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Chapter 4

4.1. Abstract

The extremely slow kinetics of the water-splitting process stymies the synthesis of hydrogen
(Hz) from water. To comprehend the main obstacle to OER, it is also necessary to enhance the
development of efficient OER electrocatalysts. In this work, manganese selenide with
polypyrrole heterostructure is synthesized, described, and electrochemically assessed as an
effective electrocatalyst for OER. The novel synthesized material is characterized using a
variety of techniques, including scanning electron microscopy (SEM), powder x-ray diffraction
(PXRD), transmission electron microscopy (TEM) etc. The unique a-MnSe/ppy composite
catalyst is shown to be exceedingly efficient, starting the OER at an astoundingly low voltage
of 168 mV (vs. reversible hydrogen electrode [RHE]) at 10 mA cm™, with a tafel slope of 67
mV dec!. Also, operando UV-Vis spectro-electrochemical studies give an insight towards the
intermediate species formed during the OER catalysis. Under similar electrochemical
conditions, the a-MnSe/ppy electrocatalyst outperforms its a.-MnSe and ppy counterparts for
OER in an aqueous KOH (1.0 M) solution. These results surpass benchmark electrocatalysts
made of Mn and rare earth metals. With this invention, a desired non-noble metal 1s made

available that works excellently as an OER electrocatalyst.

4.2. Introduction

In order to address the issues of the present environmental harm and energy crisis brought on
by the excessive use of non-renewable energy, there has recently been a considerable focus on
the generation of ecologically friendly and renewable energy supplies [1-4]. A great deal of

interest has also been generated by developments in affordable and effective technology for a
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variety of energy harvesting and gathering applications. In this context, OER and HER are two
essential processes in the electrochemical splitting of water, which have caught the attention
of researchers as good methods for producing sustainable energy sources like hydrogen fuels
[5-8]. Although the proton-electron channel used in hydrogen production is simple, the counter
OER is somewhat lengthy. Numerous proton-coupled electron transfer steps are present, which
leads to low efficiency and a large overpotential. The OER is a crucial process in many energy
storage devices, including metal-air batteries, in addition to water splitting [9-11]. Whilst a
consequence, efficient electrocatalysts are highly recommended since they significantly
contribute to speeding the reaction by lowering the overpotential and enhancing the kinetics of
the sluggish reaction.

Among the most powerful electrocatalysts so far have been discovered to be those
comprised of rare earths, such as iridium and ruthenium oxide, but their high expense, limited
availability, and poor ability to store in alkaline environments severely restrict their widespread
use [12]. Due to their low overpotentials and prolonged stability, a number of transition metal
(TM) compounds and their derivatives, including chalcogenides, such as selenides, oxides,
hydroxides/oxyhydroxides, nitrides, phosphides, have recently been produced for OER.
Because of their varied electronic structure, superior electrocatalytic results, and enduring
stability, TM chalcogenides among other materials provide better OER outcomes and may also
function as an appealing option for OER electrocatalyst [13—16]. However, it has long been
recognized that certain crystal systems of the TM chalcogenides possess noteworthy electrical
and magnetic characteristics. The electrical structure and framework of these TM chalcogenide

electrode substrates are expected to be significantly altered by ion exchange, which will allow
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researchers to adjust various electrode material properties during the water oxidation process
[17-20]. Additionally, changes in the metal-to-chalcogen ratio may have a significant effect
on the electrical properties of electrode materials.

Manganese sulfide, one of the numerous kinds of TM chalcogenides, is a polymorphic
mineral that may be found in a variety of phases, including wurtzite (y-MnS), rock salt (a-
MnS), zinc-blende (B-MnS), and cubic (MnS;) [21]. As they closely related, equivalent of
MnS, manganese selenide (MnSe) is a p-type semiconductor with a band gap of 2.0 eV [22].
MnSe may thus crystallize into three different types of structural forms just like MnS, including
wurtzite (WZ) [23,24], zinc blende (ZB) [25], and rock salt (RS) [26,27]. Among these, rock
salt MnSe (a-MnSe) is a stable phase, and a significant amount of pertinent studies have
traditionally concentrated on its magnetic and optical characteristics, with just a few
investigations focusing on its electrochemical performance [28].

Conducting polymers are frequently utilized to immobilize the scattered metal
catalysts. Because of their large surface area and porous nature, conducting polymers are
preferred as an auxiliary material in the development of new electrocatalysts. The polymer
chains' relatively high electrical conductivity aids in moving the electrons in an electrocatalytic
process between the electrodes and dispersed metal particles. Thus, these composite materials
are capable of producing the efficient electrocatalysts. The use of conducting polymers as
secondary matrices as catalytically efficient particles for the immobilization has received
enough attention [29]. Conducting polymers may be employed as the electrode material for
supercapacitors due to their adjustable electrical conductivity and redox states. Polypyrrole

(ppy), one of the conducting polymers, has drawn the most attention because of its improved
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redox behavior, environmental stability, high conductivity, and commercial availability of
starting monomers [30].

