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The BET method is, in a strict sense, not applicable in the case of microporous adsorbents
1.2, However, Rouquerol et al. 3 suggested a procedure to determine an appropriate p/po
range for BET analysis of microporous materials. This procedure was utilized in this study
to estimate the surface area of the ZSM-5 supports and the corresponding catalysts.
Moreover, micropore volume and the concentration of Pd, Pt in the catalysts were
analyzed using the t-plot and ICP-AES methods, respectively.
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Figure S1. An example of the BET plot of the Pd,Pt,TiO,/H-ZSM-5 (80) catalyst utilizing

only data in the low p/p, region (less than 0.1). The y-intercept value here is 0.000006,

which is positive and thus satisfies the most important requirement proposed by Rouquerol

et al.
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Figure S2. NH;-TPD profiles of (a) ZSM-5 supports and (b) the corresponding catalysts



Figure S3. Scanning transmission electron microscope high angle annular dark field

(STEM-HAADF) imaging (a and d). Energy dispersive X-ray spectroscopy (EDS) mapping
elemental maps and overlays of Pd/Pt/TiO»/H-ZSM-5 (23) (b — ¢) and Pd/Pt/TiOy/H-ZSM-5
(80) (e —f). For Si (yellow) / Ti (blue) (b and €) and for Ti (blue) / Pd (red) / Pt (green) (c

and f) with the yellow here indicating areas where the Pd and Pt are co-located.
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Figure S4. Scanning transmission electron microscope high angle annular dark field
(STEM-HAADF) imaging (a) and energy dispersive X-ray spectroscopy (EDS) elemental
maps of the Pd/Pt/TiO./H-ZSM-5 (80) catalyst (b, c, d, e and f). The blue indicates Al, red

Ti, yellow Pd and turquoise Pt.
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Figure S5. 3D visualisation and 2D orthoslices from a STEM-HAADF electron
tomographic reconstruction of Pd/Pt/TiO,/H-ZSM-5 (23). a) 3D surface render of the
reconstruction with colours to illustrate intensity differences, yellow, low HAADF intensity
corresponding to Si and Al support, blue, intermediate intensity corresponding to TiO,
particles, red, high intensity as Pd and Pt rich nanoparticles. b), histogram of the
unprocessed reconstruction. Voxel intensities ranging from 35-255, 67-115 and 130-255
are represented as the yellow tomogram in ¢) the blue tomogram in f) and the red
tomogram in i) respectively. d) and e), g) and h) and j) and k) are 2D slices extracted from

c), f) and i), respectively.
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Figure S6. 3D visualisation and orthoslices from the STEM-HAADF electron tomographic
reconstruction of Pd/Pt/TiO,/H-ZSM-5 (80). a) 3D surface render of the reconstruction with
colours to illustrate intensity differences, blue, low HAADF STEM intensity corresponding
to the TiO, support, red, high HAADF STEM intensity corresponding to the Pd and Pt rich
nanoparticles. b) histogram of the unprocessed reconstruction. Voxel intensities ranging
from 55-255 and 180-255 are represented as blue tomogram in c¢) and red tomogram in g)
respectively. d-f) and h-j) are 2D slices extracted from c) and g) respectively. Legend at

the top refers to the annotations on the 2D slices in d-f.
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Fit at Pd K-edge

The co-ordination numbers (CNs) for the oxide reference were fixed as determined by its
crystal structure. All other parameters, including the bond distances, and Debye—Waller
factors were free to vary. Good fit was obtained for PdO, as suggested by the low R-factor.
The refined bond lengths were consistent with PdO’s crystal structure 4, and all the other
parameters were physically sensible. Thus, the same model was used to fit the three

catalysts, which results in similarly good fits.

