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Figure S1. Solid state 3C NMR of the MIL(Cu/Ti)1.0 photocatalyst.
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Figure S2. SEM images of the Cu-incorporated NH,-MIL-125(Ti) samples.
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Figure S3. Particle size distribution was determined from 50 measured particles of pristine MIL(T1).
The image inside shows how the particle edge size was measured.
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Figure S4. a) TEM image, and EDS elemental mapping for Cu, Ti, C, and O, b) EDX spectrum, and
¢) HRTEM image of the surface of MIL(Cu/Ti)1.6 sample.
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Figure S5. N, adsorption—desorption isotherms for pristine and Cu-modified MIL(Ti).
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Figure S6. The band gap of pristine MIL(Ti) and MIL(Cu/T1)1.0 through the Kubelka-Munk
transformation method.
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Figure S7. FT-IR spectra of pristine and Cu-incorporated NH,-MIL-125(Ti) powders.
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Figure S8. High-resolution (HR) XPS spectra of Ti 2p, O 1s, N 1s, and C 1s with chemical
characteristics of the MIL(Ti) sample.
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Figure S9. High-resolution (HR) XPS spectra of Cu 2p, Ti 2p, O 1s, N 1s, and C 1s with chemical

characteristics and survey spectrum of the MIL(Cu/T1)0.3 sample.
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Figure S10. High-resolution (HR) XPS spectra of Cu 2p, Ti 2p, O 1s, N 1s, and C 1s with chemical
characteristics and survey spectrum of the MIL(Cu/Ti)1.6 sample.
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Figure S11. The TG analysis of pristine MIL(Ti) and MIL(Cu/T1)1.0 photocatalysts in the range of
28°C to 1000°C at a heating rate of 10°C/min.
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Figure S12. Cyclic stability test of H, generation over MIL(Cu/Ti)1.0 photocatalyst under UV-Vis
irradiation.
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Figure S13. XRD patterns of pristine MIL(Ti): A — before the irradiation, B — after 4 hours of the UV-
Vis irradiation, and C - after 4 hours of the Vis irradiation.

1251

Transmittance (arb.u.)

772

after

/
1528
before 1426 / 4382

T T T T T T T T T T " T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S14. FT-IR spectra of the MIL(Cu/T1)1.0 after the photoreaction of H, generation under UV-
Vis irradiation.
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Figure S15. High-resolution (HR) XPS spectra of Cu 2p, Ti 2p, O 1s, N 1s, and C 1s with chemical
characteristics and the MIL(Cu/T1)1.0 survey spectrum after 4 hours of UV-Vis irradiation.
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Figure S16. High-resolution (HR) XPS spectra of Cu 2p, Ti 2p, O 1s, N 1s, and C 1s with chemical
characteristics and the MIL(Cu/Ti)1.0 survey spectrum after 4 hours of visible light irradiation.

S13



mass spectrum:
29 0
=100
- Nz &
=] 2 8 44
- Vs w
'E é 604 H3C H
S -E 15 4
40
/2] CE »nh
= []
o [+4
=] 0 al i . .
= 20 40 €0 80 100
(] miz
2
=
8
= CH,CHO
x
before
I J after
. . . I . . . I . . .
0.8 1.0 1.2 14 1.6 1.8 20

Retention time (min)

Figure S17. Headspace GC/MS spectra of the electrolyte before (red line) and after (black line) 4 h of
the visible light irradiation during H, generation photoprocess using MIL(Cu/Ti)1.0 sample
(AcN/TEOA/H,0 18/2/0.3, v/v/v) with signals detected for acetaldehyde.
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Figure S18. a) Headspace GC/MS spectra of the obtained samples: black line - electrolyte
(AcN/TEOA, 9/1, v/v), red line — reference solution of HCOOH (500 uM), green line -
photoconversion product of 12CO, after 4 h in the N, atmosphere using MIL(Cu/Ti)1.0, and blue line -
photoconversion product of 13CO, after 4 h in the 1*CO, atmosphere using MIL(Cu/Ti)1.0. Mass
spectra of b) ethyl formate, and c) ethyl acetate after photoconversion of CO, using MIL(Cu/Ti)1.0.
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Figure S19. The '3C NMR spectra of the products detected for the '2C standard solution.
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Figure S20. '"H NMR spectra of pristine electrolyte (AcN/TEOA), HCOOH standard solution, and
products of CO, photoconversion for 2 h in CO, and N, over MIL(Cu/Ti) under visible-light

irradiation.
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Table S1. Comparison of the most important data on photocatalytic H, generation in the presence of NH,-MIL-125(Ti)-based compounds with the results from

