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Abstract

Designing low-cost, Earth-abundant, and non-precious catalysts for electrochemical water
oxidation reactions is particularly important for accelerating the development of sustainable
energy sources and, further, can be fed to fuel cells. In the present work, we report the oxygen
evolution reaction (OER) activity of a metal-oxide catalyst, Mn3 Oy, and study the effect of
transition metal doping (Cu and Fe) on the OER activity of Mn30Oy in an alkaline medium. The
Mn3O4 and transition metal (Cu and Fe) doped Mn3;0Oy catalysts were prepared using a
hydrothermal reaction technique. Powder x-ray diffraction studies revealed that these compounds
adopt a tetragonal spinel structure with an I4,/amd space group, and this is further supported with
Fourier transform infrared spectroscopic measurements. These results are further supported by
high-resolution transmission electron microscopic measurements. The electrochemical
measurements of these catalysts reveal that the transition metal (Cu and Fe) doped Mn;0,
catalysts show better OER activity than pristine Mn;O4 (MO). The transition metal (Cu and Fe)
doped Mn30; catalysts exhibit lower overpotential for the OER (nyco = 300 mV and

Nvro = 240 mV) than the MO (nyo = 350 mV) catalyst. The better performance of Fe-doped
Mn;0y is further supported by turnover frequency calculations.

List of abbreviations

Ccv cyclic voltametry

ECSA electrochemical active surface area

EDS energy dispersive x-ray spectroscopy
FESEM field emission scanning electron microscope
FTIR Fourier transform infrared

HRTEM high-resolution transmission electron microscope
LDHs layered double hydroxides

LSV linear sweep voltammetry

MCO Cu-doped Mn3 04

MFO Fe-doped Mn3Oy4

MO pristine metal oxide, Mn3Oy4

OER oxygen evolution reaction

PXRD powder x-ray diffraction

RHE reversible hydrogen electrode

TEM transmission electron microscope

TOF turnover frequency
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1. Introduction

Increasing population and globalization demand the generation of a huge amount of energy, and most of this
energy is produced through burning fossil fuels [1-3]. The continuous burning of fossil fuels leads to
significant environmental issues [3]. Apart from this, the depletion of fossil fuels is another major concern,
which requires identifying alternative and renewable energy sources [4, 5]. The generation and storage of
clean energy with the help of fuel cells [6, 7], electrolyzers [8, 9], and metal-air batteries [10, 11] is an
emerging area that many researchers are currently investigating. The oxygen evolution reaction (OER) plays
a crucial role in many electrochemical processes that are taking place in energy conversion and storage
technologies [12, 13]. Currently, precious, noble metal-based oxides such as IrO, and RuO, are used as OER
catalysts in electrolyzing devices [14]. Despite excellent OER activity, these state-of-the-art catalysts restrict
the commercialization of technologies due to their huge cost and low Earth-abundance. This has triggered
researchers to design cheap and more abundant OER catalysts [15].

Recently, non-precious metal oxide-based catalysts have gained a lot of attention in the field of catalysis,
energy-storage devices, water splitting [16], and sensors due to their excellent physical and chemical
properties [15]. In this direction, many researchers have investigated the electrochemical properties of Mn-,
Fe-, and Co-based binary and ternary oxides [17—19]. Apart from these transition metal oxides, layered
double hydroxides (LDHs) containing 3d transition metals (Ni, Co, Fe, and Mn) have been reported to
exhibit excellent OER activity in an alkaline medium [20, 21]. Among these transition metal oxides and
LDHs, Mn-based binary and ternary oxides have attracted the electrochemical scientific community owing
to their Earth-abundance and environmentally friendly nature. Manganese (Mn) is an interesting element
with a rich redox chemistry and has been observed to acquire multiple oxidation states [22]. Due to this,
Mn-based oxides were reported to adopt different crystal structures including, MnO, Mn, 03, Mn3;0y4,
MnO,, and MnsOg compounds [22].