Recently researchers are focused on transition metal chalcogenides in the field of
electrochemical water splitting. Alharbi et al. prepared nanosized manganese based
chalcogenide composite (MnS/MnO) for enhanced electrocatalytic OER [31]. Tigwere et al.
doped the MnS nanostructure with different transition metals such as Fe, Cu and Ni for
enhancing the water splitting activity and supercapacitance [32]. A lot of work based on
manganese chalcogenides [33] has been done but none of them mention the manganese
selenide and its different phases. This might be due to its poor performance towards OER than
other selenide materials. To improve the efficiency of a-MnSe as an effective electrocatalyst
in water splitting applications, we concentrated on merging the material with conducting
polymer (ppy) and obtained greater efficiency of a-MnSe in an environment of polymer
composite.

In the present study, we develop a novel a-MnSe/ppy electrocatalyst as an electrode
material for OER using the hydrothermal technique, and we use a variety of analytical methods
to look at the electrocatalyst's intrinsic properties. The physical findings support the
development of the hybrids with various morphologies. According to the OER results, o-
MnSe/ppy has the highest durability in 1.0 M aqueous potassium hydroxide electrolyte and the
lowest overpotential at 10 mA cm™. This finding highlights the value of widely accessible,
readily available electrocatalysts discovered and offers the chance for further research into the

performance of OER electrocatalysts.
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4.3. Experimental

4.3.1. Materials

Manganese Chloride hexahydrate (MnCl>-6H>O) (AR, Merck, 99.9%), Selenium powder (AR,
Merck, 99.9%), Hydrazine hydrate (N2H4.xH>0), (AR, Merck, 99.9%), Pyrrole (AR, Merck,

99.9%).

4.3.2. Synthesis of a-MnSe

The proposed a-MnSe was prepared by using hydrothermal method. In this typical synthesis
method, the stoichiometric amount of manganese chloride hexahydrate (1.1 mmol) was
dissolved in 20 mL of water followed by stirring under vigorous conditions for 15 min. After
that, about 0.11 g of Se powder was added to the above solution and stirring continued up to
30 min. To that mixture solution, 10 mL of N>H4-xH>O was added dropwise to form a black
precipitate. Then, the whole solution was kept under magnetic stirring for 2 h. Finally, the black
precipitate was transferred into the 50 mL Teflon equipped autoclave and kept at 180 °C for 12
h in a hot air oven. After the reaction, the mixture solution was allowed to cool at room
temperature. Then, the obtained precipitate was washed several times with water/ethanol and

dried overnight at 45 °C.

4.3.3. Synthesis of polypyrrole

The pyrrole monomer was stored under an inert atmosphere to prevent oxidation. 0.4 mL of
pyrrole monomer was dispersed in 50 mL of distilled water and allowed to stirred completely

for complete dispersion. Then, 50 mL of aqueous solution of anhydrous ferric chloride was
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dropwise added to the mixture with continuous stirring in a N> atmosphere. The polymerization
mixture was held at temperature of 0—5 °C for 6 h. Finally, the obtained polypyrrole was filtered
and washed with distilled water and methanol to a neutral pH and dried at 60 °C under vacuum

for 12 h.

4.3.4. Synthesis of a-MnSe/ppy composite

The composite material is formed by solid state method. The equal amounts of prepared -
MnSe and polypyrrole were taken in a mortar pestle for grinding about 2 to 3 hrs followed by
ultrasonication in ethanol solution of the same for about an hour. The prepared composite

material is then dried at 45 °C.

4.3.5. Preparation of working electrode

Fluorine doped tin oxide (FTO) was used as a support for the working electrode. To make the
catalyst ink, 1 mg of the prepared catalyst was dispersed in a solution of 20 uL Nafion (5%)
and 40 uL ethyl alcohol, and then ultrasonicated for about an hour. About 20 uL of prepared
catalyst ink was then dropwise-casted with the smallest drop followed by drying at room

temperature.

4.3.6. Electrode preparation for spectro-electrochemical study

The obtained ink from the aforementioned method is used to prepare the working electrode for
the operando spectro-electrochemical study. By immersing the platinum grid in the catalyst
ink and then drying it at room temperature, the platinum grid is made ready to be used as a

working electrode.
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4.4. Characterizations

4.4.1. Physicochemical characterizations

With a wavelength of 1.514 A°, powder X-ray diffraction (XRD) on a Rigaku Smart Lab 9 kW
powder type was used to analyze the crystalline and amorphous nature of the prepared samples.
The materials' morphologies and microstructures were determined using Thermo Fisher
Technai 20 G* for HR-TEM and Nova Nano-SEM for field emission-scanning electron
microscopy (FE-SEM). The elemental composition and their relative abundance have been

analyzed by EDS and elemental mapping.

