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ARTICLE INFO ABSTRACT
Keywords: Metal-organic frameworks (MOFs) have been an excellent platform for carbon dioxide reduction
Pore network reactions (CO2RR). In this work, the feasibility of electrochemical reduction of CO5 to obtain Cp-

Bimetallic metal-organic frameworks
IR spectroelectrochemistry

Cy-deep products

Mg content

deep value-added products was investigated by the preparation of Mg-containing MOF-74 sam-
ples combined with transition metal cations (Ni%*, Co?* and Zn®"). The prepared MOFs were used
as electrocatalysts in CO2RR. Chronoamperometric analysis coupled to ATR-FTIR spectroscopy
was employed to characterize the CO, reduction products and subsequently via 'H NMR.
Although an isostructural crystalline structure was observed in all synthesized MOFs, the pore
diameter distribution was significantly affected due to the Mg coordination along with each
transition metal nuclei with the organic ligand to form the MOF-74. Our results showed that Mg-
containing MOF-74 electrocatalysts combined with Ni, Co and Zn ions successfully reduced CO2
to Cp-deep products, while the monometallic Mg-MOF-74 showed only CO» mineralization. An
ester acetate, isopropyl alcohol, and formic acid were produced by Mg/Ni-MOF-74; isopropyl
alcohol was provided by Mg/Co-MOF-74, and ethanol was generated by Mg/Zn-MOF-74. We
observed that the change of the transition cation was a key factor in the selectivity of the obtained
products, while the degree of Mg ions effectively incorporated into the MOF structure tuned the
porosity and the electrocatalytic activity. Among them, Mg/Zn-MFOF-74 showed the highest Mg
content loaded after synthesis and thus the most favorable electrocatalytic behavior towards CO2
reduction.

1. Introduction

Current scientific research focuses on slowing the environmental impact of the main greenhouse gas, carbon dioxide (CO2) [1]. To
address this problem, the most promising solution is to capture CO5 and subsequently convert it into value-added chemicals using an
electrochemical approach, as it is an easily manipulated and controllable method that also operates under ambient conditions [2,3].
Among several classes of electrocatalysts, metal-organic frameworks (MOFs) stand out as a new class of hybrid materials constructed
from the association of inorganic building blocks connected by organic linkers, with potential properties favorable for CO, reduction,
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such as highly tunable pore size to enhance diffusion. In addition to their outstanding chemical flexibility, these properties put MOFs
ahead of other well-known electrocatalysts [4-6]. Although there are several studies using monometallic MOFs as electrocatalysts,
bimetallic organometallic frameworks outperform the catalytic activity of monometallic organometallic frameworks due to a syner-
gistic effect [7-9]. However, the studies on bimetallic MOFs for electrochemical CO5 reduction reaction (CO3RR) based on
alkaline-earth metals have remained comparatively scarce [7,10,11]. Porous frameworks based on alkaline-earth metals offer
gravimetric advantages for storage applications, for example, such as the superior CO, adsorption of Mg-MOF-74 over other selected
metal-organic frameworks [12]. Indeed, they have become particularly attractive due to their selectivity for adsorbing targeted
molecules such as carbon dioxide (CO,) over other undesired molecules [1]. This suggests that some classes of MOFs possess a pore
network favorable for selective adsorption of target molecules.

Regarding the bimetallic catalyst approach, CO»-related catalytic and photocatalytic studies have shown that MOF-74 used as a
bimetallic catalyst could further improve its catalytic performance toward CO, reduction and regulate the energy barrier of the in-
termediate CO»-derived product, although it has not yet been tested in the electrocatalytic field. Furthermore, the correlation between
porosity and CO,-derived electrocatalytic activity in Mg-containing bimetallic MOFs is still unexplored [7-9,13]. In this work, we
investigate the effect of magnesium incorporation in MOF-74 structures on its porosity and electrocatalytic performance of the syn-
thesized materials.

Although carbon monoxide (CO) and formate (HCOOH) are routinely reported in several works using monometallic M-MOF
electrocatalysts (M = Co, Ni, and Zn), the desired goal is to obtain Cy-deep-reduction products, such as ethanol (CH3CH,OH), iso-
propanol (CH3CH(OH)CH3s), among others [7,14,15]. A second goal of our work is to obtain Cy-deep-reduction products by using
Mg-containing bimetallic MOF-74 electrocatalysts. This report demonstrates that magnesium coupled with the transition metal (Co, Ni
and Zn) on MOF-74 bimetallic compounds can further reduce CO; to Cy-deep reduction products like alcohols and acetate esters.
Furthermore, we show that depending on the effective Mg content left in the bimetallic MOFs, the pore network is tuned to an extent
that favors mass transfer during the COs-reduction proccess. In addition, we present an integral study including the CO»-derived
electroactivity, the electronic interaction, the charge-transfer resistance, the textural data, and the structural characterization for the
Mg-based bimetallic electrocatalysts.

2. Experimental
2.1. Synthesis of monometallic Mg-MOF-74

Mg-MOF-74 compound was synthesized under solvothermal conditions and according to a previous report [16]. In summary, to a
solid mixture of 2,5-dihydroxyterephtalic acid (0.111 g) (H4DOBDC, 99%, Sigma-Aldrich®) and Mg(NO3),-6H20 (0.0032 mol) (99%,
Sigma-Aldrich®), a 15: 1 : 1 (v/v/v) mixture of dimethylformamide (DMF 99.8%, Sigma-Aldrich®), ethanol (99.9%, Fermont) and
distilled water were added, respectively. The solution was mixed stirring vigorously for 15 min and the mixture was transferred to a
Teflon-lined steel autoclave, which was sealed and heated at 110 °C for 48 h. After cooling at room temperature, the supernatant was
poured off and the resulting crystals were harvested and washed twice with ethanol prior to drying in a vacuum desiccator.

In a similar way and according to the target bimetallic MOF synthesis, the following mixtures were prepared and used as sol-
vothermal precursor solutions.

