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HIGHLIGHTS

oA novel P3-type layered
Ko.45sMng 5C0g 502 has been synthe-
sized using conventional sol-gel
method.

® It exhibits excellent cyclic stability
with 80% capacity retention up to 50
cycles.

® When coupled with commercial AC,
the KIC could provide a very high en-
ergy and power density of 43 Whkg ™!
and 30 kWkg .

® The KIC retains 88% of its energy
density with an ultrahigh stability of
up to 30,000 cycles at 10A g™~ "
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ABSTRACT

Herein, we demonstrate a new non-aqueous potassium-ion hybrid capacitor (KIC) using novel P3-
Ko.45sMng 5C0 50, and commercial activated carbon (CAC) as the cathode and anode, respectively. A simple
sol-gel method is used to synthesize the P3-K; 45Mng 5C0o 50, cathode nanoplatelets. The structural and mor-
phological studies are performed using various characterization techniques, and their electrochemical perfor-
mances are studied in half-cell configurations against metallic K. The P3-Kq 45Mng 5C0 50> nanoplatelets can
reversibly host K* ions delivering a high capacity of 140 mAh g~ in the wide voltage window of 1.2-3.9 V.
Exhibiting smooth voltage profiles, it offers reasonable rate capability and cyclability, retaining over 80% ca-
pacity after 50 cycles. Involving a two-phase (P3-03) redox mechanism, P3-K; 45sMng 5sC0¢ 50> forms robust
cathode material for potassium-ion batteries. With Activated Carbon, the capacitor could provide very high
energy and power densities of 43 Wh kg ~* and 30 kW kg ~ !, respectively, in the voltage range of 0-3.0 V. Even at
a 3-s charge—discharge rate (10 A g~ 1), an energy density of 14.5 Wh kg ~! could be retained (corresponding to a
power of 15kWkg™1). Also it could retain 88% of its energy density with a substantially high stability up to
30,000 cycles at 10Ag™".

1. Introduction

utilization of renewable energy sources such as solar, wind, and geo-
thermal energy [1,2]. Over the years, lithium-ion batteries (LIBs) have

Developing low cost and high performing energy storage systems is emerged as successful power sources for portable electronics owing to
required for the successful launch of electric vehicles and efficient their high energy density. The exponential consumption of Li-resources
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over the past decades, their increasing cost, and non-uniform geo-
graphic distribution could impede the widespread application of Li-
based energy storage devices in the future [3]. This scenario has trig-
gered research efforts to develop more affordable and abundant alter-
natives with operating principles similar to those of LIBs, such as so-
dium-ion batteries (NIBs) and potassium-ion batteries (KIBs) [4-9]. The
KIBs exhibit potential owing to the abundance of K-based resources.
Both K and Na occupy 2.09 and 2.36 wt% of the earth’s crust, whereas
Li occupies 0.0017 wt%. Furthermore, in comparison to Na*, K™ ions
exhibit closer negative redox potential to Li* (K/K*: —2.93V vs. Na/
Na™: —2.71V vs. saturated hydrogen electrode in aqueous media),
thereby maximizing the energy density of batteries [8]. Meanwhile, the
weaker Lewis acidity of K* ions could provide higher mobility in liquid
electrolytes to yield higher power density [3]. Irrespective of these
advantages, the principal challenge lies in identifying suitable electrode
materials that can (de)intercalate the larger K™ ions (1.38 f\) vis-a-vis
Li* (0.76 10\) and Na*t (1.02 A) ions [6]. In this pursuit, numerous re-
search groups are focusing efforts on developing inexpensive, high ca-
pacity, and highly stable electrode material for KIBs [6-9]. Unlike NIBs,
KIBs exhibit the advantage of using graphite as anode, forming a stable
intercalation compound KCg and delivering a reversible capacity of
279 mAh g_1 [10]. In addition, several other anode materials such as
hard/soft carbons, metal oxides, and organic compounds can be po-
tentially applied [11-14].

