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ABSTRACT

Electrocatalytic carbon dioxide reduction reaction has been an attractive way to convert greenhouse gas
into valuable chemical fuels based on carbon-neutral energy. Therefore, it serves as an effective approach
to combating high concentrations of CO, in the atmosphere as well as reducing the use of fossil fuels
responsible for emitting carbon dioxide and other greenhouse gases, meeting growing energy demands.
In this work, the copper(ll) bis-triazine bipyridine complex supported on carbon black has been applied
as a catalyst in a polymeric electrolytic reactor — fuel cell type for converting CO, into methanol. The
physical and nanostructure properties of the Cu(ll) nanocomposite were previously determined by
Fourier transform infrared, Raman spectroscopy, X-ray powder diffraction, and transmission electron
microscopy techniques. The electrocatalytic activity of the Cu complex catalyst was monitory by differ-
ential mass spectroscopy. The results indicate that the catalyst is not selective for the preferential syn-
thesis of a specific product, but a mixture of products (methanol, formic acid, formaldehyde, carbon
monoxide, and methane) was detected. According to our results, 2.5% and 5% Cu complex on carbon black
were the ideal amounts for polymeric electrolytic reactor — fuel cell type applications to produce
methanol from CO, with faradaic efficiency of ~22% for both compositions.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Reductions in CO, emissions under the atmosphere have
become a high degree of emergency in recent years due to the
uncontrolled use of fossil fuels and contemporary deforestation
activities. In order to reduce CO, concentrations in the atmosphere,
carbon dioxide reduction reaction (CO2RR) is a key tool to slow
down climate change resulting from global warming. Therefore,
preserving our environment is the need of the moment, and we are
looking for strategies to reverse the critical situation in which we
are experiencing. One of them consists of transforming CO, via
electrocatalysis into value-added products/fuels such as carbon
monoxide, hydrogen, formic acid, methanol, ethanol, oxalic acid,
methane, and many others [1,2]. This strategy, with the reduction of
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the amount of CO,, provides possible fuel substitutes for a renew-
able and clean energy path. However, CO, reduction is not a trivial
reaction; the linear molecule CO, presents two equivalent C=0
bonds with binding energy equal to 750 kJ/mol, twice the binding
energy compared to other compounds at the same time carbon
base [3].

Thermodynamically, the first stage of CO, reduction requires
one electron with an overpotential of —1.9 V under standard con-
ditions, which is significantly greater than that required for
breaking the water molecule into H, and oxygen (O3) [4]. To reduce
the overpotential, one of the possible methods is to employ effi-
cient catalysts to drive this reaction. So far, a variety of studies
have been reported demonstrating the impact of composition,
morphology, and functional groups on different catalytic materials
[5]. The most widely used electrocatalysts for CO;RR reported in the
literature are based on precious metals such as Au [6,7], Bi [8,9], Ag
[10,11], Pt [12], Pd [12,13], and Sn [14].
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It is possible to find some reports in the literature that describe
the activity of comparatively cheap metallic copper for CO,RR
[15—19]. Numerous products can be formed by electrocatalysis
using this metal such as CH30H, CH,0, HCOOH, CHy4, and CO. And,
copper can also facilitate the production of compounds with two
carbons atoms, for instance, CH3CH,OH, CH,CH>, and others. With
one of the advances in CO;RR studies, Lima et al. described the
mapping of CO, reduction reaction products in potential function
using an electrolytic polymeric reactor — fuel cell type (PER-FC),
with a proton exchange membrane under mild conditions on Cu/C
catalyst [20]. This catalytic activity of Cu is mostly due to the
moderate adsorption energy of CO; on the surface of copper metal,
thus easing its migration [21—23].

Many other studies include the use of metal complexes mate-
rials as catalysts to drive CO2RR, Ma et al. [24] studied the use of a
covalent triazine framework that confined copper as an electro-
catalyst with the premise of increasing the stability of the metal
ions and the selectivity of the CO,RR over the pure metal. The team
has shown that many products such as CH4, CH3CH3, CH3CH,O0H,
and CO could be obtained by electrocatalysis. Hinogami applied the
copper rubeanate MOF and obtained greater selectivity for formic
acid [25]. Due to the size of the micropores, the dispersion of the
MOF active sites, and the improved properties in electronic and
protonic conduction, the overpotential could decrease to 0.2 V
when compared to a pure copper electrocatalyst in an aqueous
electrolyte.

