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1. IAST methodology
Ideal Adsorbed Solution Theory (IAST) is based on the data that is obtained from adsorption

isotherms of pure gases to find the selectivity of their mixture [1, 2]. To find out the relation
between the two equilibrium phases, Raoult’s law (in vapor/liquid equilibrium) based on the

following equation can be used:
Py, = P = x.P°(x), i=1,23...,N (S1)

where y; and x; are the mole fractions of component i in the gas phase and adsorbed phase,
respectively, and P? () is the pressure of component i at the same spreading pressure as that of

the mixture. The spreading pressure () could be given by the following equation:

I gp, (S2)

where A is the specific surface area of the adsorbent (m?.kg™), R, is the gas constant (J/mol.K),
T is the temperature (K), and q is the amount adsorbed (mmol.g™?) at total pressure of P (MPa).

Hence, the reduced spreading pressure of the sorbed phase, z, can be calculated by:
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As mentioned before, the adsorption equilibrium data of pure CO2 and N2 on opt-Cuz(BTC):
were well-described by Langmuir isotherm model. Therefore, combining the Langmuir model

with the IAST (Eq. S3), lead to determination of z which can be given by the following equation:
Z; = Qe INA+D,PC (7)) (S4)
Since at the equilibrium state, the reduced spreading pressures is considered equal for each
component, therefore:

21=12 (S5)

where subscripts 1 and 2 denotes CO> and N, respectively. Combination of Egs. (S1), (S4) and,

(S5), result in:

b, Py, b, Py
Ohma,co, INCL+ =0 TCoy O, INAL+ 2 hy—p (S6)
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where (e co,Peo, ) @Nd (G, Py, ) are Langmuir fitting constants for pure CO2 and N,

respectively. At given P and y, the unknown parameter (x) in the Eq. (S6) could be determined.

Finally, the adsorption selectivity (Sco,,n,) could be calculated through the following equation:

_ Xeo, YN,

CO,/N, —
Xn, Yco,

(S7)

2. Adsorption isotherm study

In the analysis of adsorption processes, adsorption isotherm models can provide information into

possible interactions between adsorbent surface and adsorbate molecules which helps better to



interpret the experimental observations [3]. As it was mentioned earlier, to determine CO2/N:

selectivity through IAST method, single gas adsorption must be carried out. To this end, all 16

synthesized samples were exposed to mentioned gases and the adsorption capacity of all samples

at 298 K as well as their Langmuir curve fitting are illustrated in Fig. S1.
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Fig. S1: CO2 and Nz adsorption capacity of 16 synthesized Cus(BTC). with their Langmuir fitting at 298 K



Then, the obtained Langmuir constants were used in IAST method to estimate the CO2/N:
selectivity of each sample. After determination of optimum condition for synthesis of Cuz(BTC)a,
the adsorption capacity of optimum sample was evaluated for both CO, and N> gases. In this
case, Langmuir and Freundlich isotherm models were applied to relate the adsorbed amount of

CO:2 and N2 at equilibrium pressure. The model equations with their constants are listed in Table

S1.
Table S1: Model isotherm equations and their parameters
Model Equation Parameters
R _ qmaxKLCe -1 -1
Langmuir Q. —(1+ K.C,) Ko/L.mg™, gmaxymg.g
1
Freundlich g, = K.C," Ke /mg gt (L.mg2)™", n

The adsorption behavior of CO, and N2 at three different temperatures (298, 308, 318 K) was
studied and results are depicted in Fig. S2. The isotherm constants which were calculated

through non-linear fit of equilibrium data are tabulated in Table S2.
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Fig. S2: Adsorption isotherms of a) CO2 and b) N2 on Opt-Cus(BTC):at three different temperatures

Table S2: Langmuir and Freundlich isotherm constants for COz and N2z adsorption on Opt-Cuz(BTC):

CO; N2

Temperature /K 298 308 318 298 308 318
Langmuir

dm/mmol.g’ 10.814 10.634 9.915 2.665 2.098 1.850
K /bar? 0.645 0.414 0.348 0.122 0.119 0.071
R? 0.998 0.998 0.999 0.997 0.998 0.998
Freundlich

Ke/mg g(L.mg2)2n 4.457 3.445 2.901 0.354 0.267 0.147
n 2.960 2.456 2.308 1.622 1.585 1.397
R? 0.970 0.977 0.971 0.994 0.982 0.996

