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Characterizations

Powder X-ray diffraction (XRD) analysis of the catalysts was carried out on a Rigaku
ULTIMA 1III X-ray diffractometer with a Cu Ka irradiation source at a voltage of 40 kV and
current of 44 mA. All powder diffraction data were acquired between a 20 of 3-90°, using 2°
step/min.

TEM- Powder samples were dispersed in pure ethanol; sonicated for about 2 mins; then
placed 5 pul droplet on carbon coated Nickel TEM grids and dried at ambient air before imaging.
All images were obtained on JEOL2200FS TEM at 200 kV. Energy dispersive X-ray spectra
(EDXs) were acquired using Oxford INCA Energy in STEM mode with 1.5 nm probe.

NH;-TPD was performed on the Finesorb-3010 Chemisorption Analyzer using ~200 mg
sample. Ammonia was selected due to its simplicity, small molecular size, and ability to titrate
both strong and weak acid sites on the catalyst. Prior to measurements, fresh samples were
calcined in He flow with 30 sccm at 600 °C for 30 min with a ramp rate of 20 °C/min. All
samples were then cooled to 100 °C and then adsorption of ammonia was performed in 0.5%
NH3/N, with a flow rate of 30 sccm for 90 min. After flowing He for 60 min to remove any
physically adsorbed NH;, TPD was carried out by ramping to 600 °C at 10 °C/min and held for
30 min. A thermal conductivity detector (TCD) determined the amount of desorbed NH;. The
acquired curve is deconvoluted with Bigaussian.

The surface acidity was studied upon pyridine adsorption. The DRIFT spectrum was
acquired with a Thermo-Scientific-Nicolet iS50 equipped with an environmental chamber and a
liquid-nitrogen cooled mercury—cadmium—telluride (MCT) detector. The gas inlet was connected
to a bubbler for liquid feedstock introduction via two three-way valves. Inlet gas could pass

through the liquid sample before entering the chamber. For conducting pyridine adsorption, the
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catalyst sample was first put in the environmental chamber at 500 °C with a 30 sccm N, flow for
30 min to remove impurities adsorbed on the catalyst surface before collecting background
spectra at room temperature. The N, flow was then sent into the aforementioned bubbler filled
with pyridine and kept for 10 min in order to introduce pyridine into the environmental chamber
as a vapor phase. After that, the gas flow was switched back to 30 sccm pure N, by bypassing the
bubbler. The spectrum was then recorded in an absorbance mode upon stabilization for 30 min at
room temperature under 30 sccm of N,.

The X-ray photoelectron spectroscopy analysis was performed using Kratos Axis
spectrometer with monochromatized Al Ka (hv = 1486.71 eV). The spectrometer was calibrated
using the binding energy (84.0 eV) of Au 4f;, with reference to Fermi level. The pressure of
analysis chamber during experiments is more than 5x10-1° Torr. A hemispherical electron-energy
analyzer working at the pass energy of 20 eV was used to collect core-level spectra while survey
spectrum within a range of binding energies from 0 to 1100 eV was collected at analyzer pass
energy of 160 eV. Charge effects were corrected by using the C 1s peak at 284.8 eV. A Shirley
background was applied to subtract the inelastic background of core-level peaks. Non-linear
optimization using the Marquardt Algorithm (Casa XPS) was used to determine the peak model
parameters such as peak positions, widths and peak intensities. The model peak to describe XPS
core-level lines for curve fitting was a product of Gaussian and Lorentzian functions.

