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Derivation of the Dispersion Formula

For spherical particles, useful relationships between metal dispersion, surface area and
mean particle diameter can be established by making assumptions on the nature of the
crystal planes exposed on the metal surface. Thus, assuming equal proportions of the
three low-index planes (111), (100) and (110) on the polycrystalline surface of a
face-centered cubic (fcc) metal, it is easy to calculate, from crystal data, the number of
atoms per unit area in these planes and the mean number of atoms ns. The surface area
am occupied by an atom m on a polycrystalline surface is am = 1/ns. The volume vi,

occupied by an atom m in the bulk of metal is given by

M
p-Na’

Vn

where M is the atomic mass, p the mass density and Na Avogadro’s number (6.022 x
1,023 mol™!). In the case of iridium (M = 192.2 g:mol’'; p =22.42 g-cm>).

The relationship between specific surface area (Ssp) and dispersion (D) is

N
Su=a(37)D.

The relationship between specific surface area (Ssp) and mean particle size (dva) is
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Since A;=md? and V;=md? /6, S is given by
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And since dVA == W , sp m ,

With dva expressed in nanometers, p in g-cm™ and Ssp in m?-g’!, this becomes
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The relationship between metal dispersion (D) and mean particle size (dva) is
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Since Ns/Ny =D . then D—62n/%m)
dya
oy 1.1053
As for iridium, an=7.73 /A2, v,,=14.24 /A3 so D= ¥ , where the mean
VA

particle size [dva (nm)] was statistically derived from electron microscopy images.



Supplementary Figures

Supplementary Table 1. Design of experiments on the external diffusion

Catalyst amount (mg)*? Flow velocity (mL/min) Liner velocity (cm/min)
10 6 7.89
20 12 15.79
30 18 23.68
50 30 39.47
70 42 55.26
100 60 78.95

®The catalyst was diluted with 70-80 mesh quartz sand to ensure a fixed bed
height-to-diameter ratio exceeding 2.5.



Supplementary Table 2. The BET surface areas and iridium loadings based on
ICP-OES of x% Ir/TiO>

Sample Ir loading (%) BET area (m?%g)

TiO2 - 46.50

0.01% Ir/TiO2 0.0057 40.38

0.05% Ir/TiO2 0.0305 39.43

0.2% Ir/TiO: 0.1426 36.74

0.5% Ir/TiO2-batch 1 0.3496 40.78
0.5% Ir/TiO2-batch 2 0.3490 -
0.5% Ir/TiO2-batch 3 0.3425 -

1.0% Ir/TiO2 0.7888 40.26




Supplementary Table 3. Irk Lsi-edge EXAFS fitting results for as-prepared
catalysts

Sample Shell R (A)? C.N.b 62((A)*  Eoshift (eV) R-factor
Ir foil Ir-Ir 2.71 12 0.00403 8.888 0.0151
Ir-O 1.98 6 0.00384 12.481

IrO; 0.0077
Ir-Ir 3.14 6 0.00707 12.481
samplel Ir-O 2.03 4.73 0.00594 13.813 0.0294
Ir-O 2.03 4.5 0.00769
sample2 13.505 0.0104
Ir-Ir 2.73 1.35 0.00075
Ir-O 2.03 3.67 0.00717
sample3 Ir-Ir 2.73 2 0.00258 15.758 0.0088
Ir-Ir 3.22 7.86 0.02459
Ir-O 2.02 2.9 0.00837
sample4 13.956 0.0185
Ir-Ir 2.72 2.79 0.00321

AR is interatomic distance (the bond length between Ir central atoms and surrounding
coordination atoms).

°C.N. is the coordination number.

‘2 is Debye-Waller factor (a measure of thermal and static disorder in absorber
scatter distances).

9E, shift is edge energy shift (the difference between the zero kinetic energy value of
the sample and that of the theoretical model).



Supplementary Table 4. Kinetic Activity Assessment and Turnover Frequency

(TOF) Determination
Catalyst Tempera .
Flow rate Conversion (%)*
Sample amount  ture (°C)
(mL/min)
(mg) CH,4 CO;
700 15.00 7.9597 (£0.02 13.2794 (£0.04
0.01 % Ir-TiO2 50.1 ( ) ( )
750 30.00 10.6188 (£0.05) 20.1961(+0.32)
700 15.00 7.8396 (£0.15 13.0286 (£0.36
0.05 % Ir-Ti0O2 10.6 ( ) ( )
750 50.00 8.4213 (20.19) 15.4950 (£0.12)
700 20.00 13.9476 (£0.15 22.9049 (£0.07
0.2 % Ir-TiO2 5.3 ( ) ( )
750 50.00 14.6913 (£0.12) 24.6717 (£0.29)
700 40.00 13.7592 (£0.08 21.5960 (£0.16
0.5 % Ir-TiOs 4.1 ( ) ( )
750 80.00 15.3079 (£0.66) 23.3004 (£0.33)
700 40.00 14.2071 (£0.18 21.6262 (£0.41
1.0 % Ir-TiO» 2.3 ( ) ( )
750 90.00 16.8244 (£0.15) 24.3725 (£0.03)

