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Table S1. Atomic percentage size distribution of two catalysts containing Ir subnanometer clusters,

IrSubnano/M gA1204 and IrSubnan071r4/MgA12O4-

Sample 0.1-03nm 0.3-0.5nm 0.5-0.7nm 0.7-0.9 nm 0.9-1 nm

Irsubnand/ MgA1,04 28% 6% 30% 29% 7%
before reaction

Irsubnand/ MgA1,04 25% 2% 31% 32% 10%
after reaction

Irsubnano 1:s/MgAL Oy 13% 24% 44% 21% 0%

before reaction
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Table S2. Size distribution of MgAl,O4 supported Ir samples measured from STEM.

Sample Ir weight Percentage of 0.3-0.7nm 0.7-1nm  >1Inm  Major species

Loading single atoms

(SA)

Irsubnane/ MgAL, Oy 0.05% 28% 36% 36% 0% Subnano
Irsubnano_1:a/MgAL,Oy4 0.1% 13% 68% 21% 0% Subnano
II'NP /MgA1204 0.2% 2% 0% 22% 76% NP
Irsa/MgAL Oy 0.0025% ~100% 0% 0% 0% SA
II'SA+NP/MgA1204 1% 35% 1% 18% 46% SA+NP
Irnp/MgALO, (1Wt%) 1% 16% 0% 7% 77% Mostly NP
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Table S3. Summary of EXAFS modeling of Irs,pnano/MgAL Oy catalysts under different conditions.

Ir subnano Ir subnano Ir subnano Ir subnano Ir NP

Sample

H,30°C CO30°C CO160°C 0,30°C He30°C'
Nierr 3.5+1.3 3.3+1.8 3.3+1.8 2.741.9 6.6+0.4
Nir.c 0.6+0.5 0.6+0.5 -2
Nio 3.240.5 3.3+0.6 3.3+0.6 4.140.6 0.2+0.1
NirAvMg 3.9+0.9 3.8+0.8 3.8+0.8 3.4+1.0 0.240.1
Ripr (A) 2.65£0.01  2.66+0.05 2.64£0.06  2.62+0.03  2.689+0.002
Ri.c (A) 1.88£0.1  1.95+0.1
Ryoco) (A) 3.04+0.1  3.08+0.1
Rio (A) 2.04£0.01  2.06+0.02 2.07£0.02  2.02+0.01 2.06+0.04
Ry anvg (A) 2.95+0.01 2.95+0.04 2.94+0.05 2.94+0.02 2.93+0.04
0% X10° (A% 543 6+5 8+7 9+9 5.8+0.3
o%rc X 10° (A% 0+9 0+9
61oco) X 10° (A% 2+10 3£10
6’1o X 10° (A% 442 343 1+1 32 17
S ramme X 10° (A% 3+6 2+4 1+4 2+4 0+5
AEq 11 (eV) 1£7 1£7 1+7 17 7.0+0.7
AEq ¢ (eV) 8+4 8+4
AEq 1.0 (eV) 8+4 8+4 8+4 8+4 105
AE( 1r.aimg (€V) 8+4 8+4 8+4 8+4 105
Reduced 32 103 103 103 103 16
R-factor 0.0039 0.0039 0.0039 0.0039 0.0003

* The fit was not reliable with scattering paths for Ir-CO. However, CO was observed in DRIFTS (Figure 2
in the manuscript)

Notation: N, coordination number of absorber-backscatterer pair; R, radial absorber-backscatterer

distance; 62, the mean square displacement of the half-path length and represents the stiffness of the bond
for a single scattering path, AE,, correction to the threshold energy.
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Table S4. CO volumetric chemisorption on different samples.

Sample Ir weight loading Gas Qty. adsorbed pmol/g  Gas:Ir
Irsubnand/ MgA L O4 0.05% CO 238 CO:Ir=10.9:1
Irne /MgAL Oy 0.2% CO 94 CO:Ir=10.9:1
Irsanp/MgAL O, 1% IryMgALLO, CO 723 CO:Ir=1.4:1
Irne/MgALOs (1Wt.%) 1% IrYMgALOs CO 53 CO:Ir=1:1
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Table SS. TOF of Ir catalysts with different ways of active site normalization.

Sample Active site Active TOF (normalized | TOF (normalized with
Ir/surface Ir | with surface Ir)* | the active Ir)*

Ir NP Surface Ir site 1:1 1.75 1.75

Ir subnano Interfacial site ~0.53:1° 5.74 9.33

Ir SA Ir atom 1:1 1.26 1.26

a. measurement condition: 0.3 kPa CO, 10 kPa O,, at 155 °C.
b. The active site is estimated based on a hemispherical Ir cluster model with a 0.77 nm radius. The cluster

has 14 atoms in total, 13 surface Ir atoms, and 8 perimeter Ir atom at the Ir-MgAl1,0, interface. The ratio of
active Ir (i.e. interfacial/perimeter Ir) to surface Ir sites is estimated as 0.62:1.

