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Developing new non-noble metal electrocatalysts for oxygen reduction reaction (ORR) is 
an essential challenge in electrochemical device research. Among these, we highlight the metal 
Schiff‑base complexes, which can be used as modified carbon paste electrodes (CPE). Herein, we 
present a facile one-pot method for preparing a new family of cobalt(II) complexes with Schiff-
base ligands obtained from glycine and para-substituted aldehydes. Complexes were characterized 
by different techniques, and the effects of para-substituents on the electronic properties of the 
complexes were confirmed by ultraviolet-visible spectroscopy and cyclic voltammetry (CV). 
The CV was also used to evaluate the ORR behavior of metal complex-modified CPE in an 
alkaline medium. The three complex-modified CPE were found to be highly effective for ORR, 
and the electron-withdrawing character of para-substituent affects the electrochemical reactivity. 
Density functional theory (DFT) calculations were used to complement the study and correlate 
the electrochemical activity, the redox potentials, and the Hammett parameter (σp) with the singly 
occupied molecular orbital (SOMO) energy of the complexes. DFT data were also able to shed light 
on the likely ORR mechanism. In summary, electronic tuning of the ligand affects the electronic 
properties of the metal center and allows for systematic oxygen reduction-catalytic control.

Keywords: oxygen reduction reaction, Schiff-base, cobalt complexes, energy devices, Hammett 
parameters, DFT

Introduction

The demand for  new energy-effic ient  and 
environmentally friendly technologies has led researchers 
to focus on the search for efficient and cost-effective 
electrocatalysts that can be used in electrochemical 
devices.1-9 The oxygen reduction reaction (ORR, cathodic 
reaction) ranks among the essential half-reactions in various 
energy devices such as fuel cells and rechargeable metal-air 
batteries.1,9,10 The ORR can be considered a limiting factor 
for the efficiency of these devices, mainly due to the use of 

high cost electrocatalysts (Pt or Pd), which are limited in 
availability and susceptible to poisoning.1,5,7-11

Coordination chemistry has been useful in developing 
new non-noble metal catalysts for electrochemical 
devices.11-17 Many research groups have turned their attention 
to the development of different coordination compounds 
as ORR electrocatalysts, such as metalloporphyrins, 
metallophthalocyanines, metallocorroles, metal-
organic frameworks (MOFs), and other types of metal 
complexes.1,4,5,10,11,13,18 Among these, we highlight 
coordination compounds containing Schiff-bases ligands; 
these compounds are cheaper and easier to prepare 
compared to metalloporphyrins or metallophthalocyanines 
and can be used as modified graphite paste electrodes.12,18-21 
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Schiff-bases are considered privileged ligands because of 
their extremely flexible synthesis, as they can be easily 
prepared by condensation between amines and aldehydes 
or ketones.13,19,20 

Schiff-base ligands coordinate many different metals 
and stabilize them in various oxidation states, allowing 
the use of Schiff-base metal complexes for various 
practical applications.19,20 Several metals coordinated with 
Schiff-base ligands have been used to modify electrodes 
for application in ORR electrocatalysis, such as iron,21‑23 
nickel,12,24 copper,11,18,25,26 and cobalt.19,27,28 The great 
versatility of these compounds in terms of ligand structural 
modifications allows the modulation of their physical 
and chemical properties.13,19-21 Unlike other coordination 
compound classes, studies on ORR mechanisms in 
metallic Schiff base complexes are rare.11,26-29 Therefore, 
questions about the ORR mechanism for Schiff-base 
cobalt(II) complexes remain open.15,16,29 For ORR in an 
alkaline medium, the adsorbed hydroxyl species may be 
essential to determine which mechanisms are most likely, 
for example, (i) outer sphere electron transfer (OSET) or 
(ii) inner sphere electron transfer (ISET).29-31 In an alkaline 
medium, an essential characteristic of cobalt(II) Schiff-base 
complexes is that they can undergo ligand dissociation 
with the possibility of introducing OH- or OH2 into their 
coordination sphere.32-34 This fact may be relevant in the 
ORR mechanism for this type of Co2+ complexes.16

Mixing graphite with mineral oils forms a heterogeneous 
mixture known as carbon paste (Figure S1a in the 
Supplementary Information (SI) section).35 Carbon paste 
is an attractive material for electrode preparation (CPE). 
Its advantages include low cost, easy surface renewal, wide 
potential window, low background current, and ohmic 
resistance.35 In recent years, numerous works have used 
chemically modified carbon paste electrodes with various 
transition metal complexes (Figure S1 in the SI section) or 
transition metal oxides; these electrodes are being widely 
used in various electrochemical applications.12,18,35-40