However, developing high capacity cathode materials is necessary
to realize high energy-densities in KIBs as well as potassium-ion capa-
citors (KICs). Layered transition metal oxides are intensely studied for
application in LIBs and NIBs owing to their convenient synthesis and
high energy density [15,16]. Exploring transition metal oxides, Sada
et al. employed Nag g4Co0, as the K* intercalation host to obtain a
capacity of over 80 mAh g ™! [6]. Several other transition metal oxides
such as Ky sMnO, and K, ¢CoO5 have also been reported [9,17]. How-
ever, their electrochemical performance is severely limited by the
multiple structural changes, moisture attack, electrolyte reaction, and
metal-ion dissolution, resulting in capacity reduction [9,17]. The
combined effect of several transition metal oxides can yield improved
performance of KIBs as reported for K,MngsFeysO, and
K0_67Ni0'17C00_17MI‘10V6602 [18,19]. In this WOrk, we have used this
strategy to synthesize Ko 45sMng 5C0g 505 binary oxide (referred as KMC)
using the sol-gel method. The structure and electrochemical perfor-
mance of a KMC cathode for KIBs have been studied for the first time. It
delivers a high capacity of 140 mAh g~! with suppressed structural
transitions, high rate performance, and long-term cyclic stability.

Since its first introduction in 2001, Li-ion capacitors (LICs) are
considered as important energy storage and power output tool for a
wide range of applications from load cranes and forklifts to hybrid
electric vehicles (HEVs). Among these, application of LICs is most
prominent in HEVs, where an average power density above 10 kW kg ™!
is required [20]. A preferred hybrid capacitor contains a battery-type
anode (faradaic) with a high energy-density and a capacitor-type
cathode providing high power-density and cycling stability [21].
During the charging process, K* ions move into the electrolyte,
whereas the anions (PF¢ ™) in the electrolyte migrate and are adsorbed
on the cathode surface (non-faradaic reaction) and viceversa [22].
Meanwhile, upside-down configurations have also been reported for
LICs and NICs with battery-type cathode and capacitor-type anode with
high energy and power densities [23]. Notwithstanding its improved
energy density, most of the reported LICs provided low rate perfor-
mance and cycling stability. Hence, developing a high-power and stable
hybrid capacitor without compromising the energy density remains a
challenge for the research community. Activated carbon (AC) is used as
a capacitive part owing to its high surface area, reasonable electrical
conductivity, tailored porosity, ecofriendly nature, and low cost. In
general, these ACs exhibit high stability over 100,000 cycles [24].
Hence, the energy density can be improved by utilizing a high-perfor-
mance insertion host. Developing sustainable energy-storage systems
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are necessary to mitigate the severe drawback of depleting lithium re-
serves and to enhance environmental safety. Replacing lithium with
sodium and potassium will result in analogous sodium-ion (NICs) and
potassium-ion capacitors (KICs) with NaPF¢ and KPFg in an organic
solvent as the electrolyte and could satisfy the requirement of high-
energy capacitors.

Recently, sodium-ion and potassium-ion capacitors have been
gaining increasing attraction in energy-storage fields owing to their
economic advantage and material abundance. Till the present, few
works have been reported for KICs with preferable capacitor combi-
nations. Fan et al utilized soft-carbon as a high capacity anode coupled
with a commercial AC cathode. Although it could deliver a high energy-
density, it exhibits a very low power-density of 599 Wkg ™!, and the
cycle life of 1500 is highly inferior for HEV applications [21]. Dong
et al. used N-doped nano-porous graphenic carbon (NGC) as cathode
and K,;T¢O;3 as anode, thereby delivering an energy density of
58.2Whkg ™! at a power density of 7200 Wkg ™' with stability over
5000 cycles [22]. The power density and cyclic stability have to be
improved adequately for practical application in hybrid electric ve-
hicles.

In the present work, P3-Kg45MngsCog 50, with high capacity is
explored as a suitable option for insertion host in KICs. Combining this
high capacity cathode with commercial AC resulted in a novel po-
tassium-ion capacitor with very high energy and power densities with
robust stability up to 30,000 cycles.

