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HIGHLIGHTS

e Ag doped a-MnO, electrode for rechargeable zinc-air battery was prepared via a facile co-precipitation technique.
o Ag doped a-MnO, electrode shows lower charge transfer resistance associated to un-doped MnO, electrode.

e Ag doped a-MnO, shows enhanced ORR kinetics in oxygen electrode potential.

e The capacitance performance of Ag doped a-MnO,, electrodes was highly improved.

e Ag doped a-MnO, electrode showed energy density of 69.3 W h kg—1 and power density of 722.9 W kg—1.

ARTICLE INFO ABSTRACT

Keywords: Engineering of highly active, and non-precious electrocatalysts are vital to enhance the air-electrodes of

Silver rechargeable zinc-air batteries (ZABs). We report a facile co-precipitation technique to develop Ag doped a-MnO3

Manganese dioxide nanoparticles (NPs) and investigate their application as cathode materials for ZABs. The electrochemical and

Oxygen‘re.:du‘ctlon reaction physical characteristics of a-MnO5 and Ag doped a-MnO; NPs were compared and examined via CP, CV, TGA/

Co-precipitation approach . . . . .

Zinc-air battery DTA, FT-IR, EIS, and XRD analysis. CV result displayed higher potential and current for ORR in Ag doped a-MnO,
NPs than a-MnO,; but, ORR performance decreased when the Ag doping was raised from 7.5 tol0 mmol.
Moreover, a-MnO; and Ag doped a-MnO2 NPs showed 2.1 and 3.8 electron transfer pathway, respectively,
showing Ag doped a-MnO; performance to act as an active ORR electrocatalyst for ZABs. The EIS investigation
exhibited that charge-transfer resistance for Ag doped a-MnO, was extremely lower associated to the MnO,
demonstrating that the successful loading of Ag in «-MnO,. A homemade ZAB based on Ag-MnO»-7.5 showed a
high open circuit potential, low ohmic resistances, and excellent discharge profile at a constant current density of
1 mA/g. Moreover, Ag-MnO,-7.5 show a specific capacity of 795 mA h g~ with corresponding high energy
density ~875 Wh kg~ ! at 1 mA cm ™2 discharging conditions.

1. Introduction attracted much attention as the basic driving force of economic devel-

opment, and chemical power sources such as supercapacitors,

The development of sustainable and renewable energy storage
technologies to satisfy future needs has become increasingly critical in
order to deal with the growing consumption of fossil fuels due to
increased environmental pollution challenges [1, 2, 3]. Energy has
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lithium-ion batteries, fuel cells and metal air batteries have made great
progress [4, 5, 6]. Among different energy storage devices, zinc-air
batteries (ZABs) are supposed to be one of the promising power sour-
ces for next-generation applications in electric vehicles, grid storage,
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and portable electronic devices [7, 8]. The recent development in the
rechargeable alkaline ZABs has gained better attention because of its
environment-friendly, low cost, large-scale grid storage capacity, safety
and high energy density [9, 10]. Oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) performance are the main challenges
in the preparation and commercialization of rechargeable ZABs [11,
12]. Efforts in enhancing the performance of electrocatalysts for OER
and ORR are limited by the poor air electrodes or bi-functional elec-
trocatalysts, due to the short-lived cycles and sluggish kinetics [13].
Recently, various catalysts with excellent OER and ORR performance
have been investigated for ZABs. ORR regulates the discharge process of
the battery, and OER regulates the charge process of the battery [14,
15]. The standard catalysts for OER and ORR are Ir/Ru and Pt-based
electrocatalysts, respectively [16, 17]. Their utilization is restricted by
limited bi-functional catalytic activity, weak stability, and high cost
[10]. Thus, non-noble metal oxides such as MnO,, Co304, and CuO are
emerging as alternative catalysts to precious metal-based materials for
rechargeable ZABs [18, 19]. From non-noble metal oxides, manganese
dioxide is studied as the most potential electrocatalyst for rechargeable
ZABs due to its environmental friendliness, low cost, considerable cat-
alytic activity, abundance, and low toxicity [13, 20]. However, MnO,
nanomaterials suffer from low electronic conductivity and limited cat-
alytic performance. The stoichiometric ratio, morphologies, particle
size, and crystallographic structures affect the catalytic activity of MnO,
nanoparticles [21, 22]. Hence, among the phases of MnO, nanoparticles
a-MnO; shows the best catalytic activity as reported from previous
works [23]. Different strategies such as preparing nanocomposites,
doping with metal ions, tuning morphology, have been designed to
improve intrinsic activity, catalytic activity and of MnO, nanoparticles
[24, 25]. Hence, doping MnO, nanoparticles with cations such as Fe, Ag
and Ni is an efficient technique to enhance its catalytic activity and
electronic characteristics [26, 27]. Reports show that Ag-based nano-
particles are a potential candidate for zinc-air battery cathode materials
due to their low overpotential [13]. Moreover, the addition of Ag
changes the structure and particle size of a-MnO; which is advantages
to provide more active sites [10]. Here, a simple co-precipitation
approach is developed for synthesizing Ag doped a-MnO; nano-
particles (NPs). This method have the following key advantages such as
an energy-saving approach, low cost, simple, and low preparation
temperature. In this research, Ag doped a-MnO, catalysts were devel-
oped using a simple co-precipitation approach. Additionally, this work
aims to investigate at how Ag ion doping in MnO, affects the nano-
materials' crystalline structure, shape, particle size, and catalytic activity
as well as how they are used in ZABs.
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2. Experimental sections
2.1. Materials

All reagents are purchased with analytical grade and utilized without
any additional purification. Potassium permanganate (99% KMnO4
Sisco), sodium hydrogen carbonate (NaHCO3; 98% Sigma Aldrich),
aqueous ammonia (NH40H, 35%), manganese sulphate (MnSO4-HO,
99%) and silver nitrate (98% AgNOs3) from Sigma Aldrich. Distilled water
(DW) is utilized as a solvent throughout the experimental work.

