molecular sieve 13X and HN
columns).

B RESULTS AND DISCUSSION

Considering the cost efficiency and a wider playground to
show an impactful improvement of DRM catalytic perform-
ances on the use of borderline base, i.e., aniline, we selected the
S wt % NiO content (with an actual NiO loading of 4.50 wt %
based on ICP-OES) as the baseline, named the Ni-I sample.
Note that the details on postmodification optimization are
described in the Supporting Information and Figure SI.
Having only about 40% CH, conversion and around 30% CO,
conversion, the Ni-I baseline has a vast space for further
significant improvement in DRM performances, and indeed,
the aniline-assisted method, with the Ni-IE-An sample with a
comparable actual NiO loading, exhibited significant improve-
ment in DRM performances as shown later.

After optimizing the aniline-to-water mol ratio (variable (b)
in the Supporting Information), while fixing the faujasite-to-
nickel(II) nitrate mass ratio (variable (a) in the Supporting
Information), we found the use of 0.22 mol of aniline and 0.38
mol of water, while fixing a S wt % NiO loading, to be the
optimized synthetic conditions, i.e., the Ni-IE-An sample, and
it exhibited an actual NiO loading (3.60 wt % based on ICP-
OES) comparable to that of Ni-I (4.50 wt % based on ICP-
OES). Since both samples are made from slightly different
conditions, we then synthesized Ni-IE using an exactly similar
method with Ni-IE-An but without aniline addition, to
underline the true effect of the aniline additive. To select
which NiO content made with the aniline method exhibits
optimum stability and activity, we further synthesized S, 10,
and 20 wt % NiO contents and found that indeed, the 5 wt %
NiO loading, i.e, Ni-IE-An, displays the best overall DRM
performances. The optimum results are therefore reported
herein to signify the effect of the aniline-assisted method on
the structure and morphology of NiO-faujasite and its resulting
DRM properties complemented by temperature-programmed
techniques, in terms of H,-TPR and NH;-TPD.

We present the characterization and reaction performance of
a catalyst system designed based on the understanding of how
the DRM catalyst deactivates, mainly by sintering and coking.
This was achieved in this work by using faujasite micropore

surfaces to strongly interact with NiO nanoparticles,
presumably due to application of the HSAB principle during
the post-treatment synthesis of faujasite using the Ni**
precursor with aniline addition. Strong interaction between
borderline acid, Ni**, and borderline base, aniline, prior to
calcination, evidently led to smaller NiO nanoparticle size with
excellent distribution inside the faujasite micropore. Physical
and chemical characterization measurements performed herein
showed better NiO dispersion and stronger NiO-faujasite
interaction when aniline was used in the catalyst preparation
step (Ni-IE-An) compared to the NiO-faujasite catalysts
prepared without aniline (Ni-I and Ni-IE). The improved
DRM reaction activity and stability are attributed to better
dispersion of NiO with smaller particle size (~5 nm) and
enhanced NiO-faujasite interaction that mitigates sintering and
coking. Our result agrees with the literature consensus that
small metallic NiO nanogarticles show significant resistance to
carbon deposition.””*”*” Our work provides a simple, room
temperature protocol using aniline in aqueous nickel(II)
nitrate solution to generate a stable, highly dispersed NiO
nanocatalyst on faujasite to significantly reduce deactivation
during the DRM reaction.

Textural Properties of Calcined Samples. We measured
the changes in the faujasite surface area and porosity after NiO
impregnation using N, adsorption—desorption isotherms.
Figure 1 shows the adsorption—desorption isotherms of the

350l
‘}.

Vads[cm3(STP)/g]

PIPo

Figure 1. N, isotherms of faujasite (H-FAU) and calcined Ni-O-
faujasite samples prepared with different techniques.

calcined samples. Table 1 presents the summary of the
isotherm’s analysis. The faujasite samples with NiO show
similar isotherms to those of the pristine faujasite (H-FAU).
All samples exhibit a type I adsorption isotherm with type H4
hysteresis loops. The type I isotherms are indicative of the
microporous structure and the hysteresis indicates narrow, slit-
shaped pores formed due to particle agglomeration.*" The high
C values from the BET equation are typical of strong
interaction between N, and micropore walls in faujasite. The
high external surface area in these samples suggests small
particle size of the faujasite samples.

