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A two dimensional (2D) Mn3z0,4@rGO architecture has been investigated as an anode material for
potassium-ion secondary batteries. Herein, we report the synthesis of a Mnz0,@rGO nanocomposite
and its potassium storage properties. The strong synergistic interaction between high surface area
reduced graphene oxide (rGO) sheets and MnzO4 nanospheres not only enhances the potassium storage
capacity but also improves the reaction kinetics by offering an increased electrode/electrolyte contact
area and consequently reduces the ion/electron transport resistance. Spherical MnzO,4 nanospheres with
a size of 30-60 nm anchored on the surface of rGO sheets deliver a high potassium storage capacity of
802 mA h gt at a current density of 0.1 A g~* along with superior rate capability even at 10 A g~*

(delivers 95 mA h g~ and cycling stability. A reversible potassium storage capacity of 635 mA h g™t is
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Accepted 3rd September 2019 retained (90%) after 500 cycles even at a high current density of 0.5 A g~ Moreover, the spherical
Mnz0,@rGO architecture not only offers facile potassium ion diffusion into the bulk but also contributes

DOI: 10.1039/c9na00425d surface K' ion storage. The obtained results demonstrate that the 2D spherical Mnz0,@rGO
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Introduction

Rechargeable lithium ion batteries (LIBs) have gained much
attention in portable electronics markets and electric vehicles
due to their high working potential, high capacity and long
calendar life."® Due to their merits, the application of LIBs is
being explored for high power grids; however, safety is still
a major challenge because of the formation of possible lithium
plating/dendrites if the battery is overcharged.** Moreover, the
high cost and scarcity (0.0017 wt% in the Earth's crust)® of the
lithium source further limit the practical application of LIBs.
Numerous research groups have been exploring alternative
metal-ion batteries with most Earth-abundant elements;
among them sodium-ion batteries (NIBs) and potassium-ion
batteries (KIBs) have gained much attention.”* This is due to
their similar electrochemistry and their abundance (2.3 and
1.5 wt% for Na and K respectively, in the Earth's crust)."
Potassium-ion batteries' are expected to be a better alterna-
tive to LIBs; however, it is very hard to achieve high capacity,
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nanocomposite is a promising anode architecture for high performance KiBs.

significant cycle life and high rate capability due to the large
atomic weight and size (1.33 A) of potassium compared to
lithium (0.76 A). Therefore, further development of KIBs
requires high capacity anode materials to meet the energy and
power density of LIBs.

To date only a few anode materials have been developed for
potassium-ion batteries such as Sb/C, vitamin K, black phos-
phorus, red phosphorus, FeVO,, alloy based materials, K,Ti,Oq,
boron-graphdiyne, Sn/P*?' etc. However, transition metal
oxide based high capacity anode materials are rarely devel-
oped.”” Among the series of anode materials developed for
alkali-ion batteries, Mn;0,4 has gained much attention due to its
high theoretical capacity (936 mA h g™ "), low oxidation poten-
tial, abundance and environmental friendliness.?*>* However,
several issues hampered the successful application of Mn;0, as
an anode material for alkali-ion batteries ie. (i) poor intrinsic
electronic conductivity (107 to 10~ % S cm™ ") that kinetically
limits the active material utilization results in poor capacity and
low rate capability and (ii) greater extent of volume expansion
and contraction during ion intercalation/deintercalation can
result in electrode cracking and fast capacity fading over pro-
longed cycling. It is well recognized that the combination of
nanoscale materials with a conductive carbon network is an
effective way to overcome or suppress these shortcomings.*®
Reduced graphene oxide (rGO) is considered as an excellent
conductive carbon network because of its high conductivity,
strong mechanical strength, large surface area and good
chemical stability during cycling.>”*® H. Wang et al.>® reported
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a Mn;0,@rGO composite for LIBs exhibiting high capacity
which reaches its theoretical value and more recently P. Rosaiah
et al.* reported the Mn;0,@rGO composite for supercapacitors
and LIBs. No reports are available for the application of the
Mn;0,@rGO composite for KIBs to date to the best of our
knowledge. In the present work we prepared rGO through
chemical reduction of graphite oxide (GO) (synthesized by
Hummers' method?'). In this work we successfully report the
electrochemical performance of spherical Mn;O0,@rGO
composites for KIBs for the first time and also we deeply analyze
the capacitive and diffusion controlled capacity contribution of
the Mn;0,@rGO composite towards the excellent electro-
chemical performance.