These results could be explained by the aromatic character of
the ligands that favor the redox conversion process of the metallic
center. This effect can be stabilizing the intermediate M*! species
thus facilitating the formation of M-CO; bond, which is crucial for
the reduction reaction [26]. Furthermore, this type of solid material
has a high surface area and microporosity that make the reaction
more specific [27]. In addition, the aromatic ligands serve as the
adsorption and activations sites for CO; hydrogenation [28—30]. As
compared to pure metal catalysts, molecular complexes are ad-
vantageous since they contain fewer metal atoms.

In the present report, we investigated the CO,RR using the [6,6’-
(2,2’-bipyridine-6,6’-diyl)bis(1,3,5-triazine-2,4-
diamine)](dinitrate-O)copper(Il) complex (Cu complex) in a PER-
FC. Cu complex is thermally and chemically stable, and insoluble in
water thus the electrocatalysis CO; reduction can be performed
under heterogeneous conditions. In this work, we coated the car-
bon Vulcan with the transition metal complex and studied the
catalytic activity of this material for CO2RR.

2. Materials and methods
2.1. Synthesis of Cu complex

All reagents and solvents were used as received from commer-
cial suppliers without further purification. The [6,6’-(2,2’-bipyr-
idine-6,6'-diyl)bis(1,3,5-triazine-2,4-diamine)](dinitrate-O)cop-
per(Il) complex was synthesized according to the reported method
[31,32]. The Cu complex was physically mixed with carbon black
(Vulcan XC 72R) in the proportions 1%, 2.5%, 5%, 10%, and 20% in
carbon (mass/mass).

2.2. Physical properties and nanostructures determination

The Cu complex was characterized by Fourier transform infrared
(FT-IR), in an Attenuated Total Reflection (ATR) accessory (MIRacle
with a ZnSe Crystal Plate Pike®) installed on a Nicolet® 6700 FT-IR
spectrometer equipped with a cooled MCT (Mercury-Cadmium-
Telluride) detector. The Raman spectroscopy techniques were per-
formed by Horiba Scientific MacroRam equipment with a
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wavelength set at 785 nm. The nanostructure was confirmed by the
X-ray powder diffraction (XRD) using a diffractometer model
Miniflex II, with Cu ke. radiation source of 0.15406 A, set at 20 range
2—-90°, with 2 min~! scan speed. A JEOL JEM-2100 electron mi-
croscope operated at 200 kV was used to determine the
morphology and structure of the Cu complex nanoparticles.

2.3. Electrochemical measurements

The electrochemical measurements were performed using a
three-electrode cell, Ametek PARSTAT 3000A-DX bi-potentiostat/
galvanostat. The working electrode is a glassy carbon disc
(area = 0.25 cm?) with 15 pL aliquots of an ink prepared by 8 mg of
catalyst, 750 uL of H,0, 250 pL of isopropyl alcohol, and 15 pL of 5%
Nafion D-520. Ag/AgCl (3.0 mol/L KCl) and Pt were used as the
reference electrode and the counter electrode (area = 2 cm?),
respectively.

To perform the PER-FC tests and to obtain the polarization
curves, the membrane electrode assembly was made with a
Nafion® 117 membrane; Pt/C BASF® catalyst (20% by weight and
1 mg cm~2) was used as the anode in gas diffusion electrodes, and
catalysts with different Cu complex ratios served as the cathode
(5 mg cm~2). The reactor, a 317 L stainless steel cell with unit-type
serpentine distribution, supplied H; at a flow rate of 200 mL/min
with the aid of a temperature-controlled humidifier bottle at a
temperature of 80 °C at the anode, and CO; at a flow rate of 10 mL/
min at room temperature at the cathode. The reaction products
resulting from the cathodic effluent output from the PER-FC were
analyzed by online differential mass spectroscopy (DMS), as re-
ported by Ramos et al. [33], with quadrupole mass spectrometer,
100 DA QMS 200 M1, Prisma, Pfeiffer equipped with continuous
dynode secondary electron multiplier/Faraday cup detector with
sensitivity of 200 A/mbar and two differentials pumped chambers:
a primary vacuum chamber pumped with a rotary vane pump
(DUO 5, Pfeiffer) and a secondary chamber pumped with a tur-
bomolecular pump backed by a dry diaphragm pump (hi-cube 80,
Pfeiffer). It was adapted as an interface on top of the primary
vacuum chamber separated by a polytetrafluoroethylene mem-
brane (porous size 200 um Whatman) in a continuous flow, and
anodic reaction products were collected by 300s increments of
100 mV monitored by multiple ion detection. The ionic current
results were expressed as chemical fragments (m/z) as a potential
function.

