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Chemicals

Ammonium cerium (IV) nitrate (98%, (NH4),Ce(NOs)s), 1,4-benzenedicarboxylic acid (98%,
H,BDC), 2,5-pyridinedicarboxylic acid (98%, H,PDC), Zirconium(IV) chloride (99%, ZrCly),
Zirconyl (VI) Chloride octahydrate (98%, ZrOCl,-8H,0), (Hafnium (IV) chloride (99%, HfCl,),
n-butylamine (CH;(CH,);NH,, >99%), formic acid (96%, CH,0,), and Sodium nitrate (NaNOj3,
ACS reagent, >99.0 %) were purchased from Sigma-Aldrich. Acetic acid (CH;COOH, 98.5-
100.5%), Acetone (CsHgO, 99%), hydrochloric acid (HCIl, 98%), Sodium hydroxide (NaOH,
99%), N,N’-dimethylformamide (DMF, 99 wt.%), Ethanol (C,H0, 99.9%), Methanol (CH;OH,
99.9%) was supplied by Fine Chemical Co. Ltd. and reagent alcohols were purchased from Macron
Chemicals. Carbon dioxide (CO,, 99.999%).

Synthesis Procedures
Synthesis of Zr (IV) and Hf (IV) UiO-66'

0,5 mmol of ZrCl, (or HfCl;) was added on a 20 mL vial with 5 mL of DMF and 1 mL of
concentrated HCI. After sonication for 10 minutes (for dissolving), 10 mL of DMF was added with
0,6 mmol of Terephthalic acid (H,BDC) and 10 additional minutes of sonication before being
heated ay 80°C for 12 hours. The resulting solid was separated and washed by centrifugation at
8000 rpm for 10 minutes with DMF (2x10 mL) and then with ethanol (2x10 mL). The MOF was
dried under reduced pressure at room temperature for 3 days.

Synthesis of Ce-UiO-66>

On a 20 mL vial, the following reactive were added: first 1,5 mmol of terephthalic acid with 7,5
mL of DMF and then 2,4 mL of (NH4),[Ce(NO;)s] 0,533 M. The vial was heated using an
aluminum heater block under stirring for 30 minutes at 100°C. The resulting light-yellow solid was
separated and washed by centrifugation at 8000 rpm for 10 minutes (sometimes 20) with DMF
(3x10 mL) and then with ethanol (3x10 mL). The MOF was dried under reduced pressure at room
temperature for 3 days.

Synthesis of Zr-UiO-66-PDC3

4,4 mmol of 2,5-pirydinedicarboxilic acid (H,PDC) and 4,4 mmol of ZrOCl,* 8 H,O were mixed
in 45 mL formic acid and 5 mL water in a round bottom flask. The mixture was heated at 120°C
under reflux for 3 hours. The reaction was quenched by placing the round bottom flask under cold
water. The resulting solid was separated and washed by centrifugation at 8000 rpm for 10 minutes
with water (2x10 mL) and ethanol (2x10 mL). The MOF was dried under reduced pressure at room
temperature for 3 days.

Synthesis of H-UiO-66-PDC?

5 mmol of H,PDC and 5 mmol of HfCl; were mixed in 25 mL of acetic acid and 25 mL of water
in a round bottom flask. The mixture was heated at 120°C under reflux for 3 hours. The reaction
was quenched by placing the round bottom flask under cold water. The resulting solid was
separated and washed by centrifugation at 8000 rpm for 10 minutes with water (2x10 mL) and
then with ethanol (2x10 mL). The MOF was dried under reduced pressure at room temperature for
5 days.



Synthesis of Ce-UiO-66-PDC?

10 mmol of H,PDC and 10 mmol of (NH,4),[Ce(NO;)s] were mixed in 5 mL of concentrated HNOj;
and 45 mL of water in a round bottom flask. The mixture was heated at 90°C under reflux for 30
minutes. The reaction was quenched by placing the round bottom flask under cold water. The
resulting solid was separated and washed by centrifugation at 8000 rpm for 10 minutes (sometimes
20) with water (2x10 mL) and then with ethanol (2x10 mL). The MOF was dried under reduced
pressure at room temperature for 3 days.

M-Ui0-66-BDC M-UiO-66-PDC

Figure S1. Structural Model M¢O4(OH)4(Linker);(HCOO")g] (M = Zr (IV), Ce (IV), and Hf (IV);
linker = BDC or PDC), representation of the M-UiO-66 truncated.



Characterization data
FT-IR spectra
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Figure S2. FT-IR spectra of M-UiO-66 (M = Zr (IV), Ce (IV), Hf (IV)) with BDC or PDC linker.