The water content of liquid samples was determined using Karl Fischer (KF) titration
(Metrohm 870 Titrino Plus) through averaging the results collected from at least three

independent measurements.
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XRD of various fresh and spent catalysts

There are no additional peaks observed in the XRD patterns shown in Fig.S1, indicating
that the support framework is well maintained after the loading of metals species. It is also
observed that the intensity of the diffraction peaks originated from (101) and (020) crystal planes
of ZSMS5 are reduced to varying degrees because of the metal ions deposition when these metal

species (Zn, Ag, Ga, Pt, Pd, Ru, Ir) are loaded on the framework.
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Figure S1 Powder XRD patterns of various fresh catalysts (a) synthesized via incipient wetness
impregnation and the spent catalysts (b) collected after reaction under methane environment

DRIFT and NH;-TPD

The surface acidity of various catalysts employed in this work is also investigated by using
pyridine as the probe and recorded in terms of DRIFT spectra; the corresponding results are
depicted in Fig. S2. The peaks at around 1445 cm™! are assigned to Lewis acid sites 4, while
those appearing at 1555 cm! are due to Bronsted acid sites upon pyridine adsorption. The peaks

located at 1492 cm! are assigned to coordinating pyridine molecules (pyridine and pyridinium
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ion), which is due to the Lewis and Bronsted acid sites®. The peaks at around 1600 cm™! are
assigned to the hydrogen-bonded pyridine’, which are closely associated to Bronsted acid sites,
while the peaks at around 1619 cm! are assigned to pyridinium H-bonded with pyridine, which
are attributed to Lewis acid sites®®. The peaks at around 1641 cm™!' due to pyridinium H-bonded
with pyridine and the ZSM-5 framework correspond to the Bronsted acid sites*. Spectra of all
supported metal catalysts exhibit the typical signals for pyridine molecules protonated at
Bronsted sites and the signals for pyridine coordinated at Lewis sites, with similar distribution of
those two acid sites. However, the peak at 1619 cm!' observed exclusively on the spectra of
1%Zn/ZSMS5 is indicative of more Lewis acid sites* available, which could have a preponderant
role in the deoxygenation process® and contribute to the better catalytic performance on phenol
conversion.

The features of surface acidic sites of various catalysts developed in this study are further
analyzed using NH;-TPD, the results of which are presented in Fig. S3 for better comparison.
The low-temperature (LT) peak around 200 °C might originate from NH; molecules desorbed
from the weak surface acidic sites (WAS) while the high-temperature (HT) peak located at 400
°C is probably associated with NH; molecules desorption from strong surface acidic sites (SAS),
10-and the peaks in the region of 300-400 °C is indicative of the presence of medium acidic sites
(MAS). It’s evident that the metal loading on zeolite support decreases the total acid sites and
changes distribution of WAS, MAS, and SAS as seen in Table S1. Higher ratio of WAS to SAS
is observed on the surface of 1%Zn/ZSMS5 catalyst, probably due to more Lewis acid sites
available (in Fig. S2) which can be treated as WAS. The considerably abundant acidic sites and
higher ratio of WAS to SAS over 1%Zn/ZSMS5 might facilitate the phenol dissociation to form

the desired BTEX products with less coke under methane environment.
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Figure S2. DRIFT spectra collected over various fresh catalysts upon pyridine adsorption
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Table S1. Characterization of acidic sites on various catalysts upon NH3;-TPD

Sy . Peak position Acid site Total sites
Catalysts Acid site type °C) content (%) ratio b
WA 201 60.33
HZSMS SA 426 39.67 1.00
WA 189 75.43
0
1%Zn/ZSM5 SA 414 2457 0.91
WA 177 63.60
o
1%Ag/ZSMS5 SA 447 36.40 0.88
WA 217 59.87
0
1%Ga/ZSM5 SA 456 40 13 0.95
WA 200 51.08
0
1%Pt/ZSM5 SA 437 4892 0.60
WA 193 47.35
V)
1%Pd/ZSM5 SA 333 57 65 0.63
WA 200 49.14
0
1%Ru/ZSM5 SA 400 50.86 0.61
WA 213 52.65
1%Ir/ZSM5 MA 348 15.95 0.64
SA 446 31.40

a WA, MA, and SA refer to the sites with weak, medium and strong acidity.
b Total sites ratio is NH;-TPD peak ratio with respect to HZSM5 and calculated based on the
area of the deconvoluted peaks.