In the first part of the present work, we report the 
synthesis and structural characterization of a new family 
of cobalt(II) complexes with Schiff-base ligands obtained 
from glycine and para-substituted aldehydes. Each of the 
three ligands used (Lx = L1, L2, or L3) shows a different 
electron-withdrawing group (L1= H, L2 = Cl, and L3 = NO2). 
The cobalt(II) complexes [Co(Lx)2] were characterized by 
Fourier transform infrared (FTIR) and UV-Vis spectroscopic 
methods, cyclic voltammetry, and powder X-ray diffraction. 
The complexes with the L2 = Cl and L3 = NO2 are novel. 
In the second part of this paper, the coordination complexes 
were used to prepare complex-modified carbon paste 
electrodes (CoLx-CPE). These electrodes were tested for 

ORR in an alkaline medium. The effect of the substituent 
in the ORR was evaluated using the cyclic voltammetry 
technique. Density functional theory  (DFT) calculations 
complement the study and correlate the ORR redox potentials 
with the singly occupied molecular orbital (SOMO) energy 
of the complexes. We also used DFT calculations to shed 
light on the probable mechanism of ORR in the alkaline 
medium for this type of complex.

Experimental

General procedure for the synthesis of the complexes 
[Co(Lx)2]

All reagents and products used were purchased 
commercially without any previous treatment. The 
cobalt(II) complexes ([Co(L1)2], [Co(L2)2] and, [Co(L3)2]) 
were synthesized in situ using a facile one-pot synthesis 
methodology reported previously, with modifications.12 

The Schiff-bases were prepared by the reaction of 
equimolar amounts of salicylaldehyde (0.61 g, 5 mmol, 
Sigma-Aldrich, Milwaukee, USA) for complex [Co(L1)2] 
4-chlorosalicylaldehyde (0.78 g, 5 mmol, Sigma-
Aldrich, Milwaukee, USA) for complex [Co(L2)2], and 
4-nitrosalicylaldehyde (0.92 g, 5 mmol, Sigma-Aldrich, 
Milwaukee, USA) for complex [Co(L3)2]), with glycine 
(0.38 g, 5 mmol, Sigma-Aldrich, Milwaukee, USA) in 
100 mL of a methanolic solution of potassium hydroxide 
(0.28 g, 5 mmol, Sigma-Aldrich, Milwaukee, USA), 
resulting in a bright yellow solution which was kept 
under magnetic stirring for 2 h at room temperature. 
Then, Co(OAc)2·4H2O (1.25 g, 5 mmol, Vetec, Rio de 
Janeiro, Brazil) was dissolved in 30 mL of methanol 
(Sigma-Aldrich, Milwaukee, USA) and added gently to the 
reaction mixtures (ligands solutions), resulting in brownish 
solutions. The final solutions were left under magnetic 
stirring at room temperature for 2 h. After 3‑6 days, dark 
brown microcrystalline materials were obtained with 
75‑90% yield. All the complexes are colored solids that are 
air-stable for an extended period but decompose at higher 
temperatures (> 150 ºC). The proposed structures of the 
complexes are shown in Scheme 1.

Scheme 1. Synthesis of cobalt(II) complexes (X = H (L1), Cl (L2), and 
NO2 (L3)).
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Preparation of the carbon paste electrode (CPE) and 
complex-modified electrodes (CoLx-CPE)

The graphite paste was prepared by mechanically 
mixing 0.02 g of powdered graphite with 20 μL of mineral 
oil to obtain a homogeneous paste (Figure S1a in the 
SI section). For the preparation of the carbon paste electrode 
(CPE), the graphite paste was placed into the bottom cavity 
at the end of a glass tube (working electrode), with a surface 
area of 7.07 × 10–2 cm2, diameter of 3.00 mm, and depth of 
1.00 mm, and electrical contact was made through a platinum 
disk (Figures S1b and S1c in the SI section). The three 
CoLx‑CPE complex-modified electrodes (where Lx = L1, 
L2 or L3) were prepared using the same methodology as 
the CPE, but adding, respectively, one of the coordination 
compounds [Co(Lx)2] (where L1 = H, L2 = Cl and  
L3 = NO2) in the graphite paste, as described elsewhere.12,18 

The amount of each cobalt(II) complex ([Co(Lx)2]) in 
the CoLx-CPE complex-modified graphite pastes was 
30% (m/m). In preparing the three CoLx-CPE modified 
electrodes, each complex-modified graphite paste was placed 
into the bottom cavity at the end of a glass tube of the working 
electrode (Figures S1b and S1c in the SI section).12,18