S-6



=
[=]
(=]

X
2
o
)]
I3
3
1=
@
v
s
@
o
RY
£
o
S
<

o
0.1-0.3 0.3-0.5 0.5-0.7 0.7-0.9 0.9-1 nm

Figure S1. HAADF-STEM images of the Irsybnano 11/MgALO4. Histogram obtained from multiple images

is shown in (a).
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Fig. S2. XRD for the samples in this work. The support (MgAl,O4) was calcined at 500 °C as

described in the synthesis section. The preparation of the Irsa/MgAl,O4 and Irnp/MgAlL,O4 were
reported in our previous work.'"” The preparation of the Irgupnano/MgALOy is described in the
synthesis section. The calcined sample was taken after the ex-situ calcination while the reduced
sample was taken after ex-situ reduction (700 °C in H, followed by exposure to air). The peak at

20 =50 ° is a background peak from the sample compartment/holder.
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Figure S3. Ir L;-edge X-ray absorption spectroscopy k-space data measured on Irsypnano/MgAL Oy after H,

pretreatment, Irnp/MgAL O, after H, pretreatment and Ir foil.
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Figure S4. Ir Ls-edge Fourier transformed EXAFS spectra and fit of Irsypnao/MgALQO4 after H,
pretreatment. (a) magnitude and (b) imaginary part of the Fourier transformed k*-weighted y(k) data (Ak=

2.5-12 A" (Ak = 2.7-16 A™"). The r-range for the fit was 1.3-3.0 A

S-10



da — Fit
---- Ir path
---- O path
Al path
<
3
=
- A e
0 1 2 3 4 5 6
R (R)
1.0 | — Fit
ﬁ ---- Ir path
---- 0O path
-~ Al path
|
2 !
= b Lo L 2 P e
< . YM‘M"-
= il
= 1
E 1
-0.5 '
-1.0
0 1 2 3 4 5 6

Figure S5. EXAFS fit to Irsypnane/MgA1,O4 after H, pretreatment. Contribution of different scattering paths.

(Ir path = Ir-Ir; O path = Ir-O; Al path = Ir—Al) (a) R space magnitude and (b) R space imaginary.
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Figure S6. Ir L;-edge X-ray absorption near edge spectroscopy characterizing Irsypnand/MgAL Oy,

Irnpesa/MgAL Oy and Iryp/MgALLO4 (1Wt.%).
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Figure S7. Ir L3-edge X-ray absorption near edge spectroscopy characterizing Irg,/MgAl,O,,

It bnand/ MgAL Oy, Irnp/MgAL Oy, and Ir references include Ir foil, IrO, and Ir,CO;,. All three

Ir/MgAl,O4 catalysts were measured after H, pretreatment.
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Figure S8. Effect of (a) CO partial pressure and (b) O, partial pressure on turnover frequency (TOF) on
Irsybnand/MgA1, 04 (blue), Irsa/MgALL Oy (black)® and Irnp/MgALL Oy (red)* (a) O, partial pressure = 10 kPa,
CO partial pressure = 0.3-10 kPa. Measured at 155 °C. (b) O, partial pressure = 2-14 kPa, CO partial

pressure = 1 kPa. Measured at 155 °C.
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Figure S9. Effect of O, pressure on turnover frequency (TOF) on Irsypnan/MgALLO4 measured at two CO

partial pressures: 1 and 0.2 kPa. O, partial pressure was varied between 2-14 kPa. Measured at 155 °C.
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Figure S10. Effect of temperature on turnover frequency (TOF) on Itsypnane/MgALO4. O, partial pressure

was kept at 10 kPa, CO partial pressure was measured at 1 kPa. Measured between 143 - 160 °C.
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Figure S11. DFT optimized structures representing various levels of CO coverage: 0, 4, 8, and 9 COs. 9

CO is treated as full coverage. AE,4 is the average binding energy of the COs on the structure and q is the

average Bader charge for the structures.
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Figure S12. Examples of structures used to calculate the initial dissociative binding energy of O, on the
Ir4 cluster.
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Figure S13. CO (a) and O, (b) calorimetry of Irsypnand/MgAL,O4and the Iryp/MgAlL,O4 (1 Wt.%). Measured
at 30 °C for both CO and O, calorimetry. Differential heat (kJ mol™") in (a) and (b) is normalized by mol of
CO and O, adsorbed, respectively. The coverage of 1 is defined as the point when the heat reached ~40

kJ/mol.
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Figure S14. CO and O; calorimetry of three Ir catalysts with different particle sizes. Irnp/ y-Al, O3 serves
as a Ir standard with larger particle size. Representative TEM images of Ir nanoparticle in Irnp/ y-Al,O3
with average size 5-12 nm is shown in Fig. S20. Differential heat (kJ mol™) is normalized with per mol of