XRD of fresh and spent 1%Zn/ZSMS catalysts

As the XRD patterns shown in Fig. S4, it’s noticed that the intensity of the peaks originated
from (101) and (020) crystal planes of ZSM5 are significantly reduced under N, environment,
while slightly increased under CH4 environment when compared with fresh -catalyst
1%Zn/ZSM5. This might be because Zn species migrate away from the ZSMS5 framework, which
increases the crystallinity of those two planes under CH4 environment. In contrast, Zn
agglomeration occurs in the reaction under N, environment, which results in the reduction of the

crystallinity. Namely, methane may facilitate the dispersion of Zn species in the reaction.
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Figure S4. Powder XRD patterns of fresh HZSMS5 and 1%Zn/ZSMS5, as well as spent
1%Zn/ZSM5 catalysts collected under CH4/N, environments.

TEM-EDX

As shown in Fig. S5, quite similar interplane spacing between two (101) planes suggests
the crystal structure of support is well maintained during the reaction, which is consistent with
the observation that there is no additional peak in XRD patterns in Fig S4. There is no Zn species
detected by EDX on the fresh and spent catalyst collected under methane environment as shown
in Fig. S5d and e. This may be due to low concentration caused by the high dispersion of Zn.
While Zn species detected by EDX on the spent catalyst collected under N, environment is
indicative of higher concentration of Zn species, which may be caused by a certain degree of Zn
agglomeration. This observation is consistent with the reduction of the crystallinity observed in
XRD patterns in Fig S4. Namely, methane may facilitate the dispersion of Zn species in the

reaction.
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Figure S5. The TEM images of fresh 1%Zn/ZSM-5 catalyst (a), spent 1%Zn/ZSM-5catalyst
collected under environments of CH,4 (b) and N, (¢). The inset of (a), (b), and (c) show the FFT
analysis of selective region in the crystal, respectively; and the interplanar spacing between two
(101) planes is determined to be 1.09, 1.10 and 1.11 nm, respectively. The EDX patterns (d, e,
and f) of the samples taken from corresponding TEM images. The signal of Ni peaks is
originated from the substrate.
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XPS

As displayed in Fig. S6, Zn 2p has two typical fitting peaks found at about 1023.35 and
1046.36 eV corresponding to Zn 2ps;,, and Zn 2p;p, respectively!!"!3. The binding energy
separation between Zn 2p;, and Zn2p;, is 23.01 eV, which is in agreement with reported data
(A= 23 eV) 3. These observations suggest Zn species on the catalysts as oxidation state of 2+.
As compared the spectra collected from phenol +CH,4 run with that from the fresh one, the
intensity of peak associated with Zn species is slightly reduced, which can result from Zn species
that might mitigate into the inner pores of the zeolite support and re-disperse better on the
surface in the presence of methane. In contrast, the surface concentration of Zn species increases
a little after reaction under N, environment probably as a result of Zn agglomeration. These

observations are highly consistent with the results of XRD in Fig. S4 and TEM-EDX in Fig. S5.
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Figure S6. XPS spectra of 1%Zn/ZSM-5 before and after reactions under CH4/N, environments
at Zn 2p regions. The spectra were smoothed using the mean of 50 points.
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Active sites on catalyst

In addition to acidic sites (A), extra-crystalline ZnO and other Zn species (B and C) could
be present on 1%Zn/ZSM5 catalyst as described below. Zn species (B and C) coordinated with

zeolite can’t be reduced, while extra-crystalline ZnO could be reduced. 4

3 N
H* Zn Zn nt?
| I NG
> /\
Si/ \AI Si/ \AI 51/ \AI Si/ \Al Si Al
A B C

H,-TPR (temperature programmed reduction) investigation (Fig. S7) on 1%Zn/ZSM5
shows a tiny reduction, implying that the formation of extra-crystalline ZnO is negligible.
Namely, Zn species are almost chemically bonded to zeolite by replacement of H, which is
consistent with the observation in Zn L3-edge XA spectra as shown in Fig. 1. Therefore, the

catalytic sites in the reaction are acidic sites (A) and Zn species (B and C).