Materials and methods

All the chemicals (analytical grade) are purchased from Sigma-
Aldrich and used as such without any further purification.

Synthesis of the Mn;0,@rGO nanocomposite

GO and rGO are synthesized by using Hummers' method*' and
the chemical reduction method (of GO) respectively as
described elsewhere.*> Mn;O, is synthesized via a simple
chemical precipitation method in which 0.04 mol of manganese
chloride tetrahydrate (MnCl,-4H,0) is dissolved in distilled
water. To this, cetyltrimethylammonium bromide (CTAB) is
added dropwise under constant stirring. Mn>" ions are adsor-
bed on the surface of CTAB which prevents particle aggrega-
tion* during synthesis. After 1 h, 0.08 mol of sodium hydroxide
(NaOH) is added dropwise under mechanical stirring. Initially
a brownish-pink colour precipitate forms after adding a few
drops of NaOH which turns to a deep brown colour precipitate
after the complete addition of NaOH. The solution is continu-
ously stirred for 2 h and then the precipitate is filtered and
washed several times with water. The obtained precipitate is
dried in a hot air oven at 100 °C overnight. Then the sample is
calcined at 500 °C for 2 h in an air atmosphere in order to
remove CTAB. Black-brown colour Mn;0O, is obtained after
grinding. For the preparation of the Mn;O,@rGO composite,
initially 15% rGO in 100 ml deionized water is kept under
ultrasonication for 30 minutes. To this, 85% Mn;0, is added
gradually and then ultrasonically treated for 1 h. After removing
from the ultrasonic bath, the mixture is continuously stirred for
2 h and the mixture is filtered and then washed several times
with water. The final product is thus obtained after mechanical
grinding for 2 h. We followed the same procedure for the
preparation of different compositions of Mn;O, and rGO
(80 : 20, 90 : 10 and 95 : 05).

Structural characterization

Typical X-ray diffraction patterns of rGO, Mn;O, and Mn;-
0,@rGO composites are analyzed using an X-ray diffractometer
(Bruker D8) with Cu Ka. radiation (A = 1.5406 A) between 10 and
80° at a scan rate of 5° min~'. Resonant Raman scattering
spectra are recorded using a Renishaw inVia laser Raman
microscope with an excitation wavelength (1) of 633 nm (He-Ne
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laser). Scanning electron microscopy (VEGA3 SB, TESCAN
Instruments) and transmission electron microscopy (HRTEM,
JEOLJEM 2100) are used to investigate the morphology and
microstructure of the synthesized materials. The chemical
states of the synthesized nanocomposite are investigated using
X-ray photoelectron spectroscopy (Thermo Fisher Scientific
Instruments UK) with a monochromatic Al Ko source (1486.6
eV), and the obtained results are calibrated by reference with C
1s at 284.6 eV. The surface areas of the synthesized materials are
investigated using nitrogen adsorption-desorption isotherms
which are recorded at 77 K on a Micromeritics ASAP 2020.

Electrochemical measurements

Electrochemical measurements are investigated using CR2032
type coin cells (half-cells) with potassium ingot as the reference
and counter electrode. Celgard 2400 is used as the separator
and the electrolyte, 1 M KPF; is dissolved in a mixture of 1:1
(vol. ratio) ethylene carbonate (EC)-diethyl carbonate (DEC).
The working electrode consists of the active material, Super-P
carbon and polyvinylidene fluoride (PVDF binder) in a weight
ratio of 80 : 10 : 10. The as-prepared slurry is coated uniformly
on copper foil and the electrodes are dried at 120 °C overnight.
Circular discs of 18 mm diameter are punched out and used as
the working electrode. The cells are assembled in an argon filled
glove box (Vigor, China). Galvanostatic charge-discharge
cycling and cyclic voltammetry (CV) are conducted at room
temperature using a NEWARE battery analyzer (China) and
a Biologic electrochemical workstation (Biologic SAS, France),
respectively. The voltage cut-off window is used between 0.01
and 3 V at different current densities (0.1 to 10 A g~ ') and scan
rates (0.1 to 1.2 mV s~ ') respectively. Electrochemical imped-
ance spectroscopy (EIS) is carried out using a Biologic electro-
chemical workstation (Biologic SAS, France) in which an AC
voltage amplitude of 5 mV and a frequency range between 100
kHz and 5 MHz are used.

