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4 for acid, neutral and alkaline
electrocatalytic oxygen evolution reaction†

Ana Luisa Silva, a Laura M. Esteves, cd Ludmila P. C. Silva, c Vitor S. Ramos, be

Fabio B. Passos c and Nakédia M. F. Carvalho *a

This work reports the application of Mn-doped Co3O4 oxides in the electrocatalytic oxygen evolution

reaction (OER). The materials were characterized by structural, morphological, and electrochemical

techniques. The oxides with higher Co : Mn molar ratio presented a lower electron transfer resistance,

and consequently the most promising OER activities. Pure Co3O4 shows an overpotential at j ¼ 10 mA

cm�2 of 761, 490, and 240 mV, at pH 1, 7, and 14, respectively, and a high TOF of 1.01 � 10�1 s�1 at pH

14. Tafel slopes around 120 mV dec�1 at acidic pH and around 60 mV dec�1 at alkaline pH indicate

different OER mechanisms. High stability for Co3O4 was achieved for up to 15 h in all pHs, and no

change in the structure and morphology after the electrocatalysis was observed. The reported excellent

OER activity of the Mn–Co oxides in a wide pH range is important to broaden the practical applicability

in different electrolyte solutions.
1. Introduction

In recent years, much research has been done to remedy the
environmental damage caused by the combustion of fossil
fuels. The development of efficient technologies for the
conversion and storage of energy using renewable sources has
been intensied, especially those related to the use of solar
energy.1 However, some factors hamper the implementation of
a solar-based generation system, such as the intermittence of
sunlight and the high cost of silicon cells. These barriers make
even more urgent the search for new materials to play the
different functions in an articial leaf device, such as light-
harvesting, electron conduction, and hydrogen/oxygen cata-
lytic generation from the water splitting reaction.2,3 Hydrogen
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has been claimed as the most promising clean fuel, with high
energy output, which could be elegantly produced by the elec-
trochemical water splitting without generating carbon in the
process.4,5

Water splitting is the chemical reaction in which water is
broken down into O2 and H2 (eqn (1)), constituted by the oxygen
evolution reaction (OER) (eqn (2) and (3)) and the hydrogen
evolution reaction (HER). However, water splitting is an uphill
process with a large overpotential, mainly because of the ther-
modynamically and kinetically unfavorable OER that is the
bottleneck of the process.5 Thus, the development of efficient,
stable, low-cost, and environmentally benign OER electro-
catalysts is essential to diminish the reaction overpotential and
makes the water splitting feasible for practical applications.6

2H2O / O2 + 2H2 (1)

OER (pH 0): 2H2O / O2 + 4H+ + 4e�

Eanode
0 ¼ �1.23 V vs. NHE (2)

OER (pH 14): 4OH� / O2 + 2H2O + 4e�

Eanode
0 ¼ �0.40 V vs. NHE (3)

Nanoscience is highlighted as one of the most attractive and
promising areas for the technological development of this
century. Materials at the nanoscale have become very popular in
several scientic areas because of their unique physical and
chemical properties, with a substantial increase in solar energy
storage and transformation. High surface area and conse-
quently more exposure of the active sites are important features
for catalytic activity and has accelerated the pursuit of new
materials for their use in water splitting.5,7 Nano-oxides based
© 2022 The Author(s). Published by the Royal Society of Chemistry
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on transition metals have been efficiently employed as catalysts
for OER.8–11 First-row transition elements are of particular
importance due to their high Earth-abundance, highly oxidized
redox couples as Co3+/Co4+ and Mn3+/Mn4+, and robustness in
harsh chemical conditions. However, they still present limita-
tions as lower catalytic rates and poor electrical conductivities,
compared to the highly active, high cost and scarce, noble metal
oxides RuO2 and IrO2.12

Cobalt oxides (CoOx) present high catalytic activity for OER
in alkaline solution, especially the Co3O4 spinel that has been
widely investigated as an attractive anode material with high
activity, corrosion resistance in alkaline electrolytes, excellent
redox property originating from its Co2+/Co3+ mixed valence
nature.1,3,5,6,13–15 Furthermore, the development of acid-stable
OER electrocatalysts is still a challenge.5 The electrolyte pH
has a signicant impact on the choice of the electrocatalyst, for
instance, for the application of proton exchange membrane
(PEM) electrolyzer for hydrogen production at acid pH, active
and resistant catalysts are necessary.16,17 CoOx has shown
higher OER electrocatalytic activity and low stability in alkaline
solution, but has been poorly investigated in acid and neutral
pH.

A strategy that has gained popularity is the combination of
different elements to tune the activity through synergistic
effects. Mn–Co mixed oxides have been prepared by several
methods and have shown improved electrocatalytic activity in
relation to the respective pure oxides. The spinel MnCo2O4

prepared with citric acid and ethylene glycol,17,18 or oxalic acid,19

at different calcination temperatures; or MnxCo3�xO4 prepared
via a sol–gel EDTA–citric acid–ethylene glycol method at
different Mn : Co molar ratio,20 were tested in alkaline electro-
lyte with low overpotentials at j ¼ 10 mA cm�2 around 350 mV.
Physical mixture of a-MnO2 and Co3O4 also showed improved
OER electroactivity in alkaline solution.21 Mixed Mn-promoted
mesoporous Co3O4 reported OER electrocatalytic performance
comparable to the precious metals in alkaline media.6

The main goal of this work is to prepare active and stable
electrocatalysts for OER in a wide range of pH. To address this
question, Mn-doped Co3O4 in different Mn : Co molar ratios
were prepared to improve the physical-chemical, electro-
chemical and catalytic properties by the synergistic effect
between Mn and Co, and to reach low overpotential and high
stability. The oxides were characterized by powder X-ray
diffraction (XRD) and Rietveld renement, Raman and X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA), eld emission scanning electron microscopy (FESEM),
and atomic force microscopy (AFM). Electrochemical charac-
terization was carried out by cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). The materials were
tested in the electrocatalytic OER in acidic, neutral, and alkaline
pH electrolytes. Low overpotentials, high TOF, and low Tafel
slopes were obtained in all conditions. The materials showed
high stability and preservation of structure and morphology
aer OER at all pHs. It is known that Mn–Co bimetallic oxides
are efficient for OER, but in general, these were tested in alka-
line electrolytes. This work reports promising results in acidic
and neutral pH as well as in alkaline conditions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1. Reagents and chemicals