CO and O, adsorbed, respectively. The coverage of 1 is defined as the point when the heat reached ~40

kJ/mol.
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Figure S15. CO (a) and O; calorimetry of Irsupnane/MgAl,O4 repeated on two different batches. Measured at
30 °C for both CO and O, calorimetry. Mol of CO in (a) and mol of O in (b) are normalized with mol of
surface Ir of the catalyst obtained with CO chemisorption. Differential heat (kJ mol™) is normalized with

per mol of CO and O, adsorbed, respectively. The coverage of 1 is defined as the point when the heat

reached ~40 kJ/mol.
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Figure S16. Mass spectrometry results of the gas concentration from the reactor effluent at 30 °C during
EXAFS experiment on (a) Irsypnane/MgALO4 (b) Irsubnane 114/ MgALO4. (a) Flowed 1 kPa and then 4 kPa CO,

4 kPa O,, and 1kPa CO in sequence on Irsypnane/MgAlL,O4. (b) Flowed 1 kPa CO, 4 kPa O,, and 1 kPa CO

in sequence on Irsypnane 114/ MgALOy4.
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Figure S17. In-situ DRIFTS spectra characterizing Irsypnano/ MgAl,O4 during O; (1 kPa) flow at

room temperature after pretreatment and CO chemisorption at room temperature. Spectra was

collected every 1 min.
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Figure S18. Ir L;-edge X-ray absorption spectroscopy of Irsypnano/MgALO4 under Hy/CO/O, flow at room
temperature. (a) XANES of Irsypnano/MgAL Oy after H, pretreatment (20 kPa) and measured at room
temperature, and then flow CO (1 kPa) at room temperature followed by O, (1kPa) at room temperature.
(b) EXAFS magnitude of the Fourier transformed k*-weighted y(k) data measured on Irsypmano/MgAl O after
H, pretreatment (20 kPa) and measured at room temperature, and then flow CO (1 kPa) at room temperature
followed by O, (1kPa) at room temperature. Ak = 2.6-12.5 A”. (c) k-space data measured on
Irsubnane/ MgAL Oy after H, pretreatment (20 kPa) and measured at room temperature, and then flow CO (1

kPa) at room temperature followed by O, (1kPa) at room temperature.
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Figure S19. HAADF-STEM images of the Irgupnano 1r/MgAILO4 before and after the reaction. Histograms

were obtained by measuring Ir clusters from multiple images.

S-25



a b

g Ir.Subnano/’vlgA|204 — H2 RT ; IrSubnano,lr4/,v‘gA|204 - H2 RT
& —— CORT & —— CORT
S — O2RT IS —— O RT
‘é’_ CO RT ‘é’_ CO RT
o o

(%] (%]

Ne] Ne]

< <

© ©

() ()

N N

© ©

£ £

(@] (@]

b =
11205 11215 11225 11235 11205 11215 11225 11235

Photon Energy (eV) Photon Energy (eV)

(@]
o

’:; CORT —— Irsubnano/MgAl;O4 ; —— Irsubnano - 1ra/MgAl;04 in CO RT
2 — Irsubnano - 1ra/MgAI; 04 \J — Iry,COy2

_5 — Irnp/y — AlO3 _E

+J +J

2 o

o o

(7] (%]

Q o

< <

° °

9] Q

N N

© ©

: :

o o

2 2
11205 11215 11225 11235 11205 11215 11225 11235

Photon Energy (eV) Photon Energy (eV)

Figure S20. HERFD-XANES at Ir L;-edge characterizing Irsubnano/ MgAL,04, Irsybnane 1ra/MgAL,O4 and the
Ir4(CO)1, standard. Irgupnand/MgALO4 and Irgypnano r/MgALO,s represent MgALO, supported Ir
subnanometer clusters with different size distributions. See Table S1 for size distribution. (a) HERFD-
XANES spectra of Irsupnane/MgAlLOy4 after H, pretreatment and measured at room temperature (black),
flowed CO (1 kPa) at room temperature (red), flowed O, (1 kPa) at room temperature (blue), and then
flowed CO (1 kPa) at room temperature (orange). (b) HERFD-XANES spectra of Irsypnano/MgAL O, after
H, pretreatment and measured at room temperature (black), flowed CO (1 kPa) at room temperature (red),
flowed O; (1 kPa) at room temperature (blue), and then flowed CO (1 kPa) at room temperature (orange).
(c) HERFD-XANES spectra of Irsypnano/MgAL O, after the first CO flow at room temperature as shown in

a, Irsubnano 1/MgAL O, after the first CO flow at room temperature as shown in b, and the Irnp/ y-AlO;
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sample with the average particle size between 5-8 nm. (d) HERFD-XANES spectra of Irsypnano 1rs/MgALO4

