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Abstract: Cu?*/1* complexes facilitate the reduction of CO, to valuable chemicals. The catalytic

2+/1+

conversion likely involves the binding of CO, and/or reduction intermediates to Cu , which in

turn could be influenced by the electron density on the Cu?*/1*

2+/1+

ion. Herein we investigated whether

modulating the redox potential of Cu complexes by changing their ligand structures influenced

their CO, reduction performance significantly. We synthesised new heteroleptic Cu?/1*

2+/1+

complexes,
and for the first time, studied a (Cu-bis(8-quinolinolato) complex, covering a Cu redox potential
range of 1.3 V. We have found that the redox potential influenced the Faradaic efficiency of CO,
reduction to CO. However, no correlation between the redox potential and the Faradaic efficiency
for methane was found. The lack of correlation could be attributed to the presence of a Cu-complex-
derived catalyst deposited on the electrodes leading to a heterogeneous catalytic mechanism, which
is controlled by the structure of the in situ deposited catalyst and not the redox potential of the

2+/1+

pre-cursor Cu complexes.

Keywords: Cu complexes; redox potential; electrochemical CO, reduction

1. Introduction

The rational design of metal complexes for CO, reduction relies on developing a
clear understanding of the correlations between their molecular structure and catalytic
performance [1]. The structure of the complexes can be altered in several ways, including
changing the coordination number of the metal centre [2,3], the number of ligand binding
sites (denticity) [4,5], and the electronic charges on the ligands [6,7]. Furthermore, the
strength of the coordination bond, i.e., the coupling of the frontier orbitals of the metal cen-
tre and the ligand binding site, can be altered by placing electron-donating or -withdrawing
groups on the ligands [8,9]. Steric groups on the ligands can affect the length of the coordi-
nation bond, which modifies the electronic coupling between the ligand and the metal ion.
A prime example is the approximately 0.3 V difference in the redox potential of structurally
similar ortho- and para-methyl-substituted tetragonal Cu-bipyridine complexes [10]. Due
to the steric hinderance of the methyl groups at the ortho-position, the Cu?*/1*-N bond
is weaken, and the electron density on the Cu?*/1* is lowered as compared to that of the
para-substituted bipyridyl ligand. Such Cu?*/1* complexes have been extensively used in
both homogeneous and heterogeneous electrocatalytic CO, reduction experiments [1]. Cu
complexes are one of the rare metal complexes that can reduce CO, to methane (CHy) as
well as to C-C products of ethylene (C;Hy) and ethanol (C;HsOH) with high selectivity.
CO; reduction experiments using Cu complexes suggested that the catalytic mechanism of
CO; reduction involved the binding of the CO; or its intermediates to the Cu?*/!* metal
centre [11-13]. However, to date, no clear correlations between the redox potential of
tetragonal Cu complexes and their CO, reduction performance have been established [1].

On the other hand, correlations between the molecular structure of non-Cu-based
complexes and their CO, reduction performance have been studied in homogeneous
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(complexes dissolved in organic electrolyte) catalysis [9,14-16]. The influence of electron-
donating /withdrawing groups placed on the ligands of porphyrin and bipyridine in CO,
reduction has been studied [8,14]. These reports suggested that electron-withdrawing
groups (positive shift of the redox potential of the metal ion) led to a positive shift of the
onset potential for CO, reduction [8,14]. However, the turnover frequency (TOF) of the
catalytic conversion to CO decreased due to the less nucleophilic character of the metal
centre induced by the electron-withdrawing group. On the contrary, electron-donating
groups enhanced the nucleophilicity of the metal centre and increased the binding ability
of CO;,, but a negative shift of the onset potential was found [14].

Cu?*/1* complexes can perform CO, reduction by both homogeneous and hetero-
geneous catalytic mechanisms [1]. Homogeneous catalysis is defined here as involving
the dissolved Cu®*/1* complexes as active sites for catalysis. These molecular catalysts
would be transported from the bulk of the electrolyte to the working electrode by diffu-
sion. Heterogenous catalysis is considered if the catalytic active site is located in a solid
catalyst layer. In this case the Cu?*/!* complex acts as precursor to reversibly [17-19] or
irreversibly [20-22] form metal particles and/or an organic phase containing the ligands
or ligan fragments. Switching the catalytic mechanism to heterogeneous during CO, re-
duction performance testing in nominally homogeneous catalysis can significantly alter
product selectivity and Faradaic efficiency (FE). Therefore, the tendency of forming such
heterogeneous catalyst layers has to date prevented studies of the correlation between the
redox potential of Cu®*/1* complexes and their CO, reduction performance in homoge-
neous catalysis [1]. With regard to the heterogeneous metal catalyst phase, the relationship
between the product selectivity of CO, reduction and the binding energy of adsorbed CO
(*CO) has been well established [23-26]. Metals with strong binding of *CO, such as Pt,
Ni and Fe, show mainly hydrogen evolution due to “poisoning” of the active site by *CO.
Metals with too-weak binding of *CO, such as Au, Ag and Zn, produce CO as the main
CO; reduction product, due to the early release of CO before hydrogenation can occur. Cu
metal has an intermediate binding strength of *CO, which can facilitate further reduction
steps of *CO to hydrocarbons. In addition to the metallic phase, nitrogen atoms of organic
molecules are known to bind or “fix” CO; [27]. Coordinating ligands to Cu metal can
further enhance the hydrogeneration of *CO to CHy4 before releasing CO [28]. Therefore,
the chemical nature of the organic content, the coordination number of the N-containing
phase of the Cu-complex-derived catalyst in particular, may also have an effect on the
product selectivity and CO, reduction performance. The electrochemical stability of the Cu
complexes at the highly reducing negative potentials during CO, reduction experiments is
expected to be influenced by the redox potential of the complexes. In turn, the deposition
and the chemical nature/structure of the Cu-complex-derived catalyst influencing CO,
reduction performance may be influenced by the redox potential of the complex.

