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ABSTRACT: The oxidation of methane to methanol is a pathway
to utilizing this relatively abundant, inexpensive energy resource.
Here we report a new catalyst, bent mono(u-oxo)dinickel anchored
on an internal surface of micropores,which is active for direct
oxidation. It is synthesized from the direct loading of a nickel
precursor to the internal surface of micropores of ZSMS following
activation in O,. Ni 2p;, of this bent mono(y-oxo)dinickel species
formed on the internal surface of ZSMS exhibits a unique
photoemission feature, which distinguishes the mono(y-oxo)dinickel
from NiO nanoparticles. The formation of the mono(u-oxo)dinickel
species was confirmed with X-ray absorption near-edge structure

mono(u-oxo)dinickel

CH,—CH,OH

(XANES) and extended X-ray absorption fine structure (EXAFS).

This mono(u-oxo)dinickel species is active for the direct oxidation of methane to methanol under the mild condition of a
temperature as low as 150 °C in CH, at 1 bar. In-situ studies using UV—vis, XANES, and EXAFS suggest that this bent mono(u-
oxo)dinickel species is the active site for the direct oxidation of methane to methanol. The energy barrier of this direct oxidation

of methane is 83.2 kJ/mol.

1. INTRODUCTION

CH, is a relatively inexpensive, abundant resource compared to
others. CH;OH is one of the most important raw materials in
the chemical industry for the production of numerous
commodities. In addition, it is an energy carrier providing
energy for portable devices through low-temperature fuel cell
technology. Interest in the utilization of methanol has largely
increased in the recent decade due to the potential for the
commercialization of low-temperature methanol fuel cell
technology. Currently, the production of CH;OH from CH,
in the chemical industry is a two-step process. The first step is
the conversion of methane to synthesis gas (CO and H,) by
steam reforming of methane; the second step is the synthesis of
methanol from CO and H,.'~> Unfortunately, the first step is
performed at a rather high temperature of 600—800 °C, which
significantly increases the energy consumption and the cost of
the industrial footprint. To economically utilize CH, to
produce CH;OH, a process to synthesize CH;OH from CH,
under mild conditions is needed.

From a thermodynamic point of view, the synthesis of
CH;OH directly from CH, is energetically favorable even at
room temperature at the ambient pressure of CH,. However, it
is known that the activation of the C—H bond of CH, is the
most challenging elemental step due to the strong C—H bond
(436 kJ/mol). In addition, controllably partial oxidation of CH,
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to a specific fuel molecule, methanol, is another challenge since
the complete oxidation of CH, to CO, and H,0O readily
happens™® in contrast to partial oxidation. Thus, the prevention
of the complete oxidation of CH, remains quite challenging in
the partial oxidation of methane to methanol.

Nature partially oxidizes methane to methanol. For instance,
methane monooxygenases (MMO), an enzyme in nature,
directly converts methane to methanol at ambient temper-
ature.°™ The active sites in MMO could be bis(y-oxo)di-iron
complexes or bis(u-oxo)dicopper complexes as shown in
Scheme 1 or even another bridge oxide structure. Scientists
have expended significant effort to mimic the catalysis of MMO
by developing artificial catalysts that have similar active

Here we synthesized Ni-ZSMS catalysts consisting of bent
mono(u-oxo)dinickel species on the internal wall of ZSMS by
impregnation of the Ni precursor and then activation in O,.
Catalytic measurements show that this Ni-ZSMS is active for
the conversion of CH, to CH;OH. In-situ characterization
using multiple techniques shows that the active sites are bent
mono(y-oxo)dinickel in ZSMS.
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Scheme 1. Schematic of the Bis(u-oxo)dimetal Structure in
MMO Active for Methane Conversion to Methanol

. Metal . Oxygen

2. EXPERIMENTAL SECTION

The Ni-ZSMS catalysts were synthesized through two steps. The first
step is the preparation of H-ZSM from zeolite NH,-ZSMS with a Si/Al
ratio of 15 (Alfa) by calcination in air at 400 °C for 12 h.*® The
inductively coupled plasma (ICP) measurements showed that the
concentrations of Cu and Fe in the purchased NH,-ZSMS are 0 and
0.0019 wt %, respectively. Such low concentrations of Cu and Fe
impurities will not produce detectable product. The second step is the
introduction of Ni cation into the internal wall of ZSMS through
impregnating 30 mL of a nickel nitrate solution (99%, Sigma-Aldrich)
at 65 °C with continuous stirring (450 rpm) in a gram of H-ZSMS.
Filtration upon impregnation was included in the synthesis of some of
the catalysts studied in this work. In the filtration step, the products
upon impregnation were washed with distilled water for several cycles.
For these catalysts synthesized through filtration, they are termed Ni-
ZSMS with filtration. For catalysts prepared without filtration, they are
called Ni-ZSMS without filtration. After impregnation, the products
were dried in a vacaum oven at 60 °C for overnight and calcinated in
air at 550 °C for 3 h. Ni-ZSMS catalysts with different nominal
loadings of nickel precursor were synthesized. The concentrations of
Ni in Ni-ZSMS were determined with ICP optical emission
spectrometry (ICP-OES). After synthesis, Ni-ZSMS catalysts were
characterized with X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray absorption near-edge structure (XANES),
extended X-ray absorption fine structure (EXAFS), ultraviolet—visible
spectroscopy (UV—vis), and X-ray photoelectron spectroscopy (XPS).

XRD patterns of Ni-ZSMS were collected on a Bruker D8 advance
XRD using nickel-filtered Cu Ka radiation (4 = 1.54056 A). The
measurements were operated at 40 kV and 40 mA in continuous mode
with a scanning rate of 4.2° min~'. TEM (FEL Titan 80-300) was
operated at an acceleration voltage of 200 kV. Image analysis was done
with Digital Micrograph (Gatan) software. The samples for TEM
characterization were prepared by dropping their colloidal solutions
onto copper grids supported on carbon films. >3

To avoid direct exposure of the catalyst to the ambient environment
upon activation or catalysis, a high-pressure reaction cell was attached
to a vacuum XPS system. The high-pressure reaction cell has the
capability of performing catalysis in a mixture of reactants up to 20 bar
while a sample is at a temperature of up to 600 °C°. This reaction cell
was designed to experimentally simulate a fixed-bed flow reactor. Flow
rates of reactants were measured with flow meters capable of
measuring a flow rate at a pressure up to 20 bar. After a reaction
performed at a certain temperature in the flowing mixture of reactants
at a certain pressure, all reactant gases were purged and the cell was
opened to the vacuum environment of the chamber. Then, the catalyst
was transferred to the XPS chamber in the UHV environment. This
system allows us to track the surface chemistry of a catalyst after
activation or catalysis without any exposure of the reacted catalyst to
air. Therefore, the surface chemistry of a Ni-ZSMS catalyst after
activation in O, or/and a catalysis with CH, can be studied with XPS
before they are exposed to ambient conditions. In addition, the XPS
system is equipped with an argon ion sputter gun to sputter the sample
for the depth-profile analysis of chemistry at different depths below the
sample surface.

