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Abstract

The structural and electrochemical properties of ngaaese oxide (Mg
electrodeposited by potentiostatic and galvanastainditions are studied.—-xay diffraction
analyses confirm identical Mn(phase (ramsdellite) are deposited under poteatiosind
galvanostatic conditions. Under comparable curdamisity during electrodeposition, MpO
deposited by galvanostatic condition shows smaltgstallite size, less compact layered

structure, higher surface area and wider band gemgomparison to the potentiostatic



deposition. The Mn@morphology difference under different electrodefims conditions
contributes to different capacitive behaviors. Toeer compactness of MnQdeposited
galvanostatically renders facile ions diffusioradeng to higher specific capacitance with low
equivalent series resistance. The findings sugggstinostatic electrodeposition is suitable

to produce Mn@nanostructure for supercapacitor application.

Keywords. Potentiostatic, Galvanostatic, Electrodepositiompe3capacitors, Manganese

oxide

1. Introduction

In recent years, MngQs attracting attention for supercapacitor appiccg mainly due to
the high abundancy of manganese [1] that contribistdow material cost as compared to the
expensive ruthenium metal. Pang et al. reporteti bjgecific capacitance (700 Fhyfor
MnO, thin films in year 2000 and their findings sparksiiong interest among energy
research community for its application in supercépa electrode [2, 3]. Such high
capacitance value is attributed to the ions inseftiesertion within Mn@ structure and it
depends crucially on the particle size, surface amed porosity. Since then, in achieving
optimized condition for the aforementioned promstiMnQ with different morphologies
were developed, such as nanoflakes [4], nanorofjsnfmowires [6], nanopetals [7] and
nanosheets [8]. In this context, the synthesiserqalays a vital role in determining its
morphology. The most common synthesis route for Mis@hemical coprecipitation method

[9, 10] that involves dissolved Mhprecursor. However, the instability of Kfrprecursor in



the aqueous solution as well as the contact ressthetween synthesized Mpénd current
collectors hinders its common usage in electrochalmapplications [11, 12]. Apart from
chemical coprecipitation method, electrochemicalod&ion was proven to be an effective
method to prepare MnOnanostructures [5, 13, 14]. There are two apprescfor
electrochemical deposition of MaOnamely anodic oxidation and cathodic reduction.
Cationic Mrf* precursor is commonly used in anodic oxidationlevanionic MnQ™ (Mn"*)

is used in cathodic reduction. In comparison, aditheeduction offers more versatility as
various metals could be -etdeposited during the deposition process and thagatinn of the
metallic substrate during anodic deposition cousb de avoided [6, 15, 16]. The cathodic
reduction of MnQ@ in neutral agueous solutions can be representédebipllowing reaction

[17]:

MnO; + 2H,0 +3e™ — MnO, + 40H~ (D)

The kinetic pathway of reducing Mhto Mr** is an important factor in determining
MnO, microstructure and it could be manipulated by pté and current during
electrodeposition process [6, 7, 17]. In this crihtegalvanostatic and potentiostatic
techniques are widely employed to electrochemicpityduce Mn@ nanostructures [6, 11,
13, 18]. Suhasini reported the comparison studwéen MnQ films electrodeposited by
potentiostatic and galvanostatic techniques, andodstrated the galvanostatic technique
could produce Mn@film with higher specific capacitance [19]. Howeyvthe reported study
only referred to the anodic deposition of Mn@nd there are limited studies report on the

cathodic deposition of M Herein, we report the comparative findings on streictural



and electrochemical properties of Mn@eposited cathodically under potentiostatic and
galvanostatic conditions.
2. Experimental section

MnO, was electrodeposited cathodically from 0.5 M KMregdlution by potentiostatic
[denoted as MnglPS) hereafter] and galvanostatic [denoted as NBS) hereafter]
conditions by applying 10 V and 0.165 A ¢for 30 min at room temperature, respectively.
The stainless steel substrate (1x23mwas first etched in hydrochloric acid (0.1 M) and
acetone for 1 hour, then washed and dried. Twetfaated stainless steel plates were used as
the electrodes. The distance between two electradsskept constant at 20 mm throughout
the electrodeposition process. For both electrogigpo techniques, black films were
obtained on the cathode and the mass was recoftéedg/ing.

