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Low-Temperature Transformation of Methane to Methanol on Pd,0,
Single Sites Anchored on the Internal Surface of Microporous Silicate
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Abstract: Direct conversion of methane to chemical feedstocks
such as methanol under mild conditions is a challenging but
ideal solution for utilization of methane. Pd,0, single-sites
anchored on the internal surface of micropores of a micro-
porous silicate exhibit high selectivity and activity in trans-
forming CH,to CH;OH at 50-95°C in aqueous phase through
partial oxidation of CH, with H,O, The selectivity for
methanol production remains at 86.4 %, while the activity for
methanol production at 95°C is about 2.78 molecules per
Pd,0, site per second when 2.0 wt % CuO is used as a co-
catalyst with the Pd,0,@ZSM-5. Thermodynamic calculations
suggest that the reaction toward methanol production is highly
favorable compared to formation of a byproduct, methyl
peroxide.

M ethane is a relatively inexpensive resource.!! Hydraulic
fracturing supplies much of this earth-abundant source from
shale, which make chemical and energy transformations
economical.’! One application of methane is the production
of methanol. Currently, chemical industries use a two-step
process in methanol production from methane, including
steam reforming to generate synthetic gas (CO and H,) and
a following synthesis of methanol from CO and H,. The first
step is performed at a high temperature of 600-800°C. The
durability of catalysts at such a high temperature is quite low.
In addition, a significant amount of energy is needed to
perform the catalysis at such a high temperature. An ideal
approach for utilization of CH, is a direct conversion of CH,
to CH;0H under mild conditions at a relatively low temper-
ature because this transformation is thermodynamically
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feasible even at low temperature. Unfortunately, realization
of this approach has remained challenging.

It has been reported that Cu-, Fe-, or Ni-exchanged ZSM-
5 can form unique oxide species, including a bent mono(p-~
oxo)di-metal structure upon activation with O, or N,OF! at
a high temperature; the oxygen atoms in this bent mono(p-~
oxo)di-metal structure oxidize methane to methanol at
a temperature higher than 200°C in the gas phase. Unfortu-
nately, once these uniquely anchored oxygen species are
consumed by CH,, they have to be regenerated through an
oxidation step of O, or N,O at a high temperature. The
regeneration can be done only after CH;OH is removed from
the internal surface of those micropores. The removal is
typically done by soaking the used catalyst in a solvent and
then dissolving methanol molecules in the solvent. Thus, the
transformation of CH, to methanol by these unique oxide
species anchored in ZSM-5 at high temperatures in the gas
phase is mainly an oxidation reaction instead of a continuous
catalytic process.”!

In contrast to the above chemical transformation of CH,
to CH;OH at a solid—gas interface in ZSM-5, metal cations of
Fe, Cu, and Ni encapsulated in ZSM-5, and even commercial
ZSM-5 alone,™ are active in the direct oxidation of CH, to
formic acid or even CH;OH at a solid-liquid interface when
H,0, is used as an oxidant. The conversion rate of CH, to
CH;OH at a solid-liquid interface pioneered by Hutchings
et a1 is typically higher than these at a solid—gas inter-
face,**"! though the rate is still relatively low.