Characterization and electrochemical measurements

The powder X-ray diffraction pattern (PXRD) was 
collected using a Rigaku Ultima IV (185 mm) diffractometer 
(Rigaku Corporation, Japan) with Cu Kα radiation 
(Figures 1, and S2 and S3 in the SI section). The infrared 
analyses were performed using a NICOLET MAGNA-IR 
760 spectrophotometer (Nicolet Corporation, USA) with a 
DGTS detector, 4 cm–1 resolution (Figures S4 to S6 in the SI 
section). The studies were done in the 4000 to 400 cm–1 (mid) 
region, using KBr (Merck, Rio de Janeiro, Brazil) disks. The 
electronic spectra in the ultraviolet-visible (UV-Vis) regions 
were obtained in an Agilent 8453 UV-Vis spectrophotometer 
(Agilent Technologies, USA). The analyses were 
performed in the 200-1100 nm region using spectroscopic 
methanol (Tedia, Fairfield, USA) solution at appropriate 
concentrations (Figures  S7 to S11 in the SI section).  
The samples were analyzed in a quartz cuvette with a  
1 cm optical path. A Metrohm AUTOLAB PGSTAT 128N 
potentiostat/galvanostat (Metrohm, Switzerland) was used 
to record the cyclic voltammetry (CV). The electrochemical 
characterization of the complexes by the cyclic voltammetry 
technique (Figures S12 to S14 in the SI section) was carried 
out using a three-electrode system: glassy carbon working 
electrode, saturated calomel reference electrode (SCE) and 
platinum counter electrode. The measurements were carried 
out at different scanning speeds, in the potential range 

suitable for each complex, under an N2 atmosphere (White 
Martins, Rio de Janeiro, Brazil). A spectroscopic dimethyl 
sulfoxide (DMSO) solution (Sigma-Aldrich, Milwaukee, 
USA) of TBAPF6 (0.05 mol L-1, Sigma-Aldrich, Milwaukee, 
USA) was used as a supporting electrolyte.

A three-electrode system was used to study the 
electrochemical behavior of the metal complex-modified 
carbon paste electrodes (CoLx-CPE), in an alkaline 
medium. Platinum wire was used as a counter electrode, 
saturated calomel electrode (SCE), as a reference 
electrode, and the CPE or the complex-modified CPE as 
the working electrodes (Figures S1b and S1c in the SI 
section). The electrocatalytic activity of the CPE and of 
the complex-modified pastes towards the molecular oxygen 
reduction reaction was evaluated with a 0.1 mol L–1 NaOH 
(Merck, Rio de Janeiro, Brazil) solution as an electrolyte  
(Figures S15 to S17 in the SI section). The measurements 
were carried out in the range of –0.2 to –1.0 V or in the 
range of +1.0 to –1.0 V (Figures  S15  to S17 in the SI 
section), with a sweep speed of 50 mV s–1, in an inert 
atmosphere (N2, White Martins, Rio de Janeiro, Brazil) 
and O2 (White Martins, Rio de Janeiro, Brazil). Three 
consecutive cycles were performed for each analysis carried 
out in the range of –0.2 to –1.0 V.

Computational details

The density functional theory (DFT) calculations 
were performed using the B3LYP hybrid functional 
in Gaussian  09.41-43 The Stuttgart-Dresden effective 
core potential (SDD) was used for the cobalt atom, 
and other atoms were treated with the 6-31+G(d) basis 
set.44,45 Calculations were done in the gas phase and 
with a water solvent effect using the integral equation 
formalism polarized continuum model (IEF-PCM).46 
The binding energy was calculated using the equation  
Ebinding = Ecomplex-OH – (Ecomplex + EOH-), where E is the 
electronic energy of each species.47 Frequency calculations 
were performed to confirm that the structures were at an 
energetic minimum on the potential surface. The structure 
of the complex with -NO2 presented an imaginary 
frequency and was therefore disregarded. The imaginary 
frequency indicates that the structure corresponds to a 
transition state, not a local energy minimum.

Results and Discussion

Powder X-ray diffraction (PXRD)

Figure 1 shows experimental and simulated PXRD 
patterns of complex [Co(L1)2]. The experimental results 
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match very well with the theoretical patterns calculated 
with CIF files as input,48 confirming the formation of 
the complex described by Han et al.49 The absence of 
additional reflections proves the phase purity of the 
complex [Co(L1)2].