4.4.2. Electrochemical characterizations

Electrochemical analyses were conducted using a three-electrode setup in a single
compartment Pyrex glass cell. The counter electrode consisted of a Pt foil (Aldrich 99.9% pure)
with an area of 8 cm?, while the working electrode was made of FTO/catalyst with a working
surface area of 0.5 cm?. A reference electrode of Hg/HgO/1M KOH was utilized, with all
potentials referenced to its standard potential (E%ugng0) of 105.3 mV vs. NHE [34]. A Luggin
capillary salt bridge, prepared using agar-agar and KCI, was employed to connect the cell
electrolyte to the reference electrode. Electrochemical characterizations, including cyclic
voltammetry, impedance measurements, and Tafel polarization investigations [35-37], were
carried out using a CHI-608C instrument (CH instrument, USA). To relate potential values
measured by the Hg/HgO reference electrode to the reversible hydrogen electrode (RHE),

Equation 3.1 could be used which is already discussed in Chapter 3.
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ErnE = Engmgo + 0.0592xpH + EOHg/Hgo 3.1

4.4.3. Spectro-electrochemical characterizations

During spectro-electrochemical investigations, within a quartz cuvette, the catalyst ink-
immersed platinum grid functioned as the working electrode, while a platinum wire served as
the counter electrode. The reference electrode comprised Hg/HgO in 1 M KOH solution. A
luggin capillary salt bridge, composed of agar-agar and KCl, facilitated connection between
the reference electrode and the cell electrolyte. Cyclic voltammetry was performed at a scan
rate of 20 mV s!, with spectra recorded closest to the onset potential. Operando spectro-
electrochemical analyses were conducted using the Ocean Optics FLAME-T-XR1-ES

Assembly covering a wavelength range of 200 nm to 1025 nm.

4.5. Results and discussion

4.5.1. Physicochemical characterizations

45.1.1. XRD

The XRD patterns of composite including polymer (ppy) and a-MnSe powders are shown in
Figure 4.1. The XRD patterns' wide peaks attest to ppy's amorphous character. These patterns
closely resemble those that have already been documented [38], [35]. All peaks are indexed
with pyrite structured a-MnSe, is shown by comparing the reflections with JCPDS card no.
11-0683 and finding that all basic reflections (h, k, 1 = all even or odd) are present. The

composite exhibits a coexistence of crystalline and amorphous phases with some additional
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peaks of other phases i.e., p-MnSe and y-MnSe (Figure 4.1 (¢)) which are indexed by

comparing the reflections with JCPDS card no. 89-4089 (y-MnSe) and 40-1288 (B-MnSe).
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Figure 4.1. XRD patterns of a) ppy, b) a-MnSe, ¢) a-MnSe/ppy.

The overall intensity of XRD patterns decreases as ppy is dispersed over the a-MnSe
surface and not intercalated. This is confirmed from the difference in the d spacing before and
after the ppy incorporation (Table 4.1) which is quite lesser [39] but the intensity of the peak
corresponding to (111) plane is increased due to the overlapping of (111) plane of B phase [40].
Also this increase in the intensity of (111) plane shows the growth of a-MnSe/ppy composite

along (111) direction is enhanced which is consistent with that in the reported literature [41,42].
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Table 4.1. d spacing calculated from XRD data.

Catalyst 20 (degree) d spacing (nm)
o-MnSe 29.01 0.31
32.74 0.27
47.00 0.19
58.49 0.16
78.22 0.12
o-MnSe/ppy 29.47 0.30
32.56 0.28
46.83 0.19
58.33 0.15
77.50 0.13

The ppy is responsible for the wide peaks at low angles, and a-MnSe crystalline peaks
are also visible. The XRD patterns' existence of both crystalline and amorphous peaks attests

to the a-MnSe/ppy composites' development.
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4.5.1.2. FE-SEM

The surface morphology of the a-MnSe/ppy composite was examined through FE-SEM
imaging across various magnifications, as depicted in Figure 4.2 (a) and (b). Notably, a rod-
like structure was observed, characterized by a rugged surface texture attributed to the presence
of polypyrrole (ppy). Grain distribution in composite is notably diverse, and there is a visible
agglomeration. Furthermore, the composite’s grains are clearly separated from one another.
The incorporation of polypyrrole introduces surface roughness to the a-MnSe material, a
crucial aspect for enhancing OER activity [43]. This increase in roughness facilitates the
creation of additional active sites and enlarges the surface area, both of which are pivotal for
enhancing OER performance. Moreover, the EDS analysis (Table 4.2) and elemental mapping

data, provided in Figure 4.3 and 4.4 respectively, further support these findings.

Department of Chemistry, IIT (BHU) 129



Chapter 4

— 1um

NovaNanoSE

Figure 4.2. a, b) SEM images of a-MnSe/ppy, ¢) TEM image of a-MnSe/ppy, d) SAED

pattern, ) HR-TEM image of a-MnSe/ppy.
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Figure 4.3. a) FE-SEM image of a-MnSe/ppy, b) Corresponding EDS spectra.