after the first CO flow at room temperature as shown in b, and Ir4(CO),, standard.
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Figure S21. (a) Most stable Ir, surface species on MgAl,O4 (111) before changes to surface termination
were considered. Dark blue represents Ir. (b) Optimized surface structure for MgA1,04 (111)* before the
addition of Irs. The light blue Os in (b) were removed after the addition of the Ir4 cluster (cluster not shown
in (b) for clarity) as the Ir4 cluster decreased the oxygen vacancy formation energy considerably (220 to
174 kJ/mol). The Os were chosen as their oxygen vacancy formation energy was below 1 eV. The surface

energy was recalculated to arrive at the state used for the CO addition (Figure S9a).
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Figure S22. Representative TEM images of the Irnp/ ¥ -Al,O; sample before and after the reaction.

Histogram was obtained by measuring nanoparticles from multiple images.

S-29



Derivation of the rate equation
Here we assume that the Ir(CO)~ dominates the Ir clusters and O" dominates the interfacial support sites
Steps:

k4
COgy + Ir* & Ir(CO)*

-1

k,
Oz(g) + # ¢ 0F
k_;

* # ks * #
Ir(CO)" + 05 > COygy + 17"+ 0
key
Ir(CO)* + 0% 5 COygy + Ir" + #
The equations:
[Ir(co) 1+ [Ir]=1

[0f] + [0*1+[#] =1

O] _ e peolir'] - ksl (COY' - slir(COY103] — Kyl (COYT10%] = 0
alo¥
[af] = koPo,[#] — k_,[05] — ks[Ir(cO)"1[05] = 0
#
W7 _ s tirccoyifof] - ratircoy 0% = 0

rate = k,[Ir(C0)*][0*]

We assume that the surface is fully covered by CO thus [Ir(C0)*] = 1. Note that this assumption means

a[Ir(co)]

we have no need for the Y

term. Plugging in the Ir site balance:
[Ir(co) 1+ [Ir]=1

[Ir(C0)*] =1

[0f] + [0*1+[#] =1

S-30



kyPo,[#] — k_5[0§] — k;[0f] = 0
k3[0F] - ky[0*] =0
rate = k,[0%]
We also assume that the surface vacancy site is dominated by O*.
[0F]+ [0%]1+[#] =1
0]+ [#] =1
Solving for [0?] and plugging it in:

ks[0%] — ky[0%] =0

#] _Fa oy
[0F] P [07]
[0%]1+ [#] =1
Kok,

kzPo,[#] — [0%] = k4[0%] =0

ks
rate = k,[0%]
Solving for [0#] and plugging it in:

k_ok,
k3

kzPo,[#] — [0%] = k4[0%] =0

[0%] = 22y

_2k4
ks

+k,

kg | k,

rate = ———[#]

S-31



Solving the surface site balance and plugging in:

k,P
— 2% 4 4[#] =1
kezks |
ks 4
1
[#] = %>Po,
1+ K ks
—2
ks + ky
rate = P
=2 41 1 270,
k kaka |y
ks 4
kyPo,
yo,
rate = 2
k,P
1+ 2
—2/4
ks + ky
Simplifying the fractions:
koksk,P
rate — 234 Fo,

ky(k_3 + k3) + kok3Po,
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This gives two regimes a positive order one ([*] dominant) and zero order ([0*] dominant).

zero order ([0*] dominant, k_kzzkioz > 1) positive order ([*] dominant, k_izkioz < 1)
2 ks 2 ks
kaPo, kaPo,
I;(;Z +1 I;(;Z +1
rate = = rate = =
k2 Po, k,Po,
Tt — T+
—2K4 —274
kaPo,
I;{;Z +1 kkzi
rate = —>——— —=2+1
—k2P02 rate = i
k_k, 1
%s +ky
kaks
rate = k, rate = m 0,
If the system is half covered:
[07] = [#]
k_jk, B
s +ky
dIn(rate) Pp, d(rate)
0, order = =
dIn Py, rate 0Py,
— POz d ( k2k3k4P02 >
kaksksPo, 0Po, \k4(k_3 + k3) + kzk3Py,

ko(k_3 + k3) + kyk3Po,

_ (kqlk—z + k3) + k2k3P02)
(ka(k_g + ks) + kpksPo,)’

(k4(k_2 + k3) + k2k3P02 - k2k3P02)

_ ka(k_z + ks3)
ko(k_3 + k3) + kyksPo,
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Applying the half-covered condition:

kyPo,

k_okq
Ptk

=1

kaoksPo, = ka(k_5 + k3)

0 . ko(k_y + k3) 1

order = - _

2 ko(k_p + ko) + ky(k_y + k3) 2
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