this study.
Photocatalytic H, generation
Sample label Photocatalyst .. Irradiation . Yield/rate Ref.
Electrolyte composition . Light source
mass (mg) time (h)
AcN/H,O/TEAO 300 W Xe lamp
Ru-MIL-125-NH 1 426 lh!g! !
4 >-NH; 0 (18/2/0.3, VIv/v) wa (>420 nm) Hmoth 8
. 300 W Xe lamp
Pt/NH,-MIL-125(T AcN/TEOA (5/1 2 1 2
t/NH, 5(Ti) 50 cN/TEOA (5/1, v/v) 8 (>420 nm) 35 umo
AcN/H,O/TEAO 300 W Xe lamp
0 _ _ _ 1 -l 3
2%CuNPs/d-NH,-MIL-125 3 (4/1/0.2. vIviv) 4 (>420 nm) 1326.55 mmol g h
ACN/TEOA/H,0 300 W Xe lamp
) @MIL-125-NH 6 2.5 553 lg!h! 4
Colh@ 2 (27.6/1.4/1, vivIv) (>380 nm) Hmol &
AcN/TEA/H,0 (5/1/0.1, 500 W Hg/Xe
H,-MIL-12 .62 1h'g! >
Co@NH, 5 5 VIVIY) n/a lamp(>408 nm) 0.62 mmo g
H,O/HCOOH/HCOONa
Pd-MIL-125-NH, 50 (4.6 mL/0.39 mL/0.54 3 n/a 0.320 mmol h-!' g’! 6
)
. AcN/TEA/H,0O 500 W Xe/Hg lamp
H,-MIL-125(T 22. 1 7
Co@NH, >(Th) 30 (23.5/4.7/0.5, VIVIv) > (A>385 nm) 900 pmol/gea
. ACN/TEOA/H,O 1000 W Xe lamp This
MIL(Cu/Ti)1.0 25 4 127 1/gca
(Cu/TH) (18/2/0.3, VIv/v) (>420 nm) HIOY Beat work

n/a not available
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Table S2. Comparison of the most important data on photocatalytic CO, generation in the presence of NH,-MIL-125(Ti)-based compounds with the results
from this study.

Photocatalytic CO, photoconversion
Sample label Photocatalyst Electrolyte Irradiation . Yield/rate Ref.
e . Light source
mass (mg) composition time (h)
. 500 W Xe lamp ) X
NH,-MIL-125(Ti) 50 AcN/TEOA (5/1, v/v) 10 (>420 nm) HCOOH: 8.14 pmol
. 300 W Xe lamp
H,-MIL-125(T AcN/TEOA (5/1 1 H H: 38.4 1h™! g, 0
Co/NH, 5(Ti) 50 cN/TEOA (5/1, v/v) 0 (>420 nm) COOH: 38.4 umo Seat
. 300 W Xe lamp ) 5
Pt/NH,-MIL-125(Ti) 50 AcN/TEOA (5/1, v/v) 8 (>420 nm) HCOOH: 12.96 umol
250W high-
rGO@NH2-MIL-125 30 MeOH 4 pressure mercury HCOOH: 1.116 umol g™! h™! 10
lamp
1 Xel
MOF_met_0.5%Cu 50 AcN/TEOA (9/1, V/v), 4 000 W Xe lamp HCOOH: 30.1 umol g ! h-! 1
(>420 nm)
. 1000 W Xe lamp ) This
MIL(Cuw/Ti)1.0 25 ACN/TEOA (9/1, v/v) 4 (>420 nm) HCOOH: 62.4 pmol/g, work
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Table S3. Surface elemental composition (in at.%) of MIL(Cu/Ti)1.0 sample after the photocatalytic H,
generation after 4 hours of UV-Vis and Vis irradiation evaluated by XPS.

at.% (in total)

Sample label
C Ti 0] N Cu Na
MIL(Cu/Ti)1.0 after UV-Vis irradiation 61.9 5.5 24.1 7.6 0.1 0.8
MIL(Cu/T1)1.0 after Vis irradiation 73.9 2.3 17.3 6.0 0.1 0.8

Table S4. Efficiency of CO, photoconversion to HCOOH using the obtained samples under visible-light
irradiation.

CO, photoconversion

Sample label Yield of HCOOH product Yield of HCOOH product
(umol/gea) (umol/ge,h)
MIL(Ti) dl dl
MIL(Cu/Ti)0.3 dl dl
MIL(Cu/Ti)0.8 11.6 29
MIL(Cu/Ti)0.9 253 6.3
MIL(Cw/Ti)1.0 62.4 15.6
MIL(Cw/Ti)1.3 42.7 10.7
MIL(Cu/Ti)1.6 32.6 8.1

* dl — below the limit of detection

Table S5. CO, sorption at ~1 bar (p/py ~0.97).