For the two new complexes [Co(L2)2] and [Co(L3)2], 
the diffraction pattern reveals the crystalline nature of these 
complexes (Figures S2 and S3 in the SI section). X-ray 
powder data are especially useful for deducing accurate 
cell parameters without a single crystal. It is also possible 
to index the PXRD peaks with the same crystalline system 
as complex [Co(L1)2], an orthorhombic unit cell, showing 
that it is reasonable to consider that these complexes 
are isostructural. The cell parameters of the complexes 
are shown in Table 1. The indexing procedures used 
the ERACEL software,50 considering the orthorhombic 
crystalline system. It is worth noting that complexes 
with similar Schiff-base ligands also form crystals with 
the orthorhombic crystalline system or octahedral metal 
geometry.51-56 

Infrared spectra

In the absence of more powerful techniques such as 
single crystal X-rays, infrared spectra have proven to 
be a suitable technique to provide relevant information 
to elucidate the bonding mode of Schiff-base amino 
acid ligands.57,58 The characteristic absorptions of the 

infrared spectra of the HLx Schiff-bases and [Co(Lx)2] 
complexes are listed in Table 2 (Figures S4 to S6 in the 
SI section). When analyzing the infrared spectra of all 
the complexes, it is possible to stand out bands related 
to the stretching vibration of the Co–O bonds between 
537-543 cm-1 as well as the bands associated with the 
stretching vibration of the Co–N between 471-494 cm-1, 
that are not observed in the spectra of free Schiff-base 
ligands.59,60 When comparing the whole spectra of the free 
ligands with those of the metal complexes, it is possible 
to observe a shift of the bands to lower wavenumbers in 
the complexes, suggesting coordination to the metallic 
center, Table 2.58-60 Upon comparison, the v(C=N) of the 
azomethine stretching vibration was found in the free 
ligands between 1581‑1627 cm−1. This band is shifted 
to lower (16-28 cm−1) wavenumbers in the complexes, 
indicating the involvement of the azomethine nitrogen 
in the coordination with the cobalt ion (Co–N).59-61 All 
Schiff-base ligands showed a band in the region between 
1374-1318 cm-1, which can be attributed to the v(C–O) of 
the phenolic group.61 The shifting of these bands to lower 
wavenumbers values upon complexation indicates that the 
oxygen atoms of the phenolic groups are coordinated to the 
cobalt ion.61 In the spectra of Schiff-bases, the two bands 
assignable to the asymmetric and symmetric stretching 
vibrations of the carboxylate groups are observed in the 
range of 1664‑1650 cm-1 for v(COO)asym and between 
1412‑1344 cm-1 for v(COO)sym. These bands are shifted 
to lower wavenumbers in the metal complexes spectra, 
showing that the oxygen atom of the carboxylate group is 
coordinated to the cobalt ion.58-61

The difference Δv = [v(COO)asym] – [v(COO)sym] is a 
valuable characteristic tool to determine the coordination 
mode of the carboxylate group.57,58,62 The difference in 
values of the band shift for the [Co(Lx)2] complexes was 
> 200 cm-1, indicating that the carboxylate groups on the 
ligands are coordinated to the metal ion in a monodentate 

Table 1. Cell parameters of the cobalt(II) complexes

Dimensions of 
unit cell

Literature 
data49

This worka 

[Co(L1)2]
This worka 

[Co(L2)2]
This worka 

[Co(L3)2]

a / Å 9.560(4) 9.56 9.63 9.69

b / Å 12.253(5) 12.23 12.05 12.18

c / Å 36.854(15) 36.82 36.72 36.72

Alfa / degree 90.0 90.0 90.0 90.0

Beta / degree 90.0 90.0 90.0 90.0

Gamma / degree 90.0 90.0 90.0 90.0

Volume / Å3 4317 4302 4261 4330
aValues calculated using the ERACEL software,50 considering the 
orthorhombic crystalline system.

Figure 1. The PXRD spectrum of complex [Co(L1)2], (a) experimental 
results; (b) calculated using Cambridge Structural Database (CSD) under 
the code UGENUQ.48,49
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mode.58,62 The difference (Δv) value for similar cobalt 
Schiff-bases complexes reported in the literature are 
between 200-300 cm-1.59,60 Therefore, the infrared results 
are consistent with the formation of cobalt(II) complex with 
the two new Schiff-base ligands (L2 and L3), and these 
complexes show the exact structure figures of [Co(L1)2] 
complex, already described in the literature.49

Electronic spectra

In the electronic spectra of the complexes (Table 3), the 
most intense bands were observed in the high energy region 
around 270 and 380 nm, related to the π → π* transitions of 
the aromatic ring and the azomethine group, respectively, 
besides ligand to metal charge transfer (LMCT) transition, 
which is characteristic of complexes with Schiff-based 
ligands (Figures S7 to S11 in the SI section).49,63,64

In the low energy region, it was possible to 
observe three low-intensity bands related to the d-d 
transition around 510, 690, and 960 nm, related to the 
(v1) 4T1g → 4T1g (P), (v2) 4T1g → 4A2g and (v3) 4T1g → 4T2g 

transitions, respectively.18,49,63-65 These three transitions are 
consistent with an octahedral geometry for the two new 
cobalt complexes (Co(L2)2 and Co(L3)2).49,63-65