This work has two aims, as illustrated in Figure 1a—c. By designing and synthesizing
Cu?*/1* complexes (Figure 1a) with widely varying redox potential, we aim to determine
whether the redox potential of the complexes has any significant effect on CO; reduction
performance when the complexes are dissolved in the electrolyte (Figure 1b). At this
step, both homogeneous and heterogeneous catalytic mechanisms are possible. We aim
to distinguish between the two mechanisms by finding correlations between the redox
potential of the Cu?*/1* complexes and the ratio of the CO, reduction products initially (first
20 min) and at the end (80 min) of CO, reduction experiments in the presence of CuZt/1+
complexes. Then, in the next step (Figure 1c), the working electrodes with the deposited
catalyst layers are transferred to a fresh electrolyte with no added Cu?*/!* complexes in
the electrolyte (purely heterogeneous mechanism). Then, we again correlate the product
ratio during COj testing with the Cu?*/1* redox potential as well as the product ratios in
the homogeneous/heterogeneous mixed mechanism testing.
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Figure 1. (a) The molecular structures of the Cu complexes, (b) CO, reduction by Cu complexes

dissolved in electrolytes, (c) CO; reduction by Cu deposits (heterogeneous catalysis).

To achieve the goals, five Cu complexes were designed and synthesised (dimethylphenan-
throline Cu complex (dmp), Cu complexes of the 6,6'-dimesityl-2,2"-bipyridine ligand and a
series of second ligands, phenanthroline (ip), bipyridine (hbpy), and terpyridine (htpy) and
Cu-bis(8-quinolinolato) (cg)), as shown in Figure la. From this study we have excluded
macrocyclic Cu complexes such as porphyrins as their redox processes in the negative
regime is typically dominated by the ligand reduction and not the Cu?*/1* centre. The
homoleptic Cu complex (dimethylphenanthroline Cu complex (dmp)) is well-studied in
the literature [29]. We have recently shown highly selective CO, reduction to methane
in an organic electrolyte in the presence of organic cations TBAP [28]. In DMF solvent,
a Cu-complex-derived catalyst formed on the surface of the electrode during chronoam-
perometric testing under CO, atmosphere. The optimum applied voltage was —2.17 V
versus Fc/Fct, where high FE for methane production was observed without significant
decomposition of the organic electrolyte [28]. XRD measurements showed the presence of
a crystalline Cu phase, while XPS measurements suggested the presence of a N-containing
organic phase. We noted that the FE of methane production using the dmp complex varied
from 80% to 40%, even though the deposition was performed under nominally identical
conditions. In addition, we have studied the in situ growth of the Cu-complex-derived
catalyst during chronoamperometric testing under a CO, atmosphere [30]. Evidenced
by a gradually increasing capacitance, the appearance and growth of new redox active
peaks in the CVs, as well as switching the main CO; reduction product from CO (first 5
to 20 min) to CHy (>40 min), the CO, reduction mechanism was explained by switching
from homogeneous to a heterogeneous mechanism. Some differences in the morphology of
the deposited catalyst were observed, but the origin of the morphology change was not
known. For the purposes of establishing correlations between the redox potential and the
CO; reduction performance, we included data sets for both high FE (dmp-A) and lower FE
(dmp-B) samples. In addition, we have synthesised three new heteroleptic Cu complexes
using the HETPHEN strategy. The HETPHEN strategy (HETeroleptic PHENanthroline)
was developed to modulate the electronic nature of tetragonal Cu complexes [31,32] by
employing bulky ligands, i.e., by adding phenyl rings at the 2- and 9-position to the
phenanthroline or bipyridine [33,34]. The HETPHEN ligands hinder the formation the
homoleptic HETPHEN Cu complex, leading to the isolated heteroleptic Cu complex. This
strategy has been used to fully characterize supramolecular Cu complexes [35,36]. The key
benefit of the HETPHEN strategy for this work is the ability to tune the redox potential
of Cu?*/1* using the isolated heteroleptic Cu complexes. The addition of a second, less
bulky ligand, can potentially create a lower steric effect at a certain position of the Cu
site to facilitate the bonding of CO,, leading to selective CO, reduction. The steric effect
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generated by heteroleptic Cu complexes would also influence the chemical nature of the
Cu-complex-derived catalyst during electrolysis, such as the Cu-Cu coordination number,
related to the hydrogeneration of *CO to CH;. HETPHEN Cu complexes are therefore
used for the first time for electrochemical CO, reduction. We used a 6,6'-dimesityl-2,2’-
bipyridine ligand and as the second ligand, and we chose phenanthroline (/p), bipyridine
(hbpy), and terpyridine (htpy). Unlike bipyridine, terpyridine is tridentate, so the third N
atom of the ligand may block the 5th coordination site of the Cu?* complexes. This 5th
coordination site may otherwise be occupied by solvent molecules or coordinating counter
ions such as CI™ [29], affecting the redox potential significantly. The counter ion for the
complexes were bis(trifluoromethane)sulfonimide (TFSI) for hp and tetrafluoroborate (BF;)
for hbpy and htpy. The synthesis and characterization of new Cu complexes can be found in
Section 3, and UV-vis spectra is provided in Figure S8. Lastly, a (Cu-bis(8-quinolinolato))
(cq) complex was also tested. In this complex, the Cu®* ion is coordinated with two N
atoms and two O atoms. Unlike the polypyridyl complexes, the (Cu?*-bis(8-quinolinolato))
complex is overall neutral as the ligand is negatively charged after deprotonation. Its
redox potential has been reported to be more negative than the Cu bipyridyl complexes
although their geometry is similar. Pape et al. reported that the Cu?* /Cu!* redox potential
in (Cu-bis(8-quinolinolato) has shifted significantly to —0.564 V vs. NHE (—1.24 V vs.
Fc/Fc*), a more than 1V shift as compared to that of the Cu®* salt, measured in 0.01 M
TBACIO4/DMSO [37].

First, cyclic voltammetry (CV) was performed to consistently determine the redox
potentials of the five Cu complexes dissolved in 0.1 M TBAP/DMEF electrolyte with 0.1 M
water in an argon atmosphere. Then, chronoamperometry (CA) was performed at —2.17 V
vs. Fc/Fc* under a CO, atmosphere while the gas products were detected using gas
chromatography (GC) at regular time intervals. After chronoamperometric measurements,
the carbon paper electrodes with Cu-complex-derived catalyst layers deposited were
rinsed and tested in a fresh electrolyte using the same procedure, but without the Cu
complex added. Finally, X-ray diffraction (XRD) and scanning electron microscopy (SEM)
were employed to characterize the Cu-complex-derived catalysts deposited on the carbon
paper electrode.