2.1.1. Synthesis of bimetallic Mg/Zn-MOF-74

To a solid mixture of 2,5-dihydroxyterephtalic acid (0.482 g) (H4DOBDC, 99% Sigma-Aldrich®), 0.0032 mol of Mg(NOs3)2-6H,0
(99%, Sigma-Aldrich®) and 0.0079 mol of Zn(NOs3)2-6H20 (98%, Sigma-Aldrich®), a 1:1:1 (v/v/v) mixture of dimethylformamide
(DMF 99.8%, Sigma-Aldrich®), ethanol (99.9%, Fermont) and distilled water were added, respectively. The solution was mixed until
homogeneous.

2.1.2. Synthesis of bimetallic Mg/Co-MOF-74 and Mg/Ni-MOF-74

Mg/Co-MOF-74 and Mg/Ni-MOF-74 were synthesized following the same procedure as Mg/Zn-MOF-74 except for the addition of
0.012989 mol of Co(NOs3)2-6H20 (98%, Sigma-Aldrich®) or 0.013 mol of Ni(NO3)2-6H20 (98%, Sigma-Aldrich®) instead of 0.0079
mol of Zn(NO3)2-6H20 (98%, Sigma-Aldrich®).

2.2. Characterization techniques

The attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) of the samples were recorded in an FTIR spec-
trophotometer (PerkinElmer Spectrum Two model). The samples were scanned over the spectral region from 500 to 4000 cm L.

Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku Miniflex 600 diffractometer using Cu-Ka radiation (1.5406 1°\)
source in the range of 3°<20 < 30° at a scan rate of 4°/min.

The morphology and surface texture of the samples, as well as their elemental analysis, were analyzed using a Field Emission
Scanning Electron Microscope (Schottky JSM-7800 F). Samples were imaged using a secondary electron detector at an acceleration
voltage of 2.0 kV under an ultra-high vacuum. The samples dimensions were measured using the ImageJ software.

The X-ray photoelectron spectroscopy (XPS) measurements were performed on a THERMO Scientific K-Alpha spectrometer using
an Al Ka radiation (1486.6 eV) as the X-ray source, and a hemispherical electron analyzer. Experimental peaks were deconvoluted into
their components using mixed Gaussian-Lorentzian functions and a non-linear square fitting algorithm. Then, Shirley’s background
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Fig. 1. Left: Scanning electron microscope micrograph images of the MOF morphologies. Right: EDS (Energy Dispersive Spectroscopy) spectra of the
MOFs. (a), (b): Mg/Co-MOF-74. (c), (d): Mg/Zn-MOF-74. (e), (f): Mg/Ni-MOF-74. (g), (h): Mg-MOF-74.

subtraction was applied. A quantitative elemental analysis was performed using this technique.

The specific surface area, average pore diameter, and pore volume were determined from N5 adsorption-desorption isotherms. The
samples were thermally treated in a vacuum at 80 °C for 12 h. The N, gas adsorption-desorption was carried out at 77.3 K using a
BELSORP-max equipment. The specific surface areas were determined using the Brunauer-Emmet-Teller (BET) method, while the pore
diameter and pore volume were calculated from the desorption isotherms and following the Barret-Joyner-Halenda (BJH) method.

The photoluminescence (PL) analysis was carried out on a FS-2 Fluorescence Spectrometer Scinco equipment, and the spectra was
obtained at an excitation wavelength of 254 nm in the range of 400-650 nm.

2.3. Electrochemical test and product analysis

Cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were carried out on an AUTOLAB potentiostat/gal-
vanostat PGSTAT302 N, in a three-electrode configuration cell using an ink-coated MOF DROPSENS DRP-C110 as the working
electrode, a platinum wire as the counter electrode, and standard hydrogen electrode (S.H.E.) as the reference electrode in a 0.1 M
KNOj3 aqueous electrolyte. The working electrode is circular, with a diameter of 0.4 cm and an effective geometric area of 0.1257 cm?.
The dimensions of the strip are 3.4 x 1.0 x 0.05 cm (length x width x height). To prepare the electrode, 0.175 g of MOF sample and
50 pL of Nafion® were dispersed in 800 pL of distilled water and 150 pL of isopropanol by sonication for 10 min to form a homogeneous
ink. For Cyclic Voltammetry (CV): scans were performed in the potential range from 1.0 to —2.0 V vs SHE at 10 mV/s; Electrochemical
Impedance Spectroscopy (EIS) was performed using a frequency response analyzer (FRA) connected with Metrohm Autolab
PGSTAT302 N potentiostat within the frequency range of 0.1 Hz-100 Hz, at open circuit potential (OCP). Experimental control and
data acquisition were carried out using Nova 1.10 software. Nyquist plots were obtained and compiled by electrochemical impedance
spectroscopy (EIS) for working electrodes coated with MOFs samples and immersed in Np-saturated and COg-saturated KNO3 0.1 M
electrolyte. To address the data analysis, the impedance data were fitted to an equivalent circuit consisting of electrolyte resistance, Rg,
charge transfer resistance, Rcr, constant-phase element admittance, Yo, and electrical double-layer capacitance, Cpy. In addition, the
Kronig-Kramers (KK) test can be used to check whether the system measured in time and linear. Therefore, the KK test was performed
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Fig. 2. General X-ray photoelectron spectra of the MOFs compounds.

to check for goodness of fit (%) and the results were attached to the equivalent circuits, respectively. A small y value usually indicates
a good fit. This approach was carried out using the NOVA 1.10 software for both Nj-saturated electrolyte and COs-saturated KNO3 0.1
M electrolyte.