The chemicals and reagents were used as received: Co(NO3)2-
$6H2O $ 98.0%, Mn(NO3)2$4H2O $ 97.0%, NaOH $ 97.0%,
NH2CONH2 (urea) 99.5% and Na2SO4 $ 99.0% from Sigma-
Aldrich; ethyl alcohol > 99.0% and isopropyl alcohol > 99.0%
from Tedia; and HNO3 $ 65% from Merck. 5% Naon 117
solution and uoride tin oxide (FTO) glass plates with 13 U per
square surface resistivity were purchased from Sigma-Aldrich.
FTO glass plates were previously cut into slides of 1 cm �
3.5 cm (W � H). Before deposition, the FTO slides were rst
sonicated in soap water, then in ethanol and acetone for 10
minutes, and nally rinsed with deionized water before use. All
solutions were prepared by direct dissolution of suitable
reagents in distilled water.

2.2. Synthesis of the oxides

Pure and Mn-doped Co3O4 were synthesized by a hydrothermal
methodology in presence of urea, in different molar ratios of
Mn : Co (0 : 1, 1 : 4, 1 : 2, and 1 : 1) named respectively Co3O4,
Mn@Co3O4-1, Mn@Co3O4-2, and Mn@Co3O4-3. A typical
procedure is exemplied for Mn@Co3O4-2, where a mixture of
6.04 g (20 mmol) of Co(NO3)2$6H2O, 2.48 g (10 mmol) of
Mn(CH3CO2)2$4H2O, and 1.25 g (20 mmol) of CO(NH2)2 were
dissolved in 60 mL of distilled water under continuous stirring
and heating at 60 �C. Aer that, the resulting solution was
transferred to a Teon-lined stainless-steel autoclave for
hydrothermal reaction at 90 �C for 15 h. The products were
cooled down to room temperature, ltered out, and washed
thoroughly with water and ethanol. Finally, the solid was dried
at 60 �C for 1 h in an oven and then calcined at 500 �C with
a heating rate of 2 �C min�1 in a furnace.

2.3. Characterization methods

X-ray diffraction analysis of the powder catalysts was performed
with a Rigaku Miniex II X-ray diffractometer (Rigaku®, Japan)
using monochromatic Cu-Ka radiation (l ¼ 1.540 Å). The XRD
patterns of the catalysts were recorded in a range of 2q from 5 to
80�, with a pitch of 0.05� and 1.0 seconds per pitch. The dif-
fractograms were rened using the Rietveld method to obtain
the composition of the phases. The Rietveld renement calcu-
lation was carried out using the program TOPAS academic V5.0,
based on the fundamental parameters approach, using the
instrumental parameters with background correction. The data
were rened, if necessary, with the following parameters: unit
cell dimensions; sample height displacement; zero-shi; weight
fraction (scaling); preferred orientation; atomic species/
substitutions; atomic coordinates; site occupancies; thermal
displacement parameters; crystallite size, and lattice strain.

The textural properties of the samples were evaluated by N2

physisorption at �196.15 �C using an ASAP 2020 plus (Micro-
meritics, Norcross, GA, USA) over a relative pressure (P/P0) range
from about 0 to 0.995. Prior to the measurements, all samples
were degassed at 350 �C for 12 h. The specic surface area (SBET)
was determined by Brunauer–Emmett–Teller (BET) method
RSC Adv., 2022, 12, 26846–26858 | 26847
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using adsorption data in the P/P0 ranging from 0.05 to 0.30. The
average pore diameter (dp) was calculated by the BJH method
(dp ¼ 4Vp/SBET, where Vp is the specic pore volume). The total
pore volume was calculated by converting the amount of N2

adsorbed at a P/P0 of 0.995 to the volume of liquid adsorbate.
The catalysts lms were characterized by Raman spectros-

copy, using an Alpha 300 system (Witec®, Germany). Raman
experiments were performed at 25 �C using a �100 objective
lens and a Nd:YAG green laser with 532 nm excitation wave-
length and with a small entrance (1000 ct) to avoid the
decomposition of possible organic compounds in the samples
during the analyses.

XPS analyses of the powder catalysts were carried out in
Escalab 250Xi spectrometer (ThermoScientic) using a mono-
chromatic Al Ka (hn ¼ 1486.6 eV) X-ray source. The powdered
samples were mounted on a double-sided adhesive carbon tape.
The pressure was kept around 10�8 mbar inside the analysis
chamber. For the survey spectra, the analyzer was operated with
a pass energy of 100 eV and an energy step of 1 eV. Though, for
the high-resolution spectra, these parameters corresponded to
25 eV and 0.05 eV, respectively. The peak positions of all spectra
were corrected using the C 1s peak at 284.8 eV as a reference and
the charging effect was minimized with the help of a ood gun.

TGA of the powder catalysts were carried out on a TG 209 F1
Iris (Netzsch®, Germany), by placing approximately 10 mg of
each sample into alumina crucibles and heating them from 50
to 1000 �C at a heating rate of 10 �C min�1, under 50 mL min�1

Helium gas ow.
FESEM analyses of the catalyst lms were carried out on

a SEM-FEG JEOL JSM-7100 F microscope (JEOL®, Japan) oper-
ated at 15 kV acceleration voltage, at the working distance of
3.7 mm at up to 150k� magnitude. AFM images of the catalyst
lms were obtained on a Park NX10 (Park®, Korea). Experi-
ments were conducted using a 2.8 N m�1 Pt–Ir probe in inter-
mittent contact (topography, phase contrast, and electrical
images) were acquired in air by a single pass scanning at room
temperature and humidity between 2 and 5%. Kelvin force and
capacitance coupling measurements were conducted in parallel
by applying an electric AC signal at 10 kHz to the metal-coated
cantilever. The electrical potential of the sample is deduced by
the DC potential applied to the cantilever to nullify the AC
signal at 10 kHz. Furthermore, the second harmonic of the AC
signal (35 kHz), which is shown to be proportional to the
capacitance gradient (vC/vz), or capacitance coupling, of the tip
to the sample, was monitored. The images were generated with
scans covering an area of about 5 mm � 5 mm, containing 512 �
512 pixels at maximum resolution. The Gwyddion 2.54 soware
package was used to analyze the AFM images.
2.4. Electrochemical performance of the lms