2. Results and Discussion

The redox potential of the five Cu complexes was investigated by cyclic voltammetry
using 1 mM Cu complexes dissolved in 0.1 M TBAP and DMF solution with 0.1 M deionized
(DI) water in argon. Figure 2 shows the third cycle (see three consecutive cycles in Figure S1)
of current density versus potential curves. The four Cu complexes (dmp, hp, hbpy, htpy)
showed a quasi-reversible redox wave within the —2.4 to 0.52 V vs. Fc/Fc* potential range.
Based on the known electrochemical behaviour of these complexes, the redox reaction was
assigned to the Cu?* to Cu* redox reaction, modulated by the different coordination of the
ligands. The redox potential of the heteroleptic Cu complexes (hp, hbpy, htpy) shifted to a
more negative potential as compared to that of the homoleptic Cu complex (dmp) in Table 1.
In simple terms, the negative shift can be rationalized by the stronger coordination of the
HETPHEN ligand as compared to the dmp ligand. Among the heteroleptic complexes,
hbpy showed a 70 mV negative shift as compared to hp, consistent with the redox potential
difference between the homoleptic analogues of bpy versus dmp complexes [38]. The
Cu?*/1* redox potential of htpy showed a larger negative shift of 450 mV as compared
to the hp, which is attributed to the enhanced electron density on the Cu?* due to the
coordination of the third N of the terpy ligand. The redox potential of the Cu®*/1* of cq is
even more negative at —1.27 V, as previously reported [37]. The five complexes provide a
redox potential range of almost 1.3 V. In the following sections, the effect of this large redox
potential variation on CO; reduction performance is investigated.
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Figure 2. Cyclic voltammetry curves of five Cu complexes representing the Cu redox reaction

measured in 0.1 M TBAP/DMF with 0.1 M water under argon atmosphere.

Table 1. Redox potentials of Cu complexes in argon and the gas product ratio of Faradaic efficiencies
during CA in CO;.

Cu2+ll+ Cu2+/1+
Redox Redox FE Ratio FE Ratio FE Ratio FE Ratio FE Ratio FE Ratio FE Ratio FE Ratio FE Ratio
Cu Potential  Potential for CO for H, for CHy for CO for H, for CHy for CO for H, for CHy
Complex (Vvs. (Vvs. (%) (%) (%) (%) (%) (%) (%) (%) (%)
Fc/Fc*) NHE) (20 min) (20 min) (20 min) (80min) (80min) (80min) (Hetero) (Hetero) (Hetero)
in Argon in Argon
dmp-A —0.039 0.68 14.6 15.7 69.7 5.8 15.8 78.3 8.3 35 88.2
hp —0.089 0.63 50.2 8.2 41.6 24.6 27.0 485 39.2 5.8 55.0
hbpy —0.161 0.56 57.7 5.9 36.4 50.0 6.6 43.5 22.6 4.0 73.4
htpy —0.54 0.18 30.0 17.8 52.2 13.2 32.3 54.6 23.2 7.3 69.5
cq —-1.27 —0.55 171 53.1 29.8 29.0 33.8 37.2 42.1 7.2 50.7
dmp-B —0.039 0.68 171 10.5 72.4 34 14.5 82.1 23.0 8.8 68.2