Results and discussion

Phase identification of the synthesized rGO, Mn;0, and Mn;-
0,@rGO composites is performed using X-ray diffraction
patterns and is shown in Fig. 1a. The (002) plane of rGO is ob-
tained at 20 = 23.87° and the diffraction peak at 20 = 42.71°
indicates a short range order in stacked graphene layers.** This
also confirms the removal of considerable oxygen containing
functionalities in GO during chemical reduction. The main
diffraction peaks of Mn;O, are well indexed on the basis of the
hausmannite Mn;O, phase® with a tetragonal spinel structure
(PDF #: 24-0734). The diffraction pattern of Mn;0,@rGO also
matches well with the hausmannite Mn;0, phase with a rela-
tively low intense diffraction peak around 26 = 24°. This clearly
indicates that the composite consists of both rGO and Mn;0,
phases. To further confirm the structural features, Raman
spectra (Fig. 1b) are also recorded for GO, rGO and Mn;0,@rGO
composites. Raman bands of GO located at 1352 and 1590 cm ™"
are associated with the disordered band (D band: vibrations of
dangling bonded carbon atoms) and ordered graphitic band (G

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD pattern of rGO, MnsO,4 and Mnz0,@rGO. (b) Laser

Raman spectra of GO, rGO, Mnz04 and Mnz04@rGO.

band: vibrations of all sp> bonded carbon atoms).>® The former
corresponds to Ay, vibration mode and the latter corresponds to
E,g vibration mode respectively. rGO also shows the D and G
bands; however, the intensity of the D band dominates over the
G band which indicates that defects are created by chemical
reduction. The Ip/I; ratio of rGO is greater than unity indicating
that a high degree of defects is created during the reduction
process. It is clearly observed that both Mn;0, and Mn;0,@rGO
composites show dominant scattering peaks at 642 and 571
cm™ ' and minor peaks at 301 and 352 cm™! which are attrib-
uted to the skeletal vibrations of Mn-O bonds.*”** In addition to
that the composite also shows the characteristic peaks of rGO
with enhanced intensity of the D band as compared to the G
band. This is much beneficial for improving the electrical
conductivity of the composite which is favourable for good
electrochemical performance during cycling.

This journal is © The Royal Society of Chemistry 2019
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The chemical composition and chemical bonding states of
the Mn;0,@rGO composite are further examined using XPS.
The survey spectrum (Fig. 2a) confirms the presence of Mn, O
and C elements with no other impurities. The high resolution C
1s XPS (Fig. 2b) spectrum shows three components centered at
viz., 284.2, 285.4, and 288.2 eV; the strong C 1s peak (284.2 eV)
represents sp> carbon in the reduced graphene network,
whereas the weaker ones originated from the oxygenated
functional groups of carbon (285.4 eV - carbon in C-O, 288.2 eV
- carbonyl carbon C=0).>>* The obtained result reveals that
the functional groups in GO are substantially removed after
NaBH, reduction. The Mn 2p XPS peak (Fig. 2¢) can be resolved
into two components i.e. 641.8 and 653.2 eV which are attrib-
uted to Mn 2p;/, and Mn 2p;, levels respectively and the energy
gap between the two levels is 11.4 eV confirming the formation
of Mn;0,. The obtained binding energies of Mn 2p agree well
with earlier reports**** for Mn;0,. Fig. 2d displays the decon-
voluted XPS spectrum of O 1s resolved into two components viz.,
at 529.7 and 530.8 ev which are attributed to the Mn-O-Mn
bond for oxides and Mn-O-H for hydroxides respectively.** The
above obtained results of Mn;0, and rGO are quite consistent
with the results of XRD and Raman. The surface area of the
synthesized Mn;0, and Mn;0,@rGO composite is investigated
using nitrogen adsorption-desorption isotherms measured at
77 K (Fig. 2e). According to IUPAC nomenclature, both materials
exhibit a type II isotherm indicating multilayer adsorption
without a hysteresis loop between adsorption and desorption
which is a characteristic form of non-porous materials. The
calculated BET surface areas of the Mn;O, and Mn;0,@rGO
composite are 103.3 and 110.4 m> g~ ' respectively. The large
surface area of the composite implies that the nanocomposite
architecture facilitates easy access of electrolyte ions to the
electrode surface and diffusion during charge/discharge, which
are beneficial for improving the electrochemical performance.