H,-TPR
1%Zn/ZSM5

TP

I I I I I I
100 200 300 400 500 600 700 800

TCD signal

Temperature (°C)

Figure S7. H,-TPR of 1%Zn/ZSMS5 (30 ml/min, 5 %H,/Ar, 10 °C/min)

The distribution of these sites is further determined based on the results of NH;-TPD of

HZSMS and 1%Zn/ZSM5.
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Table S2. Total amount of NH;3 molecules desorbed per Al site in HZSMS5 and 1%Zn/ZSM5

NHj; adsorbed (NH;3 molecule/Al site)

Sample Zn/Al Predicted
Experimental
Zn site (B) Zn site (C)
HZSMS5 0 0 1.02
1%Zn/ZSM5 0.15 1.02 0.93

Ammonia adsorption measurements (Table S2) indicate both two Zn sites (B and C) are present.

The mole percent of three sites A, B, C are estimated to be 83.5%, 6.6%, and 9.9%, respectively.

Liquid 3C NMR

Table S3. 13C liquid NMR comparative peak area ratio with respect to CDCl; of the products
from phenol deoxygenation under '*CH4 and CH,4 environment

Chemical shift/ppm Peaks assigned 13CH, CH,

137.55 Phenyl carbon directly bonded with alkyl 001 001
substituent groups

134.30 The carbon sites shared by the two rings 0.01 0.009
in naphthalene

129.05 Ortho ppsfuons of the alkyl substituted 0.107 0.06
phenyl ring

128 34 Ben;ene ring /meta. positions of the alkyl 0.627 0.424
substituted phenyl ring

127.96 alpha positions of naphthalene 0.098 0.07

125.88 beta positions of naphthalene 0.09 0.055

125.42 Para positions of the alkyl substituted 0.066 0.041
phenyl ring

21.72 Benzylic carbon 0.217 0.02
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Liquid 'H and 2H NMR
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Figure S8. The 'H (a and b) and 2H (¢ and d) NMR spectra of the liquid products collected from

the reaction between phenol and CH,/CD,. The peak at 7.23 ppm belongs to CDCl; which serves

as the internal reference.

Table S4. 'H liquids NMR peak area ratio with respect to CDCl; of the products from the

reactions between phenol and CH4/CD,

Chemical shift/ppm

The type of proton Chemical Shifts /ppm

C6H6O+CH4

aromatic 7.0-7.8
benzylic 2.2-2.8
Alkyl 1.0-1.5
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Figure S9. Zinc L;-edge XAS spectra collected in fluorescence mode for fresh catalyst, spent
catalysts collected after varying reaction time at 400 °C, and metal Zn, ZnO references at room
temperature. The spectra are normalized to by subtracting a straight line fitted to zero before L;
edge.

The rate of phenol and methane
The reaction rates of methane and phenol during phenol conversion over 1%Zn/ZSMS at
400 °C were calculated assuming a pseudo-first-order reaction as below:
In(1—x)=—k-mg-t

L. min~1), x is the conversion of methane or

where k is the pseudo-first-order rate constant (g ~
phenol, m.,; is the mass of catalyst in the reaction (1.0 g) and t is the reaction time (min).

Based on the results shown in Table 3, the reaction rate of methane and phenol are
calculated to be as below:

Tphenol = 6.7 X 10 2 (min 1)

Tmethane = 5.4 X 10 = (min 1)
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Figure S10. The rate constant of methane and phenol during phenol deoxygenation over

1%Zn/ZSM5 at 400 °C.