In Figure S2, the CVs of five Cu complexes recorded under argon and CO, atmospheres
in the —2.37 to —0.672 V vs. Fc/Fc* potential range are shown. The CVs measured in CO,
show sharply rising current densities with no discernible redox peaks, while the CVs under
argon atmosphere show a diverging behaviour with some samples showing a redox peak
at highly negative potentials indicative of ligand reduction (dmp-A and dmp-B) and Cu?*
reduction (cq) with a possible contribution from the deposition of the Cu-complex-derived
catalyst and/or electrolyte decomposition. This potentials range is more negative than the
Cu?*/1* redox peaks identified under an argon atmosphere in Figure S2 except for the cg
complex. Within this range, water reduction to Hy, CO; reduction to various products, as
well as ligand reduction and deposition of a Cu-complex-derived catalyst are all possible
reactions contributing to the current [28]. Next, chronoamperometric measurements were
performed at —2.17 V vs. Fc/Fc™ under a CO, atmosphere and the products of CO, CHy,
and H; were collected using the GC after 20, 40, 60, and 80 min, as shown in Figure S3.
The catalytic conversion of CO, to various products could be a superposition of a homoge-
neous and heterogeneous catalytic mechanism, as explained above, i.e., it may involve the
molecular catalyst of Cu>*/1* complexes dissolved in electrolytes or the catalytic activity of
a Cu-complex-derived catalyst deposited during the course of the chronoamperometric
measurements. It is expected that towards the end of the testing, heterogeneous catalysis
may start to dominate, as the coverage of the carbon paper electrode with the catalyst
deposited in situ is more compact. The ratio of FE values determined for CO, CHy, and Hj
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after the first 20 min of chronoamperometry as well as after 80 min in Table 1 were corre-
lated with the redox potential determined by CV, as shown in Figure 3a—f. The correlation
in Figure 3a shows a distorted bell-shaped curve, i.e., as the redox potential decreases, the
FE ratio for CO at 20 min increases from 14.6% to as high as 57.7% in the order of dmp-A,
dmp-B, hp, and hbpy (see line drawn to guide the eye). However, the Faradaic efficiency
ratio for CO decreases for htpy and cq complexes. The distorted bell-shape curve can be
explained by a homogeneous CO; to CO conversion mechanism involving the dmp, hp,
and hbpy complexes. In these complexes, increasing the electron density on the Cu?*/1*
(easier to oxidize) facilitates that conversion of CO; to CO, possibly through enhanced CO,
binding to Cu ions. The drop in performance for the htpy complex can be explained by
the weakened coordination of CO, due to the more crowded Cu?* coordination sphere
occupied by the extra N atom at the fifth coordination site of the terpy ligand. The homo-
geneous cq complex catalyzes water reduction to H, over CO, reduction to CO, as shown
in Figure 3b, which could be attributed to its ability to bind water molecules to the Cu?*
site [39]. Note that about 30 times more H, was collected in the presence of cg molecular
catalyst as compared to that of using carbon paper alone at the same applied potential
(Table S1). Two H,O molecules can bind to the Cu site, enhancing water reduction. A
distorted bell-shaped curve excluding cq complex is therefore clearer (Figure S9), as the
other Cu complexes favour catalyzing CO, reduction. In contrast, Figure 3c shows an
inverse bell-shaped curve, i.e., as the redox potential increases, the FE for CH, at 20 min
increases in the order of hbpy, hp, dmp-A, and dmp-B complexes. Similarly to CO in Figure 3a,
the FE for CHj is lower for the htpy and cq complexes. In a previous work using the dmp
complex, we found that the main product of CO, reduction switched from CO to CHy
during chronoamperometry. CHy4 production was attributed to a heterogeneous catalytic
mechanism driven by the deposition of a Cu-complex-derived catalyst [30]. The inverse
relationship between the redox potential and CHy4 evolution could therefore be attributed
to the rate of forming a heterogeneous catalyst on the working electrode surface as well
as its catalytic activity. The more positively shifted the redox potential of the Cu?*/1* is,
the less stable the complex is, and therefore, the faster the formation of the Cu-complex-
derived catalyst is. We studied the correlations between the redox potential and the specific
capacitance, the current density in CV, and the total charge during CA in Figure S11la—c.
The specific capacitance (F/g) was calculated at the same potential (0.2 V) in Table S2 of
the Cu-complex-derived catalysts using the CV data in Figure S10. We could not calculate
the specific capacitance of the sample derived from the hp complex due to the broad redox
peaks at 0.2 V. We could not see any significant correlations in Figure S11a—c, which im-
plies that other factors, i.e., the solubility of the ligands or the reduced Cu complex, also
contribute to the rate of catalyst decomposition. dmp-B and dmp-A complexes showed the
highest FE ratio for CHy as 72.4 and 69.6% at 20 min, while the FE ratio for CHy4 using the
other complexes was less than 52%. This suggests that the HETPHEN strategy is better
for CO, reduction to CO in a homogeneous mechanism than depositing a heterogeneous
catalyst performing CHy production. In summary, the increased stability of the Cu complex
with more negative redox potential may explain the preference of CO production by the
Cu complex molecular catalyst, while the decreased stability of the Cu complex with a
more positive redox potential may explain the faster deposition of the Cu-complex-derived
catalyst leading to the preference for CH4 production via a heterogeneous mechanism. The
correlation between the FE ratio of gas products at 80 min of CA and the redox potential in
Figure 3d—f shows similar trends as compared to that in Figure 3a—c except for cq complex.
The similar trends in product FE ratios at 20 min and 80 min in Figure 4a—c suggest that
even at higher heterogeneous catalyst loading at 80 min, the conversion of CO, to CO and
H; evolution from water still proceed through a homogeneous mechanism, while CHy
is produced by a heterogeneous mechanism involving the Cu-complex-derived catalyst.
However, the changes in the behaviour using the cg molecular catalyst, i.e., the increased
FE ratio for CO from 17.1% to 29%, indicates a switch to a heterogeneous mechanism for
this catalyst. The purely heterogeneous mechanism was tested by performing CA using
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the working electrodes with the deposited Cu-complex-derived catalyst in a fresh 0.1 M
TBAP/DMEF electrolyte without the Cu complex. The amount of gas products detected
using the GC are shown in Figure S4. XRD and SEM measurements show the morphology
of the Cu-complex-derived catalysts in Figures S5 and S6, respectively. Figure 3g-i shows
the correlation between the redox potential of the Cu>*/1* complex used to deposit the
catalyst and the catalytic performance of the Cu-complex-derived catalysts in the purely
heterogeneous mechanism. Unlike in Figure 3a,b, no clear correlation between the FE ratio
for CO and the redox potential of the original Cu**/1* complex is found in Figure 3g. This
suggests that the mechanism switched from a homogeneous to a heterogeneous mechanism
for CO in the absence of a dissolved molecular catalyst. The CO product ratio increased
for cq, dmp-B, htpy, and hp, while it decreased for dmp-A and hbpy. The main difference
between the highly efficient CHy catalyst dmp-A sample is the ability to maintain high
CHy4 FE while dmp-B partially produced CO after the dmp complexes were removed from
the electrolyte. The heterogeneous catalysis results suggest that CO, binding strength to
the new Cu-complex-derived catalyst is unrelated to the redox potential of the Cu?*/1*
ion. This is not surprising since XRD shows the presence of Cu metal, hence the binding
energy should be similar provided that the CO, binds to the same crystal facet. The FE
ratio for Hy decreased in all samples in Figure 3h in the purely heterogeneous mechanism,
confirming that H, evolution predominantly followed a homogeneous mechanism, shown
in Figure 3b,e. The correlation between the redox potential and FE ratio of CHy in the purely
heterogeneous mechanism still exists in Figure 3i but it seems less correlated as compared to
Figure 3c,f. The weaker linear correlations in product FE ratio for CH4 between the purely
heterogeneous mechanism and at 20 min and 80 min of CA in the Cu complex dissolved
electrolyte (Figure S7) confirmed that dmp-B and hbpy are out of the linear correlations.
dmp-B produced more CO than dmp-A in the purely heterogeneous mechanism, leading to
the difference in FE ratio for CHy (20%). dmp-A and dmp-B showed the same redox potential
of Cu?*/1* in CV; however, showing different selectivity for CO and CHy indicates that
other factors may affect the product selectivity, i.e., by changing the morphologies or crystal
facets during homogeneous catalysis. The stability of the dmp-complex-derived catalyst
was tested for 5 h [28]. The current gradually decayed and the FE for CH, decreased over
time. The decaying performance was thought to originate from the restructuring of the
catalyst, evidenced by the morphological change before and after the long-term test. hbpy
in the purely heterogeneous mechanism would be more active to produce CH4 compared
to hp and hipy.

The relationship of the redox potential of the Cu complexes and their product
selectivity for CO, reduction is shown to reveal previously unknown correlations, i.e., a
distorted bell-shaped curve. This finding does not follow the correlation found in previous
studies between the molecular structure (electron-donating or -withdrawing groups) and
the CO, reduction performance using non-Cu-based complexes [8,14,15]. A possible reason
for the more complex behaviour is the interplay between the transformation of the Cu
complex to the Cu-complex-derived catalyst and CO, reduction to CO, both affected by the
redox potential of the Cu®**/1* complexes. This study is among the first attempts to find
correlations between the redox potential and CO, reduction performance using Cu?*/1*
complexes. We emphasize that from the point of view of designing new complexes with
improved performance, not only the correlations between the redox potential and CO
production using the Cu complex catalyst in homogeneous mechanisms, but also the lack
of correlations with the catalytic performance in purely heterogeneous mechanisms, are
also important. The cq complex catalyst performed highly efficient hydrogen evolution (FE
ratio for 53.1% at 20 min of CA). The homogeneous cq complex catalyst could be further
explored for hydrogen evolution at the conditions not forming Cu deposits, i.e., lower
negative potential or aqueous solution. The correlations in trying to separate homogeneous
and heterogeneous mechanisms will be further studied by the new techniques, i.e., in situ
and in operando spectroscopic techniques (in situ FT-IR, XPS, XAS) and quantum chemical
methods to investigate the catalyst structures and catalytic reaction mechanisms. Those