2.2. Synthesis

Ag doped MnO, and MnO; NPs were synthesized by a simple co-
precipitation approach. Initially, 30 mmol MnSO4-H0 and preferred
mole of (2.5, 5, 7.5, 10, and 15 mmol) AgNO3 were dissolved in 100 mL
DW and 20 mmol KMnO4 was dissolved in 100 mL DW. The solution was
heated to 80 °C. While stirring NaHCOs3 solution (1 M) was added
dropwise until the solution reached to a pH of 9. The solution was stirred
at 300 rpm with a temperature of 80 °C for about 3 h. The solution was
washed with DW several times, filtered and dried at 110 °C for 12 h.
Finally, the obtained product was calcined at 400 °C for 4 h. A similar
method was implemented for the preparation of MnO; NPs. The only
modification was that the absence of AgNOs into the KMnO4 and
MnSO4-Hz0 solution. The samples were labelled as Ag-MnO,-2.5,
Ag-MnO5-5, Ag-MnO,-7.5, Ag-Mn0O,-10 and Ag-MnO,-15 based on the
doping level of AgNOs (2.5, 5, 7.5, 10 and 15 mmol), respectively.
Figure 1 shows the detailed illustration of Ag doped MnO; NPs prepared
through co-precipitation technique.

2.3. Characterization

X-ray diffraction (XRD) was used to examine the crystalline structures
and the phases of synthesized materials using Cu Ko radiation working at
30 mA and 40 kV in the range of 10-80°. FTIR was carried out to
investigate the functional groups. The thermal properties of the as-
prepared materials were examined by TGA/DTA. The electrochemical
behaviours were analyzed by electrochemical impedance spectroscopy
(EIS), chronopotentiometry (CP) and cyclic voltammetry (CV).

2.4. Electrochemical measurement

To determine the electrochemical activity of as-prepared catalysts a
three electrode cell configuration at 0.1 M KOH aqueous electrolyte were

i

Ag-MnO»
NPs

Calemed at 400 °C

fordh ——

Figure 1. Diagram of the experimental setup for a-MnO, and Ag doped a-MnO, NPs preparation via Co precipitation approach.
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performed using an electrochemical workstation of CHI760E. Platinum
coil, glassy carbon and Ag/AgCl were utilized as counter, working and
reference electrodes, correspondingly. The working electrode was pre-
pared by casting MnO5 and Ag doped MnO,, solution on a glassy carbon
substrate. The sample suspension was prepared by mixing 3.5 mg of
MnO, and Ag doped MnO, nanomaterials with 3.5 mg of carbon powder
(to increase electronic conductivity) in isopropanol-water solution (2.5
mL) with 7:3, volume/volume ratio. The sample ink was mixed ultra-
sonically for 10 min and then 15 pL of this solution was pipetted onto the
working electrode. The electrolyte saturation via oxygen was done for 30
min in the electrochemical examination process.CV was studied at
various scan rates (5, 10, 20, 50, and 100 mV s™1) in the potential win-
dow range of +0.1 to -0.7 V (vs Ag/AgCl). CV results were utilized to
estimate the specific capacitance (C) of each electrode according to Eq.
(1) [28].

A
C(F/g)fAvaxm M
where AV, A, m and v are sweep potential window, integral area of the
CV loop, mass of the electrode materials and scan rate, respectively. The
power density (P in W/kg) and energy density (E in W h/kg) of the as
prepared electrode can be calculated using CV profile at various scan
rates using Egs. (2) and (3) [29]:

_CAV?

E
2

(2)

p:? 3)

where AV, t and C are potential window during the CV measurements
process (V), discharge time of the CV curves (s), and specific capacitance
(F/g), respectively. The EIS were examined in the frequency interval of
0.01 kHz-100 kHz at 5 mV amplitude. CP was used to study the discharge
property of the as-prepared electrode at 1 A g~ current density.

2.5. Zinc-air battery assembly and performance testing

Zinc-air battery test were performed through a home-made fabricated
zinc-air cell device. In the ZAB test polished zinc plate, carbon paper
coated with as-prepared nanoparticles and 6 M KOH were used as anode,
the air cathodes and electrolyte, correspondingly. The air electrodes were
developed using as-synthesized catalysts mixing with conductive
graphite powder and grinded using agate mortar for 15 min. Then, 15
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Figure 2. XRD profile of; (a) pure a-MnO,, (b) Ag-Mn0,-2.5, (¢) Ag-MnO,-5,
(d) Ag-MnO,-7.5, (e) Ag-MnO,-10 and (f) Ag-MnO,-15 NPs.
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wt.% PVDF was added to the above mixture and stirred for 12 h. The
mixture was coated with a catalyst loading of 2.6 mg cm~2 on carbon
paper (gas diffusion layer) and dried at 85 °C for 1 h. Resistance, open-
circuit potentials and CP of ZABs were record using a CHI600E electro-
chemical workstation to obtain the impedance, open-circuit profiles and
discharge performance, respectively.