Heat of CO, adsorption

Sample label CO, capacity (mmol/g)
(kJ/mol)
MIL(Ti) 2.56 16.3
MIL(Cu/Ti)0.3 2.40 21.1
MIL(Cu/T1)0.8 2.20 21.6
MIL(Cu/Ti)0.9 241 20.4
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MIL(Cu/Ti)1.0 2.06 22.6

MIL(Cu/Ti)1.3 245 20.2

MIL(CwTi)l.6 1.84 22.1

Testing the PBE/HSE06 and PBEsol/HSEsol for MIL-125(Ti) and NH,-MIL-125(Ti)

We tested the final electronic structure using the fully relaxed crystal structures of pristine MIL-
125(Ti) and NH,-MIL-125(T1i) using a combination of the functionals PBE with HSE06 as well
as PBEsol with HSEsol!?"14, as implemented in VASP!>1¢, In all the cases, the convergency of

< ImeV/atom is achieved utilizing a cutoff energy of 850 eV and the I'-point.

First, we computed the crystal and electronic structure of pristine MIL-125(T1i). In short, this
porous crystal structure is composed by twelve BDC linkers and sixteen TiO4 octahedral units
as displayed in Figure S21. Table S4 shows the computed cell parameters and predicted band
gap E,. Figure S22, displays a direct comparison between the PBE/HSE06 and PBEsol/HSEsol
partial density of states (PDOS), here we aligned the energy to the computed vacuum level for
each system. The results are in agreement with the experiments. The VB comprises abc-linker
states with C-2p and O-2p states, and the CB is composed of the Ti-3d and O-2p of the TiO,

octahedral states.
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Figure S21. (a,b) PBEsol computed crystal structure of pristine MIL-125(T1i) ), the black box denotes
the unit cell, and (c) PBEsol/HSEsol computed PDOS. The atoms and corresponding PDOS are
colored as follows: Ti(green), O(red), C(gray), and H(light gray).

Table S6. PBE and PBEsol predicted cell parameters and electronic properties for MIL-125(Ti).
Experiment data are from Ref'”. The E, values are computed using PBE/HSE06 and PBEsol/HSEsol.

Method a=b (A) c(A) o=Pp=y (°) V(A3) E,(eV)
PBE/HSE06 19.02426 | 18.07255 | 90 6540.859 | 3.86
PBEsol/HSEsol | 18.88122 | 17.94032 | 90 6395.736 | 3.82
Expt. 18.654 18.144 90 6313.599 | 3.6
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Figure S22. Computed (a) PBE/HSE06 and (b) PBEsol/HSEsol PDOS for MIL-125(Ti). The results
suggest that both functional combinations produce the same electronic structure for MIL-125(Ti). The
PDOS are colored as follows: Ti(green), O(red), C(gray), and H(light gray).

Next, we computed the crystal and electronic structure of pristine NH,-MIL-125(T1). The initial
structure was retrieved from Refs.!713. In short, this crystal structure has twelve aminated NH,-
BDC linkers and twelve TiOg octahedral sites as displayed in Figure S23. Table S5 displays the
cell parameters and predicted band gap E,. Figure S24, displays a direct comparison between
the PBE/HSE06 and PBEsol/HSEsol partial density of states (PDOS), here we aligned the
energy to the computed vacuum level for each system. The presence of the amino group

produces a subband at ~ -6 eV, where now it is located in the VB and is composed of N-2p and

C-2p states.

The CB is not affected by the aminated linker and is composed of the Ti-3d and O-2p states,
similar to the MIL-125(Ti) case. The overall effect of the NH,-BDC in the electronic structure

effectively reduces the band gap to 2.37 eV (Figure S24).
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Figure S23. (a,b) PBEsol computed crystal structure of pristine NH,-MIL-125(T1i), the black box
denotes the unit cell, and (c) PBEsol/HSEsol computed PDOS. The atoms and corresponding PDOS
are colored as follows: Ti(green), N(blue), O(red), C(gray), and H(light gray).

Table S7. PBE and PBEsol predicted cell parameters and electronic properties for pristine NH,-MIL-
125(Ti). The experimental cell parameters are from Ref.!”. The E, values are computed using
PBE/HSE06 and PBEsol/HSEsol. The experimental E, corresponds to Figure S6.