Although catalytic activity for direct oxidation of CH, to
CH;0H on these catalysts at solid-gas and solid-liquid
interfaces was reported,** challenges remain before
a direct oxidation process under mild conditions could be
considered as a potential approach in the chemical industry.
One challenge is that the activity and selectivity for produc-
tion of methanol from CH, are far below the requirement of
industrial production; another is the lack of fundamental
understanding of the catalytic mechanism performed at
a solid-liquid interface. To address these challenges, develop-
ment of new catalysts with higher activity and selectivity
under mild conditions, together with a fundamental under-
standing of the catalytic mechanism, is necessary. Herein,
a catalyst consisting of Pd;O, single-sites anchored on the
internal surface of micropores of ZSM-5 was synthesized. Its
performance in the catalytic transformation of CH, at a solid/
liquid/gas interface was explored. Thermodynamic calcula-
tions for the formation of methanol or methyl preoxide were
performed to understand the transformation of CH, to
methanol from a thermodynamics point of view.
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Singly dispersed precious metal atoms anchored on oxides
could offer a distinctly different electronic state in contrast to
continuously packed metal atoms on the surface of a metal
nanoparticle, and thus could exhibit a distinctly different
catalytic activity or/and selectivity.”™” Herein, we prepared
catalysts with singly dispersed Pd;O, sites anchored on the
internal surface of micropores of ZSM-5. As described in the
experimental section, the amount of loaded Pd cations is
important for the preparation of singly dispersed Pd,O, sites
in ZSM-5. TEM images (Figure Sla), the Pd 3d XPS
spectrum (red line in Figure S2), and the XRD pattern
(Figure S3) suggest that there are no PdO nanoparticles
formed on ZSM-5 of 0.01 wt % Pd/ZSM-5. This suggests that
the Pd atoms of 0.01 wt % Pd-ZSM-5 are singly dispersed on
the internal surface of the micropores of ZSM-5. However,
PdO nanoparticles were formed on 2.0 wt% Pd/ZSM-5
(Figures S1b, S2, and S3).

Pd K-edge Extended X-ray Absorption Fine Structure
(EXAFS) experiments were performed to identify the
coordination environment of Pd atoms anchored in ZSM-5.
Unfortunately, owing to the low signal/noise ratio of the Pd K
edge absorption spectra of 0.01 wt% Pd/ZSM-5, no conclu-
sive information was acquired. A reasonable signal/noise
ratio was obtained on 0.04 wt % Pd/ZSM-5. XPS studies of
0.04 wt % Pd/ZSM-5 (Figure S2) showed that no PdO nano-
particles were formed for 0.04 wt % Pd/ZSM-5. This suggests
that the Pd atoms could be singly dispersed. Figure 1 presents
Fourier transform magnitudes of k*-weighted EXAFS data of
0.04 wt% Pd/ZSM-5 (blue line), pure Pd foil (black), and
pure PdO nanoparticles (red). The Pd atoms in 0.04 wt % Pd/
ZSM-5 exhibited a coordination environment distinctly
different from metal Pd foil and PdO nanoparticles. In
metallic Pd foil, the main peak at 2.58 A is assigned to Pd—Pd
bonds. There is no such peak in this r-range in the spectrum of
0.04 wt% Pd/ZSM-5 (blue line), showing no evidence for
formation of metallic Pd nanoparticles on the catalyst,
0.04 wt % Pd/ZSM-5.

The average coordination number of O atoms to a Pd
atom of 0.04 wt % Pd/ZSM-5 is 4.12 +0.49 (Table 1). In both
the reported r-space EXAFS spectra of PdO nanoparticles®!
and our studies of reference PdO sample, a peak at 3.1 A was
clearly identified, comparable in intensity to be the first

Pd-Pd[ —— pq (reference)
—— PdO (reference)
——0.04wt% Pd/ZSM-5

Pd-Pd in PdO

IX(R)| (A2)
N

0 1 2 4 5 6

3
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Figure 1. Fourier transform magnitudes of k*-weighted EXAFS data of

0.04 wt% Pd/ZSM-5 (blue) and reference samples, including Pd foil
(red) and PdO nanoparticles (black).
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Table 1: Coordination number of O or Pd atoms to a Pd atom, and bond
lengths of O—Pd or Pd—Pd in 0.04 wt %Pd/ZSM-5 studied with EXAFS.