With respect to correlation coefficients, Langmuir isotherm model interpreted the equilibrium
data better than the Freundlich model which indicates that the adsorption-desorption process
happens at the same rate per unit surface area of the microporous adsorbent [4]. It is visible that
the adsorbed amount of CO; at 1 bar and 25<C, was 4.40 mmol.g* which is higher than the
values reported in previous studies [5-8]. To explain the higher affinity of CuBTC for carbon
dioxide, it should be noted that in general, there are two primary adsorption sites in the structure
of Cuz(BTC)>. First one, is the unsaturated open Cu site, while the other is what it is known as
“the small cage window site”, where the CO2 places in the four triangular-shaped openings into
the small octahedral cage. Interestingly, each open Cu site can only accommodate one CO-
molecule and the molecule may orient in four possible directions, with one end O atom attached

to Cu atom. As expected, at low pressure, most CO2 molecules go to the open metal sites. Only at



high loading is there a significant amount of CO> found on the small cage window site, as well as
a small amount at two secondary adsorption sites (i.e., the center of the small octahedral cage
and the corner of the large cuboctahedral cage, named small cage center site and large cage
corner site, respectively) [9]. According to above-mentioned structural information of Cuz(BTC),
CO. adsorption on this MOF can be explained as follow:

Except open metal sites, the framework- CO- interaction is mainly of van der Waals (vdW) type
(which is also known “dispersion forces”), though the binding strength could vary depending on
the shape of the local vdW surface. For CO2 adsorption on the open metal sites, the binding is
clearly stronger than a typical vdW interaction, as evidenced by the fact that, at low pressures,
CO2 is almost exclusively populated on the open metal sites. The enhanced overall binding
presumably causes by the strong electrostatic interaction between the open metal ion and the CO>
quadrupole moment. To better understand how open metal sites influence adsorption, Wu et. al
[9] performed first-principles calculations based on density functional theory (DFT). Their
inspection on electron density and projected charges showed that the charge distribution of the
adsorbed CO: is also slightly redistributed. Since the metal-CO: interactions enhanced, it may
cause the CO2 molecule to be slightly polarized or even bent. Indeed, the calculated O-C-O bond
angles from local density approximation (LDA) and general gradient approximation (GGA) were
178.7 and 179.4° for the CO2 on open Cu. These observations suggested that upon adsorption
on the open metal site, multipole moments are induced to the CO> molecule, which would lead to
effective interaction between the open metal site and CO, molecule and consequently, enhanced
overall binding. This issue was also approved by Dickey et. al [10] in which they investigated the
influence of open metal sites on CO adsorption through DFT method. They found that CO>

molecules, cluster around the open metal sites; while, N> molecules were much less localised



than the CO2 molecules. Since the CO. quadrupole moment is more than three times larger than
the N2 quadrupole moment (CO2:13.4? 0% C.m? Nz 4.7x10* C.m?), the CO2 molecules
creates stronger interactions with the electrostatic field of framework. To have better perception
about the interaction on adsorption sites, Wu et. al conducted vibrational mode analysis of
adsorbed CO.. Based on first-principles calculations, they figured out that the adsorbed CO-
molecule is affixed to the metal sites in an end-on orientation in which the closest oxygen is
fixed while the rest of the molecule is quite “loose” (i.e., orientationally free) [9, 11]. This issue
was also confirmed by Dietzel et. al. [12] in which they showed that at low pressures, CO>
molecules coordinate with metal ion in the MOF structure and forms M?*---O=C=0 adducts with
an end-on configuration. The oxygen lone pair orbitals of CO> interact with the copper cations,
and in fact, the distance measured between the oxygen atom of CO2 and the copper atom became
shorter than the sum of their van der Waals radii.

It is a fact that adsorption temperature plays a crucial role in adsorption process and significantly
affects the adsorption uptake. It is obvious from Fig.S2 that lower temperatures were more
favorable for higher gas adsorption which indicates the exothermic nature of the process. This
phenomenon can be expressed by the Boltzman equation in which the kinetic energy of gas
molecules and the adsorbent at elevated temperatures is higher. This increase in Kinetic energy
would result in more interaction between gas molecules and adsorbent at the interface which

leads to decrease in effective area of the sorbent that could be available for adsorption [8].