Method a(A) b (A) c(A) a® | BO) [ v | V(A E,
(eV)

PBE/HSE06 | 19.02371 | 19.00056 | 18.08259 | 89.62 | 89.85 | 90.01 | 6535.992 | 2.34
PBEsol/HSEsol | 18.85378 | 18.87503 | 17.93825 | 89.92 | 89.99 | 89.96 | 6383.598 | 2.37
Expt. 18.7293) | 18.729(3) | 18.172(4) | - - - - 2.63
Calculated 18.680(1) | 18.680(1) | 18.149(1) | - - - - 2.63
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Figure S24. Computed (a) PBE/HSE06 and (b) PBEsol/HSEsol PDOS for pristine NH,-MIL-125(Ti).

The results suggest that both functional combinations produce practically the same electronic
structure. The PDOS are colored as follows: Ti(green), N(blue), O(red), C(gray), and H(light gray).

These results suggest that PBE/HSE06 and PBEsol/HSEsol produce similar results. Therefore,
in the following theoretical models, we decided to use PBEsol/HSEsol. It is important to stress
that PBEsol functional was designed to produce better prediction when applied in bulk

materials'2.

Electronic structure of MIL(Cu/Ti)1.0

Figures S25 and S26 display the fully relaxed supercells we considered to model the
experimental case MIL(Cu/Ti)1.0. From an energetic point of view, our method is unable to
solve which configuration is more stable since the energy difference between M1 and M2 is
below our convergency criteria of 1 meV/atom. In both cases, the Cu doping on Ti sites
produces a shallow electronic level at ~4 eV, becoming the new CB with Cu-3d and O-2p
character. The VB at -6 eV is unaffected where the subband comprises Ti-3d and O-2p states

similar to the pristine NH,-MIL-125(T1). The predicted band gap is ~1.8 eV.
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Figure S25. (a) PBEsol computed the crystal structure of MIL(Cu/Ti)1.0 M1 system, the black box
denotes the supercell, and (b) PBEsol/HSEsol computed PDOS. The atoms and corresponding PDOS
are colored as follows: Cu(orange), Ti(green), N(blue), O(red), C(gray), and H(light gray).
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Figure S26. (a) PBEsol computed the crystal structure of MIL(Cu/Ti)1.0 M2 system, the black box
denotes the supercell, and (b) PBEsol/HSEsol computed PDOS. The atoms and corresponding PDOS
are colored as follows: Cu(orange), Ti(green), N(blue), O(red), C(gray), and H(light gray).
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Finally, in Figure S27, we display the direct comparison of the PBEsol/HSEsol computed
PDOS between the MIL-125(Ti), NH,-MIL-125(Ti), and the MIL(Cu/Ti)1.0 models M1 and
M2. The overall trend agrees with the experiments, and the Cu doping effectively affects only

the CB, lowering the bandgap of the pristine NH,-MIL-125(Ti).

MIL-125(Ti)  NH-MIL-125(Ti))  (Cu/T)1.0M1 ;  (Cw/Ti)1.0 M2

Ecu
O
Y
mo
Wc
OH

Ey=1.80 eV

Y

vacuum aligned energy (eV)

-10
Figure S27. Computed PBEsol/HSEsol PDOS for pristine MIL-125(Ti), NH,-MIL-125(Ti), and

MIL(Cu/Ti)1.0 modeled by M1 and M2 supercells. The PDOS are colored as follows: Cu(orange),
Ti(green), N(blue), O(red), C(gray), and H(light gray).

Following the method from Ref.!°, Table S6 details the PBEsol/HSEsol and PBE/HSE06
computed values of the spherical average of the electrostatic potential at the center of the pore
sampled with a radius of 2 A, here denoted as V., the ionization potential IP that considers
the Janak’s theorem?’ and using the computed Kohn-Sham eigenvalues?!. The ionization
potential is obtained by the relation EA=IP-E,; we also include the statistical variance Var of
the electrostatic potential within the 2 A radius sphere; this value should be small, this means
that the electrostatic potential around the pore is a plateau and a good representation of the

vacuum level'®.
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Table S8. PBEsol/HSEsol computed electrostatic potential at the pore center V., ionization potential
IP, electron affinity EA, the band gap E, and the statistical variance of the electrostatic potential Var.
The values within parenthesis are the corresponding PBE/HSE06 computed values.

System Veen(€V) IP (eV) EA (eV) E, (eV) Var (V)

MIL-125(Ti) 3.05 7.54 3.68 3.86 1.8x10° (9.0x10°)

(2.99) (7.48) (3.66) (3.82)

NH,-MIL-125(Ti) | 3.17 5.90 3.53 2.37 9.4x10% (2.7x10)
3.11) (5.88) (3.54) (2.34)
(CwT)HL.OMI | 3.12 5.98 415 1.83 4.5%10*
(CwT)L.OM2 | 3.20 6.07 427 1.80 3.1x10*

All the structures displayed in this work were generated using VESTA?,
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