Sample N N R (Pd—Pd) R (Pd—0O)
(Pd—Pd) (Pd—0) [A] [A]

Pd foil 12 0 2.740+0.002 -

0.04 wt %

Pd/ZSM-5 0 4.12+0.49 - 2.0014+0.009

nearest neighbor Pd—O contribution; this peak at 3.1 A
represents the contribution to EXAFS from the two closest
Pd atoms in a PdO nanoparticle, bridged by an oxygen atom
(Pd—O—Pd). Compared to other PdO nanoparticles'® and the
reference PdO sample (red line in Figure 1), however, the r-
space spectrum of 0.04 wt % Pd/ZSM-5 (blue line in Figure 1)
does not have such a distinct peak with the similar intensity as
the Pd—Pd peak in PdO at ~3.1 A. Therefore, there is no
evidence that any species or structure in 0.04 wt % Pd/ZSM-5
contains Pd—O—Pd species, which indicates the absence of
PdO nanoclusters. In addition, the measured coordination
number of oxygen atoms to a Pd atom, 4.12 +0.49 suggests
the lack of the potential bent mono(p-oxo)dipalladium
structure since the coordination number of oxygen atoms
around a Pd atom CN(Pd-O) in a mono(p-oxo)dipalladium
(Figure S4a) is expected to be 3 instead of 4.°“*! Based on
1) the lack of a Pd—Pd bond, 2) the lack of a PA—O—Pd bond,
and 3) the measured coordination number of oxygen atoms
coordinating to a Pd atom, we conclude that the Pd atoms in
0.04 wt % Pd/ZSM-5 exist as singly dispersed Pd, O, species in
ZSM-5 (Figure S4b).

Temperature-dependent catalytic performances of Pd/
ZSM-5 were measured in the range of 50-95 °C which is lower
than the boiling point of H,O, at a high pressure of 30 bar of
CH, (Table S1). As shown in Table S1, the yield of total
products is highly dependent upon the temperature. For
example, the total yield is about 399.4 umol (about
0.40 mmol) produced from 0.01 wt% Pd/ZSM-5 (28 mg
catalyst) at 95°C within 30 minutes (entry 5 of Table S1),
which is about 3 times larger than the same catalyst at 50°C
(entry 1 of Table S1). The amounts of each product formed at
50, 70, and 95°C are listed in Table S1.

Figure S5 presents the products formed from methane
partial oxidation on 0.01 wt % Pd/ZSM-5 at 50°C, which are
mainly formic acid, methyl peroxide, methanol, and carbon
dioxide with yields of 60.82, 39.48, 7.39, and 4.22 umol,
respectively, with a total yield of 111.91 umol. Blank experi-
ment of pure H-ZSM-5 at 50°C (pink bars in Figure S5)
showed that the activity for oxidation of CH, with H,O, by
pure H-ZSM-5 was lower than 0.01 wt % Pd/ZSM-5 under the
same conditions at 50 °C. In addition, the total yields of these
products on 28 mg of 0.01 wt% Pd supported on Al,O;
nanoparticles and 28 mg of 0.01 wt % Pd supported on SiO,
nanoparticles at 50°C are only a few pmol, respectively
(Figure S5). These studies suggested that Pd cations anchored
on open surfaces (surface of Al,Oj; or SiO, nanoparticles) are
not active for this transformation at 50°C.

With the same synthesis steps as 0.01 wt% Pd/ZSM-5,
catalysts of ZSM-5 loaded with different amounts of Pd
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Figure 2. Yields of products of transformation of CH, catalyzed by
0.07, 0.10, and 2.0 wt% Pd/ZSM-5 for methane partial oxidation at
50°C.

precursors were synthesized. Figure 2 presents the yields of
the four main products including formic acid, methyl perox-
ide, methanol, and CO, catalyzed by 0.01, 0.02, 0.10, and
2.0wt% Pd/ZSM-5 at 50°C. Interestingly, these catalysts
exhibit quite similar yields of the four products, although their
loadings of Pd precursor were very different. The similarity in
catalytic performances on ZSM-5 with quite different load-
ings suggests that the extra Pd atoms likely remain on the
external surface of ZSM-5 particles and do not play any role
in the generation of these products. TEM image (Figure S1b),
XPS (Figure S2), and XRD (Figure S3) clearly showed the
formation of a large number of small PdO nanoparticles on
the external surface of ZSM-5 particles when the loading of
Pd precursor was 2.0 wt %. Because the yield of the four
products from 2.0 wt % Pd/ZSM-5 was similar or even lower
than 0.01 wt % Pd/ZSM-5 (Figure 2), we can deduce that the
PdO nanoparticles are not active in these chemical trans-
formations.