Table 4.2. Elemental composition from EDS spectra.

Element Weight % Atomic % NetlInt. Error % Kratio Z A F
CK 15.20 33.68 6.38 15.10 0.0646 0.8157 0.5211 1.0000
N K 21.37 40.59 6.77 17.97 0.0756 0.7900 0.4481 1.0000
SeL 33.84 11.40 31.07 6.19 0.1961 0.5374 1.0782 0.9998
MnK 29.59 14.33 15.35 13.73 0.1975 0.6401 1.0114 1.0310
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. 24% MnK

Figure 4.4. Elemental mapping.

4.5.1.3. HR-TEM

The TEM technique was used to study the intricate microstructure of the a-MnSe/ppy
composite. Figure 4.2 (¢) demonstrate that a-MnSe particle, with an average diameter of
around 80-90 nm, are unevenly covered by ppy fibers, that improves the surface to provide
more active sites and this also aligns with the results obtained from SEM analysis. The selected
area electron diffraction (SAED) pattern (Figure 4.2 (d)) obtained from the targeted region
reveals the presence of dots and rings, which suggests that the a.-MnSe/ppy composite have a
polycrystalline as well as amorphous nature. The high-resolution transmission electron
microscopy (HR-TEM) image (Figure 4.2 (e)) of a single a-MnSe/ppy particle reveals distinct
lattice fringes with interplanar spacing of 0.251 nm. This spacing correspond to the (2 0 0)

crystal plane of the a-MnSe/ppy material.
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4.5.2. Electrochemical characterizations

4.5.2.1. OER study

The OER performance of the prepared catalysts was extensively examined and compared
utilizing LSV (Linear Sweep Voltammetry), CV (Cyclic Voltammetry), EIS (Electrochemical
Impedance Spectroscopy), and Tafel slope analysis. Figure 4.5 (a) shows the LSV curves,
recorded at 0.5 mV s’ scan rate, for prepared catalysts, having least overpotential (Figure 4.5
(¢)) and highest current density for a-MnSe/ppy composite material than its individual
counterparts and with the other catalysts previously reported in the literature (Table 4.3). This
must be happened because of the enhanced surface modification and roughness created by the
heterostructure that increase the active sites for the OER intermediate species which is clear

from the SEM images (Figure 4.2 (a)).
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Table 4.3. Comparison of various parameters of electrocatalytic OER for Mn based materials

reported in the literature.

Synthesis

Support

Overpotential

Tafel
Material technique electrode (mv) / slope/ | Electrolyte | References
10mAcm2 | MV dec”

Mno.1Feo.9Se> Hydrothermal GPE 133 - 1 M KOH [44]

Anion RDE
(CoMn)Se: 270 39 1M KOH [45]

exchange

MnSxSe1-x@N,F- | Hydrothermal GCE

209 72.18 1M KOH [46]
CQDs
T(NisS2/MnS-0) | Hydrothermal NF 228 41 1 M KOH [47]
a-MnS Hydrothermal SS 292 70 1 M KOH [48]
In2MnSes lon Exchange NF 259 86 1 M KOH [49]
MnSe@MWCNT | Hydrothermal RRDE 290 54.76 1 M KOH [50]
MnFeSe Hydrothermal NF 247 35 1 M KOH [51]
(MnCo)Se Thermal NF 243 62 1 M KOH [52]
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MnSe@MOF-5 | Hydrothermal NF 170 61 1 M KOH [53]

MnFeSe> Hydrothermal Ni Foil 190 59.2 1 M KOH [54]

Hydrothermal FTO
a-MnSe/ppy 168 67 1 M KOH | This work
and solid state

To normalize the electrode roughness and material loading on the substrate, the activity
was also calculated in terms of true current density and current density per mg (specific current
density) [55]. Apparent current density (japp), true current density (juue), and specific current
density (jspec) Values, together with the estimated values of overpotential (at denoted current
densities) for prepared catalysts are listed in Table 4.4. Either apparent current density (japp) Or
true current density (juue), normalized by the geometric surface area of the electrode or the
oxide roughness factor, could be used to represent the rate of electrochemical oxygen
evolution. Overpotentials () for FTO/a-MnSe/ppy and FTO/a-MnSe was found to be
~168 mV and 285 mV (Table 4.4) respectively, calculated from the Equation 1.19 (Chapter
1) which is very close to the overpotential of state of art catalysts RuO» (240 mV) [56].