Phase identification of the films was carried outngsa PHILLIPS PW1700
diffractometer equipped with an automatic divergdgitt Diffraction patterns were obtained
using CuK, radiation £ = 0.15418 nm) and a graphite monochromator irRtheange from
5° to 8C°. Sample morphology was investigated using a JESM-FB00F field emission
scanning electron microscope. The surface areheosamples were measured by NOVA
3200 surface area analyser. The optical absorgpectra were measured at the wavelength
range from 200 to 900 nm at room temperature uaifiAHERMO SCIENTIFIC UWVis
spectrophotometer. The electrochemical measuremesre conducted in 1 M M&O, with
three-electrode system consisting Mp©oated stainless steel plate as working electrode,
Ag/AgCI as reference electrode and Pt wire as @uelectrode. Cyclic voltammetry (CV)
tests and galvanostatic charge-discharge tests eoeiducted in the potential range between

0 and 1 V. Impedance data were collected from HBto 0.01 Hz, at open circuit potential



with an AC amplitude signal of 10 mV. All electraghical data were collected using
AUTOLAB PGSTAT M101 potentiostat/galvanostat eqwdpwith frequency response
analyzer.

3. Resultsand discussion

Figure 1 shows the XRD patterns of MiiEeS) and MnO2(GS). Both XRD patterns
confirm the black films on the stainless steel etates as the ramsdellite phase M{il@CD
96 900 1168). For both XRD patterns, two XRD peatkd4.5 and 65.8 could be attributed
to the stainless steel ((ICCD 00 087 7222). Crirstabize calculation by the Scherrer
formula shows that the Mn@PS) has bigger crystallite size (23 nm) as contpaoethat
obtained on Mng(GS) (18 nm). The crystallite size of Mp@ known to affect the ions
(de)intercalation rate and therefore regulatingpégormance of a supercapacitor [20].

The sample morphology was investigated by FESEMthe representative images are
shown in Figure 2. Both electrodeposition condsigeroduce similar layered structure of
MnO, that only differs in the nanosheets compactnessONGS) shows lower nanosheets
compactness and the nanosheets are greatly sepa@ateeach other, in comparison to the
MnO,(PS). The difference in the nanosheets compactedsnorphology under different
deposition conditions could be explained from th&teptial response (lefy axis for
galvanostatic) and current response (righixis for potentiostatic) during electrodeposition
process (Figure 3). In this study, 10 V was cahgfsglected for the potentiostatic deposition
as it generated current density in the range tlaagt somparable to the current density applied
(0.165 A cm?) in the galvanostatic deposition. The total chargssing through the electrode
was calculated for both deposition conditions arelytshow almost identical values (293 C

cm ?for potentiostatic; 297 C cifor galvanostatic).



Since total consumed charge values are almosticdéor both deposition processes,
the difference in Mn@ morphology could be attributed to the potentidfedence during
electrodeposition process. For galvanostatic dépasior MNnO,(GS), it could be observed
that the potential gradually decreases with time tb the enhanced friction effect resulting
from MnQ, formation on the cathode and the interaction n§imoving in cathodic direction
with the ions electromigrating in anodic directidine potential drop decreases the diffusion
rate of MnQ  to the cathode surface and allows lower depositate, thus producing
MnO,(GS) layered structure with less compact nanoshastshown in the FESEM image.
For potentiostatic deposition for Ma@S), the potential is maintained throughout the
deposition process and MgaGtructure is formed rapidly, producing layeredisture with
compact nanosheets. For both deposition technidisesyolution occurs and pushes the Mn
species to the vacant areas of the substrate vidiithe from the K bubbles, leading to the
formation of layered structure. Similar findingse abtained elsewhere for Mp@nd other

nanomaterials [21, 22].