To highlight the micropore region, Figure S2 displays the
adsorption isotherms as a semilog plot. All samples show
similar adsorption capacity at low relative pressures, indicating
similar micropore filling. The isotherms show no indication of
micropore blocking after NiO addition. The sample with the
lowest NiO loading, e.g., Ni-IE with 0.46 wt %, exhibits similar
adsorption, BET area, micropore area, and external area values
with those of the pristine faujasite support. However, for
samples with higher NiO loadings, e.g., Ni-I (4.50 wt %) and

https://doi.org/10.1021/acsomega.4c09539
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Table 1. Surface Area, Pore Analysis, and NiO Loading of Calcined NiO-Faujasite Samples Compared to Pristine Faujasite

sample description Sger” (m?/g) C value
H-FAU faujasite support 817 1832
Ni-I wet impregnation 752 1788
Ni-IE without aniline 822 1807
Ni-IE-An with aniline 691 2018

Suicro” (m?/g) S’ (m?/g) Visiero” (cm*/g) Ni wt 9%
527 290 0.14 NA
476 276 0.193 450
523 299 0211 0.46°
472 220 0.190 3.60

“Roquerol requirement. bS o = Sper — Sexe. “t-Plot method. “From ICP-OES measurements. “Due to its low Ni loading, the value was obtained

from calibrated TPR measurements.

Ni-IE-An (3.60 wt %), the micropore filling starts to exhibit
lower adsorption at a relative pressure of S X 10™* as compared
to that of the faujasite support. Although the Ni-IE-An sample
has 20% less NiO content than the Ni-I sample, the former
exhibits smaller adsorption amounts and smaller BET area.
This finding suggests a greater influence of NiO inclusion on
the microporosity of the faujasite in the Ni-IE-An sample than
in the Ni-I sample. We further note that after Ni inclusions, the
micropore volumes of all samples (Ni-I, Ni-IE, and Ni-IE-An)
enhance as compared to that of the faujasite support, H-FAU.
An increase in the micropore volume suggests an increase in
adsorption sites upon Ni loading, which implies an increase in
acidic sites, supported by NH;-TPD and XPS results discussed
in later sections. Such an increase can be ascribed to the
introduction of more Lewis acid sites on the support due to the
Nizzzigclusion as nickel cations can act as electron accept-
ors.

To demonstrate the effect of the NiO loading on the textural
properties of faujasite, we prepared NiO-faujasite samples
using the wet impregnation method (Ni-I) with various Ni**
loadings (S, 10, 1S, and 20 wt %) and measured their N,
isotherms, Table S1. The isotherm analysis of the calcined
samples demonstrates a monotonic decrease in adsorption,
BET area, micropore area, and external area values with an
increasing NiO content. This relation is due to the nonporous
nature of the NiO particles impregnated in the faujasite
support. Although BET and micropore area values cannot be
taken as the true surface area of the samples, the trends
indicate that all three samples preserve the zeolite micropore
structures. Subsequent analysis will look at the crystal structure
of the faujasite support and the characteristics of the NiO
inclusions.

PXRD Results of Calcined Samples. We performed
powder X-ray diffraction (PXRD) measurements to monitor
the faujasite's integrity after NiO impregnation and calcination.
The diffraction patterns in Figure 2 show that the diffraction

—— H-FAU——Ni-l Ni-IE-An Ni-IE

NiO (111) (200)

Intensity (arb. unit)

20 (degree)

Figure 2. Powder XRD patterns of the faujasite support (H-FAU) and
NiO-faujasite catalysts, Ni-I, Ni-IE, and Ni-IE-An.

peaks from the faujasite support are present in all samples. The
relative intensities of the faujasite diffraction peaks remain
similar in NiO-containing samples compared to those of the
pristine faujasite. This shows that the structural integrity of the
faujasite is preserved after the NiO impregnation and
calcination steps.