Additionally, in this study, the ECSA and Ry of these catalysts were calculated (From
Equation 1.22 and 1.24 from Chapter 1). The Rr value offers insight into the topology and
distribution of active sites. R greater than 1 indicates a larger and more favorable absorption
area [57]. This research shows that catalysts with Rr values above one has favorable adsorption

surface areas. ECSA was determined using suitable formulae (Equation 1.22), with o-

MnSe/ppy demonstrating a larger Cai value (183.45 uF cm2) and ECSA (2.29 cm?) compared
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to its counterparts (Figure 4.6 (d)) suggesting a more electrochemically active surface area,
where Cq is a double layer capacitance. Elevated ECSA values demonstrated that the
composite included increased exposed active sites, which partake in electrolysis and were
essential for electron—proton transport between the electrolyte and the electrode [58]. For
calculating the double layer capacitance, CV in non-faradaic region (1.15 V—1.20 V vs. RHE)
at varying scan rates ranging from 20 mV s to 100 mV s (Figure 4.5 (b)) was conducted
and plot of scan rate vs. current density is plotted to obtain a straight line (Figure 4.5 (e)) and

half of the slope of the straight line gives the measure of Cq (Equation 1.23) [59].

3

2

) —FKTO ) P S
of 5 @ 10 mA em’
'S 120]— F1O0/py 2 < =% . c)
) —— FTO/a-MnSe = . 5004
< 100] ==FTO/a-MnSe/ppy B £
£ < =
g 2 = 4004
z = =
2 Z Z 300
= B i
S 60 Z S
= - 2
= 40 - S 2004
v = [=9
= o =
= 204 E 5
3 = > 100
Qo O (@)
T T T T T T T “H=ty T T T T T 0-
08 10 12 14 16 18 20 LIS 116 117 118 119 1.20
Potential (V) Vs. RHE Potential (V) Vs. RHE
2
> o FTO 400
0.30 4
$ d) o FTO/ppy wg e)
[y ~ © FTO/a-MnSe 2 3504
2 3 104 N S
E 0254 7 N FTO/a-MnSe/ppy : g
& 3 ——tDY]
& 3 & 3 = 300
- 0.204 S L6 gl 2
= 4 & z ~ 2504
] o~ g Slope : 9.51x10° £
Slope : 9.51x ~—
8 015 W g . o 2004
=3 = =
& - = 150
] 0.104 g 7
4 ==
o) & ol 2 1004
0.05 aov & El =
M Q = 50
s 24
0.00 Y T T T
-4.0 35 3.0 25 , 20 | TR PR ) T NE i T—T 0- 7 7 7
log (Current density / A em™) ¢ 2 .. 0 45 100 ore (2 (9 (%
Scan rate (mV s ") g s, "ll,,yp/
2

Figure 4.5. a) LSV at 0.5 mV s! scan rate in 1 M KOH at 25 °C, b) CV of FTO/a-MnSe/ppy
electrode in non-faradaic region at different scan rates, ¢) Variation of overpotential with as
prepared catalysts and bare electrode, d) Tafel slopes, e) Corresponding Cqi plot for FTO/a-

MnSe/ppy electrode f) Variation of Tafel slopes with as prepared catalysts and bare electrode.
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Table 4.4. Electrode kinetic parameters

Electrode Overpotential Current density at Ca (WFem?) Ry ECSA  Tafel Slope
(mV) at (em?)  (mV dec?)
E=2.0V vs. RHE
10 mA cm?
(mA cm?)
japp jtrue jspecific

Bare 535 (M) 4.87 4.68 14.75 41.60 1.04 0.52 351

FTO/ppy 488 31.31 3591 94.88 34.88 0.87 0.44 192

FTO/a-MnSe 285 51.30 11.18 155.45 47.56 1.19 0.60 118

FTO/a-MnSe/ppy 168 106.90 89.91 323.94 183.45 4.59 2.29 67

The Tafel slope, which is a measure of catalytic activity, was calculated using the
analytical Tafel equation (y = b log j) [60]. a-MnSe/ppy had the most favorable catalytic
activity among its other counterparts, as seen by its much lower Tafel slope value of 67 mV
dec! (Figure 4.5 (d)). For efficient electrocatalysts, a low Tafel slope value is desired. o-
MnSe/ppy displayed the lowest Tafel slope of 67 mV dec! among other prepared catalysts
proving the faster kinetics for the same among the other counterparts (Figure 4.5 (f)). Tafel
slopes of other counterparts and bare electrode are given in the Table 4.4 for comparison. This

proximity to the highlighted Tafel slope of 60 mV dec™! implies that the rate-determining phase
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may entail H>O removal and O* creation (Equation (4.2) of the OER mechanism) [61]. The
larger current density and lower Tafel slope of a-MnSe/ppy were further corroborated by the

Nyquist plots, confirming its lowest R, thus compared to other variations.
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Figure 4.6. a) Nyquist plots, b) Fitted Nyquist plot of FTO/a-MnSe/ppy electrode, c)
Chronopotentiometry response for FTO/a-MnSe/ppy electrode, d) Variation of ECSA with as

prepared catalysts and bare electrode.