The study of the electronic spectra of cobalt(II) 
complexes indicates that the -NO2 substituted ligand 
in [Co(L3)2] is weaker than the -H and -Cl ligands (in 
[Co(L1)2] and [Co(L2)2], respectively), this is due to the 
electroreceptor effect that the -NO2 group has by reducing 
the electronic density available in the phenolic oxygen 
(coordinating atom) allowing the d orbitals of the metal 
ion to become less split, confirming the strong influence 
of the substituent on the electronic transitions.66

 The λmax for the complexes can show a relation to 
the Hammett parameter (σp) due to the influence of the 
substituents –H (L1), –Cl (L2), and –NO2 (L3). The 
correlation between the energies (E) and the Hammett 
parameter (σp) and the bands around 380, 690, and 960 nm 
showed a quasi-linear behavior, as observed in Table 4 and 
Figure 2.67 For [Co(L3)2], the bands were shifted to longer 
wavelengths, indicating that their orbitals are less distorted 
than those of the [Co(L1)2] and [Co(L2)2] complexes. The 
bathochromic effect is more pronounced in [Co(L3)2] 
because the –NO2 group has a strong electron-withdrawing 
inductive effect, suggesting that the d orbitals of this 
complex are more stabilized than those of [Co(L1)2] and 
[Co(L2)2] complexes. It is possible to suggest a decrease in 
the availability of oxygen electrons in the phenol group since 
the –NO2 group battles with the charge of the phenol group 
and the metal ion. This effect causes a minor split between 
the d orbitals, causing a smaller splitting of the d‑orbitals (D) 
than when replaced with H or Cl (with lower withdrawal 
power), decreasing the energy of the transitions.66

Based on the electronic spectra of the complexes and on 
the quasi-linear correlation between the transition energies 
versus the Hammett parameter (σp), it is assumed that 
the three complexes are isostructural and have the same 
structure as the complex [Co(L1)2], published by in the 
literature.49,63-67 

Electrochemical characterization

The electrochemical properties of these complexes 
were investigated by CV in DMSO with 0.05  mol  L–1 

Table 2. Characteristic absorptions in the infrared spectra of the free 
ligands and their cobalt(II) complexes

Absorption / cm-1

Compound H2L1 [Co(L1)2] H2L2 [Co(L2)2] H2L3 [Co(L3)2]

v(COO)asym 1650 1624 1664 1623 1659 1620

v(COO)sym 1412 1370 1406 1314 1344 1315

Δv - 254 - 309 - 305

v(C=N) 1618 1600 1616 1588 1627 1581

v(C=C) 1480 1450 1502 1451 1488 1444

v(CO)phenol 1332 1303 1335 1311 1337 1319

v(-CN) 1126 1081 1172 1134 1173 1107

v(Co-O) - 537 - 544 - 543

v(Co-N) - 471 - 494 - 474

Table 3. Values of λmax, the molar absorptivity coefficients ε, and attribution for the different absorptions (v1, v2, and v3) presented by the complexes in 
methanolic solution

[Co(L1)2] [Co(L2)2] [Co(L3)2]
Attribution

λmax / nm ε / (L mol–1 cm–1) λmax / nm ε / (L mol–1 cm–1) λmax / nm ε / (L mol–1 cm–1)

273 8372 275 15,382 272 30,361 (π → π *)

376 2762 383 3,931 393 7,957 LMCT

510 442 565 309 513 810 4T1g → 4T1g (v1)

687 174 690 128 695 161 4T1g → 4A2g (v2)

967 86 975 47 982 12 4T1g → 4T2g (v3)

LMCT: ligand to metal charge transfer.
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According to the literature,69-71 this anodic peak can be 
attributed to the oxidation of CoII to CoIII. The values of 
these anodic peaks are related to the SOMO energies of 
complex and can be used to evaluate the relative energy of 
these orbitals.14,31 The energy values of the highest occupied 
molecular orbital (HOMO) or SOMO orbitals are used 
to predict the behavior of electrocatalysts in the ORR, 
with a volcano-shape curve behavior being observed for 
metal phthalocyanines and metal porphyrins with different 
substituents.14,15,31,73-76

In the atmosphere of N2 (Figures S12 to S14 in the 
SI section), the analysis of voltammograms obtained in 
DMSO solution also showed poorly defined redox peaks 
in the range -0.2 to -0.25 V, which could be attributed to 
the reduction of CoII to CoI.69,70

Electrochemical behavior of the cobalt(II) complex-modified 
electrodes (CoLx-CPE) in the presence of O2

To study the electrochemical behavior of the 
complex-modified electrodes (CoLx-CPE: CoL1-CPE, 
CoL2‑CPE, and CoL3-CPE, prepared by the addition of 
complexes [Co(L1)2], [Co(L2)2] or [Co(L3)2], respectively) 
cyclic voltammetry was performed in an alkaline medium 
and a potential range of +1.0 to −1.0 V, under N2 and O2 
atmospheres (Figures S15 to S17 in the SI section). In the 
tests carried out in the presence of O2, an increase in the 
reduction current was observed for the complex-modified 
electrodes (CoLx-CPE) compared to the unmodified CPE 
(Figures S15 to S17 in the SI section).