Chronoamperometry coupled to ATR-FTIR spectroscopy was used to analyze CO,RR-derived products. This test was carried out on
an AUTOLAB potentiostat/galvanostat PGSTAT302 N but with a different cell arrangement. A custom-made three electrode cell that
fitted on top of the ATR crystal was machined from polytetrafluoroethylene (PTFE) fitted with a glassy carbon rod as counter electrodes
and quasi-reference. The working electrode was a 3 mm diameter graphite electrode (GE). Since inorganic nitrate ions provide a broad
and intense IR band near 1400 cm™, resulting from out-of-phase stretching for nitrate-containing compounds, for these spec-
troelectrochemical tests the KNOj3 electrolyte was replaced by KOH electrolyte, since the spectrum obtained will not have interfering
bands. It is indeed worth mentioning that a background was subtracted before collecting the ATR-FTIR scans. An aqueous solution
containing 0.1 M KOH electrolyte was degassed beforehand under sonication for 20 min, and then N, was bubbled into the electrolyte
for 20 min to purge Oq. This Na-saturated solution was transferred to the custom-made PTFE three-electrode cell and a background
spectrum was collected at this point. All spectra were subtracted with the background. Next, CO2 was bubbled for 20 min and then an
IR spectrum was recorded. This test was performed for 30 min at —1.6 V vs GE under 0.1 M KOH CO4, saturated aqueous electrolyte and
data acquisition was conducted using Nova 1.10 software. Potential was applied to the working electrode, and IR spectra were
collected every 3 min 'H Nuclear Magnetic Resonance spectroscopy was used to identify COoRR-derived liquid products produced
during constant potential electrolysis. Liquid products were recorded on a Bruker Avance III NMR spectrometer operating at 400 MHz
H using deuterated water (D20) as an internal standard. 'H nuclear magnetic resonance (NMR) spectra analysis and collection was
performed on Mestrenova software.

3. Results and discussion
3.1. SEM spectroscopy

The SEM micrographs showed MOFs samples with geometrically derived shapes (Fig. 1a, c, e, g). The morphology of Mg/Co-MOF-
74 is shown in Fig. 1a and corresponds to a uniform decoration of cubic particles with a porous structure on the surface. In Fig. 1¢c, Mg/
Zn-MOF-74 has a hexagonal disc-shaped structure, intercalated within a hexagonal prism-shaped structure, while Mg/Ni-MOF-74 in
Fig. 1e shows a regular hexagonal prism-shaped structure. When compared Mg-MOF-74 to the regular-shaped bimetallic MOFs
samples, an irregular geometrical morphology is observed, however large and elongated stacked rods predominate (Fig. 1g), with tube-
like shapes that may serve as adsorbents. Qualitative spectral analysis of MOFs (Fig. 1b, d, f, h) was conducted to confirm the existence
of the corresponding elements (Mg, Ni, Co and Zn) in the MOFs samples. According to the relative intensity of the Mg content in each of
the bimetallic electrocatalysts, the Mg content increased with the trend Mg/Ni-MOF-74 < Mg/Co-MOF-74 < Mg/Zn-MOF-74. The Mg
content in the Mg/Zn-MOF-74 structure was considerably higher than in Mg/Co-MOF-74 and Mg/Ni-MOF-74 structures. Note that Mg
content in the Mg/Ni-MOF-74 structure was considerably lower than the Ni content. This showed that Ni?* coordinated more easily
with H4DOBDC to form MOF-74 than Mg; similarly for Co?* ions. However, the coordination of the Mg/Ni-MOF-74 is distorted since
Mg2+ replaces some Ni%* in the MOF-74 lattice [8]. In contrast, the Zn?* coordination with H4DOBDC to form MOF-74 did not mask
the Mg?* coordination with HyDOBDC during its synthesis process, as evidenced by the Mg content in Mg/Zn-MOF-74 (Fig. 1d). It can
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Table 1
Quantitative elemental analysis of the MOFs. W (%) = % Weight. A (%) = % Atomic.
Element Mg-MOF-74 Mg/Ni-MOF-74 Mg/Co-MOF-74 Mg/Zn-MOF-74
W (%) A (%) W (%) A (%) W (%) A (%) W (%) A (%)
C1ls 50.1 57.8 41.2 54.0 28.8 39.4 21.7 35.7
O1s 39.1 35.3 32.4 32.2 39.0 39.8 41.0 49.2
Mg 1s 7.5 4.4 1.0 0.7 0.9 0.6 4.3 3.5
N1s 3.3 3.3 7.2 8.2 13.2 15.5 1.5 21
Ni 2p 0.0 0.0 18.2 4.9 0.0 0.0 0.0 0.0
Co 2p 0.0 0.0 0.0 0.0 18.2 5.1 0.0 0.0
Zn 2p 0.0 0.0 0.0 0.0 0.0 0.0 31.6 9.6
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Fig. 3. Core-level spectra of C 1s of the MOFs.

be concluded that, depending on the metal core, the coordination distortion affects the synthesis of the Mg-based bimetallic MOF-74,
resulting in different Mg content. This Mg content within the bimetallic MOF-74 confers unique properties, such as pore volume tuning
for CO, mass-transfer and lower charge-transfer resistance. N and C elements are almost absent in the Mg/Zn-MOF-74 elemental
analysis, besides, they could not be detected in the elemental mapping which was performed under a punctual analysis (Fig. 1d).
Nevertheless, the occurrence of these elements in MOF Mg/Zn-MOF-74 are confirmed in X-ray photoelectron spectroscopy (XPS)
characterization in Fig. 2.