2+/1+
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techniques will create big data sets, i.e., crystallographic data, morphology, Cu-Cu coor-
dination number, and Cu-ligand bonding energy. Our approach of using the correlation
analysis of five molecular structures should be expanded by using machine learning algo-
rithms on big data sets by studying hundreds of molecular structures as the next step. Such
big-data research methodologies using advanced statistical tools and machine learning
algorithms are expected to dominate the development of redox-active catalysts in the future.
By utilizing those techniques, the origin of catalytic performance of the macrocyclic Cu
complexes, which are dominated by ligand reduction and are known to form reversible
Cu-complex-derived catalysts during CA, could also be also investigated. Separating ho-
mogeneous and heterogeneous mechanisms using correlation analysis will help researchers
design Cu complexes specifically tailored for homogeneous or heterogeneous catalysts.
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Figure 3. The Cu redox potential in argon versus Faradaic efficiency ratio of reduced gas products
(CO, Hy, CHy) at 20 min (a—c) and 80 min (d—f) and in heterogeneous catalysis (g—i) of CA at —2.17 V
vs. Fc/Fc*.
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3. Materials and Methods
3.1. Materials

N,N-dimethylformamide (DMF, RCI Labscan, Bangkok, Thailand, 99.8%), tetrabuty-
lammonium perchlorate (TBAP, Merck, Darmstadt, Germany, 98%), were commercially
obtained.

3.2. Preparation of Cu Complexes

Bis(1,10phenanthroline) iodo copper(Il) TFSI (dmp) [40], bis(8-quinolinolato) diaqua
copper(Il) (cq) [39], and 6,6"-bismesityl-2,2’-bipyridine [41] were synthesized according to
previous studies. Other compounds were commercially obtained and used as received.

3.2.1. (6,6'-Bismesitil-2,2"-bipyridine) (1,10-phenanthroline) Acetonitrile Copper (II)
TESI (hp)

Copper (II) perchlorate hexahydrate (182 mg, 0.49 mmol) was dissolved to degassed
acetonitrile (10 mL) then solution of 6,6'-bismesityl-2,2’-bipyridine (200 mg, 0.51 mmol) in
DCM (10 mL) was added under argon. The resulting mixture was stirred at r.t. for 10 min
then 1,10-phenanthroline (92 mg, 0.51 mmol) was added, followed by lithium TFSI (1.564 g,
5.00 mmol). The stirring was continued for 10 min then the solvents were removed under
vacuum. The remaining oil was treated with diethyl ether (80 mL) and the solution was
kept in the freezer overnight. The green crystals were filtered off, washed several times
with diethyl ether and dried.

Yield: 81%; Elemental Analysis: Calc. for C46H39N7F12,0854Cu [%]: C 44.64, H 3.18, N
7.92. Found: C 45.10, H 3.29, N 8.12. m.p. 200 °C dec. (loss of solvent 110-121 °C).

3.2.2. (6,6'-Bismesitil-2,2'-bipyridine) (2,2'-bispyridine) Acetonitrile Copper (II) BE, (hbpy)
The compound was synthesized similarly to hp except using Cu(BFy), xH,0, 2,2'-
bispyridine and skipping anion exchange step.
Yield: 81%; Elemental Analysis: Calc. for C4H33B2NsFsCu [%]: C 58.17, H 4.64, N
7.69. Found: C 57.87, H4.73, N 7.51. m.p. 281 °C dec.

3.2.3. (6,6'-Bismesitil-2,2"-bipyridine) (2,2":6/,2"-terpyridine) Copper (II) BF, (htpy)

The compound was synthesized similarly to hip except using Cu(BFs), xH,O, 2,2":6,2"-
terpyridine and skipping anion exchange step.

Yield: 77%; Elemental Analysis: Calc. for C43H33B2NsFgCu [%]: C 59.92, H 4.44, N
8.13. Found: C 59.79, H 4.48, N 8.01. m.p. > 300 °C.

3.3. Electrochemical Measurements

Electrochemistry was conducted in a three-electrode, two-compartment cell (Pine
Instruments, Durham, NC, USA) with a potentiostat (650D, CHInstrument). A carbon
paper electrode was employed as the working electrode in a compartment and Ag/AgNOs
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was used as the reference electrode in the same compartment. A platinum mesh was used
as the counter electrode in another compartment. Two compartments were separated by
a glass frit. Surface area of carbon paper electrode was 1.5 cm?. An amount of 1 mM Cu
complexes were dissolved in DMF, 0.1 M TBAP and 0.1 M water. Before the measurement,
the cathodic compartment was purged by argon for 30 min. After CV measurement in
argon, the cathodic chamber was purged by CO, for 30 min and CO, gas was bubbled
with a 15 mL/min constant flow rate during CV and CA measurement. The electrolyte
was stirred with 300 rpm during electrochemical measurement. The redox potential of
the Cu complex was determined by using oxidation and reduction potentials in Figure 2
using the equation Eeqox = (Eoxi + Ered)/2. fip and hbpy complexes showed two oxidation
and reduction potentials. A reduction and an oxidation peak at more negative potential
were due to the presence of possible homoleptic complexes [34]. The redox potential
of hp and hbpy complexes was therefore calculated by the more positive potentials. All
potentials applied in this work were adjusted to the potential versus Fc/Fc* added as an
internal standard.

3.4. Gas Product Analysis

The gaseous products were measured through the gas outlet of electrochemical cell to a
gas chromatograph (GC2030, Shimadzu, Kyoto, Japan) equipped with thermal conductivity
(TCD) and flame ionization detectors (FID). The amount of gas products was calculated by
calibration curves of known volumes of gas.

3.5. Material Characterization

X-ray diffraction (XRD) patterns of rinsed carbon paper electrodes were measured with
a PANalytical Empyrean goniometer with a long focus Cu anode tube. The accelerating
voltage was 45kV and the current was 40 mA in a standard Brag—Brentano reflection geom-
etry. All scans were performed in a 2theta angle range of 20 to 90°. Field-emission scanning
electron microscopy (FE-SEM, JEOL, JSM-7500FA) was used to obtain the morphologies of
deposits on carbon paper electrode.