3. Effect of controlling factors and noise factor on Cus(BTC)2 synthesis
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Fig. S3: The effect of controlling factors on selectivity

As can be seen from Fig. S3, increasing the electrode length from 2 to 3 cm, the S/N ratio and
subsequently the selectivity were enhanced. This can be attributed to the fact that when the
electrode surface area increases, more vacant sites will be available for nucleation and crystal
formation. Furthermore, the concentration of copper ions increases in the extended area and
makes this area more susceptible for new nucleation phenomenon and growth of adjacent
crystals [13]. It is worth noting that, using longer electrode will provide a better condition for
MOF islands to be distributed on the surface of the electrode and prevents the formation of
compact layers of MOFs which may lead to decrease in porosity of MOFs [13]. Since the

optimum point of electrode length was located at the end of the range, studying higher value



seemed to be imperative. In this regard, higher electrode length was checked and surprisingly, an
odd occurrence in electrochemical cell was observed where black solids were dispersing in the
synthesis solution. By further analysis it was found that, the black solids were copper oxide
which were formed due to the high current density created between the electrodes. Higher
current density causes more metal ions detach from electrode surface and disperse in the solution.
Since excess amount of metal ions presented in the solution, there were not enough ligand to
coordinate with them; hence, metal cores reacted with low amount of soluble oxygen in the
synthesis solution and formed copper oxide. Besides, an extra increase in solution temperature
caused partial vaporization of ethanol which reduced the involved length of electrode in
synthesis solution and consequently, this occurrence brought problem in studying the effect of
controlling factors on crystals formation. At the end of the synthesis process, a mixture of
Cus(BTC) crystals and copper oxide could be observed which was not desirable in this study.
Electrolysis time was the second important factor in the synthesis of MOF. It is shown from
Fig.1 that the selectivity raised steeply with increasing the electrolysis time. This trend continued
up to 2h and then it was suddenly reduced. Generally, the increase of S/N ratio in the initial
period of time, can be attributed to the formation of a thin layer of crystal on the surface of
electrode under a constant voltage applied between the electrodes. After full-coverage of
electrode with a crystal film, further MOF layer formation will happen in two regions: 1) MOF-
substrate interface and 2) MOF-solution interface. In the latter condition, the solvated copper
ions will pass through the MOF structure and reach to ligands to initiate nucleation, because the
diameter of solvated copper ion (0.456nm) is smaller than pores of Cuz(BTC). (0.9nm). However,
further reduction of S/N ratio and therefore the selectivity at higher synthesis time, may be due to

compact layers of MOF film formed after 2h which inhibits or lowers copper ions transfer [13].



On the other hand, formation of these compact layers might create considerable resistance in
solution followed by a drop in current rate which affects the formation and the quality of crystals.
In studying the effect of voltage, it can be understood that high voltages (>25V) has a negative
effect on the selectivity. When the voltage is raised from 20 to 25V, more copper ions will
dissolve in solution leading to a better crystal growth and MOF nucleation. However, increasing
the applied voltage from 25 to 35V expedites the reaction (redox) rate that inhibits the nucleation
process. This factor may lead to unfavorable characteristics of the formed MOF such as
insufficient pore volume or specific surface area to store CO. or separate CO selectively.
Although the amount of ligand does not have a significant effect on the selectivity according to
the F-value, the S/N ratio changed by varying the amount of ligand. An increase in the amount of
ligand (from 0.6 to 1g), had positive effect on selectivity; while, an opposite trend was observed
when it was increased to 1.2g. This phenomenon may be attributed to the fact that when more
ligands exist in the medium, less amount of Cu?* will be produced and consequently, the surface
of the copper electrode will be covered with less amount of Cus(BTC)2 [14]. This might be
attributed to slow reacting species that is formed during the formation of Cu3(BTC).. Due to the
existence of high amount of BTC ligand in the solution, these species tend to form an
intermediate slow-reacting compound and hence, do not take part in the formation of Cuz(BTC)2
on the surface of the electrode [14].