Ni-ZSMS catalyst (100 mg) was loaded into a fixed-bed flow
reactor. For the activation of the catalyst with oxygen, pure O, or 5%
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O, (balanced in Ar) at a specific temperature in the range of 450—700
°C was introduced and kept for flowing at a flow rate of 20 mL/min
for 3 h. After this activation, the catalyst was cooled to room
temperature under O, flow. Reaction in terms of the direct conversion
of methane to methanol was performed by introducing CH, (10%
balanced in Ar) at a flow rate of 20 mL/min at room temperature.
Catalysis was performed in the temperature range of 125—300 °C for
4S min. Then, the catalyst was cooled to room temperature in CH,.
After the reaction, the methanol molecules formed during this catalysis
were extracted with H,O through a hydrolysis process. The reacted
Ni-ZSMS catalyst was quickly poured into a vial containing 1.0 mL of
deionized H,O. The vial was vigorously stirred at room temperature
for 24 h and subsequently centrifuged for S min to separate the solvent
from Ni-ZSMS particles. During steps of extraction and centrifugation,
the vial was tightly sealed to prevent pollution from the foreign
environment. Then, the supernatant was collected for analysis with
NMR. The amounts of products were quantified with NMR. "H NMR
spectra were measured on a Bruker AVANCE III HD 400
spectrometer. The measurement was calibrated by using the 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) residual
signal at 6 = 0.0 ppm. Usually, 0.7 mL supernatant was mixed with 0.1
mL of D,O (with 0.01 wt % DSS) to make a solution in an NMR
sample tube for NMR measurements. The concentration of protons in
the solvent was much higher than that of products in solution. All 'H
NMR spectra were therefore measured using a presaturation solvent
suppression technique to suppress the strong H,O signal.31 A typical
'"H NMR spectrum is provided in Figure S2. The identified products in
Figure S2 were methanol (6 = 3.35 ppm), ethylene glycol (6 = 3.66
ppm), and formic acid (§ = 844 ppm). These products were
quantified in NMR by calibration against authentic standards. (The
detailed procedures are present in Supporting Information, Figure S3).
This is a qualitative analysis of products from the direct conversion of
methane through the above partial oxidation.

In order to determine the concentrations of the obtained products
quantitatively, initially the standard curve was obtained by measuring a
series of samples with a certain known concentration of a specific
product. Ag,ndard solution/Apssy the ratio of the area of the standard/area
of DSS in these samples, was plotted as a function of the concentration
of these standard solutions. With this method, the standard curve of
methanol was made, as shown in Figure S3. A slope was obtained from
this curve. The concentration of an identified product in a sample was
determined by dividing the ratio Ayumown sample/ Aarea of Dss PY the slope
of the standard curve in the same water/D,O solvent mixture. With
the same method, the concentrations of other products were
measured.

In-situ X-ray absorption spectroscopy measurements of catalysts
during catalysis were performed at the National Synchrotron Light
Source, Brookhaven National Laboratory. The Ni K-edge measure-
ments were performed at the X18B beamline in transmission mode
using ionization chamber detectors. The samples were made by
pressing the powders into circular pellets using a hydraulic press and
transferred them onto a c-shaped sample holder of a Nashner-Adler in-
situ cell.*” The samples were heated through conduction from a
heating cartridge outside of the cell. Reactant gases of O, and CH,
were mixed with pure He to make a gas mixture with the same
composition as that used in the catalysis measurements.

The data in the XANES region of the absorption coefficient were
examined by applying the same procedure for pre-edge line fitting,
postedge curve fitting, and edge-step normalization to all data. EXAFS
data analysis was performed with the IFEFFIT package and FEFF6
theory. Data modeling at different temperatures was performed using
standard procedures.’”** Several parameters describing the electronic
properties, specifically, the correction to the photoelectron energy
origin and the local structural environment (coordination number (N),
bond length (R), and mean squared disorder parameter (¢%)) of the
nearest neighbors around absorbing atoms were varied in the fit. More
details of the fit are described in the Results and Discussion.
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Figure 1. TEM images of 2.5 wt % Ni-ZSMS catalysts. (a, b) 2.5 wt % Ni-ZSMS catalyst with filtration. (c) 2.5 wt % Ni-ZSMS catalyst without

filtration.

3. RESULTS AND DISCUSSION

3.1. Synthesis of a Unique Ni-Based Oxide Structure
Formed on the Internal Surfaces of Micropores. Figure 1
presents the high-resolution TEM images of 2.5 wt % Ni-ZSM5
with filtration and without filtration. Figure lc clearly shows
that NiO nanoparticles did form on the external surface of a
ZSMS particle of 2.5 wt % Ni-ZSMS without filtration. They
were marked with red circles in Figure 1c, while there is a lack
of NiO nanoparticles on the external surface of 2.5 wt % Ni-
ZSMS with filtration (Figure lab).

The XRD patterns of 2.5 wt % Ni-ZSMS samples are shown
in Figure 2. For comparison, XRD patterns of pure NiO

NizSM-5 with filtration after synthesis
1

NiZSM-5 no fliltration after reaction

v

(d)

NiZSM-5 no filtration after synthesis

(c) !