4. Conclusions

In summary, we investigated whether controlling the redox potential of Cu?*/!* com-

plexes influences their CO; reduction performance for the first time. We have tested five
Cu complexes with different ligands, including new HETPHEN complexes and Cu-(bis(8-
quinolinolato), showing a wide range of redox potentials of Cu?*/!*. We have found that
the redox potential significantly affected the FE ratio of CO production by the Cu complex
homogeneously dissolved in electrolyte. Even through a Cu-complex-derived catalyst
was formed during CA, homogeneous catalysis of CO, to CO by the Cu complex was
still dominant except for the cqg complex. The cg complex catalyst mainly performed the
hydrogen evolution by binding water molecules. CH4 was produced by the Cu complex-
derived catalyst formed in situ, and dmp-A and dmp-B showed the highest FE ratio for CHy.
HETPHEN complexes performed lower FE for CHy but higher FE for CO than that of dmp
complexes, suggesting that HETPHEN complexes are better for performing homogeneous
catalysis for CO production. In purely heterogeneous mechanism, there was no correlation
between the redox potential and the FE ratio for CH4. CHy production is probably con-
trolled by the structure and morphology of the Cu-complex-derived catalyst rather than the
redox potential of Cu?*/1*. This study opens the possibility of systematic studies between
molecular structure, transformation of Cu complexes, and CO, reduction performance,
by the benefit of machine learning algorithms, for the design of new homogeneous and
heterogeneous Cu complexes.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules28135179/s1. Figure S1: Three cycles of CV curves
of five Cu complexes in argon; Figure S2: CVs of Cu complexes dissolved in 0.1 M TBAP/DMF
electrolyte with 0.1 M water in argon (a) and CO; (b); Figure S3: (a) CA in the presence of dissolved
complexes at —2.17 V vs. Fc/Fc*, (b) FE of gas products at 20 min of CA, and (c) FE of gas products
at 80 min of CA; Figure S4: (a) CA in purely heterogeneous mechanism at —2.17 V vs. Fc/Fc*, (b) FE
of gas products at 60 min of CA; Figure S5: XRD patterns of carbon paper and Cu-complex-derived
catalystsafterCA; Figure S6: SEM images of Cu-complex-derived catalysts with deposits after CA;
Figure S7: FE ratio for CHy in heterogeneous catalysis versus at 20 min (a) and at 80 min (b) of CA
in the Cu complex dissolved electrolyte; Figure S8: UV-vis spectra of Cu complexes synthesized
using the HETPHEN strategy; Figure S9: The Cu redox potential in argon (excluding cq complex)
versus the Faradaic efficiency ratio of CO at 20 min of CA at —2.17 V vs. Fc/Fc*; Figure S10: CVs
of the Cu-complex-derived catalysts in CO,; Figure S11: The Cu redox potential in argon versus
specific capacitance (F/g) (a) and current density at —2.17 V in CV under CO, (b) and total charge
collected during CA (c); Table S1: The amount of Hy produced using carbon paper with and without
cq complex in the electrolytes during CA at —2.17 V vs. Fc/Fc*; Table S2: Specific capacitance of the
Cu-complex-derived catalysts.

Author Contributions: Conceptualization, methodology and validation, K.K., PW., KW. and A.].M.;
formal analysis, investigation, data curation, writing—original draft preparation, K.K.; resources,
PW.; writing—review and editing, PW., KW. and A.].M.; supervision, project administration, K.W.
and A.J.M,; funding acquisition, A.J.M. All authors have read and agreed to the published version of
the manuscript.

Funding: Funding from the Australian Research Council Centre of Excellence Scheme (Project
Number CE 140100012) is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data reported in the manuscript will be available upon reasonable
request to the corresponding author.

Acknowledgments: The authors would like to thank the Australian National Nanofabrication
Facility—Materials node for equipment use.

Conflicts of Interest: The authors declare no competing financial interest.

Sample Availability: Not applicable.

References

1.  Kim, K,; Wagner, P.; Wagner, K.; Mozer, A J. Electrochemical CO, Reduction Catalyzed by Copper Molecular Complexes: The
Influence of Ligand Structure. Energy Fuels 2022, 36, 4653—4676. [CrossRef]

2. Eckert, N.A.; Vaddadi, S.; Stoian, S.; Lachicotte, R.J.; Cundari, T.R.; Holland, P.L. Coordination-Number Dependence of Reactivity
in an Imidoiron (III) Complex. Angew. Chem. 2006, 118, 7022-7025. [CrossRef]

3. Sarkar, A.; Dey, S.; Rajaraman, G. Role of Coordination Number and Geometry in Controlling the Magnetic Anisotropy in Fell,
Coll, and NilI Single-Ion Magnets. Chem.-Eur. ]. 2020, 26, 14036-14058. [CrossRef] [PubMed]

4. Arana, C;; Yan, S.; Keshavarz-K, M.; Potts, K.; Abruna, H. Electrocatalytic reduction of carbon dioxide with iron, cobalt, and
nickel complexes of terdentate ligands. Inorg. Chem. 1992, 31, 3680-3682. [CrossRef]

5. Bhardwaj, V.K,; Singh, A. Comparative DNA Binding Abilities and Phosphatase-Like Activities of Mono-, Di-, and Trinuclear Ni
(I) Complexes: The Influence of Ligand Denticity, Metal-Metal Distance, and Coordinating Solvent/Anion on Kinetics Studies.
Inorg. Chem. 2014, 53, 10731-10742. [CrossRef]

6. Caspar, J.V.; Westmoreland, T.D.; Allen, G.H.; Bradley, P.G.; Meyer, T.J.; Woodruff, W.H. Molecular and electronic structure in the
metal-to-ligand charge-transfer excited states of d6 transition-metal complexes in solution. . Am. Chem. Soc. 1984, 106, 3492-3500.
[CrossRef]

7. Crutchley, R]J. Phenylcyanamide ligands and their metal complexes. Coord. Chem. Rev. 2001, 219, 125-155. [CrossRef]

8. Azcarate, I.; Costentin, C.; Robert, M.; Savéant, ].-M. Dissection of electronic substituent effects in multielectron-multistep
molecular catalysis. Electrochemical CO,-to-CO conversion catalyzed by iron porphyrins. J. Phys. Chem. C 2016, 120, 28951-28960.
[CrossRef]

9.  Elgrishi, N.; Chambers, M.B.; Fontecave, M. Turning it off! Disfavouring hydrogen evolution to enhance selectivity for CO

production during homogeneous CO, reduction by cobalt-terpyridine complexes. Chem. Sci. 2015, 6, 2522-2531. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28135179/s1
https://www.mdpi.com/article/10.3390/molecules28135179/s1
https://doi.org/10.1021/acs.energyfuels.2c00400
https://doi.org/10.1002/ange.200601927
https://doi.org/10.1002/chem.202003211
https://www.ncbi.nlm.nih.gov/pubmed/32729641
https://doi.org/10.1021/ic00043a034
https://doi.org/10.1021/ic501961d
https://doi.org/10.1021/ja00324a017
https://doi.org/10.1016/S0010-8545(01)00324-1
https://doi.org/10.1021/acs.jpcc.6b09947
https://doi.org/10.1039/C4SC03766A