All electrochemical experiments were performed in triplicate,
using an Autolab PGSTAT302N potentiostat/galvanostat (Met-
rohm®, Switzerland), controlled by the NOVA® soware (Met-
rohm®). The electrochemical system consisted of a 30mL three-
electrode cell. An AgjAgCl electrode (3 mol L�1 KCl) was used as
the reference electrode, a platinum bar as the counter electrode,
26848 | RSC Adv., 2022, 12, 26846–26858
and the FTO glass plates modied with the synthesized oxides
used as the working electrode (WE). Experiments of CV and EIS
were conducted at room temperature inside a homemade
Faraday's cage, using different electrolytic solutions,
0.1 mol L�1 HNO3 at pH 1, 0.1 mol L�1 Na2SO4 at pH 7, and
0.1 mol L�1 NaOH at pH 13.

Thin lms of the synthesized mixed oxides were prepared by
drop casting on FTO glass plates, which consists of dripping
a 20 mL aliquot of a suspension containing 2.0 mg of the oxides
prepared in 200 mL of isopropyl alcohol (10 mg mL�1) over
a delimited area of 1 cm2 of the FTO substrate. The total catalyst
loading was 0.2 mg cm�2.

CV measurements were carried out at 50 mV s�1, and auto-
matic iR (ohmic drop) compensation was employed, where the
electrode and solution resistance were determined by EIS. EIS
measurements were conducted using a frequency range of
105 Hz to 0.01 Hz and voltage amplitude of 0.01 VRMS AC
amplitude, at 1.1 V vs. RHE, no iR compensation was applied
during these measurements. Charge transfer resistance (Rct)
and solution electrochemical resistance (Rs) were calculated by
electrochemical ts based on a Randles equivalent circuit
model employing constant phase (CPE) and Warburg (W)
elements.
2.5. OER electrocatalytic performance of the lms

OER electrocatalytic tests were conducted in two different
modied WE : FTO or Pt RDE (rotating disk electrode from
Metrohm). Experiments using a 3.0 mm diameter Pt RDE were
carried out at 1600 rpm according to a benchmarking protocol
previously developed to evaluate and compare the performance
of electrocatalysts for OER process.22,23 The tests were carried
out at different electrolytic solutions, 0.1 mol L�1 HNO3 at pH 1;
0.1 mol L�1 Na2SO4 at pH 7; and 1.0 mol L�1 NaOH at pH 14.

The preparation of the modied WE lms by drop cast fol-
lowed a modied protocol from the literature.24 Stock suspen-
sions of the catalysts were prepared by adding 80.0 mg of the
oxide in a mixture containing 3.98 mL of deionized water,
1.0 mL of 2-propanol, and 0.02 mL of 5% Naon 117 solution,
aerward the suspension (16.0 mg mL�1) was sonicated for
10 min to form an ink. 4.0 mL of the oxide ink was pipetted onto
the 3.0 mm diameter Pt disc electrode or 20.0 mL of the oxide ink
was pipetted onto 1 cm2 delimited surface of a FTO glass.
Finally, the prepared lms were dried in a vacuum desiccator
for 10 min. The entire process was carried out at room
temperature. The catalyst loading was 0.90 mg cm�2 for RDE
and 0.32 mg cm�2 for FTO.

Electrocatalytic activity for OER was assessed by linear sweep
voltammetry (LSV) from 0.7 to 1.7 V vs. RHE, under a scan rate of
5 mV s�1, with a potential step of 5 mV. All electrochemical data
were treated to correct the ohmic resistance (iR) to correctly
characterize the behaviours of the catalysts in relation to the
currents measured in each potential.

Potentials were converted to the RHE scale by the following
relation (eqn (4)),

ERHE ¼ EAgjAgCl + 0.210 V + 0.059 V � pH (4)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The overpotentials (h) for the OER were calculated according
to eqn (5).

h ¼ ERHE � 1.23 V (5)

The turnover frequency (TOF) was calculated at the
measured current density j (A cm�2) at h ¼ 0.45 V by eqn (6):

TOF ¼ jA

4nF
(6)

where A is the geometric area of the FTO (1 cm2) or Pt disc
(0.0707 cm2) WE, n is the mole number of the coated catalyst,
and F is the Faraday constant (96 485C mol�1).25

Electrocatalytic long-term stability was tested for Co3O4 by
chronopotentiometry at a constant density current of 10 mA (j¼
10mA cm�2 for FTO, j¼ 141 mA cm�2 for RDE), under the same
conditions of the OER tests, but with different times according
to the electrode: FTO over 2 h and RDE over 15 h.
3. Results and discussion
3.1. Structural characterization of the mixed oxides

Pure and Mn-doped Co3O4 were prepared by hydrothermal
synthesis in presence of urea, starting from different propor-
tions of Mn(II) and Co(II) precursors. Fig. 1A shows the X-ray
diffraction patterns of the prepared catalysts. Rietveld rene-
ment (Fig. S1 and Table S1†) of Co3O4 showed a single phase of
the face-centered-cubic structure typical of the spinel, with
space group Fd�3m (227) (JCPDS 73-1701).26–28 XRD patterns of
Mn@Co3O4-1, Mn@Co3O4-2 and Mn@Co3O4-3 revealed Co3O4
Fig. 1 (A) Powder X-ray diffraction patterns, and (B) Raman spectra of th