Powder x-ray diffraction
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Figure S3. (a) PXRD pattern of M-UiO-66 (M = Zr (IV), Ce (IV), Hf (IV)) with BDC or PDC
linker and (b) PXRD of Hf-UiO-66-PDC before and after activation process at 180°C under
vacuum for 4 hours.
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Table S1. Crystallite size and crystallinity percentage of M-Ui0O-66 (M = Zr (1V), Ce (I1V), Hf
(IV)) with BDC or PDC linker.

Crystallite size

Materials (nm) Crystallinity (%)
Zr-Ui0-66 25.5 99.6
Zr-UiO-66-PDC 44.8 98.3
Ce-UiO-66 40.5 97.0
Ce-UiO-66-PDC 52.2 95.6
Hf-Ui0-66 31.6 98.3
Hf-Ui0-66-PDC 52.7 80.3




N, adsorption-desorption analysis
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Figure S4. Nitrogen isotherm at 77 K of M-UiO-66 (M = Zr (IV), Ce (IV), Hf (IV)) with BDC
or PDC linker.



Table S2. Textural properties of MOFs.

Compound SBET [ng B 1] VMicro [Cm3g B 1] Vtotal [Cmgg B 1] Bibliographic VMeso [cm3 g_l]
Sger [m*g 1]
Zr-Ui0-66 1188 0.46 0.63 11054 0.17
Zr-Ui0-66-PDC 1083 0.42 0.51 1376° 0.09
Ce-Ui0O-66 925 0.42 0.48 12822 0.06
Ce-UiO-66-PDC 626 0.30 0.33 7683 0.03
Hf-UiO-66 1196 0.42 0.59 358-749° 0.17
Hf-UiO-66-PDC 509 0.16 0.41 3833 0.25
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Figure S5. (a) Pore size distribution of MOFs calculated by NLDFT and (b) mesoporous region
for Hf and Ce UiO-66-PDC calculated by Barrett-Joyner-Halenda (BJH) method.



Defect chemistry

Determination of defect concentration varies between BDC and PDC MOFs due to the
hydrophobicity of M-UiO-66-PDC materials who impeded the correct measurement of Glass pH
Electrode during potentiometric titration.

Defect determination for M-U10O-66 via titration

Defect determination via potentiometric titration was calculated according to Klet et al.®
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Figure S6. Potentiometric titrations of M-UiO-66 for defect determination.

Table S3 Defect determination for M-U10O-66

Material Missing Linker Molecular Formula MW (g mol!)
Zr-UiO-66 0,85 Z1s04(OH),4(CsH404)5.15[(H,O)(OH)];;  1583,82
Ce-Ui0O-66 1,85 Ces04(OH)4(CsH404)4.15[(H,O)(OH)]5, 1783,1
Hf-UiO-66 1,05 HfcO4(OH)4(CsH404)405[(H,O)(OH)],, 2085,4




Defect determination for M-Ui0O-66-PDC via TGA
Defect determination via TGA was calculated according to Lazaro.”
Table S4 Defect determination for M-UiO-66-PDC

Material Wexp.Pla NLexp Missing Linker Molecular Formula
Zr-UiO-66-PDC 186 4, 1 1 ,9 Zr6O4(OH)4(C7NH4O4)4' 1 [(HzO)(OH)Lg
Ce-Ui0-66-PDC 170 4,7 1,3 Ce04(OH)4(C:NH,0,), -[(H,0)(OH) 16
Hf-UiO-66-PDC 167 55 0,5 Hf;04(OH)4(C;NH,04)s s[(H,O)(OH)], o
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Figure S7. Thermogravimetric analysis of M-UiO-66-PDC for defect determination.



CO, adsorption parameters and error range
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Figure S8. Freundlich-Langmuir fit parameters for each curve.
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Table S5. CO, adsorption of the materials at the maximum measured pressure.

Compound Uptake at 95 kPa and Uptake at 95 kPa and Uptake at 95 kPa and
263 K [mmol g'] 273 K [mmol g!] 283 K [mmol g']

Zr-Ui0-66 2.10 1.46 1.23
Zr-Ui0-66-PDC 4.18 2.77 1.53
Ce-UiO-66 4.72 4.20 2.90
Ce-UiO-66-PDC 4.12 3.54 3.04
Hf-UiO-66 1.76 1.49 1.15
Hf-UiO-66-PDC 2.22 1.86 1.54
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Figure S10. Comparison of adsorption capacity between cycles of Zr-UiO-66-PDC, all cycles
have been normalized respective to first cycle.
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Computational Analysis