In addition, the rate at which charge is transferred between the adsorbed intermediates
at the electrode interface was evaluated using electrochemical impedance spectroscopy (EIS),
which is shown graphically as Nyquist plots (Figure 4.6 (a)). Typically, the development of a

semicircle on the Zea -axis implies resistance to charge transfer (R¢), that includes solution
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resistance if the curvature comes from the origin [62]. Comparing a.-MnSe/ppy with a-MnSe,
and ppy, it demonstrated the shortest semicircle curvature, indicating the least barrier to charge
transfer during OER.

The semicircles in Nyquist plots at various frequency regions reflects the
adsorption/desorption of reactive intermediates (H"/OH") and charge transfer resistance (Rct)
[63,64]. The semicircles appear in order of increasing time constant and decreasing relaxation
frequency. Parallel RC circuits with smaller RC time constants (smaller products) will appear
first at higher frequencies, while processes with larger time constants will appear later at lower
frequencies [65]. In Figure 4.6 (b), the first semicircle in the EIS spectrum originates from the
impedance of the film resistance, which forms at the interface between the electrode and
electrolyte due to electrolyte decomposition and this resistance is independent of potential

change which is confirmed by the inset Figure 4.7 (b) [66].
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Figure 4.7. a) Nyquist plots of FTO/a-MnSe/ppy electrode on increasing potential, b)

magnified image of the Nyquist plots at high frequencies.
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The second semicircle in the EIS results is associated with the charge transfer resistance
(Ret), which is related to the kinetics of an electrochemical reaction and is affected by factors
such as surface coating, phase transition, bandgap structure, and particle size [67—70]. The
diameter of this semi-circle decreases as we increase potential which is shown in Figure 4.7
(a). Since the rate of charge transfer increases on increasing potential, the resistance must
decrease which is confirmed by the Figure 4.7 (a).

These EIS results are compatible with LSV experiments and give thorough insights into
the catalytic performance of the materials. The Nyquist plot is evaluated based on an analogous
circuit model, as illustrated in the inset in Figure 4.6 (b). This model comprises Rs,
representing solution resistance, Ri1, showing electrode surface resistance from the catalyst to
the electrode at the interface; and R, expressing charge transfer resistance [71,72]. Honglin
Ai et al. reported the similar circuit fitting for Co3O4/ppy composite, showing one depressed
semi-circle in high frequency region that corresponds to film resistance and second semi-circle
related to charge transfer resistance [73]. Similarly, Jing He ef al. investigated a triple-layered
PPy@NiCo-LDH/FeCo,04 for OER and found similar circuit fitting for EIS data [74].
Generally, a lower R value suggests a faster electron transfer process.

Analysis of the fitting data indicates that a-MnSe/ppy displays the lowest R value of
20.9 Q. In contrast, a-MnSe and ppy have R values of 30.55 Q and 50.70 Q, respectively.
This shows that a-MnSe/ppy displays optimum charge transfer efficiency and increased
catalytic activity. Such synergistic effects lead to lower charge transfer resistance at the
electrolyte-electrode interface, hence boosting overall charge transport performance and

decreasing interfacial resistance. The other circuit parameters are given in the Table 4.5.
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Table 4.5. Circuit parameters

Electrode Solution resistance  Electrode surface Charge transfer

resistance (R1) () resistance (R2) (Q)

(Rs) Q)
Bare 4.99 13.35 99.14
FTO/ppy 7.81 8.65 50.70
FTO/a-MnSe 111 11.35 30.55
FTO/o-MnSe/ppy 0.77 6.90 20.90

4.5.2.2. Thermodynamic study

Electrodes made of FTO/a-MnSe/ppy and their counterparts along with bare FTO were
investigated in order to determine the standard electrochemical energy of activation (AH./’"),
standard entropy of activation (AS?), and standard enthalpy of activation (AH%). This required
keeping the reference electrode at a constant 25 °C throughout the experiment while recording
anodic polarization curves in 1 M KOH at temperatures ranging from 25 °C to 55 °C (Figure
4.8 (a)) and corresponding Arrhenius plots were obtained (Figure 4.8 (b)). a-MnSe and ppy
comparative data are shown in Table 4.6. As expected, it can be seen that FTO/a-MnSe/ppy

electrode had a lower electrochemical activation energy among others. This indicates the
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composite material needs lesser energy to proceed the reaction than the others. According to
the relation o = 2.303RT/bF, where R is the gas constant, F is the Faraday constant, and T is
the absolute temperature, the average value of the transfer coefficient o of a-MnSe/ppy was
close to unity. Additional thermodynamic parameters were determined using relevant relations
(Equation 1.27 and 1.29 from Chapter 1), and Table 4.6 lists their average values. The Tafel
slope (b) was obtained from the polarization curve acquired at different temperatures and
expressed in mV dec . Planck's constant (h) and the Boltzmann constant (kg) were added to
the frequency term to get kgT/h.