D 4
(b) HZSM-5 ; N
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o s e A RLa e e
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20 (degree)

Figure 2. XRD patterns of 2.5 wt % Ni-ZSMS with and without
filtration. For comparison, the XRD patterns of NiO nanoparticles and
H-ZSMS were also included in a and b, respectively.

nanoparticles® ™’ and pure H-ZSM5>*** were collected and
are included in Figure 2a,b, respectively. It clearly shows that
the XRD of 2.5 wt % Ni-ZSMS without filtration (Figure 2c)
has the (200) diffraction peak of NiO, though the (111)
diffraction peak of NiO (marked with a blue arrow) overlapped
with peaks of the ZSMS. It also suggests the presence of NiO
nanoparticles on the external surface of ZSMS. In the XRD of
2.5 wt % Ni-ZSMS with filtration (Figure 2e,f) there are no any
diffraction patterns attributable to NiO nanoparticles, suggest-
ing that the amount of NiO presented on the external surface of
ZSMS is below the detection limit of XRD. In fact, the XPS
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studies to be described in this section confirmed that there is no
NiO nanocluster formed on the external surface of 2.5 wt % Ni-
ZSMS with filtration. In addition, all XRD patterns of both 2.5
wt % Ni-ZSMS with filtration and without filtration remain
diffraction patterns of pure ZSMS (Figure 2b), suggesting that
the ZSMS structure remains upon impregnation and the
following activation and reaction on Ni-ZSMS did not modify
the structure either.

Figure 3 shows the XPS spectra of 2.5 wt % Ni-ZSMS with
filtration and without filtration. Figure 3a3 shows the
photoemission features of Ni 2p;,, of pure NiO (Aldrich,
99.0%) collected in our group. As reported in the
literature,**™** two satellite peaks of Ni 2p;/, photoemission
at 855.5 and 861.3 eV were observed. Before Ar sputtering, the
spectrum of 2.5 wt % Ni-ZSMS without filtration (Figure 3a2)
exhibits photoemission features at 855.5 and 861.3 eV very
similar to those of pure NiO (Figure 3a3). They are attributable
to satellite peak of Ni 2p;/, of NiO nanoparticles on ZSMS5
observed in TEM studies (Figure 1c).**”* However, the
spectrum of 2.5 wt % Ni-ZSMS with filtration (Figures 3b1)
does not show any photoemission feature of Ni 2p;.,. The
difference between Figure 3a2 and 3bl clearly shows that the
filtration is effective in the removal of nickel precursor left on
the external surface of ZSMS particles in the impregnation step.
To study the Ni-based species anchored on the internal surface
of the micropores of 2.5 wt % Ni-ZSMS with filtration, we must
remove the oxide surface layers of ZSMS in the catalyst
particles. After Ar" sputtering of 2.5 wt % Ni-ZSMS with
filtration for 5 min, enough layers of silica on the external
surface of 2.5 wt % Ni-ZSMS with filtration were removed.
Thus, the photoemission feature of Ni 2p;,, contributed by the
Ni-based species anchored on the internal zeolite pores was
clearly identified in Figure 3b2. It is noted that there is the main
peak of Ni 2p;,, at 854.0 eV observed in Figure 3b2. The lack
of satellite peaks of Ni 2p;, will be rationalized in the following
section. Figure 3c was used schematically to present how we
collected photoelectrons generated from the anchored Ni-based
species on the internal surfaces of pores of ZSMS by removing
the silica layers of the catalysts and the external NiO
nanoparticles, if any. In addition, it is noted that the
photoemission feature of Ni 2p;,, of the Ni-based species on
the internal wall (Figure 3b2—b4) is quite different from that of
NiO nanoclusters on the external surface of ZSMS particles
(Figure 3a2).

The 2.5 wt % Ni-ZSMS samples were characterized by UV—
vis spectroscopy. The spectra for 2.5 wt % Ni-ZSMS without
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Figure 3. (a) XPS spectra of 2.5 wt % Ni-ZSMS without filtration before and after sputtering. For comparison, the XPS spectrum of NiO
nanoparticles was included in a3 as well. (b) XPS spectra of 2.5 wt % Ni-ZSMS with filtration before and after sputtering for various amounts of time.
(c) Schematic showing how XPS spectra were acquired after removing the outer layers of ZSMS and the external NiO nanocluster with Ar*

sputtering.

filtration (Figure 4a,b) have a dominant feature at 33 000 cm 1.

This feature is the absorption feature of NiO nanoparticles.*’
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Figure 4. UV—vis spectra of 2.5 wt % Ni-ZSMS with and without
filtration under various conditions. For comparison, the UV—vis
spectrum of H-ZSMS was included in plot d as well.

For 2.5 wt % Ni-ZSMS5 with filtration, this feature is negligible
(Figure 4c). Thus, UV—vis spectra showed that the amount of
NiO left on the external surface of ZSMS is below the detection
limit of UV—vis if the extra precursor of Ni loaded on the
external surface of ZSMS was filtered after the impregnation.

For a catalyst of 2.5 wt % Ni-ZSMS with filtration, the
observed Ni 2p;, signal is contributed by Ni atoms anchored
on the internal surface of the pores of the ZSMS since there is
no Ni 2p;, signal for collection before sputtering. The lack of a
satellite peak of Ni 2p;/, clearly suggests that there are no NiO
nanoclusters formed on 2.5 wt % Ni-ZSMS with filtration. To
study the chemistry in the micropores of the catalyst, sputtering
is necessary. An immediate question is how many surface layers
of the 2.5 wt % Ni-ZSMS with filtration should be removed
before Ni 2p;/, can be collected to evaluate the atomic ratio of
Ni/AL In fact, after S min of sputtering there is no further
change in the photoemission intensity of Ni 2p;,, (Figure 3b2—
b4) and Al 2p. The possible reasons for the lack of a thickness-
dependent distribution of Ni species are discussed in the
Supporting Information, section S1. The constant photo-
emission intensity regardless of the number of layers of silica
removed before XPS studies made the calculation of the Ni/Al
atomic ratio straightforward. Thus, it is not necessary to
consider the layers of silica to be removed in the measurements
of the ratios of Ni loaded on the internal wall of ZSMS to Al
atoms in ZSMS.