M-Ui0O-66-BDC/CO, M-Ui0-66-PDC/CO,

Figure S11. Structural Model MzO4(OH)4(Linker);(HCOO)g]/CO, (M = Zr (IV), Ce (IV), and
Hf (IV); linker = BDC or PDC), representation of the M-UiO-66 truncated

Ui0-66-Ce/CO, Ui0-66-Hf/CO, Ui0-66-Zr/CO,

Ap,

Charge
Ap< H  Outflow pumssp Buildup Ap>m

Ui0-66-Ce-PDC/CO, Ui0-66-Hf-PDC/CO, Ui0-66-Zr-PDC/CO,

Ap;

Figure S12. Contours of deformation density channels (Ap;) with the corresponding energies, in
kcal/mol, describing the donor—acceptor interaction in M-UiO-66/CO, systems
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Ui0-66-Ce/CO, Ui0-66-Hf/CO, Ui0-66-Zr/CO,

Ap,

Charge
Ap< H  Outflow pumssp Buildup Ap>mE

Ui0-66-Ce-PDC/CO, Ui0-66-Hf-PDC/CO, Ui0-66-Zr-PDC/CO,

Ap,

Figure S13. Contours of deformation density channels (Ap,) with the corresponding energies, in
kcal/mol, describing the donor—acceptor interaction in M-UiO-66/CO, systems

Table S6. Selected bond lengths and hydrogen bond in the Ground state (S) distances (A) at MO6L/
TZ2P/ZORA

Materials/ (Mi{;ng) (Ml\i[;l?é) (Ml-\g-(())g.R)
UiO-66-Zr 225(5) 2.12(5) 2.21(1)
UiO-66-Ce 2.44(3) 2.28(2) 2.36(0)
UiO-66-Hf 2.26(5) 2.13(4) 2.21(2)
Ui0-66-Zr8 2.27 2.07 2.23
Ui0-66-Ce® 2.45 2.25 2.47
UiO-66-Hf10 2.27 2.06(7) 2.21

Ui0-66-Zr-PDC 2.28(2) 2.24(2) 2.16(4)
Ui0-66-Ce-PDC 2.44(8) 2.29(0) 2.36(7)
Ui0-66-Hf -PDC ~ 2.27(3) 2.27(4) 2.16(1)
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Table S7. Optimized molecular structures of M-UiO-66 at MO6L/ TZ2P/ZORA

M-UiO-66/CO, System

Ce-Ui0-66/CO, Ce-UiO-66-PDC
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Table S8. Selected bond lengths and hydrogen bond in the Ground state (S) distances (A) at M06-
L/ TZ2P/ZORA theoretical level.

M:-CO, -O-H:--CO, O--CO,

Materials/ (~13-OH) (-115-0)
Ui0-66-Ce--+CO, 3.040 3.296 3.362
Ui0-66-Zr++-CO, 2.962 3.173 3.231
Ui0-66-Hf---CO, 2.925 3.150 3.180
Ui0-66-Ce-PDC---CO, 3.035 3.300 3.342
UiO-66-Zr-PDC:--CO, 3.181 3.063 3.090
UiO-66-Hf-PDC---CO, 3374 3.038 3.025

Table S9. Morokuma—Ziegler scheme energy decomposition analysis (EDA), values in kcal/mol,

for all interacting systems M-UiO-66/CO,.

System AEpaui  AEgiec AEopn AEpi, AE ¢
Ui0-66-Zr 16.82 -1037(42%) -7.54(31%) -6.75(27%) -7.83
Ui0-66-Ce 13.55 -928(42%) -6.67(31%) -591(27%) -8.31
Ui0-66-Hf 18.82  -12.27(45%) -8.49 (31%) -6.39 (24%) -8.33

Ui0-66-Zr-PDC 11.75 -8.97(48%) -4.77(22%) -6.02(29%) -8.01
Ui0-66-Ce-PDC  13.67 -9.36 (45%) -6.85(24%) -5.92(30%) -8.46

Ui0-66-Hf-PDC  10.54 -8.34(42%) -3.87(31%) -5.00(27%) -6.67
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Kinetics of adsorption

Kinetics data was obtained from the same report of CO, adsorption capacity experiments, where
the points are collected in a batch system in the relative pressure range of 0.05 < P/P; < 0.99. That
means each point is graphed as an amount adsorbed in function of time. The amount adsorbed is
obtained by adding a small known amount of adsorbate (CO,) and taking the time it takes to the
pressure to stop reducing (and that is converted to an adsorbed amount). Then another alicuote of
adsorbate is added to graph another point and the process is repeated until de relative pressure
reaches the value of 0.99.

Kinetic Model

Table S10. Resume of avrami’s kinetic model parameters.

