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Unit cell parameters

Table S1. Experimental X-ray and DFT computed lattice parameters for Co-MOF-74.

Lattice parameters (A)

Unit cell a b c
Experimental® 25.885 25.885 6.806
This work 26.129 26.129 6.821
Relative error (%) 0.94 0.94 0.22

Fig. S1 Top view (left) and side view (right) of Co-MOF-74 cell. Atom legend: M (blue), O (red), C
(grey), and H (white).
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a=26.129A
b=26.129 A
c=13.641 A

Fig. S2 Top view (left) and side view (right) of expanded Fe-MOF-74 cell. Atom legend: Fe (green), O
(red), C (grey), and H (white).

2. Thermodynamics of OER

The water-nucleophilic attack (WNA) mechanism described in the main text has four reactions,
Eq. 1-4. All of them occurs in solvated environment and contain a proton-coupled electron
transfer (PCET). Therefore, their correct description in terms of Gibbs energies (G) requires
corrections for (i) solvation, (ii) vibrational energies, and (iii) the computational hydrogen
electrode. X represents any of the M-MOF-74 models and X-OH, X-O, and X-OOH correspond
to hydroxo, oxo, and hydroperoxo intermediates (see main text). The kinetic energy barriers of
such PCET steps are typically around 0.2 eV and can be considered surmountable at room

temperature.?

H O+ X SX-0H + H" + e~ (1)
X-OHs5X-0+ HY +e” (2)
X-0+ H,0()SX-00H + HY + e~ (3)
X-00HSX + 0, + HY + e~ (4)

The Gibbs energy (G) can be related to enthalpy (H) and entropy (S) through Eqg. 5 and the G
for each intermediate involved on the OER was obtained with Eq. 6. The enthalpy was
approximated by adding vibrational energy corrections (E,) to the electronic DFT energy

(Eper)- Evip was calculated from the computed normal modes of vibration (K) as showed in Eq. 7,

k

where "B is the Boltzmann’s constant and © represents the characteristic vibrational

temperature. The latest is defined as Eq. 8 which includes the Planck’s constant () and the

vibrational frequency for each normal mode (UK). Regarding the entropic term (S), it was
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computed as the vibrational entropy (Eq. 9) for all intermediates but the values for H, and H,0

were taken from literature.3

G(T,p) = H(T,p) - TS(T,p) (5)
G=Eppr+E,;,—TS (6)
1 7
Ep= kg EGV,K 7)
B hvy (8)
kg
G)vK /T (C]

(9)

The potential energy of H* was obtained from the computational hydrogen electrode (CHE)*
framework. The standard hydrogen electrode (SHE, pH =0, p = 1 bar H,, T = 298.15 K) at an
electrode potential of u = 0 V vs SHE is taken as reference. Therefore, the electrons and
solvated protons are considered to be in equilibrium with hydrogen in gas phase (Eq. 10).

Thereby, the free energy of the proton can be written as one half of the Gibbs energy of Hy(9)

kgTIn (10)pH

(Eqg. 11). At different pH, a correction of ~ is added to this potential energy. The

G S
H9 was obtained following Eq. 12, where H9 is taken from literature? as the

experimental entropy of hydrogen in gas phase at standard conditions.

1 (10)
+ —
Hopte = EHZ(Q)
AG, . = AG k,TIn (10)pH (11)
H+ = 580, (g ~kpTIn( p
Ghy9) ™ Enyg), orr ¥ Enyg),viv = TSh(g) (12)
. . - Ey_o.prr N
Similarly, the Gibbs energy (G) for liquid water, "2 was calculated by optimizing a water

molecule in gas phase and adding a solvation correction computed with the implicit solvation

H,0(D)

S
model VASP-MGCM,® Eq. 13. The value of was also taken from literature.?