© 2022 The Author(s). Published by the Royal Society of Chemistry
as the major phase with 97.0, 82.8 and 46.8wt%, respectively.
The minor phase for Mn@Co3O4-1 was the spinel MnCo2O4

with 3.0wt%, for Mn@Co3O4-2 was CoMnO3 (JCPDS: 75-2090)
with 17.2 wt%, and for Mn@Co3O4-3 a mixture of phases of
different Mn valences, such as Mn3O4 at Hausmannite structure
(Mn3O4: JCPDS 80-0382) with 12.1 wt%, in addition to the
phases CoMnO3 with 36.6 wt%, and the spinel MnCo2O4 with
4.5 wt%. The main phases and respective proportions for each
material are summarized in Table 1. A similar mixture of MnOx

and CoOx phases was also described for Mn–Co–O catalysts with
different Mn/Co molar ratios.17,29

A thorough analysis of the samples containing Co3O4

revealed that there was a shi to lower values of 2q with the
increase of Mn : Co molar ratio, indicating an increase of the
lattice cell parameters (Table S1†), similar effect has been
described in previous works.30,31 For instance, the lattice
parameter a is 8.09 nm in the sample Co3O4 and increased
accordingly to 8.11, 8.12, and 8.13 nm in Mn@Co3O4-1,
Mn@Co3O4-2, and Mn@Co3O4-3, respectively. This displace-
ment can be attributed to the substitution of Co2+ (72 pm) or
Co3+ (62 pm) by Mn2+ (82 pm) or Mn3+ (73 pm) ions that have
similar ionic radius, but can cause distortions in the lattice.31 As
consequence, the crystallite size of Co3O4 decreased with the
increase of Mn : Co, for instance, 50.0 nm for Co3O4 and only
16.0 nm for Mn@Co3O4-3. The enlargement of the Co3O4 peaks
corroborates with the replacement of Co by Mn in the spinel
lattice. A similar effect was observed for Mn-promoted meso-
porous Co3O4,6 and in MnxCo3�xO4 spinel oxides of different
Mn : Co molar ratio,20 due to the expansion of the unit cell
caused by lattice distortion and Co3O4 crystallization inhibition.
e Mn-doped Co3O4.

RSC Adv., 2022, 12, 26846–26858 | 26849



Table 1 Catalyst characterization data

Catalyst Major phasea Contenta (wt%) Crystallite sizea (nm) SBET
b (m2 g�1) Vp

b (cm3 g�1) dp
b (nm)

Co3O4 Co3O4 100 50.0 15.2 0.159 42.08
Mn@Co3O4-1 Co3O4 97.0 19.4 65.9 0.299 18.14
Mn@Co3O4-2 Co3O4 82.8 16.1 53.2 0.213 16.79
Mn@Co3O4-3 Co3O4 46.8 16.0 61.3 0.304 19.85

a Determined by XRD Rietveld renement for the major phase. b Determined by the nitrogen adsorption–desorption isotherms.

RSC Advances Paper
N2 physisorption measurements demonstrate the inversely
proportional relationship between the BET surface area and
crystallite size of the main phase determined by XRD (Table 1).
The pure spinel presented a typically low surface BET area of
15.2 m2 g�1. The SBET increased for the Mn-doped Co3O4, for
Mn@Co3O4-1 (97% Co3O4) the SBET was 65.9 m2 g�1 and for
Mn@Co3O4-2 (82.8% Co3O4) the SBET was 53.2 m2 g�1, while
Mn@Co3O4-3 (46.8% Co3O4) presented a SBET of 61.3 m2 g�1

with a pore size of 19.85 nm and a pore volume of 0.304 cm3 g�1.
Raman spectra of the oxides are shown in Fig. 1B. The

spectrum of Co3O4 presents ve bands at 191, 470, 513, 608, and
674 cm�1 related to the three active vibrational modes of the
spinel structure, being: the F2g mode to the rst, third, and
fourth peaks, the Eg mode to the second peak and the A1g mode
to the h peak.18,32–34 It can also be seen that the Raman peaks
at 470, 513, and 674 cm�1 increased in intensity with the
increase of Co content. Displacements were observed at the
peak positions of all ve active Co3O4 modes due to the phonon
symmetries of the Raman peaks. This phenomenon can be
assigned to the optical phonon connement effect that can be
caused by vibrations of the spinel structure, in which Co2+ and
Co3+ cations are respectively situated at tetrahedral and octa-
hedral sites in the cubic lattice.18 The Raman spectra of MnOx

showed the presence of Mn3O4 peaks at 530 and 630 cm�1

related the vibration of the Mn–O bond, the peaks at 171, 267
and 560 cm�1, which are characteristic of CoMnO3.35–37 Similar
trends to the phonon connement effect observed for the Co3O4

were reported for the Mn3O4,38 and it was also observed in our
Table 2 Binding energy and atomic surface species composition determ

Catalyst Major phase contenta (wt%)

Surface atomic compositio
(at%)

O Mn Co Mn/C

Co3O4 Co3O4 70.7 0.0 29.3 —
100

Mn@Co3O4-1 Co3O4 67.2 4.5 28.3 0.16
97.0 (0.01

Mn@Co3O4-2 Co3O4 91.7 2.0 6.3 0.31
82.8 (0.09

Mn@Co3O4-3 Co3O4 63.2 13.4 23.4 0.57
46.8 (0.48

a Determined by Rietveld renement from powder XRD data. b Determin
weighted Mn/Co ratio estimated from the phases determined by XRD (Ta
e Estimated from the deconvoluted high-resolution Co 2p3/2 spectra.
workers.39 — Not detected.

26850 | RSC Adv., 2022, 12, 26846–26858
work. The Raman spectra of Mn@Co3O4-1, Mn@Co3O4-2 and
Mn@Co3O4-3 showed the same vibrational modes of the Co3O4

and MnOx.
XPS experiments were carried out to characterize the oxida-

tion state of the surface species as well as to examine the atomic
surface composition of the catalysts. The survey XP spectra
shown in Fig. S2† conrmed that the surface was mainly
composed of Co, Mn, and O, as summarized in Table 2. It was
observed an increase of Mn content with the increase of Mn : Co
ratio, as expected. The surface Mn/Co ratio is higher than the
weighted ratio estimated from the Rietveld renement, indi-
cating predominance of the Mn-containing phases at the
surface of the oxide.