Molecules 2023, 28, 5179 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Saygili, Y.; Soderberg, M.; Pellet, N.; Giordano, F.; Cao, Y.; Mufioz-Garcia, A.B.; Zakeeruddin, S.M.; Vlachopoulos, N.; Pavone, M.;
Boschloo, G. Copper bipyridyl redox mediators for dye-sensitized solar cells with high photovoltage. J. Am. Chem. Soc. 2016, 138,
15087-15096. [CrossRef]

Singh, S.; Phukan, B.; Mukherjee, C.; Verma, A. Salen ligand complexes as electrocatalysts for direct electrochemical reduction of
gaseous carbon dioxide to value added products. RSC Adv. 2015, 5, 3581-3589. [CrossRef]

Shi, N.-N.; Xie, W.-].; Zhang, D.-M.; Fan, Y.-H.; Cui, L.-S.; Wang, M. A mononuclear copper complex as bifunctional electrocatalyst
for CO, reduction and water oxidation. J. Electroanal. Chem. 2021, 886, 115106. [CrossRef]

Haines, R.J.; Wittrig, R.E.; Kubiak, C.P. Electrocatalytic Reduction of Carbon Dioxide by the Binuclear Copper Complex [Cu,(6-
(diphenylphosphino-2,2’-bipyridyl),(MeCN), 1[PFg>. Inorg. Chem. 1994, 33, 4723-4728. [CrossRef]

Smieja, ].M.; Kubiak, C.P. Re (bipy-tBu)(CO);Cl—improved catalytic activity for reduction of carbon dioxide: IR-spectroelectrochemical
and mechanistic studies. Inorg. Chem. 2010, 49, 9283-9289. [CrossRef]

Nie, W.; Tarnopol, D.E.; McCrory, C.C. Enhancing a molecular electrocatalyst’s activity for CO, reduction by simultaneously
modulating three substituent effects. J. Am. Chem. Soc. 2021, 143, 3764-3778. [CrossRef]

Nie, W.; McCrory, C.C. Strategies for breaking molecular scaling relationships for the electrochemical CO, reduction reaction.
Dalton Trans. 2022, 51, 6993-7010. [CrossRef] [PubMed]

Weng, Z.; Wu, Y,; Wang, M.; Jiang, J.; Yang, K.; Huo, S.; Wang, X.-F; Ma, Q.; Brudvig, G.W.; Batista, V.S. Active sites of
copper-complex catalytic materials for electrochemical carbon dioxide reduction. Nat. Commun. 2018, 9, 415. [CrossRef] [PubMed]
Balamurugan, M.; Jeong, H.Y.; Choutipalli, V.S.K.; Hong, J.S.; Seo, H.; Saravanan, N.; Jang, ].H.; Lee, K.G.; Lee, Y.H.; Im, SW.
Electrocatalytic Reduction of CO, to Ethylene by Molecular Cu-Complex Immobilized on Graphitized Mesoporous Carbon. Small
2020, 16, 2000955. [CrossRef]

Karapinar, D.; Zitolo, A.; Huan, T.N.; Zanna, S.; Taverna, D.; Galvao Tizei, L.H.; Giaume, D.; Marcus, P.; Mougel, V.; Fontecave,
M. Carbon-nanotube-supported copper polyphthalocyanine for efficient and selective electrocatalytic CO, reduction to CO.
ChemSusChem 2020, 13, 173-179. [CrossRef]

Xu, Y; Li, F; Xu, A.; Edwards, ].P.; Hung, S.-F.; Gabardo, C.M.; O'Brien, C.P; Liu, S.; Wang, X.; Li, Y. Low coordination number
copper catalysts for electrochemical CO, methanation in a membrane electrode assembly. Nat. Commun. 2021, 12, 2932. [CrossRef]
Du, J.; Cheng, B.; Jiang, L.; Han, Z. Copper phenanthroline for selective electrochemical CO; reduction on carbon paper. Chem.
Commun. 2023, 59, 4778-4781. [CrossRef] [PubMed]

Saha, S.; Sahil, S.T.; Mazumder, M.M.R; Stephens, A.M.; Cronin, B.; Duin, E.C.; Jurss, ].W.; Farnum, B.H. Synthesis, characteriza-
tion, and electrocatalytic activity of bis (pyridylimino) isoindoline Cu (I) and Ni (II) complexes. Dalton Trans. 2021, 50, 926-935.
[CrossRef] [PubMed]

Kuhl, K.P;; Hatsukade, T.; Cave, E.R.; Abram, D.N.; Kibsgaard, J.; Jaramillo, T.F. Electrocatalytic conversion of carbon dioxide to
methane and methanol on transition metal surfaces. J. Am. Chem. Soc. 2014, 136, 14107-14113. [CrossRef]

Peterson, A.A.; Nerskov, J.K. Activity descriptors for CO, electroreduction to methane on transition-metal catalysts. J. Phys. Chem.
Lett. 2012, 3, 251-258. [CrossRef]

Gattrell, M.; Gupta, N.; Co, A. A review of the aqueous electrochemical reduction of CO, to hydrocarbons at copper. J. Electroanal.
Chem. 2006, 594, 1-19. [CrossRef]

Zhao, J.; Xue, S.; Barber, J.; Zhou, Y.; Meng, ].; Ke, X. An overview of Cu-based heterogeneous electrocatalysts for CO, reduction.
J. Mater. Chem. 2020, 8, 4700-4734. [CrossRef]

Ma, Y.; Fang, Y.;; Fu, X.; Wang, X. Photoelectrochemical conversion of CO, into HCOOH using a polymeric carbon nitride
photoanode and Cu cathode. Sustain. Energy Fuels 2020, 4, 5812-5817. [CrossRef]

Kim, K.; Wagner, P.; Wagner, K.; Mozer, A.J. Electrochemical CO, Reduction to Methane by Cu complex-derived Catalysts in
Non-aqueous Media. ChemCatChem 2023, €202300396. [CrossRef]

Leandri, V,; Daniel, Q.; Chen, H; Sun, L.; Gardner, ].M.; Kloo, L. Electronic and structural effects of inner sphere coordination of
chloride to a homoleptic copper (II) diimine complex. Inorg. Chem. 2018, 57, 4556-4562. [CrossRef]

Kim, K.; Wagner, P.; Wagner, K.; Mozer, A J. Catalytic Decomposition of Organic Electrolyte to Methane by a Cu-complex Derived
In-situ CO, Reduction Catalyst. ACS Omega, 2023; under review.