Diffraction peaks for NiO (111) and (200) reflections at
37.2 and 43.2°, respectively, are observed for Ni-I and Ni-IE
samples. The presence of NiO in the samples is expected, as
the samples were calcined in air prior to characterization.
These two peaks were absent from the bare faujasite (H-FAU)
and our aniline-assisted NiO-faujasite sample (Ni-IE-An).
Elemental analysis, using ICP-OES data in Table 1, shows that
Ni-I and Ni-IE-An have comparable NiO loadings at 4.50 and
3.60 wt %, respectively. This result shows that the NiO particle
sizes embedded in Ni-I and Ni-IE samples are large enough to
be detected by X-ray diffraction, whereas finer sizes of NiO
with an average particle size of ~5 nm observed in the aniline-
assisted method, the Ni-IE-An sample, could not be
distinctively discerned by X-ray diffraction, which is probably
due to extensive peak broadening typically observed at such a
nanoparticle size range and the fact that the diffraction peaks
are further obscured by the noise.** The presence of Ni species
in Ni-IE-An was confirmed using ICP-OES, TEM, XPS, and
»Si solid-state NMR and will be described in later sections.

Electron Microscopy of Calcined Samples. We
analyzed the samples’ morphology using high-resolution
SEM as presented in Figure 3. In general, samples after NiO
inclusion and calcination exhibit a morphology similar to that
of the faujasite support. The particle size ranges from 0.3 to 1.0
pum, and they form agglomerates. SEM images in Figure 3a,c
(with additional images of Ni-IE shown in Figure S3) show
dispersed NiO nanoparticles on the faujasite particles with
average diameters of 80 and 29 nm for Ni-I and Ni-IE samples,
respectively. Such dimensions of nanoparticles, however, were
undetected in the Ni-IE-An sample (Figure 3e). The
corresponding BSE images acquired for each sample
demonstrate brighter contrast for the NiO nanoparticles than
the faujasite support particles, as observed in Ni-I and Ni-IE
samples (Figure 3b,d). The brighter contrast indicates that the
nanoparticles are composed of heavier elements than the
silicon and oxygen of the faujasite support, i.e., evidence for Ni
species embedded on the faujasite support. As the samples
were calcined in air, Ni particles must be in an oxidized state
(NiO). This corroborates the PXRD data in Figure 2 that
shows NiO diffractions in Ni-I and Ni-IE samples.
Furthermore, elemental mapping analysis with EDX (Figure
S4) verifies that the bright nanoparticles are composed of
nickel.

In comparison, SE and BSE images for Ni-IE-An in Figure
3e,f (with additional images shown in Figure SS) show that
NiO nanoparticles are undetected. Nevertheless, ICP-OES
measurement confirms the presence of nickel in Ni-IE-An
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Figure 3. SEM images of the calcined samples acquired using SE signals and the corresponding BSE signals for Ni-I (a, b), Ni-IE (¢, d), and Ni-IE-

An (e, f).

(Table 1), suggesting that the Ni species embedded in Ni-IE-
An are too small for SEM to resolve. Hence, the Ni-IE-An
sample was further characterized with HR-TEM to determine
nickel species’ size and their distribution on the faujasite
support. Figure 4 presents the bright-field TEM and
corresponding high-angle annular dark-field (HAADF) images
for the Ni-IE-An sample. The HAADF image reveals finely
dispersed NiO nanoparticles on the faujasite support with
average sizes ~5 nm, and hence, they were undetected by
SEM. There is no nanoparticle in this size range observed in

the Ni-I and Ni-IE samples. Hence, electron microscopy
analysis clearly demonstrates that the aniline method, Ni-IE-
An, produces the best Ni species dispersion and the smallest
nanoparticle size on the faujasite support compared to the
other two methods (Ni-I and Ni-IE).