GHZO = EHZO(I),DFT + EHZO(g), vib ~ TSHZO(I) (13)

G
Finally, %2 was derived from the experimental Gibbs energy of water splitting as follows:
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2H,0 (s 2H, (9) + 0,(9) AG=4.92eV (14)

G, =492eV + 2G D-2G
0, ev + HZO( ) H,(9) (16)

The reaction energy AG for each step in the WNA mechanism can be expressed by Eq. 17, as all
of them are PCET. The term - lelu, which includes the charge of the electron (e) and the
electrode potential (W), is added in order to account for a bias in the energy of the steps
involving an electron when U is different to 0 V vs SHE. Eq. 17 was applied to each elementary
step (Eq. 1-4) to produce Eq. 18-21. These are expressed in terms of DFT energies on Eq. 22-
25. Eg. 18 and 22 represent the first reaction of the WNA mechanism (Eq. 1), which is the
formation of the hydroxo intermediate (X-OH) with the release of one proton and one
electron. The second PCET (Eq. 2) is the oxidation of X-OH to oxo (X-O) intermediate and is
defined by Eq. 19 and 23. Eq. 20 and 24 represent the nucleophilic attack of a water molecule
to X-0 leading to hydroperoxo intermediate (X-OOH) and the release of one proton and one
electron. The last PCET of the OER entails the formation of an oxygen molecule and is defined

by Eq. 21 and 25.

AG = AEppr + AE ;) — TAS - kgTIn (10)pH - |e|u (17)
1
1
1

1
AG4=GOZ+GX+ EG -Gy_ooy — kgTIn (10)pH - |e|u (21)

H,(9)

AG,
= Ex_on,prr t EE H,(g), DFT ~ Ey prr— EHZ( (22)

(x 0H+ Sty ~Sx ™ Sh,00 —kgTln (
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AG,

=Ey_o,prrt EEHZ(g), prr = Ex_on,prr t
—kgTIn (10)pH - |e|u

L (E (23)

AG,

Ex_oon,prr t EEHZ(g), prr~ Ex_o,prr = E (24)

1
- T(SX— oon t3 SHz(g) -Sx_0- SHZO(I)) —kg

AG,

3
= 492V + Ey ppr + 2 Ey o prr = 5En, (), (25)

3
- T(SX +2 SHZO(I) ) SHZ(g) - Sy_ OOH) - kgl

Finally, the catalytic performance of the different M-MOF-74 models was computed from the
potential determining step (PDS), which represents the step with highest AG.6 |ts correlation

with the theoretical overpotential is given by:

3. Additional Gibbs energies
Table S2. AG (eV) for A and B considering ferromagnetic interwire and intrawire interactions.
Model AG, AG, AG; AG, Overpotential (V)
A 1.40 1.89 0.94 0.69 0.66
B 0.89 2.34 0.80 0.89 1.11
Table S3. AG (eV) for A and B considering one explicit water molecule.
Model AG, AG, AG; AG, Overpotential (V)
A 1.33 1.93 0.84 0.82 0.70
B 0.79 2.30 0.96 0.87 1.07
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Table S4. AG (eV) for CA, CS, and CP considering terminal t and bridge b sites.

Model AG, AG, AG; AG, Overpotential (V)
CA-t 0.63 2.39 0.78 1.12 1.16

CA-b 0.63 2.00 1.33 0.96 0.77

Cc-t 0.78 2.44 0.78 0.92 1.21

C%b 0.80 2.27 1.04 0.81 1.04

CP-t 0.85 2.43 0.74 0.90 1.20

CP-b 0.84 2.25 0.98 0.85 1.02

4. Spin densities of periodic systems

Table S5. Spin densities of Fe and O atoms from the reactive centres of the OER intermediates obtained
with pristine and defective periodic models and discussed in the main text.

X X-OH X;-0-X; X;-O0H-X,
Model Fe Fe 0] Fe; 0] Fe, Fe, 0] Fe,
B -3.84 -4.42 -0.21 -3.96 -0.20 -4.33 -0.25
CB-t 3.84 4.42 0.20 4.03 0.18 4.34 0.24
CB-b 3.84 4.42 0.20 4.34 0.20 3.79 4.40 0.20 3.85
D-t 3.84 4.41 0.21 4.13 0.25 432 0.25
D-b 3.84 4.41 0.21 4.35 0.27 3.85 4.40 0.12 3.84
D-b’ 3.84 4.41 0.21 4.40 0.21 3.86 4.40 0.10 3.84
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5. Cluster calculations