2. Experimental section
2.1. Materials preparation

Stoichiometric amounts of potassium acetate (CH3COOK, Sigma
Aldrich, 99%), manganese acetate ((CH3;COO),Mn, Sigma Aldrich,
99%), cobalt acetate ((CH3COO),Co, Sigma Aldrich, 99%), and citric
acid (HOC(COOH)(CH,COOH),, Sigma Aldrich, 99.5%) were dissolved
completely in 100-ml distilled water with steady magnetic stirring. The
excess amount of water was evaporated at 80 °C to obtain the gel pre-
cursor, which was dried at 120 °C for 12h and calcined at 500 °C to
remove the organic moieties. Finally, the powder was again ground and
calcined at a high temperature (800 °C) to obtain the final product.

2.2. Material characterization

The XRD patterns of the samples were obtained over a 26 range of
5-90° using Cu Ka radiation. Rietveld analysis was performed to de-
termine the structural parameters after metal-ion doping. The ele-
mental composition of the samples was analyzed using inductively
coupled plasma atomic energy spectroscopy (ICP-AES). The valence
state of the elements was identified using X-ray photoelectron spec-
troscopy (XPS). The morphology and microstructure of the samples
were analyzed using field emission scanning electron microscopy (FE-
SEM), selected area electron diffraction (SAED), energy dispersive
spectroscopy (EDS), and high-resolution transmission electron micro-
scopy (HRTEM).

2.3. Electrochemical measurements

For half-cell studies, each cathode consisted of 2.5 mg of the active
material mixed with 0.5 mg of Ketjan black and 0.5 mg of Teflonized
acetylene black (TAB) acting as binder. The slurry, obtained with the
assistance of ethanol, was pressed on a stainless-steel current collector
and dried in a vacuum oven at 160 °C for 4 h prior to cell fabrication.
CR2032 coin type potassium half-cells were assembled inside an Ar-
filled glove box employing 0.8-M KPFg dissolved in EC: DEC (1:1 (v/v))
solution as the electrolyte, potassium metal foil as the counter elec-
trode, and layered Ko 45Mng 5C0g 50- as the working electrode. The two
electrodes were separated by a porous polypropylene film (Celgard,
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Fig. 1. (a). XRD pattern of KMC synthesized by sol-gel method. (b, ¢) XPS spectra of Co and Mn, respectively. (d, ) SEM images at lower and higher magnifications.
(f) HRTEM image illustrating the lattice fringes (Inset) TEM image of single particle. (g) Elemental mapping of individual elements.

USA). Cyclic voltammetry, galvanostatic charge discharge, and elec-
trochemical impedance spectroscopy were carried out for the half-cell
and KIC using the Biologic SP-300 electrochemical work station
(France).

3. Result and discussion

Ko.45Mng 5C0050, was prepared using citric-acid-assisted sol-gel
method as described in the Supporting information. The XRD analysis
verified the formation of a highly crystalline P3-type hydrated layered
oxide product exhibiting a hexagonal structure with R3m symmetry
(Fig. 1a). This P3 layered structure has oxygen atoms arranged parallel
in ABBCCA sequence, wherein the Mn/Co ions occupy the octahedral
units and K ions occupy the prismatic location sandwiched between the
layers [9]. Using ICP-OES spectroscopy study, the K:Mn:Co elemental
ratio was determined to be 0.45:0.495:0.49, matching reasonably with
the final composition. The deconvoluted XPS peaks of the main ele-
ments are shown in Fig. 1(b, ¢)) and Fig. S1 (Supporting information).
The K2p spectrum is composed of two peaks: a K2p3,» component and a
K2P; 5 component (Fig. S1). These two peaks are separated by an en-
ergy value of 2.68 eV, similar to other compounds with K2p53,, peak
located at a lower binding energy [25]. The Co2p3,» and Co2p; ,» peaks
are deconvoluted into four peaks along with their satellite peaks. The
peaks appearing at the binding energies of 779.24 and 794.24 eV are for
Co®* and those of 781.7 and 795.82 are for Co®>* [26,27]. Similarly,
the Mn2p peak can be deconvoluted into four peaks. The peaks ap-
pearing at 642.49 eV and 654.31 eV denote Mn**, and the two peaks at
641.24 eV and 652.99 €V arise from Mn®* [16]. The FESEM images
revealed the formation of homogeneous micrometric clusters having
finer 500-nm particles (Fig. 1(d, e)). The high resolution TEM image
depicted the fringes exhibiting a d-spacing similar to the one measured
by XRD for the (101) plane. Fig. 1g shows the energy dispersive
spectroscopy (EDS) mapping of the crystallites with a homogeneous

distribution of K, Mn, Co and O.