The high-resolution XP spectra of Mn 2p and Co 2p for all
catalysts are depicted in Fig. 2 and the corresponding binding
energies of Mn 2p3/2, Co 2p3/2, Mn 2p1/2, and Co 2p1/2 are shown
in Table 2.

Mn 2p XP spectra of all catalysts were quite similar (Fig. 2A),
presenting a main doublet (Mn 2p3/2 and Mn 2p1/2 lines). The
spin–orbit splitting energies between the two Mn 2p peaks,
presented in Table S2†, were very close and similar to those
shown by similar Mn–Co materials in literature.40–42 The
oxidation states of manganese were evaluated from high-
resolution XP spectra for Mn 3s (Fig. 2B), because it is
described in the literature that this analysis is a more reliable
way to assign the Mn oxidation state than by investigating the
Mn 2p spectrum.43,44 Beyreuther and co-workers suggested that
the value of the Mn 3s exchange splitting (DE3s) may be used to
ined by XPS

nb

Binding energyd (eV)

Co3+/Co2+ e nMn
focc Mn 2p1/2 Mn 2p3/2 Co 2p1/2 Co 2p3/2

— — 779.7 797.0 1.6 —
781.4 803.2

654.0 642.2 780.4 795.4 0.5 2.6
0) 644.4 781.5 797.0

653.9 642.1 781.0 796.1 0.9 2.3
4) 644.0 782.3 797.8

653.6 641.7 780.1 795.3 0.8 2.9
) 643.6 781.5 797.0

ed by survey spectra. c The values between brackets correspond to the
ble S1). d Determined by high-resolution spectra of Co 2p and Mn 2p.
f Estimated by the linear equation proposed by Beyreuther and co-

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 High-resolution XPS spectra of the studied catalysts. (A): Mn 2p, (B): Mn 3s, (C): Co 2p and (D): O 1s.
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estimate the manganese valence (nMn) according to the
following linear equation (eqn (7)).39

nMn ¼ 9.67 � 1.27DE3s (7)

The values for the manganese valence of all samples are
presented in Table 2. It was veried a mixed Mn2+/3+ state, with
valence values of +2.9, +2.3, and +2.6 for Mn@Co3O4-1,
Mn@Co3O4-2 and Mn@Co3O4-3, respectively. The mixed oxide
MnxCo3�xO4 also resulted in a DE3s that lies between Mn2+ and
Mn3+ cations.45
© 2022 The Author(s). Published by the Royal Society of Chemistry
The Co 2p XP spectrum of Co3O4 sample (Fig. 2C) presents
two characteristic peaks with binding energies of Co 2p1/2 and
Co 2p3/2 that are separated by approximately 15.0 eV.46,47 The
spin–orbit splitting energy (2p1/2–2p3/2) in Co 2p XPS spectra of
Co–Mn mixed oxides were very similar to the value veried for
Co3O4 oxide, as can be seen in Table S2.† Co3O4 spinel can
present weak satellite peaks, while in CoO spectra these peaks
are of higher intensity.48 The ratios between shake-up satellite
peak areas and Co 2p total area were very close for all catalysts,
0.4 (Mn@Co3O4-3 and Mn@Co3O4-2) and 0.3 (Mn@Co3O4-1
and Co3O4). For CoO a ratio of 0.9 was reported,47,48 thus the
RSC Adv., 2022, 12, 26846–26858 | 26851



Fig. 4 AFM images of vC/vz of the catalysts films. (A): FTO, (B):
Mn@Co3O4-3, (C): Mn@Co3O4-2, (D): Mn@Co3O4-1, (E): Co3O4, (F):
zoom Mn@Co3O4-2 areas.
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small-intensity satellites suggests a more Co3O4-like composi-
tion than CoO for the catalysts,49,50 as indicated by XRD data.
The binding energy values of these shake-up satellite peaks are
summarized in Table S2.†

Co 2p peak ttings were performed considering two doublet
pairs with equal full width at half maximum (FWHM) and are
ratio of 2 : 1 for the Co 2p3/2 and Co 2p1/2 components of each
pair. Three shake-up satellite peaks were also included for the
tting of Co 2p spectra, setting equal FWHM for the two peaks
with lower binding energy values.42,51 According to the litera-
ture, the presence of two peaks at the Co 2p3/2 and Co 2p1/2 core-
level region is due to Co3O4 being a mixed-valence material,
where the component with lower binding energies is assigned
to Co(III), while the other with higher is related to Co(II).40,52 The
Co3+/Co2+ ratios were estimated from the areas of the curves of
Co 2p3/2 peaks, as represented in Table 2. Co3O4 presents a Co

3+/
Co2+ ratio of 1.6, close to the nominal value, but it decreases
around twice with the manganese presence. The trend observed
for Co3+/Co2+ ratios did not follow the estimative of average
oxidation state of Co in the mixed oxides considering the crys-
talline phase distribution, 2.7, 2.6, 2.9, and 2.8 eV for Co3O4,
Mn@Co3O4-1, Mn@Co3O4-2, Mn@Co3O4-3 (Table S1†), respec-
tively, which may indicate a different cationic distribution in
the surface compared to bulk for thesematerials as well as lower
concentration of Co3+ species at the surface.