To evaluate the capacity of the [Co(L1)2], [Co(L2)2] 
and [Co(L3)2] complexes to catalyze the ORR, cyclic 
voltammetry was performed in a potential range of −0.2 
to −1.0 V, under O2 atmospheres (Figure 4), using the 
complex-modified electrodes (CoLx-CPE): CoL1-CPE, 
CoL2-CPE, and CoL3-CPE. For the unmodified CPE 

Table 4. Energies of the transitions (v1, v2, and v3) observed in the 
electronic spectra and the Hammett parameter (σp) for the substituted 
complexes studied ([Co(L1)2], [Co(L2)2] and [Co(L3)2])

Transition
Energy / J

[Co(L1)2] [Co(L2)2] [Co(L3)2]

v1 (J) 5.28 × 10–19 5.18 × 10–19 5.05 × 10–19

v2 (J) 2.89 × 10–19 2.87 × 10–19 2.85 × 10–19

v3 (J) 2.05 × 10–19 2.03 × 10–19 2.02 × 10–19

σp 0.00 0.22 0.78

Figure 2. Comparison between the energy of electronic transitions and 
Hammett parameter (σp), in spectroscopic methanol.

Figure 3. Correlation between the Hammett parameter (σp) and the anodic 
potential (Eap) of the complexes.

TBAPF6 as the supporting electrolyte at a glassy carbon 
working electrode under N2 atmosphere at 25 °C 
(Figures S12 to S14 in the SI section). As can be observed 
in Figure 3, the influence of the ligands on the anodic peak 
of their corresponding cobalt complexes is a clear sign of 
the effect of the substituent groups on the donor capacity 
of the phenol rings. Indeed, a linear correlation between 
the Hammett parameters and the anodic peak can be 
observed in Figure 3.68-71 Therefore, this linear correlation 
is other robust evidence that the three complexes are 
isostructural.67-72
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electrode, the O2 reduction peak is also observed, but this 
occurs at a more negative value (–0.64 V); see Figures S15 
to S17 in the SI section. Therefore, the voltammograms of 
the three modified electrodes evaluated showed a cathodic 
peak that can be related to the reduction of molecular 
oxygen (Figure 4).14,17,18,21-28

Comparing the electrocatalytic activity tests, Figure 4 
shows a clear shift in the cathodic peaks. CoL1-CPE 
had the most negative potential (–0.60 V), and CoL3-
CPE shifted to less negative values (–0.46 V), showing 
the least negative potential for the modified electrodes 
studied. A suggestion for the less negative potential 
observed in the CoL3-CPE voltammogram is that the –
NO2 group has a more substantial electron-withdrawing 
inductive effect; therefore, it applies a more considerable 
influence on the electronic structure of the cobalt(II) 
complex and, consequently, on the values of the reduction  
peaks.72

Hence, it is possible to relate the cathodic peak of the 
oxygen reduction reaction catalyzed by the complexes 
to the Hammett parameter (σp) in a nearly perfect linear 
correlation (R2 > 0.99), as evidenced by Figure 5.

By analyzing the obtained results, the ORR is observed 
around the same potential as that for the reduction of CoII 
to CoI (around -0.50 V vs. SCE) in the alkaline medium, 
which was observed under an inert atmosphere (Figures S15 
to S17 in the SI section). Therefore, the metallic center may 
be responsible for transferring the electrons that promotes 
the reduction of molecular oxygen.18,73 

Therefore, the metallic center combined with different 
ligands promotes changes in the relative energies of the 
orbitals where electron transfers will take place. DFT 
calculations evaluated this hypothesis.

Theoretical studies

The optimized structures of the complex anions were 
obtained for doublet and quartet spin states. The calculated 
energy values in the -H and -Cl complexes indicated that 
the quartet state has lower energy than the doublet within 
the 12.1 to 13.3 kcal mol–1 range.