3.1. Ky 45Mny 5Cop 502 potassium-ion half-cell performance

The electrochemical performance of the K; 45Mng 5C0o 50, cathode
was studied by combining potentiodynamic cyclic voltammetry (CV),
galvanostatic charge-discharge cycling (GCD), and electrochemical
impedance spectroscopy (EIS) (Fig. 2). First, the charge—discharge
studies were carried out at 10 mA g~ ! between two voltage windows of
1.5-3.9V (Fig. 2a) and 1.2-3.9V (Fig. 2b). The high voltage operation
was constrained owing to the irreversible structural changes of the
layered oxides above 4.0 V [9]. The OCV for both the cells were ~2.9V,
similar to that in the earlier reported works. At the lower voltage
window of 1.5-3.9V, the initial charge/discharge capacity values were
66 mAh g~ ! and 89 mAh g~ *, respectively. The potential of these cells
are determined by the K* content and their distribution (K* /vacancy
ordering) in the layered structure [17]. Unary transition metal oxides
such as K;MnO, and K,CoO, exhibit stepwise GCD voltage curves de-
noting multiple phase transitions and K* /vacancy ordering [9,17]. This
multi-step voltage profiles can be a hindrance to practical applications.
In contrast, the stepwise plateaus are highly suppressed in the GCD
voltage profiles of Ko 45Mng 5C0q 502, indicating smooth K™ (de)inter-
calation. When charged to 3.9V, five small plateaus were observed at
1.88, 2.30, 2.60, 3.14, and 3.63 V, which are highly reversible during
the consecutive cycles. The plateau below 2.5V was owing to the oxi-
dation of Mn®* to Mn** and that at 3.14 V was owing to the oxidation
of Co®* to Co** [28]. The extraction of K* ions results in a phase
transition with the appearance of a plateau at 3.63 V. The peak in be-
tween 2.5V and 3.0 V results from the K* /vacancy ordering as reported
in sodium analogues [29]. During discharge, the corresponding reduc-
tion peaks appear at 1.85, 2.25, 2.50, and 3.05 V with high reversibility.
These oxidation/reduction peaks do not undergo voltage shift upon
cycling, which indicates its robust chemical stability. We repeated the
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Fig. 2. (a, b). Initial charge-discharge curves at different cutoff voltages at current density of 10mA g ~'. (¢) Cyclic stability at 50 mA g~ ! for 50 consecutive cycles
(d) Charge-discharge curves at 50mA g~ ! for 50 cycles between 1.2 and 3.9 V (e, f) Rate performance and the corresponding charge-discharge curves at different

current rates.

GCD analysis in the voltage window of 1.2-3.9V for an identical cur-
rent of 10mA g~ '. When charged to 3.9V, the deintercalation of K*
ions from cathode resulted in an initial charge capacity of
65.9mAhg~!. Upon discharging to 1.2V excess K* ions from the
anode are intercalated back into the layered structure, delivering a
capacity of 140mAhg~'. It indicates that the value ofxin
KxMng 5C0g 505 varies between 0.26 and 0.56 during charge and dis-
charge cycling. The capacity at the first charge is less than the first
discharge owing to the potassium deficient structure at the initial
phase. The initial charge curve was observed to be different in the
subsequent cycles owing to the structural transition of the initial K-
deficient structure upon cycling. This type of behavior has been ob-
served in various alkali-deficient cathodes in NIBs [30]. Hence, the
voltage range should be carefully optimized for superior performance.
The corresponding differential capacity plot is shown in Fig. S2.
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Irrespective of the applied potential window, pair of redox peaks appear
at 1.89, 2.30, 2.63, 3.13, 3.60V, and at 1.83, 2.20, 2.55, and 3.09V,
respectively. However, in this case, the presence of the sharp peaks
indicates a clear phase transition owing to the planar repulsion between
the adjacent oxygen layers upon gradual K*-ion deintercalation [31].