The morphology and microstructure of the synthesized
materials are investigated using SEM and HRTEM analysis. SEM
images of GO, rGO, Mn;0, and Mn;0,@rGO composites are
shown in Fig. S2.T Both GO and rGO showed micron sized flake
like morphology. A spherical morphology is observed in both
cases of Mn;O, (Fig. S2ct) and Mn;0,@rGO (Fig. S2df)
composites with a particle size in the range of 80-110 nm. At
higher magnification, rGO sheets are not clearly visible in the
composite; however, at low magnification (inset in Fig. S2d¥)
rGO sheets are observed with Mn;0, particles on its surface.
This is further examined by using HRTEM analysis. Fig. 3
depicts the HRTEM images with different magnifications and
SAED patterns of Mn;0,@rGO composites. Spherical Mn;0,
particles with a size of 30-60 nm are clearly observed on the
surface of rGO sheets (Fig. 3a). Fig. 3b shows the HRTEM image
of the Mn;0,@rGO composite at higher magnification. The
SAED pattern (Fig. 3c) also confirmed the presence of both rGO
and Mn;0, phases in the composites.

The electrochemical properties of Mn;0, and Mn;0,@rGO
as anodes for KIBs are examined in half cells where K ingot is
used as the reference electrode in 2032 type coin cells in
a potential window between 0.01 and 3 V at a scan rate of 0.1 mV
s~'. Fig. 4a and b presents the cyclic voltammograms of Mn;0,

Nanoscale Adv., 2019, 1, 4347-4358 | 4349
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Fig.2 XPS of the Mn30,4@rGO composite, (a) survey spectrum (b) C 1s (c) Mn 2p (d) O 1s and (e) nitrogen adsorption—desorption isotherms (T —

77 K) of Mnz04 and the Mn3z0,@rGO composite.

and Mn;O0,@rGO composites for the initial three cycles
respectively. During the first cathodic scan, a reduction peak is
obtained at around 1.22 V which is attributed to the initial
reduction of Mnz0, (Mn;0,4 + 2 K" + 2¢~ — 3MnO + K,0). The
broad cathodic peak from 0.86-0.26 V is attributed to the
formation of a SEI film and the reduction of MnO to Mn (MnO +
2K'+2e~ — Mn +K,0). To confirm the formation of MnO and
Mn during reduction we discharged the cells at different
potential states i.e., 1.05 V and 0.204 V and then we carried out

4350 | Nanoscale Adv., 2019, 1, 4347-4358

ex situ XRD (Fig. 4c). The ex situ XRD patterns clearly confirm
the formation of MnO and K,O in the potential region of 1.12 V
and the formation of Mn and K,O at a potential of 0.204 V. In
the anodic sweep, the two broad peaks obtained at around 0.52
and 1.53 V are assigned to the oxidation of metallic Mn and
decomposition®**” of K,O. This is further confirmed from ex situ
XRD patterns when the cell is charged up to 1.6 V. Except the
first CV curve, the 2nd and 3rd CV profiles almost overlap
indicating the good reversibility of Mn;O, and Mn;0,@rGO

This journal is © The Royal Society of Chemistry 2019
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200 nm

Fig. 3 HRTEM images of (a) Mnz0,4@rGO and (b) Mns0,4@rGO at high magnification. (c) SAED pattern of Mnz0,4@rGO.