4n the kinetic activity assessment, equilibrium conversion rates were determined in
triplicate, with standard deviations reported in parentheses. The reaction gas mixture
consisted of CH4 and CO; (20 vol.% CHa, 20 vol.% CO», 1 vol.% N, balance Ar).



Supplementary Table 5. Comparison of the as-prepared Ir/TiO; with reported representative catalytic systems for DRM reaction

Sample Gas feed Tem. GHSV CHj4 conv. CO: conv. Average CH4 TOF Reaction rite 3 Ref.
°C) (mL-geac!*h1) (%) (%) Hz/CO s (molch, gmetar -h™)

0.05%Ir/TiO2 20%CH4,20%CO2 750 38,760 33 49 0.9 37.25 698 This work

0.5%Ir/TiO2 20%CH4,20%CO2 750 38,760 75 83 0.7 38.84 447 This work
0.6%]I1r/CeOa2x 44%CH4,44%CO2 650 240,000 57 69 0.8 168 763 (1
Ir-BaTiOs 2.5%CH4,2.5%CO0O2 750 267,000 83 87 1.0 - - (2]
Nilr/MgAl204 50%CH4,50%CO: 750 40,000 85 95 0.9 - 0.75 (31
Nilr/Mg(ADO 50%CH4,50%CO: 850 60,000 71 77 0.7 - - (4]
Rui/Mg-CeO2-NR 25%CH4,25%COz 500 160,000 - - 0.6 - - (5]
NigoMo10/Al2O3 20%CH4,20%CO> 500 20,000 12 20 0.4 - 3.29 (o]
Nio.1Feo.04sRho.005 33%CH4,34%CO> 750 36,000 - - - - 10.11 -

Re-Nio.1Feo.04sRho00s  33%CH4,34%CO: 750 36,000 67 78 - - 16.96

Ni/SiBeta 33%CH4,34%CO: 750 100,000 76.5 83.2 0.9 8.3 - (8]
Ni/MgALO4 25%CH4,25%CO2 800 160,000 78 84 0.92 - - Bl
40cAl-Ni/MgALOs  20%CH4,20%CO: 800 60,000 90 95 - - - [10]
5Ni5Co/Si02 45%CH4,45%CO2 750 24,000 88 91 0.9 - - [11]
Ni-MFI-PO 45%CH4,45%CO2 600 62,000 51.6 64.9 0.77 1.44 - (2]
Rh/Ce02-850-CO; 50%CH4,50%CO2 850 36,000 90 95 1 20.4 384 [13]
0.5Nii/HAP 20%CH4,20%CO2 750 12 x 10° 50 60 - 13.3 816.5 (14]
0.5Nii/HAP-Ce 20%CH4,20%CO2 750 60,000 65 78 0.8 6.1 373.1 (151
PdNi/MgO 7%CHa,7%CO> 750 70,000 97 96 0.99 - 0.22 [16]
PtN1/ALLO3 20%CH4,20%CO> 700 30,000 69 76 0.65 - 0.18 (171
RhNiCo/ZrO2/Al03 47H4,47%COx 800 45,000 67.6 71.8 0.84 - 0.63 (18]




Supplementary Table 6. The loading
ICP-OES analysis

of iridium catalysts determined by

Sample Irk loading (%)
0.05%I1/Si02 0.01817%
0.05%I1/ALO3 0.02840%
0.05%Ir/MgO 0.02826%
0.05% Ir/TiO2-750/4h 0.05883%
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Supplementary Figure 1. Average CHs4 Conversion in the Dry Reforming of