3.2. X-ray photoelectron spectroscopy (XPS) characterization

Fig. 2 shows the XPS spectra of four kinds of MOF-74. It can be seen they contain, respectively, four elements, namely metals (Ni,
Co, Zn and Mg), C, O and N. An elemental quantitative analysis for each MOF is presented in Table 1. As depicted in Fig. 1b, d, f, Mg/
Co-MOF-74 and Mg/Ni-MOF-74 displayed a lower Mg content than Mg/Zn-MOF-74. This statement is confirmed by the elemental Mg
content in all the bimetallic MOFs (Table 1). Mg/Zn-MOF-74 has a Mg content comparable to Mg-MOF-74, indicating that Mg has been
successfully incorporated into its lattice. Fig. 3 depicts peaks representing C-O, CO and COO™, respectively. The presence of these
functional groups is due to the carbonate species which absorbed on the MOFs surface and to the MgO (magnesium oxide) basic
properties and its ability to adsorb CO, [17]. It is noteworthy there is a displacement at higher binding energies for Mg/Zn-MOF-74
COO"~ species. As evidenced in Fig. 3, Mg/Zn-MOF-74 has the highest Mg content among bimetallic electrocatalysts, since each
metallic nucleus along with Mg coordinates more preferentially to H4DOBDC than others. This amount of Mg?* could isolate the Zn>*
ions in the metal-to-ligand (M-oxo) chains in such a way that the oxygen gained more electron withdrawing power, shifting the COO™
species to a higher binding energy. Fig. S1 (shown in supporting information) illustrates the XPS of O 1s where peaks at binding
energies of 531 and 533 eV represent oxygen bonded to metals and 532.4 eV is assigned to the oxygen connected to carbon, confirming
the successful metal-to-ligand coordination [18]. Ni 2p of Mg/Ni-MOF-74 has two main peaks, concentrated around 873.0 eV and
856.0 eV, corresponding to Ni 2p; /2 and Ni 2p3/» respectively; the other two peaks located at 879.6 eV and 860.9 eV correspond to the
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Table 2
Textural properties of bimetallic and monometallic MOFs.
Electrocatalyst Surface area (mz/g) Pore volume (cm®/ 2) Pore diameter (nm)
Mg-MOF-74 85.49 0.3776 17.667 + 0.530
Mg/Ni-MOF-74 108.03 0.4649 17.214 £ 0.516
Mg/Co-MOF-74 44.8 0.3656 14.54 £+ 0.436
Mg/Zn-MOF-74 13.47 0.0677 20.116 + 0.603
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Fig. 4. N, adsorption-desorption isotherms at 77.3 K and pore diameter distributions (insets) of (a) Monometallic Mg-MOF-74, (b) Mg/Ni-MOF-74,
(c) Mg/Zn-MOF-74 and (d) Mg/Co-MOF-74, respectively.

satellite peaks of Ni 2p; 5 and Ni 2pg/», which are characteristic of Ni2t peak (Fig. S2 of supporting information). A similar analysis
may be performed for Mg/Co-MOF-74 and Mg/Zn-MOF-74, indicating that Co and Zn are divalent (Figs. S3, S4 of supporting infor-
mation) [19,20]. Therefore, they could act as active sites for electrocatalysis, having their valence electrons available for the faradaic
processes.

3.3. Pore and textural characterization

The Brunauer-Emmet-Teller (BET) surface area and the pore volume were investigated to find a possible correlation with the
electrocatalytic activity of the MOFs. Results are reported in Table 2 and Fig. 4. A multimodal pore diameter distribution was presented
for Mg/Ni-MOF-74, Mg/Co-MOF-74 and Mg-MOF-74, revealing the existence of macropores and mesopores for these materials. Ac-
cording to Fig. 4(a), (b), and (d), Mg-MOF-74, Mg/Ni-MOF-74 and Mg/Co-MOF-74 exhibited a type II isotherm given on macroporous
adsorbents, with a type H3 loop. They also exhibited a multimodal pore diameter distribution. Indeed, the Mg/Ni-MOF-74 has a
broader distribution of pore diameters. This could be explained by the distortion in the coordination process discussed above.
However, it is worth noting that the isotherm for Mg/Zn-MOF-74 shows a unimodal pore diameter distribution and its hysteresis loop is
wider than the others (Fig. 4(c)). This hysteresis loop is indicative of the presence of a large number of mesopores, which is beneficial
for the mass transfer during the electrocatalytic process [21,22]. In fact, it has the largest pore diameter among all MOF-derived
electrocatalysts, as can be seen in Table 2. The Brunauer-Emmet-Teller (BET) surface area and the pore volume decrease with the
trend Mg/Ni-MOF-74 > Mg-MOF-74 MOF > Mg/Co-MOF-74 > Mg/Zn-MOF-74. This may be due to the distortion of the coordination
environment resulting from the ease of coordination between the transition metal and the alkaline earth metal with the H4BODC to
form the corresponding MOF-74.

3.4. FTIR spectral characterization

The functional groups and characteristic bonds of the synthesized MOFs are revealed in the FTIR spectra (Fig. 5), where the shape as
well as the frequency of the absorption bands are similar in the four MOFs. In the MOF spectroscopic field, the IR technique is useful to
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Fig. 5. FTIR spectra of: (a) Mg/Ni-MOF-74, (b) Mg/Co-MOF-74, (c) Mg-MOF-74 and (d) Mg/Zn-MOF-74.

corroborate the coordination between metal centers and organic linkers, since distinctive downshift of an absorption band can be
observed as described below. The distinctive absorption band appeared at 1655 cm ™}, close enough as reported by Furukawa [23],
attributed to CO bonding in the organic linker, which indicates it has a single-bond character due to the delocalization of the =
electrons thereby weakening the carbonyl CO bond, which suggests that the carboxyl group has been deprotonated. Since the
metal-carboxylate bond was cleaved, the strong coordination between the organic linker and the metal center is deduced. This
argument is strengthened by the fact that the carbonyl group without a significant single-bond will stretch at a higher frequency than
one with delocalized electrons [24].

The IR spectrum reflects the presence of benzene-carboxylates as organic linkers in the structure of electrocatalysts. The peaks from
955 to 1240 cm ™! correspond to in-plane C-H bending vibrations of the benzene ring. Moreover, the peaks located from 668 to 886
cm ™! are due to out-of-plane C-H bending vibrations, which belong to the aromatic rings of carboxylates [24]. The absorption bands at
1553 and 1404 cm ™! correspond to the asymmetric and symmetric stretching of dicarboxylate linkers, respectively [25]. The ab-
sorption bands between 2980 and 2890 cm ™' were attributed to the asymmetric and symmetric stretching of the —~CHs group,
respectively, and the CN bond stretch at 1585 cm~! [26-28]. The band at 2814 cm ™! corresponds to the C-H bond stretching, whose
carbon is bonded next to the C = O group [29]. The absorption bands ranging between 3376 and 3292 cm ™! were ascribed to the amine
N-H bond stretching frequencies [30]. Thus, it is inferred that these peaks correspond to DMF molecules that are occluded as guest
molecules within the pores of the MOF structure [31], which is noticeable for Mg/Co-MOF-74 and Mg-MOF-74 IR absorption profiles.