composites. Fig. 4d compares the CV profiles of rGO, Mn;0,
and Mn;0,@rGO composites in the potential window between
0.01 and 3V, except that rGO is scanned between 0.01 and 1.5V
because the typical intercalation/deintercalation of rGO mostly
occurs between these potential limits.**** Except peak current
intensities, the CV profiles of both pristine and composite
materials are almost similar which clearly confirms that rGO
does not take part in the redox reaction of Mn;0,4; however, it
acts as a matrix during potassium intercalation/deintercalation.
Based on the signature peaks, the storage behaviour of potas-
sium in Mn;0, and Mn;0,@rGO follows the same kinetics as
LIBs***” and NIBs.**

In order to further confirm the potassium storage phenom-
enon in pristine Mn;0, and Mn;0,@rGO (85 : 15) composites,
we carried out galvanostatic charge/discharge studies (Fig. 5a)
between the potential limits of 0.01 and 3 V (0.01-1.5 V for
rGO**) at a current density of 100 mA g~* (0.1 A g™ '). During
the first discharge, a plateau is obtained between the potential
region of 1.42 and 1.12 V corresponding to the reduction of

This journal is © The Royal Society of Chemistry 2019

Mn;0, (Mnz0,4 + 2K + 2~ — 3MnO + K,0). A sloping voltage
profile is seen from 0.85 to 0.2 V which is attributed to SEI
formation and the reduction of MnO to Mn (MnO + 2K' +2e~ —
Mn + K,0). These potential regions yield discharge capacities of
1263 and 1215 mA h g ' for Mn;O; and Mn;0,@rGO
composites respectively. The discharge capacities of both pris-
tine and composites materials are more than the theoretical
capacity of Mn;0, which is attributed to the conversion reaction
and SEI formation. The first charge curve shows a voltage
plateau at around 0.53 V, consistent with the oxidation of Mn to
MnO and decomposition of the K,O phase. Charge capacities of
643 and 802 mA h g~ ' are obtained at the end of the first
charging process. It is interesting to note that the charge and
discharge profiles of both pristine and composites materials are
quite consistent with the CV profiles and also indicates that rGO
does not take part in the electrochemical reaction of Mn;O, in
the composites; however, it acts as a conductive matrix to
enhance the charge capacity of Mn;0,. To further evaluate the
electrochemical behavior of the Mn;0,@rGO composite, we

Nanoscale Adv., 2019, 1, 4347-4358 | 4351
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performed charge/discharge studies for different compositions
of Mn3;0, and rGO (80:20, 90: 10 and 95:05) at a current
density of 0.1 A g~ *. The charge capacities (inset in Fig. 5b) are
748, 802, 716 and 677 for 80 :20, 85:15, 90: 10 and 95 : 05
(Mn30, : rGO) respectively and the corresponding capacity
retentions (Fig. 5b) are 85.6, 97.7, 91.6 and 88.7% respectively
after 100 cycles. From this we optimized the composition of rGO
in the composite to 15% which performs better in terms of
capacity and capacity retention than the other compositions.

In addition to the high capacity and better cycling stability of
Mn;0,@rGO (85 : 15), an outstanding rate capability is also
achieved at different current densities from 0.1-10 A g™*
(Fig. 5¢). The nanocomposite exhibits reversible capacities of
802, 781, 704, 512, 201, 116 and 95 mA h g~' at the corre-
sponding current densities of 0.1, 0.2, 0.5, 1,2, 5and 10 A g™ "
respectively. It is very interesting to note that as the current
density returns back to 0.1 A g™, the cell still delivers 795 mA h
g ! indicating good rate performances and structural stability.
The coulombic efficiency is initially dropped to 66% and after
10 cycles over 99.5% is maintained and finally it reaches more
than 99.99% at the end of the 80™ cycle.

The long term cycling stability of Mn;0, and Mn3;0,@rGO is
evaluated at a current density of 0.5 Ag™" over 500 cycles as
shown in Fig. 5a. The pristine and composite delivered initial