3. Results and discussion
3.1. Structural properties

The crystalline nature and phase purity of a-MnO; and Ag loaded
MnO; NPs were studied using XRD at 0.02°/s scan rate in a 20 range of
10°-80°. Figure 2 shows the diffraction pattern of a-MnO5 and different
concentrations (2.5, 5, 7.5, 10, and 15 mmol) of silver doped a-MnO,
nanoparticles. All as-synthesized samples showed diffraction peaks at 2-
theta 12.67°, 17.99°, 25.67° 28.62°, 37.58°, 41.86°, 49.66°, 56.12°,
60.16°, 65.26°, 69.48°, 72.86° corresponding to the (11 0), (20 0), (22
0),(310),(400),(301),(411),(600),(521),(002),(541)and (31
2) crystalline planes, respectively. Hence, all the diffraction peaks are
matched with space group 14/m 87 and the standard values of tetragonal
a-MnO, (JCPDS 44-0141) [30, 31]. It can be observed that after Ag
loading no peak of Ag or Ag,0 contents were detected due to very small
amount of dopant. However, small rise in peak intensity of silver doped
«-MnO, NPs has been identified because of the radius of the Mn ion is
smaller than the radius of the Ag ion [29, 32]. The slight increase in peak
intensity and the lack of diffraction of impurities indicate that Ag atoms
have been effectively loaded into the lattice of a-MnOz NPs. Average
crystallite size of as synthesized a-MnO, and Ag loaded MnO, NPs were
calculated via Scherer method (Eq. 4).

K
~ pcosd

4

where 4, D, 6, K and § were wavelength, average crystallite size,
scattering angle, shape factor with value of 0.9, and full width half
maximum, respectively. The average crystallite size of o-MnOo,
Ag-MnO3-2.5, Ag-MnO,-5, Ag-MnO3-7.5, Ag-MnO,-10 and Ag-MnO»-
15 were 3.49, 4.39, 4.57, 4.79, 4.85 and 4.93 nm, respectively. Silver
doping increase crystallite size of the as papered NPs because of silver
addition into tunnels.

3.2. Morphological analysis

SEM analysis of the morphology of the as-prepared o-MnOg and
Ag-MnO5-7.5 NPs is shown in Figure 3. The catalyst «-MnOy SEM mi-
crographs revealed well-defined, nanoscale cuboidal-shaped particles. As
a result of the doping impact of the Ag NPs, Ag-MnQO,-7.5 revealed
smooth cuboidal shaped nanoparticles. Additionally, in good accord with
the XRD observation, the average diameters of the nanoparticles of
a-MnO, Ag-MnO,-7.5 are 18 nm and 23 nm, respectively. As seen in
Figure 3a and b, the doping of Ag results in the smoothing of the
morphology of the as-prepared nanomaterial in addition to increasing
the particle size of a-MnO,.

3.3. The elemental analyses via ICP-OES

Atomic compositions ICP-OES analyses of the as-prepared samples
were performed to confirm the Mn and Ag loading in the Ag-doped MnO,
NPs. The as-prepared nanoparticle was dissolved in a concentrated acidic
solution (HCI:HNO3, 3:1 v/v by volume) to conduct the ICP-OES anal-
ysis. The Ag and Mn concentrations in the Ag-doped MnO, NPs are
shown in Table 1. Additionally, for Ag-MnO, (0.025 M), Ag-MnO, (0.05
M), Ag-MnO3 (0.075 M), Ag-MnO; (0.1 M), and Ag-MnO3 (0.125 M)
nanoparticles, the Ag/Mn doped molar ratio was 0.025, 0.066, 0.086,
0.137, and 0.103, respectively. ICP-OES analysis results revealed that
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Figure 3. SEM images of a) a-MnO, and b) Ag doped a-MnO, NPs.

Table 1. Results of the ICP-OES investigation of Ag-doped MnO, nanoparticles.

Nanomaterials Ag (mmol/L) Mn (mmol/L) Ag/Mn
Ag-MnO,-2.5 0.013 0.504 0.026
Ag-MnO,-5 0.027 0.473 0.057
Ag-MnO,-7.5 0.033 0.451 0.073
Ag-MnO,-10 0.039 0.439 0.088
Ag-MnO,-15 0.047 0.421 0.11
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1

N
R
\

1640 cm™

3438 cm! B
-1 620 bm

1117 cm

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR bands of; (a) pure a-MnO,, (b) Ag-MnO,-2.5, (c) Ag-MnO5-5,
(d) Ag-MnO,-7.5, (e) Ag-MnO»-10 and (f) Ag-MnO,-15 NPs.

0.125 M and 0.1 M Ag-MnO; nanoparticles had larger Ag/Mn molar
ratios than the others, which had an impact on their thermal, structural,
and electrochemical properties.