The spectra of O 1s (Fig. 2D) are quite broad and contain at
least two different contributions that can be assigned to oxygen-
containing compounds in these catalysts. The binding energy
value of each peak is presented in Table S2.† The peaks with
lower binding energy correspond to metal–O bonds. Both
manganese oxides and cobalt oxides presented peaks assign-
able to lattice oxygen in this region,42,43,49 and the spectra of
CoO, Co3O4 and MnxCo3�xO4 are not distinguishable in terms
of binding energy in the O 1s range.48 The peaks in higher
binding energy are generally attributed to the presence of non-
stoichiometric oxygen on the surface. Some possible species are
described in the literature as low-coordinated oxygen ions,
weakly adsorbed species, hydroxyl groups, adsorbed oxygen
ions on surface oxygen vacancies or contamination like oxygen
in retained nitrate species and adsorbed water.40,49,52,53

The XPS analyses results were also employed to evaluate the
formation of metal defects in the surface of cobalt-containing
materials (i.e. cobalt vacancies and manganese vacancies),
using the methodology proposed by Li and coworkers to
investigatedMnxCo3�xO4 bimetallic spinels.54 The (Mn + Co)/O
ratios of the surface were estimated and the results are shown in
Fig. 3 SEM images of the oxides. (A): Co3O4, (B): Mn@Co3O4-1, (C): Mn

26852 | RSC Adv., 2022, 12, 26846–26858
Table S2.† The stoichiometric (Mn, Co)3O4 was used as a refer-
ence. The ratios were higher than 0.75 for Mn@Co3O4-3 and
smaller for Mn@Co3O4-2, Mn@Co3O4-1 and Co3O4 suggesting
the presence of metal defects in these last catalysts.

The thermal behavior and stability of the samples were
veried using TG, detailed discussion is presented in Section
S.1.3.†
3.2. Morphological characterization of the mixed oxides

The morphology of the mixed oxide was characterized by
FESEM and the obtained images are depicted in Fig. 3 and
Section S.1.4.† The FESEM images clearly reect the different
phases formed according to the Co : Mn ratios as observed by
XRD and Raman, with the characteristic morphology of nano-
spheres for Co3O4 and nanorods for MnOx. SEM image of Co3O4

(Fig. 3A and S5†) shows agglomerated nanospheres forming
clusters of Co3O4 from 45 to 75 nm. Fig. 3B–D show the FESEM
images of the mixed oxides containing both Co3O4 and MnOx,
where a change in the morphology of Mn@Co3O4-1,
Mn@Co3O4-2 and Mn@Co3O4-3 compared with the pure was
observed, with the Co3O4 changing from nanocubes to nano-
spheres. More images are provided in Fig. S6–S8.†

AFMmeasurements were also carried out to characterize the
surface of the prepared lms. With these measurements, it was
possible to access the mean representativeness of the surface
roughness of all samples (Fig. 4). Kelvin probe force microscopy
measurements (KPFM) were also performed as
@Co3O4-2, (D): Mn@Co3O4-3.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 (A): Voltammetric profile of the Co3O4 in 0.1 M Na2SO4 pH 7 with a scan rate at 50 mV s�1; (B): electrical equivalent circuit derived from
Nyquist plots; (C): Bode plot for Co3O4 in 0.1 M Na2SO4 pH 7; Nyquist plots derived from EIS measurements of the catalysts films at: 0.1 mol L�1

HNO3 pH 1 (D); 0.1 mol L�1 Na2SO4 pH 7 (E); 0.1 mol L�1 NaOH pH 13 (F), at a scan rate of 5 mV s�1.
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a complementary technique for mapping the areas with
different capacitive coupling (vC/vZ) of the lms related to the
dielectric constant of the material. In this work, contrast areas
were observed with different capacitive coupling in themapping
(vC/vZ) for all analyzed lms: Mn@Co3O4-3, Mn@Co3O4-2,
Mn@Co3O4-1 and Co3O4, related to spatial variations in the
local capacitance gradient. Areas with accumulated and dissi-
pated loads with low electron mobility are shown as darker
contrast and areas with high electron mobility are shown as
lighter contrast, according to the scale shown on the right side
of each image.

The Co3O4 lm showed more conductive areas. The mapped
surface was quite heterogeneous for Mn@Co3O4-3 (Fig. 4B),
with very distinct light and dark areas, and it is not possible to
clearly distinguish the characteristic morphology of each oxide
(cubic for Co3O4 oxide and needle for MnOx), where it is
possible to observe in Fig. 4C the predominant morphological
characteristic of square-faced structures associated with cobalt
as well as some few areas of rod-shaped ripples associated with
manganese. In addition, it was possible to conrm that the lm
materials are within the magnitude of nanometer as shown by
SEM.
Table 3 OER electrocatalytic data: h10 at j ¼ 10 mA cm�2, TOF450 at h ¼

Catalyst

h10 (mV) TOF450 (s
�1)

pH 1 pH 7 pH 14 pH 1 pH 7

Co3O4 761 490 240 1.38 � 10�4 4.54 � 10�3

Mn@Co3O4-1 752 673 320 9.03 � 10�5 3.72 � 10�4

Mn@Co3O4-2 774 650 370 5.78 � 10�5 5.62 � 10�4

Mn@Co3O4-3 780 562 390 4.82 � 10�5 2.59 � 10�3

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3. Electrochemical characterizations of the lms

To verify the electrochemical behavior of the prepared mixed
oxides, CV was performed for all FTO lms at a scan rate of
50 mV s�1, at different pH values, as presented in Fig. S9.†
Characteristic peaks of Con+/Con+1 redox processes were
observed. Fig. 5A presents in detail the CV of Co3O4 lm in pH 7,
as these are very distinct and signature of the voltammetric
prole of the pure Co3O4, where two oxidation peaks and two
reduction peaks were observed. The redox processes, potentials
and attribution for the Co3O4 showed oxidation peaks at 1.25
and 1.49 V vs. RHE and reduction peaks at 1.30 and 1.47 V vs.
RHE, probably related to the CoIICoIII 4 CoIII2 4 CoIV2 process
of the Co3O4 spinel.55–59 At pH 7 and 13, only the samples
Mn@Co3O4-1 and Co3O4 showed redox peaks, which were
shied to higher potentials with increasing pH.