4352 | Nanoscale Adv., 2019, 1, 4347-4358

charge capacities of 552 and 704 mA h g~*! whereas the 500™
cycle capacities are 90.7 and 635 mA h g~ respectively and the
corresponding capacity retentions are 16.4 and 90.2%. The
coulombic efficiencies of both pristine and composite materials
dropped initially and then were maintained over more than
99% in subsequent cycles. The composite shows relatively good
cycling stability which is considerably higher than that of pris-
tine Mn;0,. The poor capacity retention of Mn;0, is mainly due
to the structural instability during cycling which is confirmed
from the ex situ XRD pattern (Fig. 5b) of the cycled electrode
after 500 cycles. The pristine Mn;0, electrode undergoes large
volume expansion during the process of potassium intercala-
tion/deintercalation resulting in the breakdown of the electrode
architecture and loss of electrical contact between the current
collector and the electrode material.*> More interestingly, the
composite delivers a stable reversible capacity even after 500
cycles which suggests that rGO accommodates large volume
expansion of Mn;0, during cycling which is confirmed from the
ex situ XRD pattern of the composite. The outstanding electro-
chemical performance of the Mn;0,@rGO composite is mainly
attributed to its special architecture. The nanoscale spherical
particles offer a very high surface area allowing potassium ions
to easily go in and out of the Mn;0, structure and subsequently
the volume expansion is accommodated by the rGO network

This journal is © The Royal Society of Chemistry 2019
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Fig.5 (a) First charge/discharge curves at a current density of 100 mA g2, (b) cycling performance of Mns0,@rGO over 100 cycles (inset shows
the first charge/discharge curves of different compositions of Mnz0,4@rGO at a current density of 100 mA g~ and (c) rate capability of Mns-

0,4@rGO at different current densities.

which maintains the structural integrity of the electrode. This is
further evidenced by ex situ HRTEM analysis as shown in Fig. 6¢
and d. It is interesting to note that the spherical morphology of
the Mn;0, is preserved on the surface of rGO sheets even after
500 cycles. Both Mn;0, crystal structure and rGO phase are also
retained and confirmed by SAED patterns (Fig. 6d) of the
composite. The HRTEM image of the composite appears a little
hazy which may be due to conductive carbon and PVDF used for
electrode coating. Even the obtained capacity, cycling stability
and rate capability are better and comparable to those of
sponge® like-Mn;0,4 (~798 mA h g~ " after 40 cycles at37 mA g "
for LIBs), Mn;O, (~200 mA h g~ " after 10 cycles at 40 mA g~ '),>®
Mn;0,-graphene microflowers? (~425 mA h g~ " after 500 cycles
at 0.5 A g ' for LIBs, ~198 mA h g~ after 200 cyclesat 0.2 Ag ™"
for NIBs, and ~150 mA h g~ " after 100 cycles for KIBs), Mn;0,
nanotubes encapsulated by porous graphene* (800 mA h g*
after 200 cycles at 0.1 A g~ " for LIBs and ~200 mA h g~ after 50
cycles at 0.05 A g~ " for NIBs), Mnz0,@C core-shell composites*®
(~765 mA h g~' after 100 cycles at 0.5 A g * for LIBs), Mns-
0,@GNSY (~1100 mA h g~" after 100 cycles at 0.1 A g~ " for

This journal is © The Royal Society of Chemistry 2019

LIBs), Mn;0, nanorods*” (~375 mA h g~ after 100 cycles at 0.1
Ag ! for LIBs), Mn;0,@rGO* (~702 mA h g~ " after 100 cycles at
0.1 Ag ! for LIBs), and Mn;O, nanorods® (~171 mA h g~ " after
100 cycles at 0.1 A g~ for LIBs). Form this we clearly understood
that the as-synthesized Mnz;O4nanospheres@rGO architecture
performs much better than previously reported Mn;O,/gra-
phene/carbon composites for NIBs**** and KIBs** (see the
ESI Table S17).

In order to explain the excellent high-rate performance of the
Mn;0, nanospheres@rGO composite, we examined the redox
pseudocapacitance-like contribution in the composite by
analyzing the kinetics of pristine Mn;O, and Mn;0,@rGO
composite electrodes to separate the capacitive controlled and
diffusion controlled capacity contribution.*®* In this we mainly
consider the following three charge storage mechanisms:**** (i)
faradaic contributions from the diffusion controlled conversion
reaction, (ii) faradaic contribution associated with the extrinsic
pseudocapacitance effect ie. charge transfer with surface/
subsurface atoms and (iii) non-faradaic contribution associated
with the electrical double layer effect. Step-wise kinetic studies
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Fig. 6 (a) Cycling performance of MnsO,4 and Mnz0,@rGO over 500 cycles at a current density of 0.5 A g%, (b) XRD patterns before and after
500 cycles and (c) HRTEM image and (d) SAED pattern of Mns0,4@rGO after 500 cycles.