The compound Mn3Oy is found in nature as a Hausmannite mineral and possesses a tetragonal spinel
structure with an I4,/amd space group [23]. In the crystal structure, the Mn exists in a mixed (Mn** and
Mn>T) valence state where the Mn?* ions will occupy the tetrahedral sites and the octahedral sites are filled
with Mn>* ions [24]. The mixed valent Mn3;O, compound has attracted the scientific community because of
its potential applications in supercapacitors [25], Li-ion batteries [26], energy storage [27], gas-sensing [28],
and targeted drug delivery [29]. The compound Mn3;0, shows good stability in an alkaline medium and is
well explored for OER applications [30-32]. It was reported that the OER activity of Mn;O4 was observed to
enhance with the incorporation of noble metals [33, 34]. To avoid the use of precious noble metals and
enhance the OER activity of Mn3; Oy, researchers reported several strategies, such as using different synthesis
techniques [35], doping [36, 37], and forming heterostructures [38—40], hierarchical core—shell
nanostructures [41-43], and nanocomposites [39]. Apart from these, tailoring morphology and producing
nanocrystals of these metal oxide catalysts was another important strategy to enhance the catalytic activity
due to exposure of different crystallographic planes over which different catalytic reactions can occur
[44-46].

To the best of our knowledge, no reports were found on the electrochemical OER activity of transition
metal (Cu and Fe) doped Mn3;0O,4 nanocrystals in an alkaline medium. Herein, we report the OER activity of
Cu-doped Mn;04 (MCO) and Fe-doped Mn30, (MFO) and compare these results with the pristine metal
oxide Mn;04 (MO). It was found that the doping of transition-metal (Cu and Fe) ions enhances the OER
activity of Mn;0y,.

2. Experimental procedure

2.1. Synthesis of Mn3 O, and transition metal-modified Mn; O, using a hydrothermal method
The nanocrystals of Mn; O, and transition metal (Cu and Fe) doped Mn3;O4 were synthesized by a
hydrothermal method. In a typical synthesis procedure of Mn3;QO4, 7.2 mmol of KMnO, was dissolved in
60 ml of deionized water at room temperature. While stirring, 0.46 mmol of glucose was added gradually to
the solution. Here, the glucose acts as a mild reducing agent. The suspension turned brown in colour and was
stirred continuously for 40 min. The mixture was transferred into a 100 ml capacity Teflon-lined autoclave.
To synthesize transition metal (Cu and Fe) doped Mn3;0Oy, the corresponding metal sulphates were
introduced into the brown coloured suspension obtained in the previous procedure. The molar ratio
between the Mn and the transition metals (Cu and Fe) was maintained at 1:0.05. The resultant mixture was
stirred for another 30 min and was then transferred into a 100 ml capacity Teflon-lined autoclave. These
autoclaves were heated in an oven that was maintained at 200 °C for 2 h. After the hydrothermal process, the
autoclaves were allowed to cool naturally. The resulting solid product was filtered, washed with distilled
water and ethanol, and finally dried at 70 °C for 14 h.
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Figure 1. Experimental setup for performing the OER on a transition metal-doped Mn3 Oy catalyst.

3. Characterization

Powder x-ray diffraction (PXRD) measurements were done on the as-synthesized and transition metal

(Cu and Fe) doped Mn3;O4 compounds with the help of a PANalytical X’pert Pro diffractometer with Cu—-K,
radiation. The phase purity of the as-prepared samples was verified by comparing them with the standard
Mn;0, compound. The structural features of the as-prepared catalysts were further analyzed with the help of
the Fourier transform infrared (FTIR) spectroscopy technique. The data was collected in the range

400-4000 cm ™! and an FTIR Bruker Alpha II instrument was used for these measurements. The morphology
of the transition metal-modified Mn3;O,4 nanocrystals was studied with the help of a field emission scanning
electron microscope (FESEM; Zeiss Gemini 500) with an energy dispersive x-ray spectroscopy (EDS) unit. To
understand the distribution of elements, elemental mapping was done on all the compounds. A transmission
electron microscope (TEM; JEOL JEM-2100) was used to understand the shape of the nanocrystals. To
further corroborate the results obtained from PXRD, high-resolution transmission electron micrographs of
the compounds were collected.

Electrochemical measurements were done with the help of a three-channel electrochemical workstation
(OGF500, Origalys, France), as shown in figure 1. A 0.1 M KOH was used as an electrolyte for these
measurements. The glassy carbon working electrodes were coated with catalyst ink, which was prepared by
dispersing 2.4 mg of catalyst and 0.6 mg of activated carbon powder (TIMCAL SUPER C65 nano carbon
black) in deionized water, isopropanol, and Nafion ionomer solution (5 wt%) (v/v/v = 2.85:0.95:0.20) to
form a 400 pl suspension. Before coating on the working electrode, the catalyst ink was ultrasonicated for
30 min. The catalyst ink (10 pl) was drop cast onto the glassy carbon electrodes and was allowed to dry
overnight. The potentials observed with respect to Ag/AgCl were converted with respect to a reversible
hydrogen electrode (RHE) with the help of the equation Erpg = (0.059 x pH) + Eag/agcl + Eobs- The water
oxidation overpotential of the catalysts was calculated by using observed onset potential and the standard
water oxidation potential, n = Eggg — 1.23 V.