XPS and ?°Si Solid-State NMR of Calcined Samples. In
order to correlate with our PXRD, SEM, and TEM results,
especially in the case of the Ni-IE-An sample, we conducted
XPS and ?°Si solid-state NMR, in particular to determine
whether the as-calcined samples are oxidic or elemental Ni.
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Figure 4. HR-TEM of the calcined Ni-IE-An sample showing the bright-field and corresponding HAADF images.

XPS analysis shows that all calcined samples, in general, exhibit
the expected peak position range for Si 2p, C 1s, and O 1s in
comparison to literature values for H-FAU.* Al 2p peak
positions, however, display shifts to lower binding energies for
Ni-I and Ni-IE samples as compared to that of H-FAU. Unlike
the other two samples, the Al 2p peak of Ni-IE-An returned to
higher binding energy (74.40 eV), Table S2, in a similar region
to that of H-FAU (74.70 eV), which implies a higher oxidation
state of Al compared to those of Ni-I and Ni-IE samples.
Knowing the fact that Ni can be an electron acceptor,®
electron transfer may occur from Al to Ni particularly for the
Ni-IE-An sample, making the former to be in a higher
oxidation state (3+), which corresponds to the 74.40 eV peak
position for Al 2p of Ni-IE-An, while the Ni 2p peak in this
sample exhibits 854.40 eV binding energy, consistent with the
lower oxidation state (2+) of Ni, quite a distance from the Ni**
binding energy of 855.50 eV.***" Such electron transfer could
lead to an increase in acidity after oxidic Ni inclusion, in line
with an increase in the micropore volume as discussed in the
textural property section as well as in NH;-TPD observation as
discussed later.

From the XPS survey, we also observed that all samples do
not have metallic Ni due to the absence of a 852.4 eV peak,
Figure 5. There is no clear shift on Ni 2p,, and 2p, ,, peaks
of all samples, which imply a similar oxidation state of Ni for all
samples, Figure S6, and their comparatively smaller binding
energy to other Ni-zeolite catalysts'® suggests that our samples
have a lower oxidation state of Ni.

The surface content Ni in Ni-IE-An was only 0.14 at. %,
Figure S5, suggesting that majority of the Ni species are

= Ni-I
4 Ni surface content: = Ni-IE
1.59 wt.% e Ni-lIE-An
1 3
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o
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Ni 2py,

Si2p
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»
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Figure 5. XPS full spectra of Ni-I, Ni-IE, and Ni-IE-An samples
showing Ni surface contents.

exclusively located within the faujasite framework, in agree-
ment with our PXRD, SEM, and TEM results. Further, based
on *Si solid-state NMR results, a larger disruption of the Si—
O—Si network of faujasite is observed in the case of the Ni-IE-
An sample, as its Si peak width is widened compared to other
samples, Figure S7, indicating a stronger interference of
paramagnetic Ni** onto the Si—O—Si network in this case,
which implies a stronger interaction between NiO and the
faujasite support. Ni surface contents for Ni-I and Ni-IE
samples were 1.59 and 0.10 atomic %, respectively, implying
that oxidic nickel species coexist on the surface and within the
framework for Ni-I. Ni-IE, on the other hand, and its oxidic
nickel species are mostly on the surface of the faujasite.

H,-TPR and NH;-TPD of Calcined Samples. We
characterized the reducibility of NiO inclusions in the calcined
samples with the H,-TPR method (Figure 6a). The measure-
ments aim to gain insight into the size and chemical interaction
of NiO with the faujasite support. The area under the curve is
proportional to the NiO loading obtained from ICP-OES
where Ni-I &% Ni-IE-An > Ni-IE. The TPR profiles for Ni-I and
Ni-IE exhibit a similar pattern; an asymmetric broad peak with
a maxima at 390 °C. Meanwhile, Ni-IE-An shows a broad
curve composed of at least two peaks: one small peak centered
at 390 °C and a larger peak centered at 540 °C. The broad
reduction peaks in the Ni-IE-An sample indicate NiO species
with varying sizes and/or degrees of the NiO—support
interaction in the calcined state. Significant H, consumption
above 650 °C is only observed for the Ni-IE-An sample. NiO
species in the Ni-IE-An sample shows the highest resistance to
reduction compared to those of Ni-I and Ni-IE samples. This
may suggest a smaller NiO size, supporting our electron
microscopy images, Figures 3 and 4. It may also imply a
stronger interaction of NiO with the faujasite support in
conjunction with our *’Si solid-state NMR (Figure S7) result.
Stronger NiO—support interaction, however, is better suited in
explaining higher reduction temperature in the Ni-IE-An
sample as nanoparticle size reduction does not guarantee
higher reduction temperature.***’