4. Development of regression model

Fig. S4 compares predicted selectivity data based on Eq. (4) in terms of experimental values. As
can be seen from Fig. S4, the majority of data are distributed around the regression line fitted the
data with R?=0.936 which means that 93.6% of experimental data agreed well with predicted

ones.
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Fig. S4: Predicted versus actual CO2/Nz2 selectivity

5. Optimum ANN network architecture

Recognition of optimum network architecture comprises of finding an architecture with
appropriate number of hidden layers and neurons as well as the transfer function available in
each hidden layer. Table S3 summarizes the obtained results for RMSE and regression
coefficients of some evaluated network architectures. As could be seen, in the architecture with
one hidden layer, the number of neuron(s) was in the range of 1 to 20, whereas for the
architecture with two hidden layers, the number of neuron(s) varied from 1 to 10 for each hidden
layer. In addition, as could be seen, this table comprises of two distinct columns which is
associated with networks utilizing “tansig” or “logsig” transfer function as logical component of
their hidden layer(s). In addition, Table S4 summarizes weights and biases associated with each

layer of optimum architecture.



Table S3: Network architecture and the errors associated with each architecture.

“tansig” transfer function “logsig” transfer function
Regression Coefficient (r) Regression Coefficient (r)
Network Architecture | RMSE RMSE
Training  Validation  Testing All Data Training  Validation  Testing  All Data

1-1 27.704 0.746 0.566 0.622 0.673 26.656 0.619 0.740 0.823  0.680
5-1 25.393 0.722 0.787 0.674 0.712 21.368 0.921 0.593 0.565 0.828
10-1 9.179  0.999 0.588 0.995 0.968 6.707  0.999 0.995 0.899 0.983
15-1 19.505 0.958 0.940 0.512  0.906 17.208 0.997 0.753 0.891 0.904
20-1 19.143 1.000 0.931 0.939 0.968 20.784 0.961 0.517 0.658 0.854
1-1-1 34490 0.929 0.838 0.940 0.892 27.467 0.704 0.684 0.598  0.665
5-1-1 9.713  0.990 0.944 0.955  0.968 5.048  0.995 0.979 0.994 0.991
10-1-1 6.399  0.999 0.950 0.982  0.996 11.813 0.992 0.965 0.820  0.953
5-2-1 11.837 0.993 0.968 0.887  0.988 13.113 0.999 0.939 0.826  0.935
10-2-1 25.390 0.976 0.990 0.936  0.958 11510 0.973 0.959 0.953  0.967
5-3-1 31.306 0.904 0.997 0.690 0.913 13.358 0.995 0.958 0.881 0.946
10-3-1 9.356  0.999 0.989 0.829  0.968 7.695  0.993 0.959 0.969 0.978
5-4-1 7.144  0.988 0.979 0.965 0.980 4552  0.999 0.982 0.953  0.992
10-4-1 6.760 1.000 0.998 0.837  0.996 4308 0.999 0.962 0.956  0.993
5-5-1 15.724 0.981 0.966 0.914 0.979 11.347 0.966 0.904 0.897 0.952
7-5-1 9.069 0.975 0.985 0.952 0.974 1911 1.000 0.995 0.997 0.999
10-5-1 8.154  0.977 0.997 0.924 0974 5638  0.997 0.992 0.972  0.989
5-6-1 5.706  0.999 0.984 0.952  0.988 4.293  0.996 0.998 0.951  0.993
10-6-1 5.662  0.989 0.989 0.970  0.987 5819  0.992 0.967 0.985 0.988
5-7-1 13.327 0.970 0.909 0.950 0.933 7596  0.999 0.988 0.829 0.977
10-7-1 5.850  0.999 0.968 0.988  0.987 9.337  0.987 0.979 0.987 0.973
5-8-1 15.548 0.999 0.990 0.937  0.947 13.571 0.999 0.984 0.886 0.944
10-8-1 7.328  0.999 0.995 0.974 0.984 4.748  0.999 0.952 0.976 0.991
5-9-1 7.210 1.000 0.997 0.833  0.980 5.384  0.998 0.997 0.821  0.989
10-9-1 8.495  0.992 0.986 0.928 0.975 4891 0991 0.991 0.954 0.990
5-10-1 7.534  0.993 0.990 0.905 0.979 4717  0.994 0.990 0.989  0.991
10-10-1 10.526 0.999 0.966 0.931  0.967 6.998  0.998 0.951 0.543 0.981

Table S4: Weights and Biases for each layer of optimum architecture.
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