Figure 4 shows the Nadsorption—desorption isotherms of MiiGS) and MnQ(PS),
with the pore size distribution as inset. The dpesurface areas are found to be 63.5 and
36.6 nf g* for MnO,(GS) and MnQ(PS), respectively. Pore size distribution curvesws
the pore size ranges from 2 to 70 nm (two narroakpeaaround 3 and 20 nm) and from 2 to
20 nm for MnQ(GS) and MnQ(PS), respectively. The lower nanosheets compaxtoks
MnO,(GS) contributes to higher surface area and widaerge of mesoporousity. The
mesopores play an important role in enhancing tdsomption of ions during the

electrochemical measurements.



The crystallite size and morphology affect the gt@uc and electrochemical properties
of a nanostructure. The electronic properties ofOMRS) and MnQGS) were investigated
by band gap studies. MaCexhibits broad absorption band at ca. 400 nm, kviecthe
characteristic of the excitation fromy©Oto Mrgq [23]. The absorption band gafg] was
obtained from the following equation [24]:

(ahv)™ = [S’(hv — Eg) (2)
where,ho is the photon energy, is a constant relative to the materk),is the energy band
gap,a is the absorption coefficient and the exponemakes different values depending on
electronic transition types in the space (2 for direct allowed, 2/3 for direct fordbédh, 1/2

for indirect allowed and 1/3 for indirect forbiddémnsition). The absorption coeficiemnt)
was calculated as reported elsewhere [24]. Extadipol of the linear line to zero absorption
coefficients gives the values of energy band gaghasvn in Figure 5. The energy band gaps
are found to be 1.85 and 1.95 eV for M(IE5) and MnQ@GS), respectively. The wider band
gap for MNQ(GS) could be attributed to the smaller crystalitee of the nanostructure, as
seen from the XRD analysis. Wider band gap indggteater charge separation and higher
carrier density will be generated under electriiald. The MottSchottky relationship
predicts the interfacial capacitance (per unitarefarea) increases with carrier density of the
nanostructure [25]. Thus, it is noteworthy to inigeste the capacitance of Ma@eposited
under potentiostatic and galvanostatic conditions.

Figure 6(a) shows the CV curves for MuiPS) and MnQGS). The CV curve for
MnO,(GS) shows larger rectangular loop with ideal sytmynehich indicates better charge
propagation within the nanostructure, as compaoeitheé MnQ(PS). It could be associated

with better nanosheets spacing and less compactieege structure that facilitates ions



diffusion within the structure. The galvanostati@mme-discharge curves of MnQleposited

in two different approaches are displayed in Figit®). Both curves are almost linear with
neglected iR drop, suggesting the rapid currentagel response of the MaCFurthermore,
the symmetrical charge-discharge curves also itelithe good reversibility of MnO
deposited in two difference approaches. The spec#pacitance values were calculated from
the slope of discharge curve using the equatioarteg elsewhere [26]. As suggested by the
band gap results, Mn{I5S) with wider band gap shows higher specific céapace (196 F
glatlAgh, in comparison to the Mng{PS) (128 F ¢ at 1 A g'). MnO, deposited by both
techniques show similar trend in which the speafipacitance values increase with lower
current density, as shown in Figure 6(c). Thisdrenattributed to the slower ions diffusion
at lower current density that contributes to higlers adsorption. However, the specific
capacitance values for Ma(®S) decrease drastically at higher current densitych could

be related to the high compactness of M®3) structure that limits the penetration of ions
into the inner region due to fast potential chaagéiigh current density. These findings
suggest MNnQGS) is more suitable to be deployed as superdapadectrode, even at high
current density load. The stability tests were cmteld by continuous charge-discharge
MnO, at 5 A g' and the results are presented in Figure 6(d).r &880 cycles of charge-
discharge, Mn@{GS) shows higher stability with 88% of capacitanegntion, as compared
to the 75% for Mn@PS). Moreover, the coulombic efficiency (Figuredp(inset) for
MnO,(GS) was found to be higher than that obtainedvin©,(PS) after 5000 cycles charge-
discharge. Such findings could be explained byhigh compactness of Mn(@S) structure

that could easily be clogged up during long chatigeharge cycles.