The positions and numbers of the selected atoms 
of [Co(L1)2] (the complex with -H) are presented in 
Figure 6. The calculated bond lengths and angles agreed 
with the experimental results (Table 5). The crystalline 
structure obtained by Han et al.49 was used for comparison. 
This structure is available in the Cambridge Structural 
Database (CSD) under the code UGENUQ.48

The frontier molecular orbital analysis showed that 
the energy of these orbitals (lowest unoccupied molecular 
orbital (LUMO) and SOMO) and gapL-S (LUMO-SOMO 
energy gap) decreased in the order -H > -Cl > -NO2 
(Table 6 and Figure 7). The gap of the complexes can be 

Figure 4. Cyclic voltammograms of CoL1-CPE, CoL2-CPE and 
CoL3‑CPE in 0.1 mol L-1 NaOH solution saturated with O2 gas, at scan rate 
25 mV s–1 and saturated calomel electrode (SCE) as a reference electrode.

Figure 5. Linear relationship between the Hammett parameter (σp) and 
the cathodic potential (Ecp) in O2 atmosphere of CoL1-CPE, CoL2-CPE, 
and CoL3-CPE, in O2 atmosphere.

Figure 6. General structure of the investigated complexes (X1 and 
X2 = para-substituents).
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used to predict their kinetic stability; a more significant 
gap implies a higher kinetic stability.14,73,77-79 Therefore, 
the order of the kinetic stability follows the same trend 
presented above: -H > -Cl > -NO2. According to the 

literature,14,29 the greater reactivity (lower energy gap) of the 
[Co(L3)2] complex must play a relevant role in the ORR.

The energy of the SOMO orbital has an excellent 
correlation with the cathodic potential (Ecp) of the cobalt(II) 
complex-modified CPE (Figures 7 and 8). Also, the 
ESOMO and the gapL-S showed a good correlation with the 
Hammett parameter (σp) and the anodic potential (Epa) 
of the cobalt(II) complexes (Figures S18 and S19 in the 
SI section). The correlation of ESOMO energy with the results 
of the anodic potential (Epa) can be considered a strong 
indication that the DFT calculations adequately represent 
the studied cobalt(II) complexes.14,31 Therefore, it can be 
considered that these cobalt(II) complexes are isostructural.

The graph of Figure 8 shows the same behavior as the 
graphs of the Hammett parameter vs. ESOMO (Figure S18 in 
the SI section), which is a good indication of the effect of the 
substituent on the energy of the complex’s orbitals and the 
impact of this electronic change on the reactivity against the 
oxygen reduction reaction.14,31 In summary, the more negative 
the SOMO energy of the cobalt(II) complex, the less negative 
the Ecp for ORR to occur. This correlation can be considered 
a strong indication that the SOMO orbitals of the cobalt(II) 

Table 5. Structural parameters of the complex [Co(L1)2]

[Co(L1)2]

 
 

Doublet Quartet Exp.40

 Gas Water Gas Water

Bond length / Å

Co1-O1 2.01 1.98 2.13 2.10 1.87

Co1-N1 1.90 1.91 2.09 2.11 1.89

Co1-O2 2.03 2.01 2.14 2.16 1.93

Co1-O3 2.20 2.19 2.13 2.10 1.87

Co1-N2 1.92 1.95 2.09 2.11 1.89

Co1-O4 2.21 2.27 2.14 2.15 1.91

C-X1a 1.09 1.08 1.09 1.08 0.93

C-X2a 1.09 1.08 1.09 1.08 0.93

Angle / degree

O1-Co1-O2 175.6 177.1 165.9 164.1 179.4

O3-Co1-O4 170.4 168.9 165.9 164.1 178.5

N1-Co1-N2 175.4 175.8 173.3 178.8 173.5

O1-Co1-N1 92.3 93.0 86.5 86.3 94.7

O1-Co1-N2 91.1 90.0 94.1 94.1 89.5

O1-Co1-O3 84.5 88.7 87.8 94.6 90.4

O1-Co1-O4 91.2 89.3 92.1 90.8 90.1

O2-Co1-N1 84.5 84.2 79.5 78.4 85.5

O2-Co1-N2 92.2 92.8 100.0 101.1 90.3

O2-Co1-O3 92.6 92.3 92.0 90.9 89.0

O2-Co1-O4 92.1 90.2 91.4 87.9 90.5
aX1 = X2 = H.

Table 6. The energies of frontier molecular orbital (LUMO, SOMO, and 
gap L-S) of the of studied complexes

Co2+ complex

-H -Cl -NO2 -H -Cl -NO2

MO Doublet (gas) / eV Doublet (water) / eV

LUMO 4.53 3.93 2.25 –1.08 –1.33 -

SOMO 1.64 1.17 0.34 –4.36 –4.52 -

Gap L-S 2.89 2.77 1.91 3.28 3.19 -

Quartet (gas) / eV Quartet (water) / eV

LUMO 4.56 3.98 - –1.04 –1.28 –1.98

SOMO 0.80 0.35 - –4.94 –5.14 –5.56

SOMO-1 0.78 0.26 - –5.07 –5.25 –5.56

SOMO-2 0.68 0.24 - –5.15 –5.32 –5.68

Gap L-S 3.76 3.63 - 3.90 3.86 3.57

MO: molecular orbital; LUMO: lowest unoccupied molecular orbital; 
SOMO: singly occupied molecular orbital.