In addition, EIS was performed at high applied potential
(1.1 V vs. RHE), between 10�2 and 105 Hz before the OER tests,
to get some insight into lm resistance before the OER. Fig. 5D–
F shows the Nyquist plots, Rct (Table 3), Rs and CPE (Table S3†),
were obtained from an equivalent circuit model shown in
Fig. 5B. First, we can observe that the magnitude of electron
450 mV, and Tafel slope

Tafel (mV dec�1) Rct (kU cm2)

pH 14 pH 1 pH 7 pH 14 pH 1 pH 7 pH 14

1.01 � 10�1 123 79 40 0.543 5.818 24.339
3.31 � 10�2 121 109 52 0.259 8.637 26.047
2.55 � 10�2 125 105 60 0.879 9.372 30.167
1.34 � 10�2 129 90 64 1.298 18.184 46.789

RSC Adv., 2022, 12, 26846–26858 | 26853



Fig. 6 Polarization LSV curves for oxygen evolution reactions of the catalysts films RDE electrode. (A): pH 1, (B): pH 7, (C): pH 14; and respective
Tafel plots: (D): pH 1, (E): pH 7, (F): pH 14, at a scan rate of 0.005 V s�1.
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transfer resistance differs considerably with pH, higher values
of Rct were obtained as the pH increased, which means that the
oxides behave as worse conductive materials at alkaline pH. The
Rs values follow the same trend. Furthermore, the Rct of Co3O4 is
signicantly lower than that Mn@Co3O4-1, Mn@Co3O4-2 and
Mn@Co3O4-3 for all pHs, indicating that oxides with a higher
Co3O4 ratio own the faster charge transfer as described in the
literature.18,19 This trend was conrmed by the Bode plot Fig. 5C
and emphasized at Fig. S10–S12†. The only exception was
Mn@Co3O4-1 that presented the lowest Rct at pH 1, probably
due to the presence of MnCo2O4 phase. Unlike what was
described in the literature,6 in this work with the increase of the
Mn molar ratio, there was also an increase in the diameter of
the semicircle in the Nyquist plot for all pHs. The Rct observed
by EIS corroborates the AFMmeasurements, in both techniques
Co3O4 was the most conductive.
Fig. 7 (A): Histograms of the required overpotentials at 10 mA cm�2 a
percentage of Co3O4 phase.
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3.4. OER electrocatalysis

The electrocatalytic OER activity of the Mn-doped Co3O4 oxides
was evaluated by linear sweep voltammetry in different pH
values, with the oxide lms prepared by drop casting over FTO
glass substrate (data shown in Section S2†) and Pt RDE (Fig. 6A–
C). The overpotential dened at j ¼ 10.0 mA cm�2 (h10) was
measured according to the geometric area of the working elec-
trodes,60 and the TOF values were calculated at h ¼ 450 mV, the
results are summarized in Table 3.

The effect of pH in the electrocatalysis was investigated, low
h10 and high TOF values were achieved at pH 14, followed by pH
7, and pH 1. Nevertheless, considerably high OER activity was
still obtained at neutral or acidic pH. The development of highly
efficient OER electrocatalysts under neutral and acid conditions
is very important for safe and low-cost water splitting
nd Tafel slopes for all pHs. (B): Correlation of Rct and TOF with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrolyzer.4,29 In respect to the Co and Mn content, the cata-
lysts with higher weight percentage of Co3O4 phase showed the
highest activities in all pHs. Fig. 7A evidences the effect of pH
and Co3O4 content in the h10.

Pure Co3O4 presented very low h10 of 761, 490 and 240 mV at
pH 1, 7 and 14, respectively. The same tendency is observed for
the TOF values at h ¼ 450 mV, 1.38 � 10�4, 4.54 � 10�3, and
1.01 � 10�1 s�1 at pH 1, 7, and 14, respectively. The TOF values
difference between the pHs was remarkable, being a 10-folds
increment from 1 to 7, and 20-folds from 7 to 14. These over-
potentials are amongst the smallest reported for these types of
materials. For instance, Co-borate ultrathin nanosheet/
graphene hybrid displayed honset ¼ 235 mV at neutral condi-
tions, although at low overpotential h10 of 290 mV at pH 14.4

Mesoporous Co3O4 presented h10 of 396 mV,6 and Co3O4 pre-
sented h10 ¼ 368 mV,20 both at pH 14. More examples of re-
ported materials for OER are shown in Table S9.†

Remarkable OER electroactivity was also achieved for the
mixed oxides Mn@Co3O4-1, Mn@Co3O4-2 and Mn@Co3O4-3. At
pH 14, the respective h10 was 320, 370 and 390 mV, with TOF
values of 3.31 � 10�2, 2.55 � 10�2 and 1.34 � 10�2 s�1, 10-folds
lower than pure Co3O4. Mn@Co3O4-1 reached a very low h10 of
752 mV at pH 1. The results are comparable to reported Mn–Co
oxides at pH 14, mesoporous 20% Mn-mesoCo3O4 presented
honset of 320 mV at pH 14,6 while the spinel MnCo2O4 presented
h10 of 365 mV at pH 14,19 and Mn2CoO4 and Mn0$5Co2$5O4

presented h10 ¼ 399 mV and 345 mV, respectively.20

Co3O4 is the material with lower SBET, so TOF/SBET was
calculated (Table S5†) and pure Co3O4 continues to be the most
active oxide. Accordingly, when only the Co3O4 phase was taken
into account for the TOF and TOF/SBET calculation, even higher
values were found (Tables S6 and S7†), but still the pure Co3O4

was the most active showing that the higher efficiency of the
pure spinel is not due exclusively to the higher surface area
neither to the percentage of the phase.

As discussed in the EIS and AFM results, lower charge
transfer resistance was associated with the increase of the
Co3O4 percentage phase in the mixed oxides. The OER electro-
catalytic activity has been associated to the higher conductive
property of the materials in the literature. Fig. 7B shows that the
Rct decrease caused by the higher Co3O4 percentage lead to
higher TOF values for all pHs. Accordingly, it was possible to
Scheme 1 Proposed mechanism for OER in acid (A) and alkaline (B) con

© 2022 The Author(s). Published by the Royal Society of Chemistry
observe that the oxides with higher values of Rct also presented
higher h10 in all pHs. Furthermore, from Fig. 7B it is clear that
although higher values of Rct are found in higher pH, as the hj ¼
10 is lower with increasing pH, the TOF is also lower at higher
pH, but inside each electrolyte pH the effect of the Rct is
evidenced.