The products were analyzed by FT-IR spectroscopy technique, in
an ATR accessory (MIRacle with a ZnSe Crystal Plate Pike®)
installed on a Nicolet® 6700 FT-IR spectrometer equipped with a
cooled MCT detector. Liquid N, was used to determine the different
species formed during the reactor operation of CO; reduction re-
action at different potentials. The cathodic reaction products were
collected by 300s increments of 100 mV, for Faraday efficiency
calculation. To quantify the methanol concentration obtained from
the solutions collected in the PER-FC, the method applied by Santos
[34] was used, and the spectra data were registered in a Horiba
Scientific MacroRam Raman spectroscopy equipment with a
wavelength set at 785 nm.

3. Results and discussion

The [6,6'-(2,2'-bipiridina-6,6'-diil )bis(1,3,5-triazina-2,4-diamina)]
(dinitrato-O)cobre(Il) complex was obtained from the reaction
between the pre-ligand 6,6'-(2,2’-Bipiridina-6,6'-diil)bis(1,3,5-
triazina-2,4-diamina) with the copper (II) metal salt, as described
by Duong et al. [32]. The molecular structure of the Cu complex is
composed by the coordination of the nitrogen atoms present in the
tetradentate ligand forming three adjacent five-membered chelate
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rings, ensuring the stability of the complex. The distorted octahe-
dral geometry of the complex present coordination of two nitrate
co-ligands in the axial positions completing the coordination
sphere of the Cu(ll) metallic center, as shown in Fig. 1A. Physical
and chemical characterizations of the nanostructure copper com-
plex were performed to determine the nanoparticle structural,
morphological, crystallographic, and surface state properties.
Fig. 1B shows the FT-IR and Raman spectroscopy analyses that
were used to determine the structural properties of the ligand and
the copper(Il) metal center coordination environment of the
compound. From the FT-IR spectrum, it is possible to observe the
characteristic bands of the tetradentate ligand of the Cu complex,
referring to the bis-triazine-bipyridine and nitrate ligands, and it is

A
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in good agreement with the literature [35]. The NO3 co-ligand
result in two strong absorptions in the FT-IR spectra at 801 and
1325 cm™! [36], whereas the amine groups bend in the bis-
triazine-bipyridine ligand; it's characterized by the absorptions
symmetrical and asymmetrical stretches in regions of 3069 and
3193 cm™ !, respectively. The coordination of the N and O atoms to
the metallic center of Cu(ll), on the other hand, can be character-
ized by the stretch found in low-frequency regions of the spectrum
[37,38]. The Raman spectroscopy of the Cu complex can charac-
terize two major peaks corresponding to the central metal atom
coordination. The metal-donor M-N stretching mode appears in
wavenumber regions about 256 cm™! [39]. The nitrate modes were
characterized by two peaks to M-ONO3 coordination bond in low-
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Fig. 1. a) The molecular structure reported by Duong et al. [32]. (b) Structural properties of FT-IR and Raman spectra of the octahedral Cu complex. (*) indicates the band absorption
of triazine and bipyridine .
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Fig. 2. XRD pattern of the polycrystalline Cu complex and the 3-D crystal structure with highlighted the crystallographic plane (020).

frequency regions at 350 and 395 cm™ !, and the stretching mode
in high-frequency regions at 1040 and 1332 cm™! [40]. In addition,
the peak at 1588 cm™! is a characteristic of the stretching vibration
of the amine group, and the other peaks by the heteroaromatic
group bis-triazine bipyridine ligand [35].

The nanostructure of the Cu complex was analyzed by trans-
mission electron microscopy (TEM) and XRD techniques. Fig. 2
shows the diffraction pattern of the Cu complex and highlights
the projection of the crystal structure viewing along the crystallo-
graphic axis a forming crystal motifs reported by Duong et al. [32].