3.5. Structural characterization

For typical MOF compounds, XRD patterns were reported and inspection of 20 values from 2° to 35° (for Cu Ka) is generally
sufficient to identify whether or not the MOF material has been successfully produced [23]. Based on these reports, Fig. S5 (support
information) displays XRD patterns of MOFs and shows Miller indices corresponding to the most representative crystallographic planes
of MOFs. Since the four synthesized MOFs are isostructural, the four diffraction patterns are the same. The diffraction peaks are intense
and sharp, indicating a satisfactory crystal structure in the synthesized materials.

Two noticeable diffraction peaks appear in the XRD pattern. The intensity of the first reflection at 20 (deg) = 6.88 has been reported
in previous reports and it corresponds to the (210) crystal face [8,9,15,25,31]. The intensity of the second reflection at 20 (deg) = 11.88
corresponds to the (300) crystal face and indicates the topological structure as well the structure-preserving isomorphism is retained
for the four synthesized MOFs [15]. The diffraction pattern reported by Senthil Kumar et al. shows high similarity with that obtained
for the MOFs samples of this work, corroborating a MOF-type pattern for the synthesized materials [32]. The four diffraction patterns
are consistent due to their isostructural form (as observed in Fig. S1 of supporting info), since the substitution of Mg by the transition
metal does not affect the crystal structure of Mg-MOF-74, supporting the successful synthesis of bimetallic Mg-MOF-74 electro-
catalysts. As reported by Ling et al. replacing Mg with the transition metal did not affect the crystal structure of Mg-MOF-74, sup-
porting that bimetallic Mg-MOF-74 electrocatalysts were successfully synthesized [8]. However, there are differences in relative
intensity as well as the reflection angles do not match perfectly between the diffraction patterns of the Mg/Zn-MOF-74 and
Mg/Ni-MOF-74 samples compared to the Mg/Co-MOF-74 and Mg-MOF-74 samples. We suggest that this mismatch is due to the
presence of guest molecules from the DMF solvent within the pores of the Mg/Co-MOF-74 and Mg-MOF-74 structures. This statement is
confirmed by the characteristic IR absorption bands of the secondary amide of Mg/Co-MOF-74 and Mg-MOF-74 samples, as shown in
Fig. 5.
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3.6. Optical characterization

The band energy was obtained from the XPS spectra as shown in Fig. 6 (left side). The results showed that the lowest band energy
corresponds to Mg/Ni-MOF-74 and Mg/Co-MOF-74, whose magnesium content was lower than that of Mg/Zn-MOF-74 and Mg-MOF-
74 compounds, as confirmed in Table 1 and Fig. 1b, d, f. This trend suggests that MOFs’ energy band increased with magnesium
content effectively incorporated into their lattices.

Photoluminescence emission spectroscopy revealed lower emission intensities for the bimetallic MOFs compared to the mono-
metallic Mg-MOF-74. This fact was related to an increase in charge transfer and a decrease in charge carrier recombination (hole-
electron pair) which increased the electrocatalytic efficiency. This is in agreement with the calculated band energy results, i.e. higher
catalytic activity for bimetallic MOFs. There is a positive correlation between the high-energy band for the monometallic Mg-MOF-74
and its high photoluminescence intensity (Fig. 6, right side). Photoluminescence emission spectroscopy supports the increased
recombination rate of photo-generated electron-hole pairs for Mg-MOF-74, offering a higher recombination rate for higher photo-
luminescence intensity. Although this work does not address photocatalytic processes, there is a relationship with respect to electron
mobility between photons and electrons and, considering these results, monometallic Mg-MOF-74 is expected to show the lowest
electrocatalytic activity for the CO5 reduction reaction compared to bimetallic MOFs.

3.7. Electrochemical CO2RR analysis

3.7.1. DC voltammetry
For Mg/Co-MOF-74 electrocatalyst, in a Ny-saturated electrolyte (Fig. 7a), as the potential is scanned negatively, a capacitive
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Summary of the current densities achieved at —2 V (vs. SHE) in both N,-saturated and ,-saturated KNO3
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Working electrode

No
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CO,

Jeav) (MA ecm™?)

Mg-MOE-74 ~8.688 ~6.2710
Mg/Zn-MOF-74 ~8.5071 ~10.4663
Mg/Co-MOF-74 ~10.5343 ~9.7719
Mg/Ni-MOF-74 ~11.1339 ~6.8658
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Fig. 8. (a), (d) Nyquist plot for Mg/Co MOF (left) and Mg/Zn MOF (right) in Ny-saturated and CO»-saturated KNO3 0.1 M electrolyte with an AC
amplitude of 10 mV and a frequency range between 100 Hz and 0.1 Hz. (b), (c), (e), (f) Equivalent electrical circuits defined from the electro-
chemical impedance spectroscopy data fitting for Mg/Co MOF (left) and Mg/Zn MOF (right). (b), (e) No-saturated electrolyte. (c), (f) CO,-saturated
electrolyte.

current is recorded until the potential becomes less positive than —0.96 V vs. SHE, when a cathodic current occurs due to the hydrogen
evolution reaction (HER), showing a current density, J.2v), of —10.53 mA cm ™2 when the potential reaches —2 V (vs. SHE), as shown in
Fig. 7a. This process is represented by the water reduction reaction as follows:

2H,0 + 2e — Hz(g) +20H

At the reverse scan, there is a cathodic peak at —0.958 V vs. SHE and an anodic peak at —0.533 V vs. SHE concerning NO3 ions
faradaic processes [33,34]. Similar results were obtained for the rest of MOF compounds in a No-saturated electrolyte.