3.4. Functional group analysis

FTIR spectra of a-MnO, and Ag loaded MnO; NPs were conducted in
the range of 4000-400 cm ™' to identify the existence of functional
groups and displayed in Figure 4. The absorption peak detected around
3438 cm ™! corresponding to the hydroxyl group and might be consigned
to the stretching vibration of O-H bond, which was originated on the
surface of the MnO; nanoparticles via water adsorption. The absorption
peak at 1640 cm™' and 1384 cm™! corresponding to the bending vi-
bration of O-H group [33]. The existence of more water adsorbed in Ag
loaded MnO, NPs show that the tunnel of Ag-doped MnO, slightly
accumulated water. The band at 1117 cm™! may be ascribed to the

Mn-O-Mn stretching vibration, which describes the MnOg octahedral
formation [34]. Moreover, the peaks at 522 cm™! shows the Mn-O
stretching vibration [35, 36].

3.5. TGA/DTA analysis

The thermal properties of the a-MnO; and Ag loaded MnO; NPs have
been studied using thermogravimetric-differential thermal analysis
(TGA/DTA) starting from room temperature to 900 °C at a heating rate of
10 °C/min in air atmosphere as shown in Figure 5. The TGA/DTA anal-
ysis of a-MnO; and Ag loaded MnO; NPs are shown in Figure 5(a and b).
In the decomposition process of a-MnO; three stages weight loss were
observed. The first 0.26 mg mass loss detected below 126 °C is associated
to the dehydration of crystal water. The endothermic peak of DTA result
observed at 64.8 °C corresponding with water bands adsorbed on the
surface of the as-prepared material (Figure 5(b)). Moreover, the next 0.28
mg weight loss can be allied to the phase alteration of MnO3 to MnOs.
The corresponding endothermic peak of DTA curve is presented at 535.9
°C. The last 0.61 mg weight loss observed between 446-683 °C consistent
to the phase conversion of MnyO3 to Mn3O4 [37]. The resultant
exothermic peak of DAT profile is detected around 689 °C. Similarly, in
the decomposition process of Ag loaded MnO2 NPs three stages weight
loss were observed. The first 0.277 mg mass loss detected below 115 °C is
associated to the dehydration of crystal water. The endothermic peak of
DTA result observed at 69.75 °C corresponding with water bands
adsorbed on the surface of the as-prepared material (Figure 5 (b)).
Moreover, the next 0.283 mg weight loss can be allied to the phase
alteration of MnO; to MnyO3. The corresponding endothermic peak of
DTA curve is presented at 533.2 °C. The last 0.42 mg weight loss
observed between 470 °C-879 °C consistent to the phase conversion of
Mn,03 to MngOy4. The resultant exothermic peak of DAT profile is
detected around 687 °C. Hence, based on the TGA data investigation, the
weight loss of a-MnO and Ag doped MnO, NPs were 16.28% and 14%,
respectively.

3.6. Electrochemical behavior analysis

3.6.1. CV behavior study

CV was conducted to study the electrochemical properties of a-MnO»
and Ag loaded MnO; NPs at various doping level applying the potential in
the range of —0.7 V-0.1 V vs Ag/AgCl electrode. Figure 6a displays Oz-
saturated and unsaturated CV pattern of bare GCE, a-MnO,/GCE and Ag
loaded MnO,/GCE electrodes in the presence of 0.1 M KOH solution at
different scan rate. Figure 6b shows the CV behaviors of O,-saturated and
unsaturated bare GCE at a scan rate of 20 and 50 mV/s with 0.1 M KOH
solution. It is detected that the reduction peak potential of oxygen purged
bare GCE appeared at —0.325 V and —0.34 V with the reduction peak
current of 10.37 pA and 23.2 pA at a scan rate of 20 and 50 mV/s,
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respectively. Compared with the absence of oxygen, the reduction peak
current of bare GCE is smallest, which are 4.03, and 9.4 at a scan rate of
20 and 50 mV/s, respectively. Figure 6¢ displays the CV pattern MnOs,
Ag-MnO3-2.5, Ag-MnO»-5, Ag-MnO,-7.5, and Ag-MnO,-10 modified
electrodes saturated with O, at a scan rate of 100 mV/s. The reduction
potential value of as-prepared nanoparticles are in the order of —0.29 V >
—-0.306 V> —0.33 V > —-0.34 V > —-0.35 V for Ag-MnO,-7.5 >
Ag-MnOy-5 >Ag-MnO,-2.5 > MnO; > Ag-MnO»-10, respectively.

Among the as-prepared samples of Ag doped MnO;, 7.5 mmol of Ag
doped MnO,, presented highest ORR potential and current (—0.29V, 44.5
pA) compared to MnO» (—0.33 V, 40 pA) and 10 mmol (—0.33 V, 37 pA)
of MnO,. This evidence clearly indicated that the optimum doping of Ag
onto MnOs is 7.5 mmol. Moreover, compared with O, saturated and
unsaturated Ag-MnO,-7.5 modified electrode, the peak current of Ag/
MnO,/GCE was increased dramatically after O, saturatation and the
peak potential shifted to the more positive value (Figure 6¢) [38].
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Figure 7. CV curves of (a) MnOy; (b) Ag-MnO,-2.5; (¢) Ag-MnO,-5; (d) Ag-MnO,-7.5; (e) and Ag-MnO,-10; modified electrodes at various scan rate (20-100 mV/s)

in aqueous 0.1 M KOH.