The electrochemical active surface area (ECSA) of the catalysts was calculated by performing cyclic
voltammetry measurements at different (10, 20, 30, 40, 50, 60, 70, 80, 90, 100) scan rates in the non-faradaic
region of 0.10 V-0.60 V vs RHE. In the non-faradaic region, the observed current response is due to the
charging of a double layer. The capacitance of this double layer was found by plotting a graph at 0.35 V vs
RHE, between Al i.e. (i, — i) and the scan rate, where i, and i, represent the anodic and cathodic current,
respectively. The slope of this graph gives the double-layer capacitance (Cq1). Then, the ECSA was calculated
with the expression

Cal
ECSA = — 1
C. (1)

S

where Cyg is the double-layer capacitance and C; represents the capacitance of the catalyst with an ideal flat
surface, which is considered 0.04 mF cm ™2 for manganese-based catalysts [47]. Turnover frequency (TOF) is
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another important parameter of an electrocatalyst, which gives the intrinsic activity of the catalysts [48]. The
TOFs of all the catalysts were calculated with the help of the expression

TOF= ——. )
4nF
where I and F are current (in A) at a given potential (E = 1.58 vs RHE) and the Faraday’s constant
(96 485 C mol~!). Here, n represents the number of active sites on which the OER reaction is occurring and
can be calculated with the expression

== 3
= )
where Q is the volumetric charge, which can be obtained by integrating the cyclic voltammetry (CV) curves
of the catalysts collected at a 10 mV s~ ! scan rate [49].

4. Results and discussion

4.1. Structural and morphology studies
Figure 2 shows the PXRD patterns of the as-synthesized Mn;O, and transition metal ion (Cu and Fe)
modified Mn3Oy. It was observed that these patterns match with standard Mn;Oy, having a tetragonal
structure with an I4,/amd space group. No extra reflections were observed and it was confirmed that the
as-prepared catalysts were of a pure phase. The lattice parameters of MO were obtained with the help of
CELREF software and were found to be in the range of a = b = 5.72 A, ¢ = 9.40 A. The substitution of
transition elements leads to the expansion of the lattice and can be understood clearly with the observed
lattice parameters of MCO (a = b = 5.76 &, c = 9.42 A) and MFO (a = b = 5.79 &, c = 9.45 A). Apart from
this, no shift in the high-intensity reflections was observed in the PXRD patterns. Similar results were
reported for Ni-, Cr-, and Co-substituted Mn3;Oy4 [25, 36, 50, 51]. These results suggest that the substituted
metal ions (Cu or Fe) replace the Mn?* in the MO catalysts. The substitution is feasible due to the
comparable ionic radius of Cu?* (0.73 A) and Fe?* (0.78 A) with Mn?* (0.80 A) [52].

The average crystallite size of the as-prepared catalysts was calculated with the help of the Debye-Scherrer
formula [53], as given below:

0.94)\
D —

~ Bceosh’ @

where A represents the wavelength of incident x-rays, and /5 and 6 represent the full width at half maxima
and the diffraction angle of the high-intensity reflection of the as-prepared catalysts. It is found that the
average crystallite size of these catalysts is in the range of 30-50 nm. These results are further supported with
microscopic studies of these catalysts. To further understand the formation of the as-synthesized catalysts in
the spinel structure, we collected the FTIR spectra, which are shown in figure 3. The modes observed at
around 3380 cm ! and 1629 cm™! can be attributed to the stretching and deformational vibrations of
hydroxyl groups. The characteristic modes corresponding to Mn—O in the octahedral and tetrahedral sites
are observed in the range of 630-480 cm ™! and further confirm the phase purity of the as-synthesized
catalysts. These results are in line with the literature [54, 55].