From the thermodynamics of NiO reduction, NiO nano-
particles exhibit a more positive standard free energy due to
their high surface-to-volume ratio compared to bulk NiO.
Similarly, the metal—support interactions of these finely
dispersed NiO with faujasite will also make the standard free
energy change more positive.”” The lower reducibility of NiO
species in this Ni-IE-An system can also be ascribed to NiO
confinement in faujasite micropores and in terms of its acidity.
NiO species confined in faujasite pores, i.e., <1 nm in size, and
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possible H,O accumulation in the channel will also retard the
reduction process. This can be understood from the second
term in the thermodynamic expression of NiO reduction in the
equation below, which shows how the free energy change
depends on the Py /Py .

AG = AG® + RT In By o/Py.

NiO + H, - Ni + H,0

In the case of the Ni**-exchanged zeolite, the complex TPR
profile can be explained by the following equation:

Ni**(exchanged with zeolite) + H, — Ni’ + 2H"

16108

Here, the proton generated from the reduction of Ni** is
captured by the lattice oxygen in the faujasite crystal to form
hydroxyl groups. With this mechanism, the presence of the
total Bronsted acidities in the faujasite support will make the
reduction of Ni** less favorable, resulting in a higher TPR peak
temperature as observed in our Ni-IE-An case.”"

We also performed ammonia temperature-programmed
desorption (NH;-TPD) experiments to probe acid sites in
the samples. The NH;-TPD profiles of the calcined samples in
Figure 6b display mainly two irregular desorption peaks. The
first peak extends from 110 to 290 °C and centered around
190 °C. The second peak extends from 125 to 500 °C and
centered around 310 °C. The first and second peaks indicate
the existence of weak and strong acid sites, respectively. Figure
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Table 2. Summary of DRM Performance, BET Surface Area, and NiO Size of the Calcined NiO-Faujasite Samples

sample Ni content (wt %) Sger (m*/g) CH, conversion (%) CO, conversion (%) H,/CO NiO size (nm)
Ni-I 4.50 817 80—50 84—56 0.90—0.86 80
Ni-IE 0.46 822 73—43 80—49 0.89-0.84 29
Ni-IE-An 3.70 691 86—81 90—-87 0.93—-0.90 S.0

6b shows that NiO-containing samples have a higher total
acidity than the parent zeolite support, especially for the weak
acid sites. Ni-I and Ni-IE samples show a similar moderate
increase of weak acid sites, whereas the increase is more
pronounced for the Ni-IE-An sample.

The above-mentioned results highlight how aniline affects
the faujasite’s acid density after NiO inclusions. NH;-TPD of
calcined samples, Figure 6b, showed an increase in the density
of weak acid sites for all NiO-faujasite samples. The increase is
more pronounced for samples prepared with aniline, Ni-IE-An,
supporting the XPS result on the possibility of electron
transfers from Al to Ni after Ni inclusions. Such an increase in
acidity is also aligned with micropore volume enhancement, as
described earlier. It has been suggested that the increase in
weak acid density in the NiO-zeolite system is due to
hydrolysis of the Ni-exchanged zeolite as shown in the
equation below.>>>*