In terms of sample 2.5 wt % Ni-ZSMS without filtration, it
was sputtered to make sure that the NiO left on the external
surface of the catalyst particles was completely removed by
sputtering. A complete removal of the NiO nanoparticles on
the external surface of the catalyst particles was confirmed by
the disappearance of the satellite photoemission feature of Ni
2p3/, of NiO at 861.0 and 856.0 eV. This is because that the
photoemission feature of Ni 2p;, of NiO nanoparticles is
different from that of Ni-based oxide species formed on the
internal surface of micropores; the difference is the lack of
satellite peaks at 861.0 and 856.0 eV of Ni 2p;, for the specific
Ni-based oxide species formed on the micropores. The

Table 1. Overall Atomic Ratio of Ni to Al Based on ICP and XPS Measurements and the Estimated Atomic Ratio of All Ni
Atoms to All Al Atoms on the Internal Surface of the Micropores of the Catalysts

overall Ni/Al atomic ratio in Ni-ZSMS

sample based on ICP measurement
2 wt % Ni-ZSMS 0.0S
with filtration
S wt % Ni-ZSMS 0.10
with filtration
10 wt % Ni-ZSMS 0.17

with filtration

overall Ni/Al atomic ratio in Ni-ZSMS
based on XPS measurement

estimated atomic ratio of all Ni to all Al on the internal
surface of micropores in Ni-ZSMS

0.05 0.13
0.12 0.32
0.18 0.48
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Langmuir

similarity of the two types of Ni cations is the main peak of Ni
2p at 853.8 eV, which is the main photoemission feature of
Ni**. Their similarity and difference will be further discussed in
the next subsection. After a S min sputtering of 2.5 wt % Ni-
ZSMS without filtration, a single peak at 854.0 eV of Ni**
appeared (Figure 3al). The identity of the photoemission
feature of Ni 2p;/, of 2.5 wt % Ni-ZSMS without filtration after
sputtering (Figure 3al) and that of 2.5 wt % Ni-ZSMS with
filtration after sputtering (Figure 3b2) clearly suggested that Ni
formed the same Ni-based oxide species on the internal wall of
ZSMS. The better signal-to-noise ratio of Ni 2p;,, of 2.5 wt %
Ni-ZSMS without filtration but with sputtering (Figure 3al) in
contrast to Ni 2p3/2 of 2.5 wt % Ni-ZSMS with filtration
(Figure 3b2) results from the actual larger loading in 2.5 wt %
Ni-ZSMS without filtration, which will be discussed in section
3.3. The bulk atomic ratio of Ni to Al in terms of the overall
atomic ratio of Ni to Al of the whole catalyst was measured
with ICP (Table 1). For the calculation of Ni/Al atomic ratios
of 5§ wt % Ni-ZSMS with filtration and 10 wt % Ni-ZSMS$ with
filtration with XPS, both Ni 2p;/, and Al 2p XPS spectra were
collected after sputtering the catalyst to remove silica layers.
The Ni 2p;/, spectra collected from the two samples after a
sputtering of 10 min have only the main peaks of Ni 2p;/, of
Ni**. There are not any satellite peaks.

Table 1 also lists the estimated atomic ratio of all Ni atoms
on the internal surfaces of the micropores to all Al atoms on the
internal surfaces of the micropores. The ratio was roughly
estimated by using the measured XPS peak intensities of Ni and
Al with a calibration of the attenuation of photoelectrons in
their travels in silica. The detailed estimation is described in the
Supporting Information. For the catalysts of 2 wt % Ni-ZSMS
with filtration, 5 wt % Ni-ZSMS3 with filtration, and 10 wt % Ni-
ZSMS with filtration, the Ni/Al ratio on the internal surface of
micropores of ZSMS was estimated to be 0.13, 0.32, and 0.48,
respectively (Table 1). It is noted that the atomic ratio of all Ni
atoms on the internal surface to that of all Al atoms on the
internal surface (data of the third row in Table 1) is larger than
the atomic ratio of all Ni atoms in the catalyst to all Al atoms in
the catalyst (data of the first and second rows in Table 1) by
about 2-fold. This suggests that Ni atoms are mainly anchored
on the surface of the internal wall of micropores (Figure S1)
and there is no significant thermal diffusion of Ni atoms to the
wall between micropores, although the calcination was
performed at a very high temperature at 550 °C.

3.2. Dispersion and Binding Environment of Ni Atoms
in the Ni-Based Oxide Species on the Internal Surface of
ZSMS5. To identify the active sites in Ni-ZSMS, XPS spectra of
Ni 2p;/, for 10 wt % Ni-ZSMS with filtration, in which the Ni/
Al ratio on the internal surface of micropores is 0.48, were
collected under various treatment conditions as noted in Figure
S. As expected, there are no NiO nanoparticles formed on the
external surface of 10 wt % Ni-ZSMS with filtration before Ar*
sputtering (Figure Sa). The spectra before O, activation
indicate that the Ni 2p;/, peak is at 853.8 eV, which matches
the position of the main peak of Ni** very well. It is distinctly
different from the peak positions of Ni 2p;,, of Ni’ at 852.6 eV
and Ni** at 856.1 €V as reported in the literature.”*~>* On the
basis of the position of the main peaks of Ni 2p;,, of 10 wt %
Ni-ZSMS with filtration under different conditions (Figure Sb—
d), the valence state of Ni atoms in the micropores remains 2+
after activation in O, at 600 °C (Figure Sc) or for the catalysis
of methane partial oxidation at 350 °C (Figure Sd).
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Figure S. XPS spectra of 10 wt % Ni-ZSMS with filtration after various
treatments. For comparison, the XPS spectrum of NiO nanoparticles
was also included in plot e.

The photoemission feature of Ni 2p;, of pure NiO
nanoparticles was also included in Figure Se. The satellite
peaks at 861.0 and 856.0 eV of Ni 2p,,, were clearly observed
in the spectrum of NiO. Compared to the photoemission
feature of pure NiO nanoparticles, as mentioned in section 3.1,
there are no satellite peaks at 861.0 and 856.0 eV for 10 wt %
Ni-ZSMS with filtration, although Ni atoms in 10 wt % Ni-
ZSMS exhibited only the main peak of Ni** at the same
position as NiO at 853.8 eV. Furthermore, even after
pretreatment with 10 wt % Ni-ZSMS with filtration at 600
°C in 1 bar of O, for 3 h, the photoemission feature (position
and shape) of Ni 2p;,, did not change (Figure Sc).

