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1. Computational Details

All DFT calculations were carried out in a periodic framework using the VASP program series 

(revision 5.4.4)1, 2 combined with the PBE exchange-correlation functional3 within the 

generalized-gradient approximation (GGA) complemented by Grimme’s D3 correction with BJ 

damping to describe dispersion interactions.4, 5 The electron-ion interactions were described by 

the projector-augmented wave method.6, 7 In order to ensure accurate energies, the energy cut-

off of the plane wave basis was set to 400 eV. 

Pristine CTF-1 was optimized in a hexagonal unit cell consisting of two CTF layers with the 

cell parameters a = b = 14.54 Å and c = 6.34 – 7.44 Å depending on the preferred layer 

distance. The Brillouin zone was sampled by a Γ-centered 3 x 3 x 3 Monkhorst-Pack grid8 

together with a Gaussian smearing of 0.05 eV. A CTF slab was modeled by a double layer in 

the same cell as pristine CTF but with c = 15.72 Å. At a CTF layer distance of about 3.72 Å, 

this leads to a vacuum layer of about 12 Å to avoid interactions between the slabs. For geometry 

optimizations, all atoms were allowed to relax except for one C atom from each CTF layer at 

the greatest possible distances to the Ir position in the a and b direction to maintain the AA 

stacking of the CTF. The Brillouin zone was sampled by a Γ-centered 3 x 3 x 1 Monkhorst-

Pack grid8 together with a Gaussian smearing of 0.05 eV. To derive the Bader charges a denser 

k-point mesh of 15 x 15 x 1 was applied, while the (P)DOS was calculated using a 25 x 25 x 1 

grid. Calculations of molecular species were conducted in orthorhombic cells of sufficient size 

to avoid intermolecular interactions (e.g. a = 11 Å, b = 12 Å, c = 14 Å) using the Γ point only.

Geometry optimizations of local minima on the potential energy surface were performed with 

convergence criteria for the electronic self-consistent energy and the ionic relaxation of 10-6 eV 

and 0.02 eV Å-1, respectively. The TSs of minimum energy paths were localized by employing 

the climbing image nudged elastic band (CI-NEB) method9, 10 with eight movable images 

between the fixed initial and final stationary points. Every TS was optimized with the improved 

dimer method11 using a smaller convergence criterion for ionic relaxation of 0.01 eV Å-1. 

Frequency calculations verified that every localized TS exhibits exactly one imaginary 

frequency corresponding to the investigated reaction step. For electronic structure analysis, 

Bader charges were obtained performing the Bader charge analysis by Henkelman.12 The 

(P)DOS was extracted from VASP using VASPKIT.13

The zero-point energy and thermal contributions to the electronic energy were computed from 

frequency calculations of the free molecules and all adsorbates using statistical thermodynamics 

(see Chapter 1.1)14 at atmospheric pressure and the following temperatures to reflect the 
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experimental conditions15: at 60 °C for the adsorption studies of Ir(acac), at 400 °C for the 

reduction with H2 and at 160 °C for modeling in connection with the FADH reaction. Thermal 

contributions of adsorbed molecules and atoms were calculated according to the harmonic limit. 

Low-frequency modes of adsorbed systems below 100 cm-1 were shifted to 100 cm-1 for the 

calculation of the vibrational entropy and enthalpy. 

Adsorption energies Gads were calculated using Eq. 1, where G denotes the Gibbs energy of the 

isolated adsorbate (A), the catalyst (cat) or the adsorbed system (A/cat).

Gads = GA/cat ‒ (GA + Gcat) ( 1 )

The activation barrier of the multistep reaction sequence is determined according to the ES 

model by Kozuch and Shaik.16 Using the ES approximation, the TOF is calculated according to 

Eq. 2.