Moreover, for bare GCE and MnO; electrode, the onset potential for
oxygen reduction is -0.28 V and -0.25 V vs. Ag/AgCl correspondingly.
After doped with Ag both the cathodic reduction peak potential and onset
potential of Ag-MnO,-7.5/GCE have been significantly positively shifted
to —0.29 V and —0.17 V correspondingly, at a scan rate of 50 mV/s
demonstrating the improvement of ORR activity. Finally, compared with
bare GCE, and Ag-MnO»-7.5 (Ag-MnO>/GCE), the peak current of 23.22
pA (GCE) was increased 30.45 pA (Ag-MnO,/GCE) and the peak po-
tential was shifted from —0.35 V to —0.285 V at a scan rate of 50 mV/s
(Figure 6d).

The results presented that the Ag-MnO,-7.5 nanoparticles show a
high catalytic activity for the reduction of Oz [39]. These results display
that the catalytic performance of Ag doped MnOs has been highly
improved by the synergistic effect of Ag and MnO; nanoparticles [40]. It
is supposed that the improvement of oxygen reduction performance is
because of lattice activation and oxygen defects by Ag doping [41].

Moreover, Figure 7 displays the CV result of MnOg, Ag-MnO5-2.5,
Ag-MnOs-5, Ag-MnO,-7.5, and Ag-MnO,-10 modified electrodes

saturated in O,-saturated at various scan rates (20-100 mV/s). Hence,
using a potential window of 0.1-0.7 V, the CV curves of all the working
electrodes were measured from 20 to 100 mV s~!. The remarkable sta-
bility of the working electrode in aqueous electrolyte, without any

Table 2. C; results of MnO, and Ag-MnO, modified electrodes computed from
CV results at different scan rates.

Scan rate Specific capacitance (F/g)
(mV/5) MnO, Ag-MnO,- Ag-MnO,- Ag-MnO,- Ag-MnO,-
2.5 5 7.5 10

20 150.9  180.7 210.9 250.1 150.4

30 160.8  200.5 230.2 260.8 160.6

40 180.9  220.6 250.4 290.6 190.1

50 200.5  240.5 270.0 310.7 200.7

75 230.4  250.9 290.5 340.9 230.2

100 330.0  290.0 370.3 390.1 270.2




A.K. Worku et al.

Table 3. Comparison of Cs values of MnO,-based electrodes recently reported in
the literature.

Electrode Methods®  Current Electrolyte Capacitance Ref.
material density/ Type & Fg™h

Scan rate Concentration
Graphene/ CD 1Ag"! 1 M KOH 367 [44]
amorphous
o«-MnO,
composite
Branched CcD 2Ag! 1.0 M Na,SO; 182 [45]
o-MnO,
nanorods
MnO,@MnO, CD 0.5 A.g71 6.0 M KOH 310 [46]
MnOy/ Ccv 200 mV/s 1.5 M LizSO4 326.33 [47]
graphene
hybrid
Fiber-like (4% 10 mV/s 0.5 M NaySO4 92 [48]
MnO,
Ag-MnO, (4% 100 mV/s 6.0 M KOH 390.1 This

work

breakdown, is indicated by the CV curves' continued rise in linearity with
an increase in scan rate. Additionally, the efficient ion diffusion at the
electrode/electrolyte interface during the CV measurement was revealed
by the linearity of the growing ratio of the specific capacitance with the
growth of the CV curves. The CV curve for MnO; and Ag-MnO, NPs at
different concentration of Ag is presented in Figure 7(a, b, ¢, d, e),
demonstrating that the reduction peak potential were shifted towards the

50
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lower energy side with increasing dopant concentration. The reduction
peak potential shift towards the negative side implies the irreversible
reaction [42].

The Cs values of all electrodes at various scan rates are showed in
Table 2. Hence, Ag-MnO,-7.5 is displaying the highest capacitive values
(390.1F g’l) as associated to other electrodes at 100 mV/s scan rate. The
result shows higher capacitive value associated to the reported capacitive
results of MnO,-based electrodes [43]. Table 3 shows the comparison of
capacitive values of MnO,-based electrodes reported in literature.

3.6.2. CV scanning rate analysis

The scanning rate effect of Ag/a-MnO,/GCE on ORR was investigated
using CV as presented in Figure 8a. The reduction peak current of as-
prepared nanomaterials was increases as the increase of scanning rate
as well as potential shift to the negative direction was observed [49].
Hence, in the range of 20-100 mV/s there is a linear relationship among
square root of scanning rate (v'/2) and reduction peak currents, which
showed that the electrochemical characteristics of ORR at the
Ag/a-MnO,/GCE modified electrode is a diffusion-controlled process and
the corresponding equation (Eq. (5)) can be expressed as follows
(Figure 8b) [50]:

Le(pA) =5.2228 v'/2(V1/2571/2) — 0.8746, (R* = 0.98025) (5)

Figure 8c shows the linear relationship of peak current with v which
suggests the presence of electroactive species adsorption. The findings
confirm that the ORR on the Ag/a-MnO2/GCE is a mixture of kinetic
control and diffusion reactions, including the adsorption of O, molecules