Figure 7. Comparison between the energies (eV) of the SOMO orbital 
in the complexes.
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complexes have effective participation in the ORR process; 
similar behavior was observed for metalloporphyrins and 
metallophthalocyanine-based electrocatalysts.4,14,31,73,75

However, it is still necessary to better understand 
the mechanism of ORR in an alkaline medium in the 
metal Schiff-base complex-based electrocatalysts. In the 
mechanism of Xu et al.,29 for cobalt porphyrin-based 
electrocatalyst, the complex with OH- played an essential 
role in the catalytic action of the studied complexes in an 
alkaline medium. Therefore, the binding energy between the 
cobalt(II) Schiff-base complexes and OH- were calculated 
to understand better the catalytic activity of these complexes 
(Table 7), considering the mechanisms described in the 
literature for ORR.29,30

The coordination of the OH- resulted in breaking the bond 
of the O(phenolate) with the metal, and similar experimental 
results were observed for cobalt(II) complexes in an alkaline 
medium.32-34 The O(phenolate) group was stabilized through 
a hydrogen bond with the OH- (Figure 9). The -NO2 complex 
had the lowest Ebinding with the OH-, which can be understood 
by the electron density withdrawing nature of the nitro 
group. The Mulliken charge of the O(phenolate) (–0.68) in 
this complex had the least negative value, indicating a lower 
strength of the hydrogen bond (Figure 9).

This lower interaction should influence the catalytic 
action of the complex ([Co(L3)2]) because, in the 
mechanism proposed by Xu et al.,29 the complex loses the 
OH–. Therefore, the greater ease in releasing OH– predicted 
for this complex allows the catalytic cycle to continue 

forming the final species.29 However, further studies are 
needed to determine the mechanism of this process in detail.

Based on the DFT calculations and the complex-
modified electrodes (CoLx-CPE), we can suggest that the 
ORR process would be described in a simplified way by 
one of the following equations:16,29,31,75

4-electron reduction: 
O2 + 2H2O + 4[CoI(Lx)2OH]4- → 8OH- + 4[CoII(Lx)2]2-  	(1)

2-electron reduction: 
O2 + H2O + 2[CoI(Lx)2OH]4- → HO2

- + 3OH- + 
2[CoII(Lx)2]2-	 (2)

Conclusions

A family of complexes with ligands differing only 
in one aromatic ring substituent was obtained in the 
same experimental conditions. The experimental results 
of cobalt(II) complex (Co(Lx)2) and complex-modified 
electrodes (CoLx-CPE) studies showed that the substituent 

Figure 8. Linear relationship between the energy of the SOMO (quartet 
in water) and the cathodic potential (Ecp) of CoL1-CPE, CoL2-CPE, and 
CoL3-CPE, in O2 atmosphere.

Table 7. Binding energy (Ebinding), for the reaction of the complex with OH–

Complex –H –Cl –NO2

Ebinding / (kcal mol–1) –238,4 –259,1 –60,8

Figure 9. Complexes with OH-. The Mulliken charges and hydrogen 
bond are shown.
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groups’ effects affected the complexes’ spectral and redox 
properties. In particular, the electrosensitive nature of the 
-NO2 group facilitated the reduction of O2, compared to 
-H and -Cl substituents. It was possible to correlate the 
cathodic peak of the oxygen reduction reaction catalyzed 
by the complexes-modified electrodes to the Hammett 
parameter (σp) in a linear correlation. DFT calculations 
showed a linear correlation between the energy of the 
SOMO orbital and the experimental parameters of the 
complexes, such as redox potentials and the Hammett 
parameter. The binding energy showed that the complex 
with the -NO2 substituent has less interaction with OH-, 
which may explain the order of the complexes in the ORR 
catalysis. In summary, DFT data provided information 
on the effect of complex/ligand structure on catalytic 
activity trends. DFT results also shed light on the likely 
mechanism of ORR in an alkaline medium for these 
cobalt(II) complexes.

Supplementary Information

Supplementary information includes XRPD, infrared 
and UV-Vis spectra, cyclic voltammograms, and other 
information about the cobalt(II) complexes, and they are 
available free of charge at http://jbcs.sbq.org.br as PDF file.
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