The absence of satellite peaks must be related to an unusual
bonding environment of the Ni atom anchored to ZSMS
(Figure 6b). It is widely acknowledged that the satellite peaks of
Ni 2p3,, of Ni*" of NiO result from a charge-transfer effect in
photoionization.”> Figure 6a is the crystal structure of a pure
NiO nanoparticle. Before photoionization, the ground state of
NiZ* of NiO can be written as 3d°L,>* in which L denotes the
nearest ligand. After photoionization of the electrons of Ni 2p,
the lowest final state is 3d°L™", which is formed through the
electron transfer from ligand L to the Ni 3d orbital.>* Here, L™
in 3d°L™" denotes a hole generated on the nearest ligand due to
the transfer of one electron from the ligand to the 3d orbital of
Ni atom. In other words, the charging produced on Ni 2p on
the photoionized Ni atom is neutralized by transferring an
electron from the nearest ligand atoms to the photoionized Ni
atom (d’L™'). This electronic state gives the main photo-
emission peak at 853.8 eV (Figure S). In addition, two
electrons of the nearest oxygen atoms could be transferred to
the photoionized Ni atom. This creates another electronic state
(d'°L72), which gives a satellite peak at 861.0 eV. Alternatively,
the photoionized Ni atom can be neutralized by transferring an
electron from one of the oxygen atoms of the second-nearest
Ni atoms, Ni*—O(Ll)—Ni(LZ)—O(qu,)—Ni(L4)—O(LS). The pho-
toionized Ni atom is Ni*; the ligand providing an electron is
O(Lfm ;> this charge transfer results in a different final state
labeled as 3d°LLg, ", which corresponds to the strong satellite
peak at 856.0 eV (Figure Se). In the photoemission process, the
two neutralizations occur simultaneously in NiO particles. As
marked in Figure S, the main peak at 853.8 eV of Ni 2p of NiO
is attributed to the final state of 3d°L™", while the satellite peaks
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Figure 7. (a) Ni K-edge XANES spectra of S wt % Ni-ZSMS with filtration during activation or catalysis. The Ni K-edge EXAFS spectra of S wt %

Ni-ZSMS with filtration (b) during activation with O, at 400 °C, (c) during catalysis with CH, at 200 °C, and (d) during catalysis with CH, at 350
°C.

at 856.0 and 861.0 eV are attributed to the final states of
3d°LLg, " and 3d'°L 7, respectively. In the case of 10 wt % Ni-
ZSMS with filtration (Figure Sb—d), XPS spectra indicate that
both the 3d°LL;, ™" at 856.0 eV and 3d'°L final states at 861.0
eV were missing, although the main peak of Ni 2p of Ni** at
853.8 eV attributed to 3d°L™" was clearly observed. As was
reported in the literature, O(Lfa,) must be an oxygen atom in
the lattice of a pure NiO particle; for example, oxygen atom
O(Lfm) in the La,NiO, lattice cannot transfer its electron to a
photoionized Ni atom to have a final state of 3d°LL,, 1. In
other words, the long-range crystal structure of NiO is needed
for the observation of the satellite peak at 856.0 eV.>* The lack
of final state 3d°LL, " at 856.0 eV clearly shows that there is
no NiO lattice. The unusual lack of the 3d°LLg, ™" peak at 856.0
eV in Ni 2p;/, spectra is consistent with the coordination

8563

number of Ni atoms in the second shell to the Ni atom (Ni—
O—Ni).

In-situ studies of Ni-ZSMS during activation and catalysis
using X-absorption spectroscopy were performed. Figure 7(a)
presents the Ni K-edge XANES spectra of 5 wt % Ni-ZSMS
with filtration under different reaction conditions. Obviously,
nickel atoms during activation in 5% O, and catalysis in CH,
are in an oxidizing state. The preservation of the oxidizing state
of Ni atoms is consistent with the XPS studies of S wt % Ni-
ZSMS after activation in O, (Figure Sc).

EXAFS studies of this catalyst were performed during
activation of the catalysts in O, and the following catalysis in
CH,. Figure 7b—d are the Ni K-edge of S wt % Ni-ZSMS with
filtration collected during activation in O, and reaction with
CH,. r-space data of EXAFS of the Ni K edge (black curve) and
the fitted data (red curve) are present. Table 2 lists the
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Table 2. Quantitative Analyses for Ni—O and Ni—O—Ni Contributions to the EXAFS Data Obtained Under Conditions of

Activation (in O,) and Catalysis (in CH,)

sample

0,/400 °C

binding environment
Ni—Ni’
O—Ni’
Ni—O-Ni’
Ni—Ni’
O—Ni’
Ni—O—-Ni’
Ni—Ni’
O—Ni’
Ni—O—Ni’

CN(o-ni)

2.5+ 0.5

CH,200 °C
3.0+03

CH, 350 °C
25 +03

N(Ni—O—Ni) R(A) ¢ (Az) AE, (eV)
2.00 + 0.01 0.007 + 0.002 —-32+ 038
20+ 13 295 £ 0.02 0.015 + 0.007 =32+ 038
2.04 + 0.01 0.006 + 0.001 -32+038
20+ 1.1 2.99 + 0.02 0.016 + 0.006 —-32 + 038
2.00 £+ 0.01 0.006 + 0.001 —-32 + 038
22 + 1.1 295 + 0.02 0.016 + 0.005 -32+038

coordination numbers and Ni—O bond lengths and Ni---Ni
distances (the two Ni atoms are not directly bonded to each
other). Clearly, there is no distinct binding between Ni and Ni
atoms. The low coordination number CN_y; is in the range of
2.5 + 0.5 and 3.0 & 0.3. It suggests that no NiO nanoparticles
were formed on the micropores since that coordination number
is equal to 6 in NiO nanoparticles (Figure 6a). In addition, the
coordination of Ni atoms to the Ni atoms in the second shell
(Table 2), 2.0 + 1.1, suggests the formation of a Ni—O—Ni
structure. It also excludes the possibility that —Ni—O—O—Ni—
is the main oxide species since the Ni atom is found in the
second-closest shell.

Both XPS and EXAFS suggest the formation of a segment
structure similar to that shown in Figure 6b. Bent mono(u-
oxo)dimetal or bis(u-oxo)dimetal (metal: Cu or Fe) (Figure
6¢c,d) in MMO were reported as active species for the partial
oxidation of methane to methanol on a particular metal-
loenzymes called methane monooxygenases (MMOs).%>*%°
Inspired by the similarity of the Ni-based oxide species revealed
with XPS and EXAFS to bent mono(u-oxo)dimetal or bis(u-
oxo)dimetal (Scheme 1), the active species in Ni-ZSMS for the
partial oxidization of CH, could be the anchored bent mono(u-
oxo)dinickel or bis(u-oxo)dinickel (Figure 6¢c,d). The low
coordination number of the Ni atom to the second shell (Ni—
O—Ni) measured with EXAFS is consistent with two potential
structures. The coordination number of the O to Ni atom is
between 3.0 + 0.3 and 2.5 + 0.5 (Table 2). As the coordination
number of oxygen atoms to Ni in bis(u-oxo)dinickel is 4
(Figure 6d) instead of 3 in bent mono(u-oxo)dinickel (Figure
6¢), the bent mono(u-oxo)dinickel (Figure 6¢) is the preferred
structure.