are carried out by CV experiments for both electrodes at various
scan rates from 0.2 to 1.2 mV s~ . Resulting from the step-wise
potassiation mechanism, CV curves of similar contours are
obtained for both electrodes (Fig. S2at and 7a) at various scan
rates from 0.2 to 1.2 mV s *. The faradaic and non-faradaic
mechanisms can be quantitatively analyzed from CV measure-
ments using the following formula

i=a’ (1)

where i is the current (mA), @ and b are adjustable constants and
v is the scan rate (mV s~ '). The exponent ‘b’ can be determined
from the slope of log(i) vs. log(v) which is attributed to the
charge storage kinetics during the charge/discharge process. If
the value of b equals 0.5, the charge storage kinetics is mainly
dominated by faradaic processes such as diffusion-controlled
intercalation and conversion processes; otherwise if it
approaches 1, the kinetics is controlled by surface limited
pseudocapacitive behavior.>* The b value is calculated for both
electrodes i.e. 0.83 (cathodic peak at 0.38 V) and 0.82 (anodic
peak at 0.52 V) for the Mn;0,@rGO composite (Fig. 7b), and

4354 | Nanoscale Adv., 2019, 1, 4347-4358

0.73 for the cathodic peak and 0.72 for the anodic peak of
Mn;0, (Fig. S2bt). The above obtained values of b demonstrate
that the electrochemical reaction is dominated by the combined
behavior of capacitive controlled and diffusion controlled
intercalation processes. Based on the approach developed by
Dunn,** the ratios of K-ion diffusion and capacitive contribution
can be quantitatively separated by the total current response (i)
at a fixed potential (V) as the combination of current induced
capacitive effects (k;») and diffusion controlled intercalation
effect (k,»''?) according to the following equation

i(Vy = kw + kp'? (2)
at a given potential (V), 7 is the current (A), v is the scan rate (mV
s~%) and k, and k, are adjustable parameters. The plot of i(V)/»"/>
vs. v*'? gives a straight line which provides the values of k,
(slope) and k, (intercept). The capacitive current kv can be
easily separated from the measured total current according to
the value of k,. Fig. 7c and S2ct show the capacitive contribu-
tion of Mn;0,@rGO (74.8%) and Mn;0, (70.2%) electrodes at
a scan rate of 1.2 mV s~ . The capacitive contributions are 47.3,

This journal is © The Royal Society of Chemistry 2019
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(a) CV curves of Mnz0,4@rGO at various scan rates, (b) log i vs. log v plots at oxidation and reduction states, (c) capacitive contribution of

Mns0.,@rGO at 1.2 mV s, (d) normalized contribution ratio of capacitive and diffusion controlled capacities of MnzO,@rGO at various scan rates
and (e) Nyquist plots of rGO, MnzO4 and Mns0,@rGO (inset: equivalent circuit).

53.2, 60.8, 65.6, 69.4 and 74.8% (Fig. 7d) at scan rates of 0.2, 0.4,
0.6, 0.8, 1.0 and 1.2 mV s~ ' respectively for the Mn;O, nano-
spheres@rGO composite (Fig. S2dt for Mn;0,). As the scan rate
increases, the role of capacitive contribution is enhanced and
reaches the maximum value at a scan rate of 1.2 mV s~ . This
enhanced capacitive contribution is mainly due to the spherical
morphology with an enhanced surface area of the synthesized
materials. Our kinetic analysis successfully verifies that the K-

This journal is © The Royal Society of Chemistry 2019

ion storage process is mainly attributed to a surface dominated
redox reaction mechanism whereas the diffusion controlled
contribution plays a little role in the overall capacity of the
Mn;0, nanospheres@rGO composite.