The commencement of adsorption for the electrochemical generation of oxygen is

highest for FTO/a-MnSe/ppy electrode indicating the more active sites for the adsorption of

reactive species, in accordance with the most negative value of AS%.
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Figure 4.8. a) Tafel polarization curves of FTO/a-MnSe/ppy electrode at different
temperatures, b) Corresponding Arrhenius plot, ¢) Tafel polarization curves of FTO/a-

MnSe/ppy electrode at different concentrations of KOH d) order of reaction.

All the plots and measurements made for all the other prepared catalysts (a-MnSe and
ppy) and bare FTO electrode are given below in Figures 4.9 (a-MnSe), 4.10 (ppy), and 4.11

(bare FTO).
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FTO/a-MnSe electrode, f) order of reaction for FTO/a-MnSe electrode.
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Table 4.6. Thermodynamic parameters

Electrode Standard Standard Transfer Standard
electrochemical electrochemical coefficient enthalpy of
energy of entropy of (o) activation
activation activation
(AH™)
(-ASelo¢)
(kJ mol™!)
(kJ mol™)
(J K'mol )
Bare 47.90 67.97 0.17 80.71
FTO/ppy 50.28 42.31 0.31 110.11
FTO/a-MnSe 26.94 116.80 0.50 123.44
FTO/a-MnSe/ppy 22.17 122.35 0.88 169.84

4.5.2.3. OER mechanism

Using the methods described in the literature [75], the OER order by changing OH™
concentration was ascertained. For each catalyst, the values were found non integral which in
not unusual and are already reported by several works [76,77]. This has been explained by

considering the OH™ adsorption/ionization of surface hydroxyl groups [78] and the total surface
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coverage by adsorbed intermediates (i.e. oxygen containing species) formed during the electro
formation of oxygen under Temkin adsorption condition [79,80]. Tafel polarization curves
were recorded on individual prepared electrodes in order to determine the order (Figure 4.8
(¢)). In this study, varying KOH concentrations from 0.25 M to 1.25 M were used by
maintaining the ionic strength constant using neutral electrolyte KNOs.

From these curves, linear log (current density) vs. log [OH'] curves were made by
examining polarization curves acquired at various KOH concentrations at different potentials
(Figure 4.8 (d)). The slope of these straight lines was then measured to establish the order of
reactions.

Four electrochemical steps, including one proton transfer in an alkaline media, are often
involved in the OER process. The process starts at the metal's (M) active sites with the
adsorption and release of OH", then moves on to the electro-sorption of OH™ ions (Equation
(4.1)). Then, an O-O bond is formed as a result of a sequence of intermediates, including OH*,
O*, OOH*, and OO*, being adsorbed on the metal's (M) active sites, which are marked by M-
O bonding (Equations (4.2), (4.3), (4.4)). According to earlier research, these chemical stages

are connected to the OER process [60,81].

OH +M — M+ OH* + ¢ @.1)
OH*+OH — O* +H0+e”  (4.2)
OH + O* — OOH* + ¢ 4.3)

OH +OO0OH* - 0, +H:0 +e  (4.4)

This mechanism is similar to the electrochemical path proposed by Bockris [79], which

is based on AEM (already discussed in Chapter 1). Nonetheless, it is important to recognize
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the plausible presence of substitute pathways, such as Bockris-Otagawa's peroxide route, and
Krasil'shchikov's pathway [79]. According to the suggested process, O* and OH* function as
surface-adsorbed intermediates, while 'M' (=Mn) serves as an active site on the surface.

It is noteworthy to mention that the selenide serves as “pre-catalyst” for the OER in
high pH environments. It has been discovered that at the facade of the catalyst, portion of Mn

from a-MnSe converts to MnOOH, acting as the actual-time OER catalyst [82].

4.5.2.4. Stability and durability

To ensure practical suitability and commercialization, a catalyst must not only exhibit superior
catalytic activity but also demonstrate enhanced stability over prolonged use. Thus, assessing
the long-term stability and durability of an electrocatalyst is crucial. The stability of FTO/a-
MnSe/ppy electrode was evaluated through chronopotentiometry tests in a 1 M KOH
electrolyte. The chronopotentiometry shows an increment in overpotential till few hours
because the newly formed oxygen bubbles create resistance at the surface of the electrode and
to overcome this resistance it needs some extra potential to achieve equilibrium [83,84]. Once
equilibrium is reached, FTO/a-MnSe/ppy electrode displayed consistent stability, with less
significant change in potential over the period of 12 hrs as shown in Figure 4.6 (c). This
consistency suggests that the FTO/a-MnSe/ppy electrode retains its catalytic activity even

amidst gas bubble evolution.

4.5.3. Operando Spectro-electrochemical study

UV-Vis spectroscopy is a widely employed technique for investigating the optical properties

and reaction kinetics of catalysts, especially those that are homogeneous or molecularly
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heterogeneous [85]. When integrated with electrochemical experiments, this method is termed
UV-Vis spectro-electrochemistry (SEC) [86—89]. In UV-Vis SEC, the oxidation states and
concentration changes of catalysts can be monitored by measuring their unique absorption
spectra, and these can be quantified using the well-known Lambert-Beer’s law as already
discussed in Chapter 2 (Equation (2.1)).