Ni**(exchanged with zeolite) + H,0 — Ni(OH)* + H*

An increase in the density of weak acid sites was previously
reported for faujasite and other zeolite systems after NiO
inclusion.””>®> The NH;-TPD data further illustrate how the
change in acidity following one reducing step (of the calcined
samples) depends on the dispersion of NiO in the faujasite
support, Figures S8 and S9. For the samples prepared with
aniline, Ni-IE-An, there was a significant decrease in acidity,
especially for the weak acid density, after a reduction step. For
the samples prepared without aniline, Ni-I, where larger NiO
nanoparticles were observed, the change in acidity after one
reduction step was insignificant. The intensity of the NH;-
TPD peak of Ni-IE-An at around 190 °C (weak acid density)
is still higher than that of the faujasite support (H-FAU),
Figure S9, which may suggest that after one reduction step, the
Ni-IE-An sample has coexisting metallic and partially
unreduced oxidic Ni. Such a mixed state was also reported
in another Ni-zeolite catalyst system."®

A similar trend of decreasing acidity after reduction was
reported for highly dispersed NiO in silica.”® This supports the
idea that the increase in weak acid density observed in the
aniline-prepared samples is related to a high NiO dispersion in
faujasite. We would further propose that the NH;-TPD data
herein indicate that aniline may promote formation of Ni**-
exchanged faujasite, in agreement with earlier reports.””*
Further in-depth studies to prove Ni—O-Si exchange and
mixed (metallic and oxidic Ni) state formation during the
DRM process and investigations on aniline in controlling the
weak acid density in the NiO-zeolite system are ongoing in our
lab, especially for application in structure-sensitive reactions
and the acid density of zeolitic catalysts.

Both temperature-programmed techniques performed in this
work agree with electron microscopy, PXRD, XPS, and 28i
solid-state NMR, pointing to the high dispersion of smaller
NiO nanoparticles in faujasite with a stronger NiO-faujasite
interaction, when prepared using aniline as an additive, i.e., the
Ni-IE-An as-calcined sample.

DRM Performance of Calcined Samples. The NiO-
faujasite samples were tested for their performance in dry
reforming of methane (DRM) reaction under isothermal
conditions at 750 °C, and the results are shown in Figure 7 and
summarized in Table 2. The calcined samples were reduced in
H, at 750 °C in the reactor prior to the DRM test.

All samples exhibit about 6% higher CO, conversion
compared to CH, conversion for a 12 h time on stream
(TOS). This may be due to the side reaction such as the
reverse water gas shift (RWGS) reaction that consumes Cco,.”’
Ni-IE-An demonstrates the highest CO, and CH, conversions
at a 12 h TOS. In the first hour, Ni-IE-An shows 86% CH,
conversion and then slightly decreases to 81%, exhibiting stable
and steady conversion at 81% up to a 12 h TOS. In contrast,
both Ni-I and Ni-IE exhibit a significant loss in CH,
conversion at a 12 h TOS. For Ni-I, CH, conversion decreases
from 80 to 50%, while for Ni-IE, CH, conversion decreases
from 73 to 43%. The superior activity and stability of Ni-IE-An
can be attributed to a smaller NiO nanoparticle size with better
dispersion (as suggested by electron microscopy and PXRD
results and as implied by XPS, H,-TPR, and NH;-TPD
studies) and stronger NiO-faujasite interactions (as indicated
by ?Si solid-state NMR and H,-TPR analysis), respectively.

The H, selectivity decreases slightly for all samples fora 12 h
TOS, Figure 7. The H,/CO ratios for Ni-I and Ni-IE decrease
from 0.90 to 0.86 and 0.89 to 0.84, respectively. Ni-IE-An
demonstrates slightly better stability, with the H,/CO ratio
showing a lower drop from 0.93 to 0.90. This deviation from
the ideal ratio of 1 is due to side reactions such as RWGS that
consume H, and generate CO.”” The H, selectivity trend here
indicates that the selectivity is relatively insensitive to the NiO
dispersion on the faujasite support. Ni-I and Ni-IE-An with
very different NiO dispersions and with different CO, and
CH, conversion stability still show comparable H,/CO ratios,
supporting the assumption above.