Fig. 3. TEM micrographs of Cu complex nanocrystalline materials at different magnifications: (a) 100 nm and (b) 50 nm with cluster nanoparticles, (c) 10 nm and (d) 5 nm.

4
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The diffraction pattern shows the intense peak at 11.25° corre-
sponds to (0 2 0) plane crystallographic with d-spacing equal to
7.89 A, consistent with observed through the single crystal struc-
ture formed by the crystalline packing. In addition, the XRD pattern
shows peaks with lower intensity referring to the other crystalline
planes. Based on these data, the Dy crystallites dimension was
calculated using the Scherrer equation, and the D(gz0) value is found
as 39.91 nm [41].

The surface morphology and the nanostructure size of the Cu
complex were analyzed by TEM, wherein Fig. 3a and b, the for-
mation of irregular regions similar to clusters of Cu complex
nanostructure is observed. The TEM micrographs reveal irregular
nanocube shape with an average diameter of ~20—40 nm and can
be confirmed with the powder XRD experiment discussed previ-
ously. A closer examination of the nanocrystalline materials (Fig. 3¢
and d) allows us to see that the grain boundaries are formed by
folds and wrinkles, as characteristic fingerprints. Furthermore, this
characterization of the crystal structure can confirm the likely
creation of the crystallographic motifs by hydrogen bonds during
the polymerization step [42—44]. Besides, from the high-TEM
analysis (Fig. 3d), it is possible to see subtly ordered planes that
may correspond to the powder diffraction pattern.

For the electrochemical profile analysis of the Cu complex, Fig. 4
shows the cyclic voltammetry of Cu complex/carbon materials with
different percentages of the catalyst. It can be noted that with the
increasing percentage of Cu complex, two redox peaks appear, one
at 0.55 V and another at ~0.37 V, which can be attributed to the
oxidation—reduction processes of the copper metal center (II)
present in agglomerates or surfaces containing copper [45,46].

The j/V curves for the CO, reduction process on PER-FC are
shown in Fig. 5a. As can be seen, the amount of Cu complex on
carbon increases. These j/V curves were assisted by DMS (Fig. 5) to
find out an explanation for this behavior, and as there is more than
one possible product for each m/z ratio, FT-IR measurements were
performed with the reactor effluent at different potentials present
in S-1. The sample containing only carbon indicated no CO;
reduction and so it is not included in the current density (I;)
results.

m/z = 46 (Fig. 5a), corresponding to formic acid, was confirmed
by a band at 1115 ecm™! [47] for all compositions of Cu complex/
carbon. The Cu complex 10% presents less negative onset potential
than other compositions (~0.3 V). Due to the lower electron energy
required for the gas molecule, the formate species, such as formic
acid, is the first compound obtained during the CO, reduction re-
action [48].

The formaldehyde productionisobservedinl;form/z=30(Fig.5b)
and confirmed by a band at 1249 cm™! corresponding to the CH, rock
formaldehyde vibration [49](S-1).Itis observed that Cucomplex 10%
presents alarge increment of I; right after the onset potential (~-0.1V)
and remains more or less stable down to —1.6V, while in the other
compositions, thisincrease occurs more gradually. The curves for [ for
m/z =46 and 28 in which the Cu complex 10% indicates products that
require a smaller number of electrons, maybe a justification for the
smaller j measured at all potentials.

The Cu complex 20% showed the second-lowest current density,
but probably for a different reason than the Cu complex 10% since
the products that stand out the most in the DMS and FT-IR mea-
surements are related to methane. The methane production implies
more electrons; however, the kinetics occurs slowly. This compo-
sition, in addition to presenting the smallest onset for I; for m/z = 16
(-0.45 V), shows the band at an increased wavelength of
1304 cm™! corresponding to (S-1) as compared to the products
at —0.4 V and more negative potentials. Cu complex 1% shows the
biggest reduction in current density Ij for m/z = 16 as compared to
other compositions.
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For Cu complex 5%, the I for m/z = 28 attributed to carbon
monoxide (~1185 cm~!) showed onset potential near —0.11 V, an
increase up to ~ - 0.9V, followed by a decrease. This behavior of
increasing I; for CO production and a succeeding decrease at a
certain potential is also observed for Cu complex 2.5%, which shows
an onset at ~ —0.2V and a decrease at —0.5 V.