The observation of the main peak at 853.8 eV (3d°L™") and
the lack of the 3d'L™? satellite peak at 861.0 eV show that the
oxygen atom (O® or O°) bonded to the Ni atom can transfer
only an electron to the Ni atom. Among the two possible
structures of oxide species (Figure 6c,d), the two nearest
bridging oxygen atoms (O?) in bis(u-oxo)dinickel (Figure 6d)
could transfer two electrons to the Ni atom and then give the
satellite peaks at 861.0 eV for 3d'°L™> Thus, the lack of a
satellite peak at 861.0 makes us exclude the bis(u-oxo)dinickel
(Figure 6d). Furthermore, for the bis(u-oxo)dinickel structure,
the oxidation state of Ni was considered to be the Ni** state in
the literature.**>” The main peak of Ni 2p; , at Ni** is 856.1 eV
instead of 853.8 eV.°"** The observed peak at 853.8 eV in
Figure 5Sb—d shows that the valence state of the Ni atom in the
Ni-based oxide structure formed in ZSMS is not 3+. Thus, the
observation of the main peak at 853.8 eV and the lack of any
satellite peaks of Ni 2p; , in Ni-ZSMS suggest that the Ni-based
oxide structure formed on the internal surface of the
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micropores is very likely the bent mono(u-oxo)dinickel
structure instead of the bis(u-oxo)dinickel and a NiO
nanoparticle.

It is noteworthy that the photoemission feature of Ni 2p for
the samples of 10 wt % Ni-ZSMS with filtration is very similar
to that of samples of 2.5 wt % Ni-ZSMS with filtration, 2.5 wt %
Ni-ZSMS without filtration after sputtering, S wt % Ni-ZSMS5
with filtration (not shown here), and S wt % Ni-ZSMS without
filtration after sputtering (not shown here). This indicates that
likely identical bent mono(u-oxo)dinickel structures were
formed in the samples with different Ni concentrations in
micropores of ZSMS. Therefore, the samples characterized with
various techniques are representative of active structure of Ni-
ZSMS, although the Ni concentrations in micropores of ZSMS5
are different in some cases.

The formation of this specific Ni-based oxide structure was
further confirmed by UV—vis studies. As shown in Figure 8aa,
the absorption band centered at 22 800 cm™" appeared for § wt
% Ni-ZSMS with filtration activated in O, at 600 °C. However,
this band was lacking in Ni-ZSMS without activation at 600 °C
(Figures 8ab and 4a—c). Obviously, the activation at 600 °C in
0, gave rise to the absorption band at 22 800 cm™'. UV—vis of
a pure H-ZSMS upon activation at 600 °C in O, was collected
in Figure 8ac. As shown in Figure 8ac, in fact there is no
absorption band in the region close to 22 800 cm™. It is noted
that an absorption band of the bis(u-oxo)dinickel structure at
~25000 cm™! was reported in the literature.*® The lack of a
band at ~25000 cm™' excluded the bis(u-oxo)dinickel
structure in the Ni-ZSMS catalyst. Therefore, absorption at
22800 cm™! for Ni-ZSMS was assigned to the feature of bent
mono(u-oxo)dinickel formed in the process of activation in O,.
Figure 8b presents a time-dependent decrease in the intensity
of this absorption band at 22800 cm™' along with the
consumption of the oxygen atoms of the bent mono(u-
oxo)dinickel and the formation of products, to be discussed in
the following paragraphs. This suggests that the bent mono(u-
oxo)dinickel is the active site for methane partial oxidation to
methanol.

It is noted that XRD, TEM, XPS, and UV—vis character-
izations indicate that NiO nanoclusters can form on the
external surface of ZSMS, while the bent mono(u-oxo)dinickel
structure is formed on the internal surface of ZSMS. The
precursor of NiO nanoclusters on the external surface of ZSMS
is introduced in the incipient wetness impregnation process,
while the precursor of the bent mono(u-oxo)dinickel structure
is introduced through the ion-exchange process of H ions in H-
ZSMS with Ni ions in solution. After calcination, the precursor
on the external surface of ZSM forms NiO nanoclusters. The
precursor in ZSMS formed a bent mono(u-oxo)dinickel
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maximizing the available sites in terms of the number of bent
mono(y-oxo)dinickel species, parallel studies of six catalysts (2
wt % Ni-ZSMS without filtration, 5 wt % Ni-ZSMS without
35 filtration, 10 wt % Ni-ZSMS without filtration, 2 wt % Ni-ZSMS
8 HZSM5 0, 600 °C with filtration, 5 wt % Ni-ZSMS with filtration, and 10 wt % Ni-
s ZSMS with filtration) were performed. For 2 wt % Ni-ZSMS
B Ni2Sve O without filtration, S wt % Ni-ZSMS without filtration, and 10 wt
° 2 % Ni-ZSMS without filtration, the surfaces of these catalysts
3 @ after activation in O, were sputtered until all NiO nanoparticles
< XL FSME 0, 800°C were removed. Then, XPS was performed on the six catalysts to
measure their Ni/Al atomic ratios. Figure 9 presents the yields
rrrrrrerT [rrrerreer e ey e
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Figure 8. (a) In-situ UV—vis spectra of S wt % Ni-ZSMS with filtration
after O, treatment at RT and 600 °C. For comparison, the spectrum of
H-ZSMS after O, treatment at 600 °C was included as well. (b) Time-
dependent decrease in the intensity of the absorption band at 22 800
cm™" along the interaction with CH, at 340 °C after various amounts
of time.

structure upon calcination. For a ZSMS with both external NiO
nanoclusters and internal bent mono(u-oxo)dinickel structure,
a sputtering will remove the external NiO nanoclusters. A single
peak of Ni 2p;,, without a satellite appears after sputtering
since only Ni 2p;, of NiO nanoclusters exhibits a satellite peak.