Although the operating principle of sodium and potassium-ion
batteries is similar, the larger ionic size of K ions hinders the reali-
zation of structural stability during long-term cycling with an extended
voltage window. Fig. 2c illustrates the cyclic stability of a
Ko.45sMng 5C00 50, cathode for the first 50 cycles, within the extended
voltage window of 1.2-3.9 V. At 50 mA g_l, Ko.45Mng 5C0g 504 exhibits
an initial capacity of 102mAhg~!. After 50 cycles, the cell could
provide 82 mAh g~ ! with a capacity retention of 80% and a very low
capacity reduction of 0.4mAhg~! per cycle. Furthermore, the cou-
lombic efficiency was observed to be significantly above 95% till 50
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cycles, demonstrating the high reversibility and feasible K* (de)inser-
tion pathways. The corresponding charge-discharge curves are highly
sloping without any significant plateau (Fig. 2d). The material exhibits
voltage fading as revealed by the widening gap between the charge—-
discharge curves. Two major cathodic peaks are present at 1.84 V and
3.07V owing to the oxidation of Mn®* and Co®*, and the corre-
sponding reduction peaks appear at 1.81 V and 2.86 V. As the cycling
proceeds, the cathodic peaks are shifted to a higher potential, whereas
the reduction peaks are shifted to a lower potential. When charged to a
high potential (above 3.2V), a sharp phase transition occur as result of
the removal of more K* ions. This structural transition at a higher
voltage is the main cause of the capacity reduction in these layered
oxides.

The rate capabilities at 10, 20, 30, 40, 50, and 100 mA g’1 were
tested (Fig. 2e), and the corresponding charge-discharge curves are
compared in Fig. 2f. The electrode delivered discharge capacities of
116, 101, 93, 89, 83, and 68 mAh g~ *, respectively. The capacity de-
creases as the current density increases because the time is inadequate
for K*-insertion into the bulk of the layered structure, and only the
surface of the cathode participates in the electrochemical reaction. The
presence of Co in the structure improves the kinetics of the cell [31].
Although the rate performance is higher for the K*-ion system, it is
significantly lower than those of the Li* and Na* systems owing to the
higher diffusion resistance for larger K* ions [5]. Fig. 2f shows the
charge-discharge curves at different current densities, and the relative
differential capacity plots are compared in Fig. S2. The area under the
plot decreases as the current rate increases, along with a reduction in
the peak intensity. At a high current rate, the differential curve displays
an almost capacitive-type behavior as the bulk is excluded in the re-
action. Table 1 compares the performance of several reported works
with ours. We evaluated the stability of the KMC electrode at high
current rates of 100, 500 and 1100mAg~! in the wider voltage
window of 1.2-3.9 V and represented in Fig. 3(a, b). The cathode shows
superior stability with above 50% capacity retention after 150 cycles at
100 mA g~ . At a higher current rate of 500 mA g~ ! the electrode could
maintain 86% of its capacity after 100 cycles. The corresponding
Charge discharge curves are provided in Fig. S8(a, b). These superior
rate performance of the cathode make it best suitable for high energy
high power KIC.

The electrochemical performance of the P3-Ky 45sMng 5Cog 505 ma-
terial depends on the K*-ion intercalation and deintercalation process.
The electrochemical kinetics and diffusivity of potassium (K ™) ions (Dx)
can be investigated by using galvanostatic intermittent titration tech-
nique (GITT) [32-34]. We performed GITT to determine the diffusion
coefficient of potassium (K*) ions (Dx) through the electrode at a
current density of 2.5mA g~ ! within a voltage range of 1.2-3.9V, as

Table 1
Comparison of this work with other reported potassium-ion battery cathodes.
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shown in Fig. 1. A current was applied for 60 min per titration during
the discharge—charge process, with an open-circuit stand for 60 min to
permit the cell potential to attain a new steady-state potential. The
chemical diffusion coefficient (D) was calculated by assuming that the
potassium diffusion in the electrode obeys Fick’s law