Table S1. Best-fit parameters obtained by fitting EXAFS data measured from PdO and

the three catalysts at Pd K-edge

Co- Debye-
Sample Shell ordination Iz(r)\n?h A) Waller factor (Ae%/o) g-ctor
number 9 (A2)
PdO 1st(Pd-O) 4 2.02 0.0022
2 (Pd-Pd) 4 3.03 0.0043 -0.9 0.009
3 (Pd-Pd) 8 3.42 0.0049
Pd,Pt,TiO,/ 1st(Pd-O) 4.5 2.02 0.0024
H-ZSM-5 (23)  2nd (Pd-Pd) 5.0 3.06 0.0067 2.0 0.022
34 (Pd-Pd) 6.2 3.45 0.0063
Pd,Pt,TiO,/ 1st(Pd-O) 4.5 2.02 0.0022
H-ZSM-5 (50) 2 (Pd-Pd) 5.3 3.06 0.0066 -2.0 0.020
34 (Pd-Pd) 6.5 3.45 0.0059
Pd,Pt,TiO,/ 1st(Pd-O) 4.4 2.02 0.0022
H-ZSM-5 (80) 2 (Pd-Pd) 5.4 3.06 0.0065 -1.7  0.020

31 (Pd-Pd) 6.3 3.45 0.0059
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Figure S7. Experimental EXAFS data (solid line) obtained with PdO reference and the

three catalysts and the corresponding fitted model from FEFF (dashed line). Data obtained

at the Pd K-edge.

Fit at Pt L-edge
In this fit, it was necessary to fix the Debye—Waller factor in the 3 and 4t shells to 0.003
and 0.006, respectively, as physically meaningful values could not be obtained when this

parameter was free to vary. This results in a good fit with a R-factor of 0.01.
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Figure S8. Experimental EXAFS data (solid line) and fitted model (dash line) for

Pd,Pt, TiO,/HZSM-5 (23). Data obtained at the Pt L-edge.

Table S2. Best-fit parameters obtained by fitting EXAFS data measured from

Pd,Pt, TiO,/H-ZSM-5 (23) at the Pt L ~edge.

L Bond Debye-
Sample Shell (nJSr-]:)tzglrnatlon length Waller (AeE/O) R-factor
(A) factor (A2)
PtO2 1st(Pt-O) 4 2.02
27 (Pt-Pt) 4 3.04
3d(Pt-Pt) 8 3.43
4t (Pt-O) 8 3.65
Pd,PtTiO,/ 1t (Pt-O) 3.5 2.02 0.0018
H-ZSM-5 (23) 2" (Pt-Pt) 1.2 3.00 0.0063 128 0.01
34 (Pt-Pt) 1.0 3.47 0.006" ' ’
4 (Pt-O) 54 3.63 0.003°

aData from crystallography. °fixed
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Table S3. Position of the Pd and Pt peaks in eV in XPS analysis

Sample Pd 3ds, Pd3dj, Pt 4fs, Pt 4f,,
Pd,Pt, TiO,/H-ZSM-5 (23) 337.18 342.58 75.58 72.18
Pd,Pt, TiO,/H-ZSM-5 (50) 337.08 342.28 75.48 72.08
Pd,Pt,TiO,/H-ZSM-5 (80) 336.68 342.18 75.18 71.88
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Figure S9. XRD diffractogram of Pd,Pt, TiO,/H-ZSM-5 (80) and the same material after

50 h time on stream.
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Figure $10. TGA analyses in O,



Figure S11. STEM-HAADF images and EDS Pd (yellow), Pt (turquoise) element mapping

of (a-c) the original and (d-f) the aged Pd,Pt, TiO,/H-ZSM-5 (80).
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Figure S12. Catalytic activity profiles for methane oxidation under dry conditions (closed
symbols) and in the presence of 9 mL min-! water (open symbols) for
Pd,Pt, TiO,/H-ZSM-5 (80). Nominal composition: 5 wt.% Pd, 2 wt.% Pt, 17.5 wt.% TiO, on

75.5 wt.% zeolite.
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Figure S13. Comparison of the stability of Pd,Pt,TiO,/ZSM-5 (80) under dry conditions at
300 °C (closed symbols) and in the presence of 9 mL min-' water at 350 °C (open

symbols).
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Figure S14. Stability of catalyst Pd,Pt,TiO,/H-ZSM-5 (80) with 9 mL min-' water in the feed
and when water is removed at 350 °C. Feed composition: 0.9 mL min-' CH,,

18 mL min~' O,, 9 mL min-* Ne and either 9 or 0 mL min-' H,O with 152.1 mL min-" Ar.
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