Avrami fractional-order

263 K 273K 283 K

UiO-66-Zr Kay 0.03064 0.02994 0.03008
Nay 3.8283 3.90391 4.30755

e 2.05989 1.4636 1.2108

R? 0.99449 0.99075 0.99154

Ui0-66-Zr-PDC  Kau, 0.02851 0.03326 0.02688
Ny 3.88066 4.34535 3.57448

Qe 4.18614 2.72374 1.52613

R? 0.99414 0.99597 0.9959

Ui0-66-Ce Kay 0.0309 0.0312 0.03095
Ny 3.80977 4.50818 4.17657

Qe 4.62802 4.0901 2.84934

R? 0.99717 0.9959 0.99639

UiO-66-Ce-PDC Ky, 0.03156 0.03132 0.03154
Ny 2.83463 3.52024 3.73543

Qe 4.15888 3.5137 3.00462

R? 0.99681 0.99692 0.99726

UiO-66-Hf Kav 0.03179 0.03155 0.03154
Npy 3.7351 3.93656 3.94531

Qe 1.73921 1.47132 1.13783

R? 0.99394 0.99408 0.9922

UiO-66-Hf-PDC K,y 0.03336 0.03232 0.03301
Dy 3.69314 4.03082 3.73094

Qe 222111 1.85187 1.54021

R? 0.99453 0.99163 0.99177
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Table S11. Resume of pseudo-first order and pseudo-second order kinetic model parameters.

Pseudo-first order

Pseudo-second order

263K 273K 283 K 263K 273K 283K

Ui0-66-Zr K, 0.02587 0.01769 0.02224 K 0.0024 0.00153  0.00282
Qe 3.61239  3.38092 244738 Qe 6.26893 6.24395  4.40217

R2  0.96797  0.95882 0.95719 R? 0.96625 0.95792  0.9559

Ui0-66-Zr-PDC  K;  0.03099  0.04563 0.02867 K 0.00186 0.0052  0.00446
Qe 6.28184  3.68129 2.36023 Je 10.35126  5.79622  3.93397

R2  0.96464  0.96957 098112 R? 0.96163 0.965 0.97948

UiO-66-Ce K; 0.02917  0.02489 0.0235 K, 0.00136 0.00105  0.00135
Je 7.54962  7.57988 548316  q. 12.81406  13.40191 9.76773

R? 097526 0.95614 0.96598 R? 0.9733 0.95421  0.96453

UiO-66-Ce-PDC  K;  0.03865  0.04883 0.04606 K, 0.00323 0.00535  0.00525
Qe 5.33483  4.34943 3.89047  q. 8.20574 6.51222  5.9926

R2  0.97512  0.97654 097767 R? 0.9709 0.97177  0.97346

UiO-66-Hf K; 0.03381  0.02932 0.02889 K 0.00469 0.00408  0.00512
Je 2.6633 2.47306 1.93022  q. 4.42619 4.2417  3.31967

R?  0.96735 0.96549 0.961 R? 0.96476 0.96344  0.95894

UiO-66-Hf-PDC K,  0.04893  0.04521 0.04314 K 0.00764 0.00754  0.00831
Je 2.8672 2.51033 2.12021 Je 4.402 3.95864  3.37799

R2  0.96134  0.95555 0.96258 R 0.95611 0.95092  0.95862
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For pseudo-first and pseudo-second order the time t=0 was determined at the point where
dq,/dt # 0
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Figure S14. Example of the determination of time t = 0 for the non-linear fit of pseudo-first and
pseudo-second order kinetic models.
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Figure S17. Effect of temperature on curves of CO, adsorption against time onto M-UiO-66 (M
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Rate-limiting kinetic model
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Figure S18. Plots of Boyd’s film diffusion model for CO, adsorption onto M-UiO-66 with BDC

or PDC linker under different temperatures.
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Figure S19. Plots of interparticle diffusion model for CO, adsorption onto M-UiO-66 with BDC

or PDC linker under different temperatures.