The response in the CO,-saturated electrolyte is also included in Fig. 7a. As the potential is scanned negatively, a capacitive current
is recorded until the potential becomes less positive than —0.81 V vs. SHE, from which a cathodic current occurs until a cathodic peak
arises at —1.14 V (vs. SHE), corresponding to NO3 ions reduction. As the potential is scanned more negatively, there is an onset
potential at —1.246 V (vs. SHE), from which the cathodic current continued to increase until the potential reaches —2 V (vs. SHE),
showing a current density, J(.2y), of —10.53 mA cm 2. At the reverse scan, there is an anodic peak at —0.15 V vs. SHE, associated with
the oxidation of NO3 ions [33].

The cyclic voltammogram of the Mg/Ni-MOF-74 electrocatalyst in the CO,-saturated electrolyte is shown in Fig. 7b. In this vol-
tammogram, a cathodic current occurs at —0.916 V (vs. SHE) ascribed to the CO; reduction reaction. Such cathodic current continued
to increase until the potential reaches —2 V (vs. SHE), showing a current density, J.av), of —6.866 mA em 2

The resulting cyclic voltammogram of the monometallic Mg-MOF-74 electrocatalyst is shown in Fig. 7c. According to the forward
scan response and since cathodic peaks were absent, the current recorded cannot be associated with any faradaic process related to CO4
reduction reaction (CO2RR). At —2 V (vs. SHE), the current density, J.oy), was —6.271 mA cm 2, the lowest under CO-saturated
electrolyte for the isostructural MOFs studied. Indeed, no anodic peaks related to any faradaic process that could have occurred during
the forward scan were observed in the reverse scan.

The cyclic voltammogram of the Mg/Zn-MOF-74 sample is shown in Fig. 7d. It is worth mentioning that, unlike the other three
electrocatalysts, Mg/Zn-MOF-74 was the only one that showed a lower onset potential in a COy-saturated electrolyte (—1.219 V (vs.
SHE)) than in a No-saturated electrolyte (—1.041 V (vs. SHE)), thus showing a higher current density in COs-saturated electrolyte. In
the reverse scan, there are two anodic peaks at —0.645 V vs SHE and 0.668 V vs SHE, respectively, related to the oxidation of NO3-
derived species [33,34].

In summary, although the peaks evidenced the reduction of NO3 ions, there were contributions from both the CO, reduction re-
action (CO2RR) and the hydrogen evolution reaction (HER). A summary of the current densities achieved at —2 V vs. SHE in Ny- and
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COy-saturated electrolyte is presented in Table 3. Comparing the current densities among MOFs, the electrocatalyst Mg/Zn-MOF-74
showed the highest current density under COs-saturated electrolyte. As mentioned above, its onset potential under CO»-saturated
electrolyte was lower (—1.041 V vs. SHE) than its onset potential under Ny-saturated electrolyte (—1.219 V vs. SHE), as shown in Fig. 7,
a fact that is favorable since the CO, reduction reaction itself consumes less energy. The results related to charge-transfer will be
discussed in the following lines, evidencing the contribution of the CO, reduction reaction. According to the results of cyclic vol-
tammetry in COs-saturated electrolyte, the bimetallic MOFs showed higher electrocatalytic activity for COoRR compared to the
performance of monometallic Mg-MOF-74 performance, which demonstrated the lowest activity and Mg/Zn-MOF-74 particularly
showed the best electrocatalytic activity in COy-saturated electrolyte.

3.7.2. Electrochemical impedance spectroscopy

Fig. 8a shows Nyquist plots obtained for the Mg/Co-MOF-74 sample in Ny-saturated and 0.1 M COs-saturated KNOj3 electrolyte,
along with their respective fits attached for each of the equivalent circuits in Fig. 8b and c. Comparing the values extracted from the
circuit elements, the values for the electrolyte resistance, Rg, and the charge transfer resistance, Rcr, increased slightly in the CO,-
saturated electrolyte. Therefore, there is a slight decrease in the admittance of the constant-phase element in the COo-saturated
electrolyte. In addition, the increase in the double-layer capacitance can be attributed to a pH change from alkaline in the Np-saturated
electrolyte to acidic in the CO,-saturated electrolyte. From the impedance plot shown in Fig. 8a, it is observed that the slope of the No-
saturated electrolyte is steeper than the CO5-saturated slope. This trend was also observed for the MOF samples Mg/Ni-MOF-74 and
monometallic Mg-MOF-74 (see data shown in Figs. S6a—f of supporting information).

Fig. 8e and f shows equivalent circuits defined from impedance data fit for Mg/Zn-MOF-74. In contrast to the previous results for
Mg/Co-MOF-74, Mg/Ni-MOF-74 and monometallic Mg-MOF-74, the electrolyte resistance, Rg, and the constant-phase element
admittance, Yo, decreased and increased in the CO-saturated electrolyte, respectively. Notably, the electrical double-layer capaci-
tance, Cpy, decreased in the COy-saturated electrolyte.