TOF =
kB ∙ T

h
∙ 𝑒

‒
ES

R ∙ T ( 2 )

1.1. Thermochemistry Calculations

Gibbs free energy

G(T) =  H(T) – T ∙  S(T)

Gibbs free energy of free/solvated gas molecules

G(T, p) 
= (Eelec + EZPE + [H(T) ‒ H(0)]vib + [H(T) ‒ H(0)]rot + [H(T) ‒ H(0)]trans) – T ∙ (Svib(T) + Srot(T) +

Strans (T) + Selec(T) ‒ k ∙ ln
p
p0

)

Gibbs free energy of adsorbed molecules/atoms

G(T, p) = (Eelec + EZPE + [H(T) ‒ H(0)]vib) – T ∙ Svib(T)
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Enthalpy contributions

EZPE =
1
2∑

𝑖
ν𝑖

[H(T) ‒ H(0)]vib = 𝑘T∑
𝑖

h ∙ ν𝑖

k ∙ T
∙

𝑒
‒

h ∙ ν𝑖
k ∙ T

(1 ‒ 𝑒
‒

h ∙ ν𝑖
k ∙ T)

[H(T) ‒ H(0)]rot =
3
2

𝑘T (non - linear) or 𝑘T (linear)

[H(T) ‒ H(0)]trans) =
5
2

𝑘T

Entropy contributions

Svib(T) =  ‒ 𝑘∑
𝑖

ln (1 ‒ 𝑒
‒

h ∙ ν𝑖
k ∙ T) + 𝑘∑

𝑖

h ∙ ν𝑖

k ∙ T
∙

𝑒
‒

h ∙ ν𝑖
k ∙ T

(1 ‒ 𝑒
‒

h ∙ ν𝑖
k ∙ T)

Srot(T) = 𝑘 [3
2

ln (kT
h ) ‒

1
2

ln (ABC
𝜋 ) ‒ ln σ +

3
2](non - linear) or 𝑘 [ln ( kT

σhB) + 1] (linear)

Strans (T) =  𝑘 [3
2

ln (2𝜋m

h2 ) +
5
2

ln (kT) +
5
2]

Selec(T) = k ∙ ln (2 ∙ (total spin) + 1)



4

2. Modelling of CTF-1

Δ Erel =  0 kJ mol-1
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a)
c =  3.72 Å
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b)
c =  3.36 Å
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Figure S1. 2x2 supercells of CTF with a) perfect AA, b) shifted AA and c) AB stacking as well 

as corresponding simulated XRD data compared to the experimental results from 

Iemhoff et al.15

Table S1. Experimental and computational cell parameters of pristine CTF.

Cell 
parameter

Literature 
value[a]

Computational model with perfect 
AA stacking[b]

Computational model with shifted 
AA stacking[b]

a = b [Å] 14.48 14.54 (+ 0.4%) 14.54 (+ 0.4%)
c [Å] 3.62 3.72 (+ 2.7%) 3.36 (- 7.2%)

[a] Determined via Pawley refinement from XRD data.17

[b] Values in brackets indicate the deviation from literature values.
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3. Ir(acac)/CTF as Synthesized

a) b) c)

d) e) f)

g) h) i)

Figure S2. Potential adsorption geometries for Ir(acac) on CTF-1: a-b) on top of the CTF, 

c-d) between two CTF layers, e-i) with C-H activation of the phenyl.
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Figure S3. Formation Gibbs energies of Ir(acac) immobilized on CTF referenced to 

Ir(acac)(COD) at 60 °C. X denotes the most stable geometry depicted in Figure 2.

a) b) c) d)

Figure S4. Adsorption of a) FA, b) formate and H, c) carboxyl and H and d) H2 on the most 

stable Ir(acac)/CTF geometry.

Table S2. Adsorption Gibbs energies of reactant, potential intermediates and product of the 

FADH at Ir(acac)/CTF at 160 °C.

Adsorbate ΔGads [kJ mol-1]
HC(O*)OH 194

H* + (C*)OOH 161
H* + HCOO* 278

H*-H* 144
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Table S3. Adsorption Gibbs energies of reactant, potential intermediates and product of the 

FADH on various Ir(acac)/CTF  models at 160 °C.