Figure 4 shows FESEM micrographs of the MO, MCO, and MFO catalysts. These micrographs indicate
that the catalysts have a cubical morphology and are in the range of 50 nm. To further examine the uniform
distribution of elements within the as-prepared catalysts, elemental mapping was done and is shown in
figure 5. These colour-mapping images confirm the presence of transition metals (Cu, Fe, and Mn) along
with oxygen in the MO and modified Mn3;Oy catalysts.

Further investigations were conducted to understand the shape and size of the as-prepared catalyst
particles with the help of a TEM, and the corresponding micrographs are shown in figures 6(a)—(c). These
micrographs reveal that the shape of the catalyst particles is cubical and the size of these particles is in the
range of 50 nm. The results are consistent with the average crystallite size calculated from the Debye-Scherrer
formula.

Figures 6(d)—(f) show the high-resolution TEM (HRTEM) images of MO and transition metal (Cu and
Fe) doped Mn30Oy, catalysts. These micrographs reveal clear fringes and the corresponding d-spacing values
are noted. The d-spacing of MO was found to be in the range of 0.491 nm and transition metal (Cu and Fe)
doped Mn3O,4 shows very close d-spacing values, suggesting the substitution of the transition-metal ions
(Cu** and Fe?") at tetrahedral Mn** sites of Mn;O,. Similar morphological features were reported by Dong
et al in transition metal-doped Mn3;O4 compounds [25]. The observed d-spacing values corroborate well
with the (101) reflection seen in the PXRD data of Mn3;0O;,.
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Figure 2. Powder x-ray diffraction patterns of (a) standard Mn3Qs, (b) pristine Mn3Oy4, (c) Cu-doped Mn3Oy, and (d) Fe-doped
Mn3 04.
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Figure 3. FTIR spectra of (a) pristine Mn3 Oy, (b) Cu-doped Mn3Q4, and (c) Fe-doped Mn3Os.

4.2. Flectrochemical OER studies

The applicability of the as-synthesized catalysts towards water oxidation reaction applications was
investigated by performing linear sweep voltammetry (LSV) on the MO and transition metal (Cu and Fe)
doped Mn3 Oy catalysts. These electrochemical OERs were done at room temperature in a 0.1 M KOH
solution. Figure 7(a) shows the LSV curves of the MO, MCO, and MFO catalysts collected in the range of
1.0-1.9 V vs RHE. It is observed from figure 7(a) that MO shows an onset potential of 1.58 V vs RHE,
whereas the MCO and MFO showed a lower onset potential of 1.53 V and 1.47 V vs RHE, respectively, for
the OER. The overpotential (1) of these catalysts is calculated using the following equation:

n=Epug — 1.23V, (5)

where Eryg is the observed onset potential of the catalyst and 1.23 V is the standard water oxidation
potential. The calculated overpotential of MO, MCO, and MFO are given in figure 7(a). The observed
overpotential of MO (7o = 350 mV) is found to be lower than the reported overpotential values of Mn;O4
[30, 36, 56]. The transition metal (Cu and Fe) doped Mn3;Oj catalysts show slightly lower overpotential
(Mvmco = 300 mV and nuro = 240 mV) than the MO. Among these catalysts, MFO shows the best catalytic
activity towards the water oxidation reaction with an overpotential of yro = 240 mV. This enhanced
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= 200 nm

Figure 4. FESEM micrographs of as-synthesized (a) pristine Mn3 Oy, (b) Cu-doped Mn3QO4, and (c) Fe-doped Mn3Oj catalysts.

activity of transition metal (Cu and Fe) doped Mn3QOy, catalysts could be attributed to the increased
formation of the metal (II) hydroxide to metal (III) oxyhydroxide, which further escalates the water
oxidation reaction [36, 57]. The observed overpotential of MFO (nypo = 240 mV) is much lower than the
reported Mn; O, catalyst modified with transition metals and noble metals [33, 34, 36].