Considering the results of textural properties, especially those of Mg/Zn-MOF-74, there must be a relationship between pore
volume and a decrease in double-layer capacitance. According to the Mg content shown in Fig. 1b, d, f., the higher the Mg content on
the bimetallic MOF-74, the lower the pore volume, as shown in Fig. 9. Due to the tunable pore size nature of the MOFs, these results
suggest that Mg could be responsible for tuning the pore volume of the bimetallic MOF-74 electrocatalysts. As mentioned above, the
Mg/Zn-MOF-74 has a large number of mesopores for a favorable mass transfer during the electrocatalytic process. Conversely, the BET
surface area was not a critical parameter for the electrocatalytic activity in the reduction of CO2. The Mg/Zn-MOF-74 showed the
lowest surface area, but the highest CO»-derived electrocatalytic activity. This is due to the lower charge-transfer resistance observed
in the Nyquist plot in the COp-saturared electrolyte, which was advantageous for higher electronic interaction during CO; electro-
reduction (Fig. 8d) [35]. From our samples, we found that Mg/Zn-MOF-74 had the smallest pore volume and a broader hysteresis loop,
in contrast to the results of Mg/Co-MOF-74, Mg/Ni-MOF-74, and monometallic Mg-MOF-74, respectively. Notably, for the Nyquist plot
of the Mg/Zn-MOF-74 electrocatalyst, it is observed that the slope of the CO,-saturated electrolyte is now steeper than the slope of the
Ny-saturated electrolyte (Fig. 8d), which may be related to less resistive behavior [36]. Accordingly, a narrower pore volume hinders
the penetration of ions into the pores in a CO-saturated electrolyte, so the resulting ion layer at the electrode/electrolyte interface is
less thick than in the No-saturated electrolyte, which in turn leads to a decrease in the capacitive current, which decreases the onset
potential and allows a higher current density to be achieved in the COy-saturated electrolyte than that achieved in the Np-saturated
electrolyte, as reflected in Fig. 7 and its data summarized in Table 3. In fact, its pore network allowed CO5 to diffuse more easily within
the MOF than hydrogen produced from the concomitant reaction, thus decreasing the onset potential in the CO5-saturated electrolyte.
The highest CO,-derived electrocatalytic activity corresponded to the Mg/Zn-MOF-74, which qualitatively had the highest Mg content
in its lattice, tuning its pores and thus favoring the mass transfer of CO, molecules towards the MOF. We suggest that due to their
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Fig. 10. Left: In situ FTIR spectrum of CO, reduction reaction on Mg/Ni-MOF-74 at —1.6 V vs. GE. Right: 'H NMR spectra of the CO,-saturated
electrolyte taken after 1800 s (30 min) electrocatalysis over Mg/Ni-MOF-74 at —1.6 V vs. GE; The inset is the magnified part of the septet peak of
isopropyl alcohol at §4.04 ppm and the hydroxyl proton singlet at 54.80 ppm.

coordination nature with the organic ligand during the synthesis process, Ni- and Co-derived bimetallic MOFs exhibited a limiting Mg
loading during the synthesis process.

3.8. Spectroelectrochemical characterization of CO2RR products

The stability of the MOFs was evaluated by chronoamperometry tests by recording the faradaic current generated at —1.6 V vs. SHE
(Fig. S7 of supporting information). The following current density trend is verified: monometallic Mg < Mg/Ni < Mg/Co < Mg/Zn,
previously attested in the COs-saturated cyclic voltammetry results. By checking these results, it is confirmed that there is a negligible
faradaic current for monometallic Mg.

It is worth mentioning that when monometallic M-MOF-74 (M = Ni, Co and Zn) series were used as electrocatalysts under CO»-
saturated electrolyte, CO5 was mainly reduced to CO (not shown here). These results are in agreement with those reported by Choi, I.
et al. [15].

3.8.1. CO2RR products obtained from Mg/Ni-MOF-74 electrocatalyst

The spectroelectrochemical results using Mg/Ni-MOF-74 electrocatalyst are shown in Fig. 10. The peak observed in the first scan at
2341 cm™! corresponds to the asymmetrical stretching mode of CO, dissolved in the aqueous electrolyte, and its intensity decreased
from the first scan, suggesting its consumption over time. The bands around 3755 cm ™! and 3400 cm™! were associated with the O-H
stretching of the alcohol [37], classified as a secondary alcohol due to the stretching vibration of the C-O single-bond appearing at
1100 cm ! [38]. The bands appearing at 818 cm’l, 953 cm ! and 1153 cm ™! were attributed to the stretching of the C-C-O backbone,
whose carbons correspond to methyl groups attached to the structure, which occurs prominently for isopropyl alcohol [38,39].
However, the most prominent and distinguishable peak confirming the presence of isopropyl alcohol in the liquid product is the one
near 1380 cm ™%, split at 1391 cm ™! and 1356 cm ™, attributed to an in-phase bending of the germinal dimethyl group [37,40]. To
further confirm this statement, the 'H NMR spectrum of this liquid product is shown in Fig. 10. The splitting patterns are a septet at
84.04 ppm and a doublet at §1.18 ppm, which is typical for an isopropyl group: the methyl protons give an upward doublet. In turn, the
methine proton is split into a septet in the lower field by the six methyl protons. The hydroxyl proton signal appears as a singlet at 54.7
ppm. Reciprocal coupling constants were carried on this splitting pattern, and it was found that both the doublet and the septet have a
calculated coupling constant of 6.2 Hz, therefore, these multiplets are related to each other because they arise from reciprocal spin-spin
couplings. This result confirms the presence of isopropyl alcohol in the liquid product.

In addition to isopropyl alcohol, there are other bands in the FTIR spectrum worth examining: there are stretching vibrations that
suggest another liquid product having a carbonyl group. There is a sharp, medium-to-strong band appearing at 1730 cm™?, a stretching
vibration frequency commonly noted for aliphatic esters [37]. To elucidate the carbonyl-containing product, the 'H NMR spectrum
confirms that ester acetate is the carbonyl-containing CO5-derived by-product. The ester acetate has a methyl singlet at §2.08 ppm as a
methyl group appears ca. 2.0 ppm when attached to the carbonyl group and a terminal methyl group cleaved by a neighboring methyl
group into a triplet centered at §1.28 ppm. In addition to ester acetate and isopropyl alcohol, formic acid was another
carbonyl-containing product that appeared in the "H NMR spectra as a singlet centered at 58.37 ppm, as shown in Fig. S8 (supporting
information). Its presence is confirmed by infrared absorption at 1571 cm~! and 1547 em™! attributed to COO ions [41]. This is in
good agreement with Shao-Hong et al. CO,-derived product (formate) using MgNi-MOF-74 as the photocatalyst [9].
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Fig. 12. Left: In situ FTIR spectra of CO, reduction reaction on Mg/Zn-MOF-74 at —1.6 V vs. GE. Right: '"H NMR spectra of the CO,-saturated
electrolyte taken after 1800 s (30 min) electrocatalysis over Mg/Zn-MOF-74 at —1.6 V vs. GE; The inset is the magnified part of the septet peak of
isopropyl alcohol at 4.04 ppm and the hydroxyl proton singlet at §4.80 ppm.