2 2
D= & (”‘BVM) AE (< I}/ D)
nt \ MgA ) \t(dE; / dJT)

where my is the electrode active mass; My is the molar mass of the
electrode material; V} is the molar volume; S is the geometric area of
the electrode; Mgp/Vy is obtained from the density of P3-
Ko.45Mng 5C09 505, which is ca. 3.8gcm_3; and L is the average
thickness of the electrode. Detailed definitions of the parameters in the
equation, including E,, Eg, 7, to, ty++ E., AEs, and AE, in the GITT
potential profiles, are provided in Fig. S(5-7). If the cell voltage is
linearly proportional to t'/2, Eq. (1) can be further simplified as

4 (mBVM)Z(AES )2
D+ = —|—||—
nr\ MgA AE; 2)

The calculated diffusion coefficient (Dg) is 5.6936 x 10~ ecm?s™!
at a charging potential of 3.05 V. There is no previous report for Dg in
P3-Kg.45sMng 5C0050- [34]; however, this calculated value of Dy is
consistent with that of Nag 34K 5C00, and superior to the case of MoS,
(3.4 x 10" *®*cm?s™ 1) [6,38]. The higher values of Dx demonstrates
the rapid K™ extraction/insertion into the P3-Kg 4sMng 5C0g 505 parti-
cles.

To further understand the kinetics of the electrode, cyclic voltam-
metry was carried out in the voltage range of 1.2-3.9V at 0.2mVs ™!
for 10 consecutive cycles (Fig. S3a). Two sets of redox peaks appeared
owing to the Mn**/Mn®* and Co**/Co>* redox activity over the en-
tire voltage window. The peaks were shifted in the consequent cycles
owing to voltage polarization and structural transition [28]. To un-
derstand the kinetics of the cell, EIS was performed before and after
cycling at 50mA g~ !, as shown in Fig. S3b. There is a semicircle from
the higher to the low frequency region followed by a sloping line in the
low frequency region. The diameter of the semicircle represents the
charge transfer resistance (R.¢), and the slope is related to the Warburg
resistance owing to the K* ion diffusion in the cathode material [4].
After 50 cycles, the R, value of the electrode increased abruptly when
compared to the first cycle owing to the structural change and degraded
electrode—electrolyte contact during deeper discharge [5]. Phase tran-
sition at different voltages can exert significant impact on the electro-
chemical performance. To probe this effect of K* intercalation on the
structure of KMC, we acquired XRD patterns after charging and dis-
charging by carefully removing the cathode materials from the half-

@

Cathode Synthesis method Voltage (V) vs. Current (mA) Capacity Capacity retention

K/K* (mAhg™1)
P2-Nag g4C00, [6] Solution combustion 2.0-4.2 C/20 82 80% after 50 cycles at C/10 rate
P2-K.6Co0, [3] Self-template method 1.7-4.0 10 82 87% after 300 cycles for 40 mA
P2-K,Co0, and P3-K,CoO, [7] Solid state 2.0-3.9 11.8 60 Above 95% after 30 cycles
P2-K(,6C00,[17] Solid state 1.5-4.0 10 70 60% after 120 cycles at 100mA g~ !
P3-Ky5sMnO,, [9]. Solid state 1.5-3.9 20 100 70% after 50 cycles
Ko.67Ni.17C00.17Mng ¢602[19] Co-precipitation method 2.0-4.3 20 76.5 87% after 100 cycles
Ko.7Mng sFep 502 [39] Spray drying method 1.5-4.0 20 178 70% after 45 cycles
P3-Kg.45Mng 5C00 505 (This work) Sol-gel 1.2-3.9 10 140 80% after 50 cycles at 50mAg~*

(THIS WORK)

K3V, (POy) [40] Sol-gel method 2.5-4.3 20 54 96% after 100 cycles
KVPO4F and KVOPO,4[41] Sol-gel method 2.0-4.8 c/20 70 Above 90% after 50 cycles
K FeFe(CN)gnH,0[42] Precipitation method 2.0-4.5 20 110 81% after 100 cycles
K; 7Fe[Fe(CN)glo.o [43] Solution method 2.0-4.5 10 140 85% after 100 cycles at 100 mA
FeHCF [44] Solution method 1.5-4.0 62.5 124 96.5% After 100
Potassium ferrous ferricyanide [45] hydrothermal 2.0-4.5 10 118.7 94% After 100 cycles at 10 mA
Anthraquinone 1,5-disulphonic acid sodium salt [46] As prepared 1.4-3.0 0.1c 114.9 68% after 100 cycles at 0.1 C
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Fig. 3. Cyclic stability of KMC at different current densities (a) 100 mA g_l. (b) 500 and 1100 mA g_l.