We prepared a finite-size 88-atom cluster model’ of Fe-MOF-74 from the PBE+U optimized
periodic structure. This model contains six DOBDC linkers and a metal wire with three five-
coordinate Fe(ll) cations. In order to ensure the neutrality of the system, hydrogen atoms were
employed to (i) replace the carboxylate (COO~) and oxido (O-) functional groups of the DOBDC
that are negatively charged and non-coordinated to Fe and to (ii) cap three COO~ groups
coordinated to the metal wire. The resulting neutral cluster contains a central Fe with totally
equivalent chemical environment to the metals of the crystal structure and two peripheral
metals with slightly modified coordination (Fig. S3). This cluster model was taken as starting
point to compute the four intermediates involved in the OER. During the relaxation of the
structures, all carbon atoms of the DOBDC linker but the ones belonging to COO~groups were
kept frozen with the aim of preserving the structural and electronic features of the Fe-MOF-74
crystal structure.

a) b)

Fig. S3 a) Top view and b) side view of cluster model of Fe-MOF-74. Atom legend: Fe (green), O (red), C
(grey), and H (white).

The optimizations of the intermediates were carried out using DFT employing several
exchange-correlation functionals with an ultrafine grid as implemented in Gaussian09%. A
General Gradient Approximation (GGA) based density functional (PBE*'?), a meta-GGA (MO06-
L'1) and five hybrids with different percentage of nonlocal Hartree—Fock exchange (HSE03-131?,
B3LYP-1513, B3LYP#41>16 HSEQ3'"18, and PBEQ'®. D3 empirical dispersion?® was included in all
calculations but the ones carried out with MO06-L density functionals. The 6-31G (d,p) basis
sets?12223 were used for all atoms and diffusion functions???3 were added for O atoms. The
core electrons of Fe atoms were described with the scalar-relativistic Stuttgart—-Dresden SDD
pseudopotential and the outer ones with its associated double-{ basis set.?* All geometry
relaxations were performed in gas phase and the solvation energy of H,O was computed in
water using the SMD model.?®

The analytical vibrational frequencies were computed (i) to confirm that all intermediates are
minima in the potential energy surface and (ii) to calculate their corresponding Gibbs energies.
The thermodynamics of OER were computed following the computational hydrogen electrode
method as explained in section 2.
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Table S6. Spin densities of Fe and O atoms from OER intermediates obtained with the cluster model of
Fe-MOF-74 employing different density functionals.

X X-OH X-0 X-OOH

DF xa Fe Fe (0] Fe ) Fe (0]
PBE+UP 0 -3.84 -4.42 -0.21 -3.96 -0.20 -4.33 -0.25
PBE 0 3.79 4.00 0.32 2.90 0.55 3.93 0.34
MO6-L 0 3.87 4.04 0.33 3.03 0.48 3.97 0.32
HSE03-13 13 3.87 4.22 0.36 3.28 0.53 4.13 0.36
B3LYP-15 15 3.82 4.19 0.37 3.23 0.56 4.11 0.36
B3LYP 20 3.84 4.23 0.35 331 0.50 4.16 0.36
HSEO3 25 3.90 4.33 0.36 3.49 0.36 4.25 0.35
PBEO 25 3.90 4.32 0.34 3.47 0.37 4.24 0.35

a Percentage of nonlocal Hartree—Fock exact exchange.
b Spin densities from the periodic model.

Table S7 AG (eV) of the cluster model of Fe-MOF-74 employing different density functionals.

Overpotential

DF X AG, AG, AG; AG,
(V)
PBE+U® 0 0.87 2.40 0.79 0.86 1.17
PBE 0 0.20 1.30 1.85 1.57 0.62
MO6-L¢ 0 0.22 1.80 1.48 1.42 0.57
HSE03-13 13 0.57 1.84 1.50 1.01 0.61
B3LYP-15 15 0.54 1.82 1.51 1.05 0.59
B3LYP 20 0.66 2.03 1.36 0.87 0.80
HSEO3 25 0.80 2.35 1.16 0.61 1.12
PBEO 25 0.82 2.38 1.13 0.59 1.15

2 Percentage of nonlocal Hartree—Fock exact exchange.
b Gibbs energies from the periodic model.
¢X-0 and X-OOH contain one imaginary frequency that was not possible to remove.
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