—20mVss 2)
B —30mvss 45 b
404——40mV/s
=50 mV/s
B — 15 mvis
30 4——100 mV/; 404
~ 254 /
EN “ =
= 2354
£ 154 =
5 " /_J E
(&)
S 301
——— — — =
0
5 y =5.2228x -0.8746
251 R%=0.98025
410 4
-15+
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Figure 8. (a) CVs of Ag/a-MnO,/GCE at different scan rates (20-100 mV/s) in 0.1 KOH purged solution. (b) Plot of the cathodic peak current vs. v'/2. (c) Plot of the

cathodic peak current vs. v. (d) Plot of E, vs. log (v).
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Figure 9. (a) Nyquist results and the corresponding equivalent circuit of MnO,, Ag-Mn0O,-2.5, Ag-MnO,-5, Ag-MnO,-7.5 and Ag-MnO,-10. (b) Bode plots of MnO»,
Ag-MnO,-2.5, Ag-MnO,-5, Ag-MnO,-7.5 and Ag-MnO,-10. (c) Nyquist results of GCE (bar), MnO,, Ag-MnO,-7.5. (d) Bode plots of GCE (bar), MnO,, Ag-MnO,-7.5.

on the electrode surface [51]. Figure 8d shows the linear relationship
between v vs logarithmic sweep rate as expressed in Eq. (6).

E,(V)=3.2294 log v(Vs ') — 44.64, (R* =0.9942) (6)

Moreover, for an irreversible CV behaviour, the number of electrons
(n) involved in the reduction of O, at Ag/a-MnO,/GCE was determined
by Laviron equation (Eq. (7) [52].

’ 2.303RT RT k%\ (2.303RT
_po
Ep=E +< anF >10g< an.F>< anF >logv

where Ep, EY, F, T, k°, R and a were cathodic peak potential, redox
potential, Faraday constant, temperature in Kelvin, standard heteroge-
neous rate constant of the reaction, gas constant, and the transfer coef-
ficient, correspondingly.

Thus, the value of an can be simply computed from the slope of E;, vs.
log v. In this plot, the slope is 0.056, taking 298 K, 8.314 J/K mol, and
96480 C/mol as T, R and an F value, respectively the result of an was
estimated to be 1.05. Moreover, the value of o can be calculated using Eq.
(8) [53];

™

mvV ®

o Ep _Ep

where E ;» and E, are half-wave potential and the peak potential,
respectively. Hence, from Eq. (8) we calculated the value of a to be 0.27.

Therefore, the transferred number of electrons (n) in the reduction of O,
of at Ag/a-MnO,/GCE was computed to be 3.89. The obtained result
showed that n is close to 4 which indicate that without the formation
H,0; as an intermediate product dissolved Os is directly reduced to HoO
[54]. The ORR mechanism of the as-prepared catalysts can be takes place
either through the direct 4e™ process (Eq. (9)) or the 2e™ process (Eq.
(10)). For the latter, peroxide ions are first produced followed by the
reduction (Eq. (11)) of the peroxide.

O, +H;0+4e—- 40H ,E; =0.401V vs. NHE ()]
O, +H;0+2e - HO; +OH ,Ey = —0.065V vs. NHE (10)
HO; +H;0+2e - 30H ,E; = 0.87V vs. NHE (11

The 4e” ORR is appropriate for ZABs utilization, and the generation
of peroxide throughout the ORR needs to be reduced as it can chemically
attack catalyst support and catalysts. The following theory was used to
compute the ORR at the Ag or Mn site. According to most reports, the
four-electron mechanism that causes the ORR under base conditions
follows these steps (Egs. (12), (13), (14), (15), and (16)) [55]:

0,(g) + *=0.* (12)

0,*+H,0(I)+e~ = OOH*-+OH" (13)
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Table 4. EIS parameters recorded via fitting data of an equivalent circuit model.

Parameters GCE MnO, Ag-MnO,-2.5 Ag-MnO,-5 Ag-MnO,-7.5 Ag-MnO»-10
R1(Q) 28.835 24.268 28.045 26.735 23.586 26.304
R2(Q) 1.2 x 06 6.24 x 05 8.04 x 05 4.93 x 05 3.59 x 05 1 x 06
CPEL-T [sP/Q] 1.9E — 05 2.4E — 05 2.1E — 05 3.6E — 05 4.9E — 05 8.4E — 07

P 0.89 0.87 0.86 0.85 0.86 0.41

CPE2-T [sP/Q] 7.6E — 06 5.4E — 06 6.6E — 06 1.2E — 05 1.1E — 05 1.5E — 05

P 0.89 0.87 0.86 0.85 0.86 0.89
OOH*+e™ = O*+0OH~ a4 3.6.3. Electrochemical impedance spectroscopy (EIS) study

0*+H,0(l)+e~ = OH*+OH"

OH*+e” = OH +*

(15)

aae)

where * refers to a surface's active site that corresponds to the given one.