Schmittel, M.; Ganz, A. Stable mixed phenanthroline copper (i) complexes. Key building blocks for supramolecular coordination
chemistry. Chem. Commun. 1997, 999-1000. [CrossRef]

Schmittel, M.; Liining, U.; Meder, M.; Ganz, A.; Michel, C.; Herderich, M. Synthesis of sterically encumbered 2, 9-diaryl
substituted phenanthrolines. Key building blocks for the preparation of mixed (bis-heteroleptic) phenanthroline copper (I)
complexes. Heterocycl Comm 1997, 3, 493-498. [CrossRef]

Fraser, M.G.; van der Salm, H.; Cameron, S.A.; Blackman, A.G.; Gordon, K.C. Heteroleptic Cu(I) bis-diimine complexes of 6,
6'-dimesityl-2, 2’-bipyridine: A structural, theoretical and spectroscopic study. Inorg. Chem. 2013, 52, 2980-2992. [CrossRef]
[PubMed]

Kavungathodi, M.EM.; Wagner, P.; Mori, S.; Mozer, A.J. Four Orders of Magnitude Acceleration of Electron Recombination at the
Dye-TiO, /Electrolyte Interface Severely Limiting Photocurrent with High-Oxidation-Potential Cu>*/* Complexes. J. Phys. Chem.
C 2023,127,7618-7627. [CrossRef]

De, S.; Mahata, K.; Schmittel, M. Metal-coordination-driven dynamic heteroleptic architectures. Chem. Soc. Rev. 2010, 39,
1555-1575. [CrossRef]


https://doi.org/10.1021/jacs.6b10721
https://doi.org/10.1039/C4RA09818H
https://doi.org/10.1016/j.jelechem.2021.115106
https://doi.org/10.1021/ic00099a024
https://doi.org/10.1021/ic1008363
https://doi.org/10.1021/jacs.0c09357
https://doi.org/10.1039/D2DT00333C
https://www.ncbi.nlm.nih.gov/pubmed/35383803
https://doi.org/10.1038/s41467-018-02819-7
https://www.ncbi.nlm.nih.gov/pubmed/29379087
https://doi.org/10.1002/smll.202000955
https://doi.org/10.1002/cssc.201902859
https://doi.org/10.1038/s41467-021-23065-4
https://doi.org/10.1039/D2CC06943A
https://www.ncbi.nlm.nih.gov/pubmed/37000499
https://doi.org/10.1039/D0DT03030A
https://www.ncbi.nlm.nih.gov/pubmed/33350418
https://doi.org/10.1021/ja505791r
https://doi.org/10.1021/jz201461p
https://doi.org/10.1016/j.jelechem.2006.05.013
https://doi.org/10.1039/C9TA11778D
https://doi.org/10.1039/D0SE01132K
https://doi.org/10.1002/cctc.202300396
https://doi.org/10.1021/acs.inorgchem.8b00225
https://doi.org/10.1039/a701509g
https://doi.org/10.1515/HC.1997.3.6.493
https://doi.org/10.1021/ic302393p
https://www.ncbi.nlm.nih.gov/pubmed/23458499
https://doi.org/10.1021/acs.jpcc.3c01326
https://doi.org/10.1039/b922293f

Molecules 2023, 28, 5179 13 of 13

36.

37.

38.

39.

40.

41.

Schmittel, M.; Kalsani, V.; Bats, ].W. Metal-driven and covalent synthesis of supramolecular grids from racks: A convergent
approach to heterometallic and heteroleptic nanostructures. Inorg. Chem. 2005, 44, 4115-4117. [CrossRef] [PubMed]

Pape, V.E; May, N.V.; Gal, G.T.; Szatmadri, L; Szeri, F.; Fulop, F,; Szakécs, G.; Enyedy, E.A. Impact of copper and iron binding
properties on the anticancer activity of 8-hydroxyquinoline derived Mannich bases. Dalton Trans. 2018, 47, 17032-17045. [CrossRef]
[PubMed]

Scaltrito, D.V.; Thompson, D.W.; O’Callaghan, ]J.A.; Meyer, G.J. MLCT excited states of cuprous bis-phenanthroline coordination
compounds. Coord. Chem. Rev. 2000, 208, 243-266. [CrossRef]

Roy, S.; Bhandari, S.; Chattopadhyay, A. Quantum Dot Surface Mediated Unprecedented Reaction of Zn?* and Copper Quinolate
Complex. |. Phys. Chem. C 2015, 119, 21191-21197. [CrossRef]

Hashmi, S.G.; Sonai, G.G.; Iftikhar, H.; Lund, P.D.; Nogueira, A.F. Printed single-walled carbon-nanotubes-based counter
electrodes for dye-sensitized solar cells with copper-based redox mediators. Semicond. Sci. Technol. 2019, 34, 105001. [CrossRef]
Schmittel, M.; Ganz, A.; Schenk, W.A.; Hagel, M. Synthesis and coordination properties of 6, 6’-dimesityl-2, 2’-bipyridine. J. Z.
Fiir Nat. B 1999, 54, 559-564. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/ic050088n
https://www.ncbi.nlm.nih.gov/pubmed/15934731
https://doi.org/10.1039/C8DT03088J
https://www.ncbi.nlm.nih.gov/pubmed/30460942
https://doi.org/10.1016/S0010-8545(00)00309-X
https://doi.org/10.1021/acs.jpcc.5b05952
https://doi.org/10.1088/1361-6641/ab39f0
https://doi.org/10.1515/znb-1999-0421

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Preparation of Cu Complexes 
	(6,6'-Bismesitil-2,2'-bipyridine) (1,10-phenanthroline) Acetonitrile Copper (II) TFSI (hp) 
	(6,6'-Bismesitil-2,2'-bipyridine) (2,2'-bispyridine) Acetonitrile Copper (II) BF4 (hbpy) 
	(6,6'-Bismesitil-2,2'-bipyridine) (2,2':6',2''-terpyridine) Copper (II) BF4 (htpy) 

	Electrochemical Measurements 
	Gas Product Analysis 
	Material Characterization 

	Conclusions 
	References