To further confirm that the S wt % NiO content, synthesized
using the aniline-assisted method, is the best overall DRM-
related performance, we investigated the NiO content (5, 10,
and 20 wt %) effects on the resulting morphology (evaluated
using PXRD and TEM), reducibility (H,-TPR), acid sites
(NH;-TPD), and DRM activity and stability. Our results
indicate that indeed, 5 wt % NiO displays the highest CO, and
CH, conversions, showing a stable ~90% for both conversions
up to a 26 h TOS with a steady ~0.98 H,/CO ratio, Figure
S10. A clear, monotonic decrease in CO, and CH, conversions
as well as the H,/CO ratio is observed for 10 and 20 wt % NiO
loadings made with the aniline method, Figures S11 and S12,
respectively. Further, a higher reducibility temperature was
observed in H)-TPR of S wt % NiO, compared to those of 10
and 20 wt % NiO, Figure S13. In comparison with those of
other contents made by the aniline method, a higher weak acid
density can be inferred from NH;-TPD of 5 wt % NiO, Figure
S14, which implies better NiO dispersion in conjunction with
TEM results, Figures S15—S17. The above results are derived
from smaller NiO size and better dispersion for high DRM
activity as well as better NiO-faujasite interaction for DRM
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Figure 8. SEM analysis of catalyst samples after a 12 h TOS of DRM reactions. SE (a) and BSE images (b) for Ni-I and SE (c) and BSE (d) images

for Ni-IE-An.

stability, observed in a 5 wt % NiO content. Based on TEM
images, the average NiO particle sizes are 5, 11, and 13 nm for
S, 10, and 20 wt %, respectively, Figures S15, S16, and S17,
respectively. The absences of NiO (111) and (200) reflections
at 372 and 43.2° respectively, are observed for all NiO
contents’ PXRD patterns made by the aniline method, Figure
S18, further corroborating the advantage of aniline use in these
cases. The results presented above stress that the S wt % NiO
loading, i.e., the Ni-IE-An sample, is the optimum amount in
terms of the NiO loading vs DRM performances.

Previous catalyst preparation studies using aqueous solution
of the Ni(NO;), precursor have shown that solvated ion
Ni(H,0),*" is small enough to enter faujasite pores and other
zeolite systems with smaller pores such as MOR, BETA, and
CHA zeolites.”*~®" Without a strong interaction with zeolite
micropore walls, the solvated Ni** species will migrate out to
the external surfaces during drying and calcination. This will
result in large NiO particles on the external zeolite surfaces.
The weak interaction between Ni** and zeolite micropore walls
has been attributed to the low polarizability of Ni** ion.””®'

Our data indicate that the presence of aniline in the
precursor solution, while limiting the amount of aniline-
modified Ni** precursors to go inside the faujasite micropores,
suppresses N migration, resulting in a smaller NiO size with
a high level of dispersion and a stronger interaction with the
faujasite micropore wall after calcination. Considering the

harsh calcination conditions at 550 °C, during which water
desorbs, nitrate decomposes, and aniline is removed, it is
reasonable to assume that the role of aniline in promoting the
interaction between Ni** and the faujasite micropore wall takes
place during the soaking to drying stage and probably at the
beginning of the calcination step. Our data showed that the
interaction is strong enough to withstand the calcination,
reduction, and to a large extent, the DRM reaction steps.

Aniline, with a molecular diameter of 0.67 nm, is small
enough to enter faujasite pores.®” Aniline adsorption on zeolite
was shown not to be affected by the Si/Al ratio. Furthermore,
it has been suggested that aniline is not ionized at moderate
pH.®® Therefore, we expect that a weak interaction would be
observed between aniline and the strong Bronsted acid sites on
faujasite micropores.

Further, the interaction between aniline, a borderline base,
and Ni?**, a borderline acid, can be understood from the HSAB
theory. The HSAB theory describes that hard acids prefer to
coordinate with hard bases and soft acids with soft bases.
Similarly, borderline bases tend to interact with borderline
acids.>**%* The selectivity of borderline base moieties to
borderline acid ions, such as Ni** in aqueous system, has been
reported in the study of selective binding or exchange of metal
ions in different compounds.***”*** A similar strategy using
organic additives in catalyst preparation to enhance metal ion
complex interactions with zeolite micropores has been recently
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reported.”’ The comprehensive and eloquent work demon-
strated how the additive with amine and thiol groups facilitates
the interaction between metal ions and small pore zeolites to
encapsulate metal nanoparticles inside of zeolite micropores.