In UV-Vis SEC, absorbance is recorded while simultaneously monitoring the current
through the circuit. This allows for correlating the current and optical responses with respect
to the applied potential and varying electrolyte environments and reaction conditions. Although
UV-Vis SEC has been predominantly utilized for studying molecular systems, it is also
applicable to electrodes [90-92]. To examine specific redox reactions (oxidation or reduction),

the method is typically conducted in a three-electrode cell configuration [93].

g
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Figure 4.12. Operando UV-vis spectra of FTO/a-MnSe/ppy during cyclic voltammetry at scan

rate of 20 mV s\,
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UV-vis—NIR spectroscopy experiments conducted under conditions relevant to the
OER have revealed an intriguing observation: as the voltage increases to the onset potential in
the OER region, there is a corresponding increase in absorbance. This phenomenon was first
explored by Conway in the late 1950s. He discovered that oxygen evolution occurred
simultaneously with the reduction of oxidized species as the potential dropped from OER-
relevant levels to open-circuit potentials. This finding suggests that these oxidized states can
be reduced to generate molecular oxygen [94]. Oxo species located on adjacent metal centers
might chemically interact to produce molecular oxygen. This process is akin to the OER
observed for cobalt in a phosphate electrolyte [95-97] and CoOOH [98,99]. Operando UV-vis
spectroscopy measurements were performed to explore the reactive intermediates during OER
and elucidate the observed activity patterns. [100]. Figure 4.12 depicts the operando UV-Vis
spectroscopy before and during the cyclic voltammetry for the FTO/a-MnSe/ppy electrode
performed at 25 °C in 1 M KOH at scan rate of 20 mV s™!, respectively. Upon stepping the
electrode potential from 1.2 V to 2.2 V vs. RHE in 0.1 V increments, the formation of
absorption peaks from 300-440 nm and a small peak from 850-900 nm were observed, and
these absorbance peaks broadened and intensified with increase of applied potential. These
may correspond to MnOOH species [101] when Oz evolution is proceeding on the electrode.

The changes in the UV to visible spectral range include excitation transitions of various
oxidation states of Mn atoms as follows: ®Ai;—*T1,, of Mn?* at approximately 340 nm
[102,103], SE1g—>T2¢ of Mn** at 500 nm [104], *A,—*T2, of Mn** at 460 nm, and A,—>T> of
Mn** at 720 nm [105,106]. In the NIR spectral range, there are combined stretching and

deformation vibrations of hydrogen-bonded water molecules to surface OH groups at 850 to
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900 nm [107,108]. The formation of various intermediates in the OER is reflected in the
process. Oxygen evolution is known to occur through a series of one-electron intermediates,
beginning with the formation of -OH™ and leading to the sequential formation of =0*", -OOH"
, and —O0?". It should be noted that the NIR signals do not directly provide the spectroscopic
signatures of these intermediates. Instead, their formation is inferred from the potential-

dependent changes in the vibrational intensity of Mn—OH [109].

4.6. Conclusion

The catalysts were assessed for their potential as electrocatalysts in promoting the OER in an
alkaline medium (I M KOH). Experimental results demonstrated that a-MnSe/ppy can be
synthesized cost-effectively and straightforwardly using a hydrothermal process followed by
solid-state grinding. Notably, the Tafel slope was found to be the lowest for FTO/a-MnSe/ppy
electrode, indicating its superior electrocatalytic activity for OER in an alkaline environment.
This catalyst exhibited nearly second-order kinetics for the OER process. Among the tested
catalysts, a-MnSe/ppy had the lowest standard electrochemical activation energy, reinforcing
its efficacy. Operando spectro-electrochemical analysis identified the active sites for OER, as
evidenced by the formation of absorption peaks between 300-440 nm, which are attributed to
MnOOH species. Further investigation in the NIR region is required to fully understand the
role of these redox-active sites. The study revealed that multiple redox species form during the
OER, which contribute to the electrocatalytic performance of a-MnSe/ppy, with this material
showing the highest absorbance intensity. Operando UV-Vis spectroscopy remains an
underutilized technique for the identification and characterization of reactive intermediate

species in catalytic processes. Despite its potential to provide real-time insights into reaction
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mechanisms under actual operating conditions, only a limited number of studies have
employed this method. Therefore, further comprehensive investigations are essential to fully
explore its capabilities and establish it as a powerful tool for advancing our understanding of
catalytic pathways in future research.

Additionally, a-MnSe/ppy and similar materials show promise as electrode materials
for energy storage devices and other applications. By utilizing efficient OER catalysts, large-
scale practical water splitting can be achieved, providing the clean and efficient energy needed

to meet modern demands.
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