As shown in Fig. S11, the peak at 7.4 ppm due to the hydrogen atoms of the aromatic ring;
the shoulder peak at 7.0 ppm from hydrogen atoms at ortho- and meta- sites of phenol; the broad
peak at 5.5 is assigned to —OH group attached to aromatic ring and the protons of Bronsted acid
sites (with a chemical shift of 4-6 ppm); the signal at 2.3 ppm is assigned to benzylic proton; the
signal at 1.7 ppm due to isolated external silanol groups; and the small peak at 0.9 ppm from
methane species (CH,4.,D,) absorbed on the catalyst. Initially, the decrease in intensity of peaks at
7.4 ppm, 7.0 ppm, 5.5 ppm, 1.7 ppm in (a) may be due to the H/D exchange reaction. The
decrease in intensity of peak at 2.3 ppm is probably due to —CDj; group attached to the ring. After
1 h of reaction, the significant decrease in the intensity of peaks at 7.4 ppm and 2.3 ppm due to
methane-D, incorporation into both aromatic ring and the attached methyl groups. The peaks at

5.5 and 7.0 ppm disappeared due to the consumption of phenol with reaction.
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Figure S11. 'H MAS NMR of Zn/ZSM-5 catalysts for the reaction of methane and phenol with
different time. (a) Zn/ZSM-5 catalysts were collected after the reaction of phenol and CH, for 1 s
(solid line), phenol and CDy for 1 s (red dotted line); (b) Zn/ZSM-5 catalysts were collected after
the reaction of phenol and CH,4 for 1 h (solid line), phenol and CD, for 1 h (red dotted line).
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Phenyl ring opening

Aromatic ring opening is supported by the quantitative analysis of liquid '*C-NMR
results presented in Table S3 and Table S5. The mole percentages of carbons from methane and
phenol-1-C in the liquid products are estimated to be 2.0% and 16.1%, respectively, based on the
natural abundance of '*C (1.1%). Namely, the ratio of the carbons from phenol-1-C to the
carbons from other sites of phenol after the reaction is approximately 0.19, which is slightly
lower than that in phenol (0.20) before the reaction. The loss of phenol-1-C from phenol implies
that aromatic ring opening reaction did occur under this circumstance, resulting in the removal of
phenol-1-C as the form of gas products (CO or CO,).

Table S5. 3C liquid NMR comparative peak area ratio with respect to that for CDCl; of the
products collected from the reactions between phenol-1-13C/phenol and methane

Chemical shift/ppm Peaks assigned Phenol-1-3C  phenol

Phenyl carbon directly bonded with alkyl

137.55 substituent groups 0.162 0.009

134,30 The carbon sites shared by the two rings 0.072 0.000
in naphthalene

129.05 Ortho pgsmons of the alkyl substituted 0.999 0.068
phenyl ring

128.34 benze?ne ring /Meta 'posmons of the alkyl 5357 0371
substituted phenyl ring

127.96 alpha positions of naphthalene 0.618 0.035

125.88 beta positions of naphthalene 0.525 0.038

125.42 Para positions of the alkyl substituted 0.543 0.037
phenyl ring

21.72 Benzylic carbon 0.295 0.028
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Figure S12. Mass spectra of gas products (a) CO and (b) CO, obtained from the reactions
between phenol/phenol-1-13C and methane at 400 °C (60 min) over 1%Zn/ZSMS5 with the
estimated isotopic composition (mol%)

Table S6. The composition of liquid products collected over 1%Zn/ZSMS5 under N, environment
using benzene as the feedstock

Liquid composition (C mol %)

1%Zn/ZSM5 No catalyst

Benzene 75.1 98.7

Toluene 10.4 1.3
Ethylbenzene 3.65 0
Xylene 0.79 0
C9 aromatics 1.57 0
Naphthalene 7.86 0
Diphenylmethane 0.68 0

Reaction conditions: 0.0/1.0 g catalyst with 0.1 g benzene, 2.0 MPa at 400 °C, 60 min, 300 mL
batch reactor. The tiny amount of toluene is observed in the run without catalyst due to the

impurities in the benzene.
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