The kinetic parameters that describe the electron transfer
reactions at the electrode interface were studied to evaluate the
performance of the catalysts by Tafel slope according to Fig. 6D–
F for RDE, and the data are summarized in Table 3. Assuming
that the OER Tafel slope is the rate at which the current
increases versus the overpotential and its value depends mainly
on the coefficient of anodic transfer, it can be expressed by eqn
(8):

b ¼ vh

vloglog ðiÞ ¼
2:303RT

aF
(8)

where b is the Tafel slope in mV dec�1, h is the overpotential
in V, R is the universal gas constant, T is the temperature in
Kelvin, F is the Faraday constant, and a is the coefficient of
anodic transfer.

Lower Tafel slope indicates improvement in the OER kinetics
because of the enhanced electron transfer capacity and strongly
coupled effects.4,61 Low Tafel slopes were obtained in all pHs for
the oxides, following the order: pH 14 < pH 7 < pH 1. Fig. 7A
shows the pH effect in the Tafel slope, low h10 also lead to low
Tafel. The most common OER mechanisms proposed in the
literature is a four-electron transfer that takes place at the
surface of a metal oxide MOx electrocatalyst. The general
mechanisms in acidic and alkaline conditions are shown in
Scheme 1.57,62 The Tafel slope is important to know the rate-
determining step (RDS), for instance, it is broadly accepted
that the OER rst step is a one-electron transfer, and if this is
the RDS it will correspond to theoretical Tafel slope of 120 mV
dec�1. This is the case for the studied Co3O4-based materials at
pH 1 (step I), which present Tafel slopes of 121–129 mV dec�1.
At pH 14 the Tafel slope is 40–69 mV dec�1. Theoretical Tafel
slope of 60 mV dec�1 is characteristic of a chemical step aer
a one-electron transfer step, indicating that the second (step VI)
is the RDS. Similar mechanism was proposed for Co3O4 and Pd-
doped Co3O4.57,63

Comparing the presented mixed oxides with other similar
catalysts reported in the literature,4–6,13,64 it was observed that
ditions.

RSC Adv., 2022, 12, 26846–26858 | 26855



Fig. 8 Long-term stability electrolysis in Co3O4 on (A) FTO (j¼ 10 mA cm�2) and (B) RDE (j¼ 141 mA cm�2) under a constant current of 10 mA in
0.1 mol L�1 HNO3 pH 1, 0.1 mol L�1 Na2SO4 pH 7, and 0.1 mol L�1 NaOH pH 13.
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their Tafel curves had similar slopes, indicating that the
prepared catalysts have favourable kinetics making them effi-
cient and promising for OER reactions. Co-borate ultrathin
nanosheet/graphene hybrid presented Tafel of 53 mV dec�1 at
pH 14.4 CoOx presented Tafel around 60 mV dec�1 at alkaline
pH.5 Meso-Co and 20%Mn–Co presented Tafel at pH 14 of 74.3
and 114 mV dec�1, respectively.6

Stability tests were performed through long-term electrolysis
for the most active catalyst Co3O4, the potential versus time
curve is shown in Fig. 8. The catalyst over the FTO electrode
remained active up to 2 hours, while using the RDE electrode
higher stability up to 15 hours were obtained in all pHs. The
steady-state density current at pH 1 even increased with time.
Unlike what is described in the literature for CoOx, at pH 13
Co3O4 presented high stability. The poor long-term stability has
been attributed to partial oxidation and deactivation of the
oxide-based electrocatalysts that occur spontaneously under
OER alkaline conditions,19 but has shown long-term stability in
acidic electrolytes.21,65

In order to verify any change in the electrocatalysts aer the
OER, we carried out FESEM and Raman spectroscopy of the
pure Co3O4 and Mn@Co3O4-3 FTO lms aer the reaction, for
all pHs. Fig. S15–S20† shows the FESEM and no differences in
the materials morphology was observed. Raman spectra shown
in Fig. S21† show the same peaks of the pristine oxides, indi-
cating no considerable changes in their structure or formation
of other phases. This results corroborates with the high stability
of the materials under the harsh electrocatalytic conditions.
4. Conclusions

Mn-doped Co3O4 oxides were prepared by hydrothermal
synthesis in presence of urea, in different Mn : Co molar ratios.
The oxides were thoroughly characterized and the spinel Co3O4

was the major phase in most of the catalysts, which provided
important electrochemical properties, such as low electron
transfer resistance. The oxides performance in OER was
systematically investigated in acidic, neutral and alkaline
conditions. Overall, the oxides with higher Co content were
more active, with overpotential at j ¼ 10 mA cm�2 of 791, 490
26856 | RSC Adv., 2022, 12, 26846–26858
and 240 mV, at pH 1, 7 and 14, respectively, for the pure Co3O4.
The mixed oxides are also promising OER electrocatalysts in all
pH values, the material with 97 wt% of Co3O4 presented over-
potential of 752 mV at j ¼ 10 mA cm�2 at pH 1, while the
material with 82.8 wt% of Co3O4 showed overpotential of
673 mV at pH 7, and 320 mV at pH 14. These overpotentials are
extremely low in comparison with the electrocatalysts reported
in the literature for OER. The Tafel slopes indicated different
mechanisms at alkaline and acidic pH, one-electron transfer
step and a chemical reaction aer a one-electron transfer step
as the rate-limiting step at pH 1 and 14, respectively. Moreover,
outstanding stability was achieved for Co3O4 in all pHs, up to
15 h at j ¼ 141 mA cm�2. Analysis of the oxides lms aer OER
did not shown any considerable change in the morphology or
structure. In summary, this study shows that Mn-doped Co3O4

nano-oxides are very efficient electrocatalysts, with high activity
for OER at all pH ranges, especially at acidic conditions that is
important to broaden the practical applicability in articial
photosynthesis. Although the Co3O4 was the most active phase,
the presence of MnOx was important to improve the activity at
acidic pH.
Conflicts of interest

The authors declare that they have no conict of interest.
Acknowledgements

This work was supported by Conselho Nacional de Desenvolvi-
mento Cient́ıco e Tecnológico (BR) – CNPq [PQ-2/2018:
313831/2018-1], Fundação Carlos Chagas de Amparo à Pes-
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