Methane-pressure-dependent  catalytic performances
including conversion of CH, (red segment line in Figure 3)
and amount of total products (blue bars in Figure 3) formed
on the same catalyst 28 mg of 0.01 wt% Pd/ZSM-5 at 95°C
were studied. As shown in Figure 3, the total yield is about
234 pmol and the conversion is about 12.3% when the CH,
pressure was 3 bar. This shows that the partial oxidation of
methane can be performed on 0.01 wt % Pd/ZSM-5 even at
a low pressure of CH,.

As shown in Figure 4a, the molecular fraction of meth-
anol among the total product (formic acid, methyl peroxide,
methanol, and CO,) on 0.01 wt % Pd/ZSM-5 is quite low, with
formic acid being the major product. As methanol could be
oxidized to formic acid by H,O, under mild conditions, the
observed formic acid in Figure 4a could be formed from
further oxidation of methanol by H,O, after methanol was
produced on 0.01 wt% Pd/ZSM-5. In fact, our control
experiments confirmed that the formed methanol can be
readily oxidized to formic acid by H,0, (see Section 5 of the
Supporting Information).

Based on the conversion of CH, (Figure 3), the amount of
the introduced H,0, is more than the oxidant needed for
formation of these detected products. Thus, there was extra
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Figure 3. Pressure-dependent catalytic performance in partial oxidation
of CH, on 0.01 wt% Pd/ZSM-5 at 95°C. 28 mg of catalyst, 0.01 wt%
Pd/ZSM-5 was added to a Parr reactor; 10 mL de-ionized H,O was
added; H,0, (5 mmol) was added to H,O before CH, was introduced
to the Parr reactor. The plotted yield of a product formed on 28 mg
0.01 wt%Pd/ZSM-5 is the value after subtraction of the yield of the
products formed on 28 mg ZSM-5 (without Pd sites) under the same
catalytic conditions.

Figure 4. Catalytic performance of a) 0.01 wt% Pd/ZSM-5 at 50, 70,
and 95°C, and b) 0.01 wt% Pd/ZSM-5 loaded with 2 wt% CuO at 50,
70, and 95°C. The plotted yields of products formed on 28 mg

0.01 wt%Pd/ZSM-5 or 0.01 wt %Pd/ZSM-5 loaded with 2.0 wt %CuO
are the values after subtraction of the yields of the products formed on
28 mg ZSM-5 (without Pd sites) under the same catalytic conditions.

H,O, after the formation of methanol. Unfortunately, the
extra H,O, oxidized the methanol to formic acid (see Section
5 of the Supporting Information). The facile oxidation of
methanol to formic acid at 95°C by H,0, in fact largely
decreased the concentration of initially formed methanol and
thus significantly increased the concentration of formic acid.
Thus, removal of the extra H,O, could prevent methanol from
being oxidized to formic acid by H,O, and could promote the
selectivity for production of methanol. Here, CuO was used to
catalyze the dissociation of H,0, to H,O and O,. We
confirmed that the decomposition of H,O, to H,O and O,
can be catalyzed by CuO (Section 6 in the Supporting
Information). Next, 2.0wt% CuO was impregnated in
0.01 wt % Pd/ZSM-5 as a co-catalyst for dissociating extra
H,O, after formation of methanol.

Compared to 0.01 wt%Pd/ZSM-5 without CuO
(entries 1, 3, and 5 of Table S1), the selectivities for produc-
tion of methanol on 0.01 wt % Pd/ZSM-5 loaded with 2 wt %
CuO at 50, 70, and 95°C (entries 2, 4, and 6 of Table S1) were
78.48, 85.46, and 86.35%, respectively, indicating that the
CuO co-catalyst significantly increased the selectivity for
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methanol production. The preservation of selectivity in 78—
86 % in the temperature range of 50-95°C suggests that 78—
86 % is the selectivity for production of CH;OH from CH, on
Pd,0; sites.