The Cu complex 2.5% also features the largest I; for methanol (m/
z = 32) at —1.2V. This alcohol appears at an onset potential of
nearly —0.4 V for all materials and displays an increase in [; with the
potential decrease. Methanol is confirmed by &(CH3) bands at
1482 cm~!, 1080 cm™!, and 1030 cm™! (Figure S-1) [34,50] that
present similar behavior on intensities as observed by I;.

In addition to the formation potential of each product, CO,RR
has two important aspects, which would be the rate of the reaction
(r) and faradaic efficiency (FE). The reaction rate (r) of methanol
production is calculated by Eq. (1) using the methanol quantified by
Boyaci's method [51] with the analytical curve constructed in the
concentration range of 0.005—1.000 mol/L of methanol. For the
following analytical curve, an intensity = 0.9304 + 1.063[methanol]
[52] is obtained with the correlation coefficient being 0.932.

_ methanol amount
~ volume x time

(1)
where r is an important kinetic factor to identify the conversion of
CO; per unit time and faradaic efficiency. Further FE would be a
factor that relates to the amount of energy spent per methanol unit
produced and is given by Eq. (2):

0174 F_ T — 1~ 1
0.087 _20 %o CU'CompleX
0.000 |
-0.087 |
0.154 F,~ ' '
0.077 [10% Cu-Complex
0.000 F ]
-0.077 | ]
0144 E 1 L 1 L 1 L 1 L 1 L 1
0072 5% Cu-Complex

0.000 F ]
-0.072 | 5
0.132 5 2o, v ' '
0.066 [2-2% Cu-Complex
0.000 F .
-0.066 | ]

i/ mA

0.062 | -'
0.000 [ .
-0.062 |
0124 4 . o
0.047 | ]
0.000 | -'
-0.047 |
0094 .

02 00 02 04 06 08

E /V vs (Ag/AgCl)

Fig. 4. Cyclic voltammetry of Cu complex/carbon Vulcan material in H,SO4 1 mol/L
(v =10 mV/s).
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_ 6x FxV x[methanol]
FE= T (2)

F is the faradaic constant (96487 C/mol), V is the solution vol-
ume, [methanol] is the concentration of methanol at the time (t)
and I is the current intensity. Fig. 6 summarizes the r and FE under
different potentials and proportions of Cu complex in carbon.

In Fig. 64, for all complex-carbon ratios, they presented similar
faradaic efficiencies although there is some difference between
these compositions with the potential. However, when looking at
the factor (r) Fig. 6b, it is shown that the highest rate reaction is
observed for potentials of —0.8 and —1.2V, with Cu complex 2.5%
being the most active at all potentials showing the value of
r=23.74mol L"!/h at —0.8 V and 3.98 mol L~!/h at —1.2 V. Note also
that for Cu complex 5%, r is 2.96 mol L~!/h for —0.8 V, which also
corresponds to the highest calculated FE of 23% (Fig. 6a). This is

followed by Cu complex 2.5%, Cu complex 20%, Cu complex 1%, and
Cu complex 10% with FE of 22%, 19.2%, 18%, and 6% respectively.

Electrodes prepared with a low charge of Cu complex, such as
2.5%, were the most active and efficient for the conversion of CO;
into methanol. This may be due to the formation of agglomerates
which decreases the surface energy of the material and, therefore,
the catalytic capacity as reported by Garcia [53] for methane partial
oxidation with the same Cu complex.

4. Conclusion

The Cu complex can be efficiently used as a catalyst
toward CO,RR electrocatalysis. When added in adequate amounts
to carbon, an improvement in the conversion of CO, into methanol
in a cathode of PER-FC is observed. The DMS results, confirmed by
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FT-IR, indicate that the Cu complex catalyst does not determine the
selectivity and preferential route for a single product, as different
products such as methanol, formic acid, formaldehyde, CO, and
methane were detected. However, the relationship between the
complex and carbon can shift the starting potentials of these
different products to favor a specific product. According to our re-
sults, 2.5% and 5% Cu complex were ideal for applications in PER-FC
to produce methanol from CO,. In particular, 2.5% Cu complex could
serve as the best candidate since with a faradic efficiency of only 1%
less than 5% Cu complex, it showed a 26% higher reaction rate.
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