Catalyst model from Figure S2 Adsorbate ΔGads [kJ mol-1]
c H* + HCOO* 248

H* + (C*)OOH 294
e HC(O*)OH 169

H* + HCOO* 244
H* + (C*)OOH 177

H*-H* 102
f HC(O*)OH 177

H* + HCOO* 242
H* + (C*)OOH 241

H*-H* 119
h HC(O*)OH 230

H* + HCOO* 206
H* + (C*)OOH 167

H* + H* 88
OCO* 199

f/1[a] HC(O*)OH 254
H* + HCOO* 163

H* + (C*)OOH 244
H*-H* 148

f/2[b] HC(O*)OH 233
H* + HCOO* 183

H* + (C*)OOH 244
H*-H* 147

[a] H from Ir-H bond shifted to form acetylacetone instead of acac.
[b] H from Ir-H bond shifted to form enol form of acetylacetone instead of acac.
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4. Ir/CTF after Reduction at 400 °C

-3.78 eV
3.57 eV

a) b) c)

d) e) f)

g) h) i)

-0.87 eV
6.48 eV

-1.88 eV
5.46 eV

-1.62 eV
5.72 eV

-1.82 eV
5.49 eV

-3.82 eV
3.53 eV

-3.78 eV
3.57 eV

-3.82 eV
3.53 eV

-4.29 eV
3.06 eV

-3.10 eV
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Figure S5. Potential positions of Ir for an interaction with CTF-1. a-d) on top of CTF, e-h) with 

one C-H activation of the CTF, i) with two C-H activations of the CTF, j-k) between the CTF 

layers. Non-italic: Energy of formation from Ir gas and CTF, italic: Stability against 

agglomeration of Ir.

Figure S6. Front and side view of the benchmark Ir/CTF structure from Figure S5 i.



9

21

-64

0

16

86

-32

32

10

-80

-60

-40

-20

0

20

40

60

80

100

Δ
G

[k
J 

m
ol

-1
]

-2 H

-1 H

benchmark

+ 1 H

+ 2 H

+ 3 H

+ 4 H

+ 5 H

+ III

+ II + IV

+ V

+ IV

+ III

+ IV

+ V

Figure S7. Hydrogenation stages of the Ir atom in Ir/CTF referenced to H2 in the gas phase at 

400 °C and atmospheric pressure. Formal oxidation states are denoted in roman numbers.

Table S4. Results of the EXAFS fit of the Ir/CTF reduced at 400 °C by Iemhoff et al.15

Quantity Ir-N/Ir-C1 Ir-C2

Coordination number 4 4
R [Å] 2.0364 ± 0.0129 2.9347 ± 0.0313
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Figure S8. XRD spectra of pure CTF as well as Ir/CTF after reduction in H2 at 400 °C with 

1 wt.% Ir.

Table S5. Bader charges at selected atoms of Ir catalysts on CTF as well as their precursor 

compounds.  

Material q(Ir) [|e|] q(H) [|e|] q(Cup) [|e|] q(Clow) [|e|] q(Nup) [|e|] q(Nlow) [|e|]
Ir/CTF +0.61 -0.03 -0.10 -0.07 -1.16 -1.14

Ir(acac)/CTF +0.85 -0.11 0.00 +0.02 -1.11 -1.19
CTF - +0.10 -0.08 -0.08 -1.19 -1.19

Ir(acac)(COD) +0.69 - - - - -
Charges of the atoms coordinating Ir in Ir/CTF. up/low indicate the upper/lower CTF layers. 
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Figure S9. Total DOS and DOS of N from pristine CTF.
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Figure S10. PDOS of N in Ir/CTF, Ir(acac)/CTF and pristine CTF.

Figure S11. Local minima of the migration of H from Ir to the phenyl C in Ir/CTF.
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Figure S12. CI-NEB for the C-H recovery in the most stable Ir/CTF structure.
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Figure S13. Energy profile of the FADH on Ir/CTF following the formate pathway.

Figure S14. Energy profile of the FADH on Ir/CTF following the carboxyl pathway. *TS 

connecting these minima was not localized but is not considered having an influence on the 

overall activation barrier.
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