3.3. Catalytic Performance. Methane conversion on
activated Ni-ZSMS produces CH;OH (main product) and
HCOOH and HOCH,CH,OH. The amounts of products
including CH;OH, HCOOH, and HOCH,CH,OH were
determined by quantitative analysis using NMR. The
quantitative analyses of the concentrations of these potential
products by using NMR are described in the Experimental
Section and Supporting Information. As clearly shown in
Tables S1 and S4, blank experiments using pure ZSMS show
that pure ZSMS is not active in the conversion of CH, to
CH;0H or other oxygenates at all. Because extraction and
centrifugation steps were also applied to the blank experiments
on pure ZSMS (Tables S1 and S4) and there was no methanol
or formic acid formed, clearly the extraction and centrifugation
steps did not introduce any CH;0H or formic acid into the
system during separation and measurements.

The yield of CH;0H on S wt % Ni-ZSMS with filtration at
175 °C upon activation at 650 °C with pure O, is 2.0 gmol per
gram of the catalyst. Here the weight of the catalyst is defined
with respect to the total nickel and ZSMS. To understand the
formation mechanism of the specific oxide with the purpose of
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Ni/Al ratio on the internal surface

Figure 9. Methanol yields as a function of the atomic ratio of Ni/Al on
the internal surfaces of micropores for different Ni-ZSMS catalysts.
The catalysts were first activated with pure O, at 650 °C for 3 h and
then catalyzed with CH,, at 175 °C for 45 min.

of CH;0H on these catalysts as a function of their calculated
Ni/Al atomic ratio on the internal surfaces of micropores of
catalysts. For Ni-ZSMS without filtration, 5 wt % Ni-ZSMS
without filtration exhibited a higher yield than 2 wt % Ni-ZSMS$
without filtration and 10 wt % Ni-ZSMS without filtration. The
yield of CH;0H on S wt % Ni-ZSMS without filtration is 5.1
umol per gram of this catalyst (Figure 9). Interestingly, for S wt
% Ni-ZSMS without filtration, the overall Ni/Al ratio on the
internal surfaces of micropores is approximately 1, suggesting
that Ni oxide species are formed at the sites of Al atoms. The
Ni/Al atomic ratio of 10 wt % Ni-ZSMS is about 2.0. However,
the yield of CH;OH on 10 wt % Ni-ZSMS decreases. It
suggests that some Ni atoms could form a different type of
oxide species or even small NiO nanoparticles in the pores.
Thus, a compromise concentration of S wt % gave the highest
yield of CH;0H for Ni-ZSMS without filtration (Figure 9).
Figure 9 presents the yields in terms of the activity of two
series of Ni-ZSMS catalysts: Ni-ZSMS without filtration (red
squares) and Ni-ZSMS with filtration (black square).
Compared to the series of Ni-ZSMS without filtration (2 wt
% Ni-ZSMS without filtration, 5 wt % Ni-ZSMS without
filtration, and 10 wt % Ni-ZSMS without filtration), the series
of Ni-ZSMS with filtration (2 wt % Ni-ZSMS with filtration, S
wt % Ni-ZSMS with filtration, and 10 wt % Ni-ZSMS with
filtration) exhibited a relatively low yields compared to those
without filtration (2 wt % Ni-ZSMS without filtration, 5 wt %
Ni-ZSMS without filtration, and 10 wt % Ni-ZSMS without
filtration). These lower yields of Ni-ZSMS with filtration
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suggest that the filtration step removed not only the extra Ni**
species left on the external surface of ZSMS particles but also
some Ni** ions on the internal surface of those micropores. As
the series of Ni-ZSMS without filtration (red squares in Figure
9) exhibited a larger yield of CH;OH than the corresponding
ones with filtration (black squares in Figure 9), all of the
following catalysis studies were performed on catalysts of Ni-
ZSMS without filtration.

In optimizing the activation temperature, oxidizing gas, and
reaction temperature of catalysis, a reaction was performed (1)
at different reaction temperatures after activation at a specific
temperature or (2) at a specific catalysis temperature after
activation at different temperatures. Efforts were made to find
the best activation temperature and catalysis temperature which
give the highest activity. As shown in entry 2-5 of Table S1,
catalysis was performed on three catalysts: 2 wt % Ni-ZSMS
without filtration, 5 wt % Ni-ZSMS without filtration, and 10 wt
% Ni-ZSMS without filtration under the same activation
condition (5% O, at 550 °C) and temperature (175 °C). These
parallel studies showed that S wt % Ni-ZSMS without filtration
gave the highest yield. For these three catalysts, their catalysis
was performed at a higher catalysis temperature, 200 °C (entry
5-7 in Table S1). Similar to the catalysis at 175 °C, catalysis at
200 °C on 5 wt % Ni-ZSMS without filtration exhibited the
highest yield among 2 wt % Ni-ZSMS without filtration, 5 wt %
Ni-ZSMS without filtration, and 10 wt % Ni-ZSMS without
filtration. This is consistent with the higher Ni/Al atomic ratio
in § wt % Ni-ZSMS compared to that in 2 wt % Ni-ZSMS,
while for 10 wt % Ni-ZSMS the formed NiO may significantly
block the opening of pores of ZSMS for CH,. Further
optimization of the activation temperature in 5% O, was done
by measuring the yields of CH;OH produced from 5% Ni-
ZSMS without filtration activated at different temperatures in
5% O,. The yields in these experiments are listed in the
Supporting Information (Table S2). These parallel studies in
Table S2 showed that the best activation temperature is 650 °C
(entry S in Table S2). The best catalysis temperature was found
by performing catalysis at different temperatures on S wt % Ni-
ZSMS activated at 650 °C in 5% O, (Table S3). In fact, the
highest yield and best selectivity for the production of CH;OH
were achieved at a catalysis temperature of 175 °C.