The Tafel slope is an important parameter that describes the relationship between the rate of an
electrochemical reaction with the potential and assesses the performance of a given catalyst towards the OER
[58—60]. It was reported that the catalyst with the lower Tafel slope shows better catalytic activity for the
water oxidation [36, 58, 60, 61]. Figure 7(b) shows the Tafel plots of MO, MCO, and MFO. MO shows a Tafel
slope of 163 mV dec™!, which is much smaller than the 231 mV dec™! reported by Maruthapandian et al
[36], and slightly higher than the 126 mV dec™! reported by Debnath et al, in the case of Mn;O, nano-cubes
[61]. The MCO and MFO show a Tafel slope of 149 mV dec™! and 137 mV dec™!, respectively. These values
are slightly lower than the MO and corroborate the enhanced OER activity in the case of MCO and MFO.
Among the prepared catalysts, MFO shows the lower Tafel slope (137 mV dec™!) and better catalytic activity
for the OER. To investigate the effect of the ECSA on the OER activity of the catalysts, we have estimated the
ECSA of the catalysts with the help of double-layer capacitance (Cq;), obtained from figure 8, and specific
capacitance (C;). Among the catalysts, MFO shows the lower (MFOgcsy = 7.25 X 107 cm?) ECSA
compared to MO (MOgcsa = 25.5 x 1073 cm?) and MCO (MCOgcsa = 56.3 x 1072 cm?). Despite a lower
ECSA, MFO exhibits better OER activity compared to MO and MCO. This suggests that the enhanced OER
activity of MFO could be attributed to electronic effects resulting from the doping of Fe in the pristine
catalyst [62].

To further understand the reason for the better OER activity of MFO over MO and MCO catalysts, we
calculated the TOF of these catalysts and found that the MFO catalyst (0.0119 s~!) possesses a higher TOF in
comparison with the MO (8.20 x 107* s7!) and MCO (1.08 x 1073 s~!) catalysts. It is known that a catalyst
with a higher TOF exhibits better performance [48, 49]; a similar trend was observed in the as-synthesized
catalysts and MFO shows better activity among them.

Cycle stability is important for the utilization of catalysts for prolonged usage for OER applications. The
stability of the as-synthesized catalysts was investigated by performing cyclic voltammetry with a different
number of cycles. Figure 9(a) shows the LSV curves of the MFO catalyst collected at an initial cycle, after 100

6
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Figure 6. Transmission electron micrographs of (a) pristine Mn3 Oy, (b) Fe-doped Mn3Os, and (c) Cu-doped Mn3Oy4, and
high-resolution transmission electron micrographs of (d) pristine Mn3 Oy, (¢) Fe-doped Mn3 Oy, and (f) Cu-doped Mn30Oy4.

cycles, and after 500 cycles. It is evident that the onset potential of the OER is slightly shifted towards higher
potential and it is seen that the current density of the MFO is reduced. Figure 9(a) indicates that the onset
potential of MFO is not altered up to 500 cycles, whereas it shows a slight decrease in the current density. To
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Potential (E vs RHE)

Figure 7. (a) Linear sweep voltammetry curves of pristine Mn3O4, Cu-doped Mn3;O4 (MCO), and Fe-doped Mn3;O4 (MFO).
(b) Tafel lines of pristine Mn3 Oy, Cu-doped Mn3O4 (MCO), and Fe-doped Mn3;O4 (MFO).
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Figure 9. (a) Linear sweep voltammetry curves of Fe-doped Mn3;O4 (MFO) collected after a different number of cycles. (b) Linear
sweep voltammetry curves of pristine Mn3zO4, Cu-doped Mn304 (MCO), and Fe-doped Mn3O4 (MFO) catalysts collected after
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compare the cyclic stability of MFO with the other prepared catalysts, we have performed a similar
measurement on MO and MCO and the results are shown in the figure 9(b). This indicates that the MFO
catalyst shows better activity in comparison with MO and MCO even after 500 cycles. The modifications in
the activity of these catalysts could be correlated with the formation of metal oxide and metal-oxyhydroxide
during the catalytic activity.

5. Conclusions

We successfully synthesized MO and transition metal (Cu and Fe) doped Mn3;O4 with the help of a
hydrothermal technique. The phase purity of the as-prepared catalysts was confirmed by the PXRD
technique and was further supported with HRTEM studies. A systematic OER study on these catalysts
revealed that MFO showed an enhanced catalytic activity over the MO and MCO. The best catalyst, MFO,
displayed an overpotential of nyro = 240 mV and a Tafel slope of 137 mV dec™!. ECSA studies of the MFO
revealed that the better OER activity could be due to the electronic effects. The TOF of the MFO was found
to be 0.0119 s~!, which further supports its better performance. The MFO catalyst exhibits cyclic stability of
over 500 cycles. The enhanced catalytic activity of MFO may be attributed to the increased formation of
intermediate hydroxides and oxyhydroxides, which further modulate the adsorption-desorption properties
of hydroxide or oxygen atoms.
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