EIS is a powerful method to investigate the capacitance, internal
resistance and basic characteristics of electrode materials in the elec-
trolyte. The EIS analyses were accomplished at room temperature to gain
information on the electrode materials charge-transfer resistance, phase
angle, interface and surface [56]. The impedance data are examined
using a Nyquist and bode plot, which displays the frequency profile of the
as-prepared electrode. Nyquist plots are represented on the X-axis with
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Figure 10. (a) Open-circuit potentials of assembled ZABs through a-MnO,, Ag-a-MnO5-2.5, Ag-a-MnO5-5, Ag-a-MnO5-7.5 and Ag-a-MnO»-10 electrodes. (b) Nyquist
profile of the assembled ZABs through a-MnO,, Ag-a-MnO5-2.5, Ag-a-MnO»-5, Ag-a-MnQO,-7.5 and Ag-a-MnO,-10 electrodes; inset shows the Equivalent circuit ZABs
using a-MnO,, Ag-a-Mn0O,-2.5, Ag-a-MnO,-5, Ag-a-MnO,-7.5 and Ag-a-MnO,-10 electrodes. In the equivalent circuit illustration, R1 is the bulk resistance of the cell
(electrolyte and electrodes); R2 is the charge transfer resistance, CPE1 is a constant phase element (capacitance of the interfacial layer); Wol is the Warburg
impedance (ion diffusion in the electrolyte). (c) Discharge profile of ZABs using Ag-a-MnO,-7.5 and a-MnO, electrodes at a constant current density of 1 mA/cm? (d)
Specific discharge capacities of zinc-air batteries with a-MnO, and Ag-MnO,-7.5 air cathodes.
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Table 5. EIS fitting results for the fabricated ZABs with different electrodes.

Sample R1 [Q] R2 [Q] CPE1

T [sP/Q] P
MnO, 61.984 89.238 6.2676E — 05 0.7
Ag-Mn0,-2.5 59.718 125.14 4.7405E — 05 0.71
Ag-MnO,-5 59.867 92.381 0.00012972 0.63
Ag-MnO,-7.5 58.068 48.722 9.4393E — 05 0.69
Ag-MnO»-10 63.836 78.945 2.4432E — 05 0.78

the real part (Z') and on the Y-axis with the imaginary part (-Z") in the
0.01 kHz-100 kHz frequency regimes as reported in Figure 9. Moreover,
the Nyquist plot a high frequency consists of semicircles associated with
the electron transfer limited process. Furthermore, the semicircle diam-
eter presents the electron transfer resistance (R.y), and its lower value
matches a faster electron transfer rate [57]. Figure 9a, indicates the
Nyquist results of MnOy, Ag-MnO»-2.5, Ag-MnO5-5, Ag-MnO,-7.5, and
Ag-MnO5-10 modified electrodes and their corresponding equivalent
circuits in 6M KOH. Bode plot of phase angle with respect to log (f/Hz) of
the MnO,, Ag-Mn05-2.5, Ag-MnO,-5, Ag-MnO»-7.5 and Ag-MnO5-10
modified electrodes and GCE in 6 M KOH solution are shown in
Figure 9(b) and (d), correspondingly. The phase angles of as-prepared
electrodes lie in the range of 50-70° at low frequency (<100 Hz),
which implies the ideal capacitive and redox performance of the elec-
trodes [58]. EIS spectrum analyser software was utilized for EIS data
fitting as shown in Figure 9. The impedance spectra of as-prepared
electrodes Nyquist plots were studied using fitting the experimental
data to the same equivalent circuit models that contains of R1, R2, CPE1,
and CPE2 which refers as electrolyte resistance, electron transfer resis-
tance, constant phase element of double layer capacitance and constant
phase element of the electrode capacitance, correspondingly. Table 4
shows the fitted parameters gained from the EIS data of as prepared
electrodes. The parameters nl and n2 denotes to constant phase for CPE1
and CPE2, correspondingly. If the value of n (n1 and n2) approaches to 1
is the indicator of more capacitive performance. Hence, the highest value
of n is 1. Moreover, the connection of CPE in parallel with a resistance
shows the occurrence of a non-Faradaic reaction (charge accumulation at
the interface) and a faradaic reaction (charge transfer). The interfacial
interaction among the electrolyte and the catalyst is directly related to
the Rct value [59]. In addition, the parallel connection of CPE1 and R2
largely depends on the dielectric properties at the electrode/electrolyte
interface. Hence, parameters (CPE1 and R2) are affected by the electrode
surface modification and gave rise to the semicircle property change
particularly R2 which depends on the electron transfer at the electrode
interface. The measured value of R1 follows the order GCE (28.835 Q) >
Ag-MnO5-2.5 (28.045 Q) > Ag-MnOj-5 (26.735 Q) > Ag-MnO,-10
(26.304 Q) > MnO, (24.268Q) > Ag-MnO»-7.5 (24.268Q) while the R2
follows the order GCE (1.2 x 06 Q) > Ag-MnO,-10 (1 x 06 Q) >

K<l
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Ag-MnO5-2.5 (8.04 x 05 Q) > Ag-MnO3-5 (4.93 x 05Q2) > Ag-MnO»-7.5
(3.59 x 05 Q). Moreover, when the CPE exponent nl and n2 remain
closer to 1 for the GCE, MnOj;, Ag-MnO,-2.5, Ag-MnO,-5, and
Ag-MnO3-7.5 both the Ag-MnO,-10, showed the values of 0.41 for nl
confirming high porosity nature of the materials. Hence, Ag-MnO5-7.5
electrode shows a smaller Ret value which is the indicator of excellent
charge transport property [58]. Thus, faster electron transport acceler-
ates the oxygen reduction speed in accordance to the maximum reduction
current found from the Ag-MnO,-7.5 nanoparticles (Figure 6). Moreover,
smaller Rct value is vital to decrease the overpotential in ORR for the
MnO,-NTs/graphene composite. The higher charge transport character-
istic and better ORR activity of Ag-MnO,-7.5 nanoparticles are due to the
synergetic effect of Ag and MnO, NPs [60].