UiO-66-Zr ® 263K
04
§ et Basisenseminsngny,,, o 273K
. A 283K
1 w
N e
Ag
s 2 “
3
< % 2
c 34 [
4 & Ao
A
"
-4 4
A
i
-5
T T T T T
0 10 20 30 40 50
Time (min)
Ogmesns & somshs 8 8 4 4,0 UiO-66-Ce | ® 263K
t, ® 273K
-1 o, A 283K
[
24 oAy
o
2] "
~ 4
g -4 Am
: L]
[=
4 -5 um
64
74
L]
-84
0 10 20 30 40 50
Time (min)
0] &8 soasnssminens o, ,  UIO-G6-HS = 263K
. e 273K
1 LI A 283K
N .
.
24 o~
Ew .
& 37 ‘.
= =
5 41 a
s
-54
A
64
n
-7 T T T T T T
0 10 20 30 40 50
Time (min)

Ln (1 'qthe)

Table S12. Linear fitting parameters of interparticle diffusion model.
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Material Temperature Slope Intercept R?
UiO-66-Zr 263K -0.08619 1.07412 0.81648
273 K -0.0973 1.09153 0.76701
283 K -0.07941 1.13155 0.79124
Ui0-66-Zr-PDC 263 K -0.08039 0.95016 0.79213
273K -0.07721 0.89019 0.78001
283 K -0.0778 0.9457 0.77116
UiO-66-Ce 263 K -0.08329 0.93442 0.77914
273K -0.09798 1.14522 0.66041
283K -0.08561 0.97891 0.75912
UiO-66-Ce-PDC 263 K -0.08051 0.81262 0.89778
273 K -0.09418 1.10393 0.81448
283 K -0.09666 1.14354 0.78223
UiO-66-Hf 263K -0.09319 1.08837 0.75149
273 K -0.08061 0.87309 0.78521
283 K -0.08856 0.99759 0.77101
UiO-66-Hf-PDC 263 K -0.09853 1.09127 0.8262
273K -0.10121 1.18231 0.7802
283 K -0.09254 1.02646 0.81829
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Figure S20. Plots of intraparticle diffusion model onto M-UiO-66 with BDC or PDC linker
under different temperatures.
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Isosteric Heat

Calculations of the isosteric heats using the Clausius-Clapeyron equation were performed with a
temperature difference of 20 K.

Table S13. Short bibliographic research on CO,adsorption and reported isosteric heats of different

MOFs.
Material Adsorbate Experimental Amount adsorbed Qy (kJ mol™) Ref.
conditions (mmOl g_l) a = Zero/Low coverage
b= High coverage
Hf-Ui0-66 CO, 273-298 K and 2,38 22,82 1
1 bar
Hf-UiO-66-NH, CO, 273-298 K and 3,99 25,62 1
1 bar
Hf-Ui0-66-(OH), CO, 273-298 K and 4,93 28,42 1
1 bar
Hf-Ui0-66-(COOH), CO, 273-298 K and 1,67 28,22 1
1 bar
Hf-UiO-66-F, CO, 273-298 K and 1,23 23,42 1
1 bar
Zr-UiO-67-BBS CO, 273-298 K and 4,84 26,5%; 22 9b 12
760 torr
Hf-UiO-67-BBS CO, 273-298 K and 445 25,12 12
760 torr
Zr-UiO0-67 CO, 273-298 K and 2,17 18,52 12
760 torr
Zr-Ui0-66-(0OH),-50 CO, 25-35°C and 4,83 39,62 13
100 kPa
Zr-Ui0-66-(0OH),-250 CO, 25-35°C and 5,63 31,52 13
100 kPa
Mg-MOF-74 CO, 273-296 K and 8 472, 300 14
1 bar
Co-MOF-74 CO, 273-296 K and 7,1 378; 360 14
1 bar
Ni-MOF-74 CO, 273-296 K and 5,8 412; 340 14
1 bar
Carbonized MOF-5 CO, 40-100 °C and 2,43 (1 bar) 18 12,5° 15
40 bar
Zr-UiO-66-1HC1 CO, 298-318 K and 1,66 25,92 16
1 bar
Zr-UiO-66-2FA CO, 298-318 K and 1,42 21,52 16
1 bar
Zr-Ui0-66 CO, 263-283 K and 2,10 29,52; 26,20 This
95 kPa work
Zr-Ui0-66-PDC CO, 263-283 K and 4,17 45,5%; 66,0° This
95 kPa work
Hf-UiO-66 CO, 263-283 K and 1,76 31,82; 23,70 This
95 kPa work
Hf-UiO-66-PDC CO, 263-283 K and 2,22 3,65%; 29,6P This
95 kPa work
Ce-Ui0-66 CO, 263-283 K and 4,71 24,92 26,2b This
95 kPa work
Ce-UiO-66-PDC CO, 263-283 K and 4,12 21,5%; 30,5 This
95 kPa work

The tabulated amount adsorbed corresponds to the captured adsorbent at the maximum pressure and the minimal
temperature.
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Qy calculated for each temperature combination.
Note that the average Qg curve is hided by the 263-283 K Q curve.
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Figure S21. Q calculated for all temperature combinations.
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Different perspectives of the isosteric heats.
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Figure S22. Isosteric heat in function of the amount adsorbed organized by metal center.
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