To obtain further insights into the effect of nanospheres on
the improved electrochemical performance, we performed EIS
measurements. Fig. 7e depicts the Nyquist plots of rGO, Mn;0,
and Mn;0,@rGO electrodes and the inset shows the fitted

Nanoscale Adv., 2019, 1, 4347-4358 | 4355
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equivalent circuit model (fitted plots are shown in Fig. S31 and
the parameters are listed in Table S27). All EIS spectra are
composed of semicircles in the high-medium frequency region
(attributed to the charge transfer resistance) and straight lines
in the low frequency region (ascribed to the mass transfer of K*
ions). The circuit elements R, R;s and R . denote the electrolyte
resistance, SEI film resistance and charge transfer resistance of
the electrode-electrolyte interface respectively. Cg, Cq; and W
are capacitance associated with the SEI film, double layer
capacitance and Warburg resistance respectively. A depressed
semicircle is observed for the Mn;O, nanospheres@rGO
composite as compared to pristine Mn;0,4 which suggests that
the conductivity of Mn3;O, nanospheres is greatly enhanced by
the rGO network. The charge transfer resistance R, of Mn;-
0,@1rGO (92.7 Q) is much lower than that of pristine Mn;0,
(155.3 Q) suggesting that the composite possesses excellent
conductivity and fast K" ion kinetics.

The potassium ion diffusion coefficients are also evaluated
using the following equation

RT?

- 24n*FAC2? G)
where ‘D’ represents the diffusion coefficient of K ions, and R
and T are the gas constant and temperature respectively. 4, n, F,
and C refer to the area of the electrode, the number of electrons
transferred per molecule in the electrochemical reaction, the
Faraday constant, and the concentration of K* ions respectively.
o is the Warburg coefficient associated with the intersection of
the straight line on the real axis.® It is equal to R + Re; — 20°Cq).
The calculated potassium ion diffusion coefficient for Mn;-
0,@1GO is 1.675 x 10°"* cm?® s~ ' whereas that for pristine
Mn;0, is 4.48 x 10'* cm® s '. Obviously, the obtained K-ion
diffusion coefficient is smaller than that of the corresponding Li
analogues which may be probably due to the larger radius of the
potassium ion (1.33 A), thus resulting in slow kinetics during
cycling. The diffusion coefficient of the Mn;O0, nano-
spheres@rGO composite is larger than that of pristine Mn;O,
which clearly shows that the conductive rGO network greatly
enhances the kinetics of Mn;0, in the composite.

The superior electrochemical performance in terms of high
capacity, excellent cycling stability and good rate capability of
the as-synthesized Mn;O, nanospheres@rGO architecture is
mainly attributed to the intimate interaction between Mn;O,
nanospheres and the conductive graphene network which
creates more electrochemically active sites in Mn;O, nano-
spheres. Thus the high surface area nanosphere@graphene
architecture could effectively facilitate the movement of charge
carriers back and forth from Mn;O, nanospheres through the
highly conducting graphene network to the current collector.
Moreover, this special architecture provides a large electrode-
electrolyte interface and short ion diffusion path length and the
graphene network enhances the conductivity of Mn;O, nano-
spheres which are beneficial for high electrochemical activity.
Hence, the high surface area graphene network highly accom-
modates the huge volume expansion during repeated cycling
resulting in good structural and cycling stability.
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Conclusions

In summary, a Mn;0, nanospheres@rGO special architecture is
successfully obtained by the precipitation method followed by
ultrasonication. The special architecture composite anode
exhibits a high capacity of 802 mA h g™' at 0.1 A g/,
outstanding cycling stability of 90% even after 500 cycles (635
mAhg ') at0.5A¢g " and superior rate capability (95 mAh g~*
even at 10 A g~ ). Moreover, the significant capacitive contri-
bution, i.e., surface-dominated extrinsic pseudocapacitance, is
recognized as a major energy storage mechanism in favour of
high capacity, excellent cycling stability and fast K" uptake. The
ex situ XRD patterns clearly confirmed the reduction of Mn;0,
during discharge and oxidation of Mn to MnO during charge.
Furthermore, the morphology and structure of the Mn3;O,
nanospheres@rGO special architecture were also retained even
after 500 cycles which is also confirmed by ex situ XRD and
HRTEM analysis. The unique electrode architecture design
accommodated volume expansion during cycling and also
provides good electrolyte accessibility and short diffusion
pathways for electrochemical reactions. The obtained results
and unique architecture may pave a new way to improve the
electrochemical performance of electrode materials towards
KIBs.
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