3.6.4. Application in zinc-air battery

The open-circuit potential (OCP) vs. time of MnO; and Ag-MnO»-7.5
based ZABs are presented in Figure 10a [61]. The electrochemical per-
formances of zinc-air batteries cells were further examined through EIS
as shown in Figure 10b. The impedance at high frequency region corre-
lated with the charge transfer processes, which might be consisting of the
ion and electron transfer routes. Additionally, the low-frequency region
of the straight line is attributed to diffusion processes, correspond to the
adsorption—desorption of oxygen, the surface diffusion of intermediate
oxygen species and oxygen diffusion at the air electrode interface [62].
Indeed, the impedance profiles were fit to an equivalent circuit as pre-
sented in Figure 10b [63]. The EIS data equivalent circuit consists of R1,
R2, CPE1 and Wol which corresponds to bulk resistance of the cell
(electrolyte and electrodes), charge-transfer resistor, constant phase
element and a Warburg element, respectively. The constant phase
element (CPE) is comprised by two components; CPE-T and CPE-P. CPE-T
is a pseudo capacitance which is called Q and CPE-P is related to the
semi-circle in the Nyquist plot (depressed semicircle), normally used by
the notation ‘n'. Moreover, the equivalent fitting parameters (R1, R2,
CPE1-T and CPE1-P) are reported in Table 5. Both ohmic resistances and
electrolyte resistance are significantly reduced after MnO5 was modified
with Ag. The next resistance is ascribed to R2 produced by the
charge-transfer resistor [64]. Moreover, the last resistance is attributed to
the Warburg resistance (Wol) shown by the straight line at low fre-
quency region which is associated with the diffusion properties on the
interface among the electrolyte and the catalysts surface. Thus, electro-
lyte resistance and charge-transfer resistance of battery with
Ag-MnO05-2.5, Ag-MnO,-5 and Ag-MnO,-7.5 catalysts showed improved
intrinsic conductivity due to the introduction of Ag nanoparticles
(Table 5). Hence, Ag possesses good catalytic activity for oxygen surface
diffusion, dissociation of molecular oxygen into atomic oxygen, best
conductivity, and oxygen surface adsorption.

Discharge profile of ZABs with 6 M KOH solution at a constant current
density of 1 mA/cm? is presented in Figure 10c. The analysis showed that
the Ag doped a-MnO, sample took nearly 2.38 h discharge time, which
was longer than that of a-MnO; (2.25 h), demonstrating that catalytic

d)

Negative collector

A Gas diffusion layer

Figure 11. (a—c) Photographic demonstration of the open circuit potential of the homemade ZAB assembled with zinc foil, «-MnO; and Ag doped a-MnO,, cathode and
6 M KOH electrolyte solution and (d) Configuration of rechargeable assembled zinc air battery.
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performance of Ag doped a-MnO,-7.5 is improved due to the loading of
Ag.

Further, a-MnO,, catalyst based battery delivered a specific capacity
of 750 mA h g~! with corresponding energy density ~825 Wh kg™*
whereas Ag-MnO,-7.5 based battery showed a specific capacity of 795
mA h g~ ! with corresponding high energy density ~875 Whkg ' at 1 mA
em 2 discharging conditions (Figure 10d). In Figure 11(a, b, ¢) the screen
of a multimeter displays the open circuit potential of 0.962 V, 1.019 V
and 1.1.126 V for a-MnOs, Ag doped a-MnO5,- 2.5 and Ag doped a-MnO,-
7.5 electrodes of homemade ZABs, respectively. Thus, a home-made
battery with Ag doped a-MnO, electrocatalyst showed higher open cir-
cuit potential than that of a-MnO,. The batteries were assembled using
zinc foil, a-MnO5 and Ag doped a-MnO,-based gas diffusion electrode
and 6 M KOH electrolyte solution (Figure 11d) [65]. All of the results
show that the Ag-Mn0Q,-7.5 has excellent potential as an electrocatalyst
in the zinc-air battery.

4. Conclusion

In this study, we have used a facile co-precipitation approach to
develop Ag doped MnO; NPs as a high performance ORR catalyst for
ZABs. Herein, the CV profile demonstrated that the ORR activity of Ag
doped a-MnO, NPs are higher than pure a-MnO,. Among the doping
concentration of Ag doped a-MnO3 nanoparticles, 7.5 mmol of Ag doped
MnO; presented the best catalyst loading that produced the highest ORR
potential and current. The ORR performance of Ag doped MnO; nano-
particles were significantly increased when it was modified using Ag NPs
in alkaline medium, which makes Ag doped MnO-, catalyst one of the best
cathode material for ZABs. The Ag doped MnO, nanoparticles followed a
4-electron pathway in ORR because of the synergistic result among Ag
and MnO; nanoparticles. EIS confirms the loading of Ag NPs improved
the conductivity by decreasing the charge transfer resistant of the air
electrode. In full cell tests, Ag doped MnO; showed a lower resistance and
higher conductivity than MnO2 NPs when utilized as an air electrode in
zinc-air batteries. Moreover, Ag and MnOs catalysts can be noticed as a
best candidate for ZABs due to their low cost and high performance,
which replaces the expensive Pt/C electrocatalysts.
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