Figure 7 shows the Nyquist plots for MgGS) and MnQPS). MnQ(GS) shows
shorter Warburg diffusion at low frequency, posgiihlie to the better nanosheets spacing and
less compactness of the structure. Insets of Figuseow the zoomed impedance plots at
high frequency region and the equivalent circuitifg. The corresponding fitted data is
tabulated in Table 1. The interceptxadxis represents the equivalent series resista&BR)
which can be related to the conductivity of the enat. It could be seen that the ESR for
MnO,(GS) is 1.5, lower as compared to the 2.21for MnO,(PS). The lower ESR value
could be attributed to the higher carrier densityhe MnQy(GS). In addition, galvanostatic
technique produces M(@5S) with lower charge transfer resistance tham diained on
MnO,(PS). The electroactive surface area was calcufeded the impedance data, according
to the formula reported elsewhere [4]. The electiva surface area for Mn(I5S) was
calculated to be 190 éng?, that is about 2 folds higher than the 108 gthsurface area for
MnO,(PS), probably due to the less compactness of #@mosheets for Mn{GS). The
higher electroactive surface area explains theebetpacitive behavior of Mn(I5S), as

suggested by CV and charge-discharge data.

Table 1: Equivalent circuit fitting parameters MnO,(GS) and MnQ(PS).

R.  Rq C Q S W
Q@ (mF) (mF) (m*g™ Q)

MnOx(GS) 152 1.30 149.9  20.2 190 0.05

MnO(PS) 221 191 851  10.2 108 0.09




4. Conclusions

Comparison study for MnGS) and MnQPS) shows the difference in terms of
morphology, surface area, band energy and ele@dmocal properties. Galvanostatic
technique could deposit M(@S) in smaller crystallite size, layered structwih less
compact nanosheets, higher surface area and wided lyap, as compared to the
potentiostatic technique. Electrodeposited Mrtas been widely used in supercapacitor
application and our findings show that Mi{GS) is more suitable to be applied as
supercapacitor electrode, due to the higher spec#ipacitance, lower ESR and higher

electroactive surface area.
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Figure captions

Figurel

Figure2

Figure3

Figure4

Figure5

Figure 6

Figure7

XRD spectra for MngfPS) and MnQGS).

Representative FESEM images at the same magiofickor (a) MNQ(PS) and
(b) MnNOx(GS).

Potential response (leftaxis for galvanostatic) and current response {Iygxis
for potentiostatic) during electrodeposition praces

N, adsorption—desorption isotherms of MiEE) and MnQGS). The inset
shows the pore size distributions.

Direct transition ¢hv)? versusho curves for (@) Mn@PS) and (b) Mng(GS).
Electrochemical studies of Ma®S) and Mn@GS) in 1 M NaSQO,. (a) CV
curves for at 25 mV'§; (b) Galvanostatic chargdischarge curves at 1 A'g(c)
the variation of specific capacitance values aaretfon of current density and
(d) cycling stability tests at 5 A the inset shows the coulombic efficiency.
Nyquist plots for MN@PS) and MnQGS), at open circuit potential in 1 M
NaSOy; insets show zoomed Nyquist plots at high freqyeaegion and the fitted

equivalent circuit.
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Highlights

= Galvanostatic deposition produced less compact MnO, nanostructures

= Galvanostatic deposition produced MnO, with wider band gap

= Galvanostatic deposition produced MnO, with high specific capacitance.

= Galvanostatic deposition is more suitable approach to produce MnO, for

supercapacitor