Methane (DRM) Reaction. Error bars represent the standard deviation from triplicate

experiments using independently prepared catalyst batches. Catalyst loading was

maintained consistent across different batches. A gas mixture comprising CHs and

CO2 (20 vol.% CHa, 20 vol.% COa», 1 vol.% N2, Ar balanced) was introduced at a total

flow rate of 30 mL/min, corresponding to a gas hourly space velocity (GHSV) of

36,000 mL"gea!hl.
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Supplementary Figure 2. Elimination of external diffusion over Ir/TiO2. A gas
mixture comprising CHs and CO; (20 vol.% CHa, 20 vol.% CO, 1 vol.% Na, Ar
balanced) was introduced at a total flow rate of 30 mL/min, corresponding to a gas

hourly space velocity (GHSV) of 36,000 mL-gca'h!.
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Supplementary Figure 3. AC-HADDF-STEM images of 0.05% Ir/TiO, after
reduction at 500 °C (A and B).
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Supplementary Figure 4. STEM images and size distributions of 0.05%

32 36 40

Ir/Ti02-750/4h after reduction at 500 °C (A-C) and reaction 50 h (D-F).
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Supplementary Figure 5. /n situ DRIFT spectra of CO adsorption on 0.01% Ir/TiO-
after reduction at 500 °C.
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Supplementary Figure 6. /n situ DRIFT spectra of CO adsorption after He purging
on Ir/TiO, with different loadings after reduction at 500 °C.
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Supplementary Figure 7. Temperature-programmed reaction of 0.2-1.0% Ir/TiO:
catalysts of DRM reaction. The conversion of CH4 (A) and COz (B). A gas mixture
comprising CHs and COz (20 vol.% CHa, 20 vol.% COa, 1 vol.% Nz, Ar balanced)
was introduced at a total flow rate of 30 mL/min, corresponding to a gas hourly space

velocity (GHSV) of 36,000 mL-geac!h!.
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Supplementary Figure 8. The 0.05% Ir/AlLOs, Ir/MgO and Ir/SiO: catalysts for

DRM reaction. (A) CHa conversion (B) CO: conversion and (C) the ratio of Ho/CO.

DRM: Dry reforming of methane. A gas mixture comprising CH4 and CO2 (20 vol.%

CHa, 20 vol.% COz, 1 vol.% N2, Ar balanced) was introduced at a total flow rate of 30

mL/min, corresponding to a gas hourly space velocity (GHSV) of 36,000

mL'gca[-l 'h-l.
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Supplementary Figure 9. TGA-MS profiles of 0.05%Ir/AlbOs-spent 50 h and
0.05%Ir/MgO-spent 20 h catalysts after DRM reaction.
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Supplementary Figure 10. STEM images of 0.05% Ir/AL,Os after reaction for 50 h.
(A-C) The high magnification images of 0.05% Ir/Al>O;s; (D) The low magnification
images of 0.05% Ir/ALOs.
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Supplementary Figure 11. STEM images of 0.05% Ir/MgO after reaction for 20 h.
(A-C) The high magnification images of 0.05% Ir/MgO; (D) The low magnification
image of 0.05% Ir/ MgO.
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Supplementary Figure 12. Mass spectrometer signals of CHs, CO,, CO and H»

during the CH4-TPSR experiment over TiO2 support. The mixture gas is 1 vol%CH4
balanced with He.
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Supplementary Figure 13. Mass spectrometer signals of CHs, CO,, CO and H»
during the CH4-TPSR experiment over 0.01% Ir/TiO,. The mixture gas is 1 vol%CH4
balanced with He.
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Supplementary Figure 14. Mass spectrometer signals of CHs, CO,, CO and H»
during the CH4-TPSR experiment over 0.2% Ir/TiO>. The mixture gas is 1 vol%CH4
balanced with He.
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Supplementary Figure 15. Mass spectrometer signals of CHs, CO,, CO and H»
during the CH4-TPSR experiment over 0.5% Ir/TiO>. The mixture gas is 1 vol%CH4
balanced with He.
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Supplementary Figure 16. XRD patterns of different loading Ir/TiO, catalysts after
dry reforming of methane (DRM) reaction for 50 h.
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Supplementary Figure 17. The DRM reaction of 0.05%Ir/TiO2-750/4h. A gas
mixture comprising CHs and CO; (20 vol.% CHa, 20 vol.% CO, 1 vol.% Na, Ar
balanced) was introduced at a total flow rate of 30 mL/min, corresponding to a gas

hourly space velocity (GHSV) of 36,000 mL-geai!-h!.
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Supplementary Figure 18. Average CHs Conversion in the Dry Reforming of
Methane (DRM) Reaction. Error bars represent the standard deviation from triplicate
experiments using the same batch catalyst. A gas mixture comprising CHs and CO:
(20 vol.% CHa, 20 vol.% COz, 1 vol.% N2, Ar balanced) was introduced at a total flow
rate of 30 mL/min, corresponding to a gas hourly space velocity (GHSV) of 36,000

mL'gcat-l 'h-l.
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