3.8.2. CO2RR products obtained from Mg/Co-MOF-74 electrocatalyst

The Fig. 11 presents the in situ FTIR spectra of collected Mg/Co-MOF-74 under CO-saturated KOH 0.1 M electrolyte at —1.6 V vs.
GE. The band around 3318 cm™! was associated with the O-H stretching of alcohol [37]. The peaks at 1242 cm’l, 1196 cm’l, 1023
cm’l, 885 cm ! and 816 cm ! are ascribed to C-O stretching vibrations [38,39]. Furthermore, the C-O-C stretching vibration at 1125
cm ™! is linked to a CHs rocking motion [38]. There is a G-O-C stretch at 1058 cm ™! typically ascribed for a primary alcohol, yet at the
last scan it is significantly weak, suggesting that a primary alcohol is not expected to be the main liquid product. However, there is a
pattern of doublets assigned to in-phase CHz bending motions observed in compounds with isopropyl groups at 1380 cm™! and 1352
em ! [37,38,401, suggesting that isopropyl alcohol is the main CO,-derived liquid product. Indeed, the infrared absorption peaks at
1463 cm™!, 1415 cm ™! and 663 cm ™! are observed for isopropyl alcohol, as 1415 cm ™! is ascribed to OH-CH bending, 1463 cm ™! is
attributed to —CHj out-of-phase bending and 663 cm ™! is attached to O-H wagging motion, respectively [38]. 'H Nuclear magnetic
resonance spectroscopy (\H NMR) confirmed the presence of the characteristic isopropyl group. The 'H NMR spectrum acquired in the
electrolyte reveals a typical doublet-septet pattern of an isopropyl group, as discussed above. These results indicated that isopropyl
alcohol is the secondary alcohol observed in the FTIR spectra and could be the main liquid CO-derived product for Mg/Co-MOF-74.

3.8.3. CO2RR products obtained using Mg/Zn-MOF-74 electrocatalyst
Fig. 12 presents the in situ FTIR spectra of Mg/Zn-MOF-74 collected under COz-saturated KOH 0.1 M electrolyte at —1.6 V vs. GE.

The most conspicuous feature is a broad band around 3272 cm ™! due to the O-H stretching of hydrogen-bonded alcohol groups [38].
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Fig. 13. Left: In situ FTIR spectra of CO, reduction reaction on Mg-MOF-74 at —1.6 V vs. GE. Right: NMR spectra of the CO,-saturated electrolyte
taken after 1800 s (30 min) electrocatalysis over Mg-MOF-74 at —1.6 V vs. GE.

The O-H deformation features a sharp peak at 981 cm ! [37]. There is evidence for C-C—O skeletal vibration at 1206 cm’l, 1148 cm ™!
and 1056 cm ! [37,38]. The latter reveals the nature of alcohol as a primary alcohol. Carbon-hydrogen stretching vibrations appear at
2924 cm ™}, whereas peaks at 1467 cm ™! and 1390 cm ™! were ascribable to ~CHs out-of-phase and in-phase stretching vibrations,
respectively [38]. 'H NMR spectrum acquired on the electrolyte reveals a triplet-quartet splitting pattern at 51.28 ppm and §4.03 ppm,
respectively. This splitting pattern is typical for an ethyl group, as the higher-field triplet arises from the methyl group and the quartet
at lower field arises from O-CHp, as oxygen atoms are c-withdrawers of electron density, deshielding protons on the adjacent carbon
atom. There is also a singlet featuring at 54.8 ppm due to the hydroxyl proton. Considering this information, it can be therefore
concluded that the primary alcohol observed is ethanol.

3.8.4. CO2RR analysis using monometallic Mg-MOF-74 compound

Fig. 13 presents the in situ FTIR spectra of Mg-MOF-74 collected under COy-saturated KOH 0.1 M electrolyte at —1.6 V vs. GE. The
spectral feature at 1380 cm™! appears to arise from surface carbonate species, specifically to the carbonate ion due to the antisym-
metric C-O stretch [41,42]. It is notorious that there are no peaks suggesting the presence of carbonyl-containing groups or
hydrogen-bonded alcohol groups in the liquid product. Moreover, the asymmetrical stretching mode of dissolved CO; in the aqueous
electrolyte has positive-going orientation as the scans span. Compared to the transition-metal-containing MOF spectra, Mg-MOF-74
spectrum (Fig. 13) clearly evidenced it was unable to reduce CO5 to an organic-derived product, yet it only undergoes carbon
mineralization [43,44].

4. Conclusions

Four types of isostructural MOF-74 electrocatalysts were successfully synthesized under solvothermal conditions. The contrasting
Mg content on each of the bimetallic MOFs revealed the preferential coordination of Ni*" and Co®* ions with the HyDOBDC ligand over
Mg?* ions, resulting in a limited Mg content loaded on Mg/Ni- and Mg/Co-MOF-74 samples. On the other hand, the coordination of
Zn?* jons with the H4DOBDC ligand did not limit Mg?" ions, resulting in a higher Mg content in Mg/Zn-MOF-74 responsible for tuning
the pore network of the sample. This results in the appearance of mesopores, which are advantageous for the mass transfer during the
CO4, electroreduction process. This statement was further supported by the less resistive behavior of its Nyquist plot in CO9-saturated
electrolyte, as well as by its double-layer capacitance value. According to cyclic voltammetry and chronoamperometric tests, the
bimetallic MOF-74 electrocatalysts exhibited higher electrocatalytic activity for CO5 than the monometallic Mg-MOF-74 electro-
catalysts, which did not show any Cy-deep reduction CO2 derived product. In fact, Mg/Zn-MOF-74 had the highest CO,-derived
electrocatalytic activity. In situ ATR-FTIR measurements and structure elucidation by 'H NMR have shown that all of the bimetallic
electrocatalysts reduce CO5 to Cy deep-reduction products. Mg/Ni-MOF-74 produced formic acid, isopropyl alcohol, and an ester
acetate, which is very rare to obtain from CO, whereas Mg/Co-MOF-74 and Mg/Zn-MOF-74 produced isopropyl alcohol and ethanol,
respectively.
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