We speculate that the coordination between aniline and
hydrated Ni** in aqueous solution weakens the Ni**
coordination sphere, allowing better interaction with the
bridging oxygen on faujasite micropore walls. The amine
moiety of the aniline presumably formed dynamic acid—base
interactions with faujasite’s bridging oxygens to enhance
metal—support interactions, even after calcination, henceforth
higher catalyst stability,”' as observed in our Ni-IE-An case.
Whether the interaction between Ni** species and bridging
oxygen charged species is electrostatic or grafting is not yet
clear from our current data. Although the latter would have
generated a stronger interaction, which could explain the
sintering resistance during the high-temperature DRM test,
spectroscopic studies are necessary to probe the interaction
between Ni** and the faujasite micropore wall and will be
reported in our subsequent investigation. Furthermore,
experiments will be performed to look at the aniline’s, and
other bases, suitability to promote dispersion of NiO and other
catalytically active oxides in other zeolite systems (with smaller
pore size and varying Si/Al ratios), appraised using the HSAB
principle.

Post-DRM Analysis on Spent Samples. We examined
spent Ni-I, Ni-IE, and Ni-IE-An samples with high-resolution
SEM to analyze the NiO particles after a 12 h TOS. Ni-I and
Ni-IE-An represent samples with comparable NiO loadings
that have different DRM activities. Figure 8 shows the SE and
BSE images for the two spent samples (Ni-I and Ni-IE-An).
Significant growth of carbon filaments was observed in the
spent Ni-I sample. The Z-contrast BSE image confirms the
encapsulation of NiO particles with a broad size distribution
within the filaments. In contrast, carbon filaments were absent
in the Ni-IE-An spent sample. Nevertheless, uniform bright
nanoparticles were observed in the BSE image of the spent Ni-
IE-An (Figure 8d). Such a feature was absent in the freshly
calcined Ni-IE-An sample (Figure 3f).

The electron microscopy images in Figure 8 demonstrate
that the Ni-I catalyst deactivates predominantly due to coking.
The coking is driven by the existence of already large NiO
particles prior to the reaction (Figure 3a,b). After the DRM
reaction, the sintering of NiO nanoparticles in the Ni-I sample
resulted in a larger NiO size, Figure 8a,b. A similar result was
observed also for spent Ni-IE samples, Figure S19, with NiO
sizes ranging from 20 to 90 nm for both spent samples. The
slight decrease in CH, and CO, conversions, discussed earlier
in the DRM performance section, may also be due to NiO
sintering, with approximate NiO sizes between 10 and 15 nm
(still comparatively smaller sizes than as-calcined Ni-I and Ni-
IE samples), observed in the spent Ni-IE-An sample, Figure 8d.
These results underline the crucial role of aniline assistance in
making a stronger NiO-faujasite support interaction in the case
of the Ni-IE-An sample.

B CONCLUSIONS

We showcased the advantages of aniline assistance, appraised
by the HSAB principle, in designing a NiO-faujasite catalyst for
dry reforming of methane. Such a catalyst, Ni-IE-An, exhibited
a smaller NiO nanoparticle size, ~5 nm, and better dispersion
embedded majority within the faujasite support that led to a
notable DRM performance in terms of activity and stability for

a 12 h TOS, compared to samples without aniline use, as
proven from the observed textural, morphological, structural,
temperature-programmed chemisorption, and DRM property
evaluations. Post-DRM measurement also favored Ni-IE-An
performance as there was no indication of carbon filament
formation after a 12 h TOS, implying better metal—support
interactions, in agreement with our H,-TPR and *Si solid-
state NMR studies, to significantly reduce catalyst deactivation,
hence better stability.
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