Further investigations of catalysts activated in pure O, at 650
°C (the optimized activation temperature found above)
followed by catalysis at 175 °C (the best reaction temperature
found above) were performed (Table S4). It is interesting that
the total yield for a catalyst activated in pure O, at 650 °C is
double in contrast to that for activation in 5% O,. The main
increase in the products was the yield of HCOOH whereas the
yield of CH;OH was nearly unchanged. In addition, a new
product, HOCH,CH,OH, was identified for catalysis on the
catalyst activated in pure O, at 650 °C. Ethylene glycol,
HOCH,CH,OH, could be produced from ethylene oxide since
it reacts with water to produce ethylene glycol.>® Ethylene
oxide can be formed from the oxidation of ethylene.>® Ethylene
might be produced from the oxidative coupling of methane.*”%
In this reaction process, methane can be activated on the
catalyst surface, forming methyl free radicals which have the
possibility to couple with each other to form ethane (C,Hy).
Then the ethane can subsequently undergo dehydrogenation to
form ethylene (C,H,). The ethylene can be oxidized to form
ethylene oxide. Therefore, ethylene glycol can be formed after
the hydrolysis of ethylene oxide with water.
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Note that during catalysis at 175 °C or 200 °C, the online
GC measurements show that there are no oxygenates in the gas
phase. In fact, the formed methanol and the other oxygenate
are adsorbed on the internal wall of ZSMS. As mentioned in the
Experimental Section, hydrolysis is included to extract products
formed inside the micropores of zeolites. Furthermore, no
formations of CO or CO, were detected in the gaseous phase
based on the online GC measurements during catalysis.

For 5 wt % Ni-ZSMS without filtration activated in pure O,
at 650 °C followed by catalysis at 175 °C, the total yield of
oxygenates is ~15.0 ymol per gram of catalyst. On the basis of
the XPS measurement of the Ni/Al ratio (Table 1 and Figure
9), the amount of Ni on the internal surface of ZSMS can be
estimated to be 250 ymol per gram of catalyst for S wt % Ni-
ZSMS (without filtration). Assuming that the stoichiometric
ratio of consumed bridged oxygen atoms in bent mono(u-
oxo)dinickel in ZSMS to the total formed methanol and formic
acid is 2:1, one could calculate that 12% of the bridging oxygen
atoms of bent mono(u-oxo)dinickel (Figure 6¢) participate in
the partial oxidation of methane to methanol or formic acid.

The total yield of oxygenates at ~15.0 umol per gram of
catalyst for Ni-ZSMS is higher than that reported for Cu-ZSMS,
in which ~9 umol of methanol per gram of catalyst was
reported.”' Ni-ZSMS and Cu-ZSMS were activated through
annealing in O,. In the case of Fe-ZSMS, a total yield of
oxygenates of ~60 ymol per gram of catalyst was reported>’
upon Fe-ZSMS activation through N,O. Activation in O, is a
convenient and economical process for generating the catalyst
for this conversion.

3.4. Kinetics Studies of the Direct Oxidation of
Methane. The formation of the bent mono(u-oxo)dinickel
species during activation in O, at high temperatures was further
confirmed by the observation of an absorption band at 22 800
cm™". As clearly shown in Figure 8b, the peak intensity of the
absorption band of the bent mono(u-oxo)dinickel decreases
along the increase in reaction time. Quantification of the
formed products after different extents of reaction suggests that
more methanol was produced after the reaction for a longer
time. These studies confirm that bent mono(u-oxo)dinickel is
the active site for the CH, conversion to CH;OH.

Kinetic studies of the direct conversion of CH, to CH;0H
were performed by measuring the amount of the left bent
mono(u-oxo)dinickel at different temperature using UV—vis.
The kinetic studies were performed in the temperature range of
280—330 °C to evaluate the activation barrier (E,) for the
reaction of oxygen-activated Ni-ZSMS with CH,. Upon
activation in O, at 600 °C, the catalyst was a fresh catalyst.
The absorption band at 22 800 cm™' was measured in O, at
280 °C; the intensity of this absorption band is termed Az,
where T refers to a reaction temperature. Then CH, was
introduced to the catalyst at this temperature, and the
absorption spectrum was collected 5 minutes after the
introduction of CH, at this temperature. The intensity of the
band at 22 800 cm™ 5 minutes after CH, was introduced is
termed Arufier § min in ci,)- The difference between the intensity
of the band of bent mono(y-oxo)dinickel (22 800 cm™) before
the introduction of CH, and that after 5 minutes of reaction is
proportional to the reacted species of bent mono(u-oxo)-
diniCkeL AAT(reactecI) = AT(OZ) - AT(afterS min in CH,)* Then, the
conversion at this temperature can be calculated with the
following equation:
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AAp(reacted)  Ap(O,) — Ayp(after Sminin CH,)
Ar(0,) A7(0,)

(1)

The conversion (X) at a temperature between 280 and 330 °C
was controlled in the kinetic control regime (lower than 15%).
After this UV—vis measurement at 280 °C, the catalyst was
heated to 600 °C in pure O, to desorb or/and combust the
products, followed by activation in O, for a half hour for the
regeneration of this catalyst. The regenerated catalyst was
cooled to 290 °C in O,, and the absorption band at 22 800
cm™" was collected at this temperature. This absorption band
gives Aoy 0. Then, CH, was introduced, and the absorption

band was taken after 5 minutes at 290 °C to get
Ajgo(after 5 min in cH,)» The conversion of CH, at 290 °C was

calculated with eq 1, as used for 280 °C described above.
Parallel studies were performed at 300, 310, 320, and 330 °C.
The conversion in this temperature range (280—330 °C)
allowed us to plotting the In(X) as a function of 1/T. Figure S4
is the Arrhenius plot of the conversion versus the reciprocal
temperature in Kelvin. The activation energy calculated from
the slope is 83.2 kJ/mol.

B SUMMARY

A bent mono(u-oxo)dinickel structure anchored on the internal
surface of micropores of ZSMS was synthesized by incipient
wetness impregnation following activation in O,. This catalyst
is active for the direct oxidation of methane to methanol at a
reaction temperature as low as 150 °C at ambient pressure for
CH,. The total yield of CH;OH, HCOOH, and
HOCH,CH,0H on a gram of ZSMS catalyst anchored with
bent mono(u-oxo)dinickel structure under mild conditions
(175 °C in 1 bar CH,) is 14.9 ymol. In-situ studies using UV—
vis, EXAFS, and XPS revealed that the bent mono(u-
oxo)dinickel structure is the active site. It is a new structure
active for the direct partial oxidation of methane to methanol.
The bent mono(u-oxo)dinickel catalyzes the direct oxidation of
methane to methanol through an activation barrier of 83.2 kJ/
mol.
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