Turn-over frequency (TOF) is used as a scale to evaluate
catalytic activity, although it is challenging to accurately
measure the number of active sites Pd;O, anchored in ZSM-5.
The details of the calculations of TOFs were described in
Section 8 of the Supporting Information. Table 2 lists the

Table 2: TOFs for methane partial oxidation on 0.01 wt% Pd/ZSM-5 and
other catalysts that convert CH, to CH;OH and other organic oxygenates
at solid-liquid interfaces.

TOF®! TOFP!
Entry  Catalyst Temp. [°C] all methanol
products! only
1 0.01 wt%Pd/ZSM-5 50 2.45 N.A. 1
2 0.01 wt% Pd/ZSM-5 70 6.68 N.AM
3 0.01 wt% Pd/ZSM-5 95 8.30 N.A. [
4 0.01 wt% Pd/ZSM-5 50 1.46 1.53
+2wt% CuO
5 0.01 wt% Pd/ZSM-5 70 3.19 2.72
+2wt% CuO
6 0.01 wt% Pd/ZSM-5 95 2.78 2.33
+2wt% CuO
[a] TOF = moles of all organic prodcuts [b] TOF = moles of methanol ]

moles of metalxtime (in second) * moles of metalxtime (in second)

[c] The number of Pd,0, active sites is 1.58x10'°. [d] As the amount of
the produced methanol is up to 13 umol (see Table S1), the error bars of
the TOFs of these catalysts are large. [e] The detailed calculations of the
TOFs and comparison with other reported values is discussed in
Section 8 of the Supporting Information.

evaluated TOFs of 0.01 wt%Pd/ZSM-5 at different temper-
atures with (or without) the CuO co-catalyst. TOFs of
producing CH;OH from CH, on reported catalysts, including
2.5wt% Fe/ZSM-5 and Au-Pd/TiO,, were evaluated for
comparison/“*! (see Sections 8.2 and 8.3 of the Supporting
Information). The TOFs for producing organic compounds
(methanol, formic acid, and methane peroxide) catalyzed by
0.01 wt % Pd/ZSM-5 without CuO at 50, 70, and 95°C were
2.45, 6.68, and 8.30 molecules on a Pd,O, site per second,
respectively (entries 1-3 in Table 2). Formic acid was the
major product. The TOFs of the CH;OH produced on
0.01 wt % Pd/ZSM-5 with loaded 2.0 wt % CuO at 50, 70, and
95°C (entries 4-6 in Table 2) are 1.53-2.33 CH;OH molecules
per site per second, were higher than those of reported
catalysts at solid-liquid interfaces™*! (see Section 8.1 of the
Supporting Information). These TOFs of this work were
obtained by using the amounts of products generated on
Pd,O, sites after subtracting the products formed on the
substrate (ZSM-5) under the corresponding catalytic condi-
tions.

As the size of ZSM-5 particles used in this work are in the
range of 100-300 nm, the length of the micropores in these
ZSM-5 particles is in the scale range of ZSM-5 particles. In
the liquid phase, the diffusion of Pd cations to deep parts of
these micropores is limited. Both the diffusion of CH, from
the aqueous phase to Pd,O, sites anchored on the internal
surface of microspores and the diffusion of product molecules

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

from catalytic sites in micropores to the aqueous phase are
limited by the long micropores to some extent. These limits
are closely relevant to the limited conversion of CH, here.

To understand the high activity and selectivity for the
production of CH;0OH on Pd,0, of 0.01 wt % Pd/ZSM-5, DFT
calculations of thermodynamics of the formation of methanol
and methyl peroxide were performed as described in Sec-
tion 9 of the Supporting Information. Based on our calcu-
lations, the formation of methanol is thermodynamically
favorable over methyl peroxide. This is consistent with the
higher catalytic selectivity for methanol compared to methyl
peroxide (entries 2, 4 and 6 of Table S1).
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