cells. Fig. S3(c, d) compares the XRD patterns of the pristine, charged,
and 50-cycle discharged cathode. It is evident that only two-phase re-
action occurs in the Ky 45Mng5C0g 50, when the value ofxis in the
range of 0.26 < x < 0.56. When the electrode is charged to a higher
voltage (3.9 V), the major peaks are shifted toward a lower angle owing
to the increase in the d-spacing of the MeO, layers because of O, re-
pulsion between the adjacent layers. This behavior is common to other
alkali layered oxides reported till the present [31]. In addition to this
peak shift, a new peak appears at 20 = 18.5° referring to the formation
of O3 type structure from P3 structure [35-37]. After a 50-cycles, when
discharged back to 1.5V, the original peaks are partially restored, and
their intensities are similar to that of the pristine electrode. Thus,
Ko.45sMng 5C0g 505 could maintain reasonable stability as a cathode for
KIBs even after 50 cycles. A detailed report on the P3-O3 structural
variation and redox mechanism of Kj 45sMng 5C0o 50, cathode will be
presented in the near future.

3.2. Ko.45Mny 5Coo s02-commercial activated carbon hybrid capacitor

Next, the electrochemical performance of a KMC electrode with
hybrid supercapacitor architecture was studied. For this, the anodic
performance of commercial activated carbon (CAC) was studied at a
current rate of 100 mA g~ ! between the potential windows of 1.0-3.0 V
vs. K*/K for 100 consecutive cycles. The linear charge-discharge
curves symbolize the electric double layer formation during the ad-
sorption—-desorption of PF¢~ ions. An initial capacity of 35mAhg™?!
could be reasonably preserved until 100 cycles, indicating the robust
adsorption desorption over the applied potential range. Further we
cycled in the lower voltage window between 0 and 3 V at higher current
rates (Fig. S9). Still the anode could show EDLC behavior with sloping
voltage profile. This confirms the suitability of CAC for high power KIC.

The full cell of potassium-ion capacitors were assembled using
Ko.45sMng 5C0p 50, as cathode and commercial activated carbon as
anode. The mass of the cathode and anode are adequately balanced as
per their different working potentials so as to obtain higher energy/
power output. As per the capacity obtained from the cathode and anode
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half-cell studies against K metal as anode, the optimized mass ratio of
cathode to anode for this work is 1:2. During the charging process, K*
ions are extracted from the layered oxide structure into the electrolyte
and back into the structure during the consecutive discharge ensuring
higher energy density. Simultaneously the PFs~ ions get adsorbed and
desorbed on the surface of CAC electrode forming the electrical double
layer resulting in higher power density [21]. The mass ratio between
the cathode and anode has to be balanced to compensate the charge
imbalance between them. Here the mass ratio of cathode and anode is
1:2 [47]. The optimized composition provides a higher energy—power
combination with substantially high stability in the potential range of
0-3.0V without side reactions and oxidative decomposition of the
electrolyte [49]. If the operating potential of the active material ex-
ceeds the lower or upper cutoff limit, it initiates a side reaction between
the electrode and electrolyte [48]. Fig. 4a shows the CV curves of the
KICs for the different scan rates in the range 2-20 mV s~ *, exhibiting
well-maintained shapes. The quasi-rectangular CV curves define the
contribution of both the faradaic and non-faradaic charge storage me-
chanisms in the combined system [49].

Fig. 4b-d shows the typical charge—discharge curves at different
current densities. Irrespective of the diffusion-regulated process, the
curve resembles an ideal supercapacitor owing to its rapid charge sto-
rage kinetics [49]. The negligible IR-decrease indicates a higher elec-
trical conductivity resulting from the advanced composition of the
cathode material with the presence of binary transition metals, opti-
mized mass balance, and potential window [50,51]. The specific ca-
pacitance of Ko 45Mng 5Cog 502//AC is calculated using the following
relationship:

i(mAg™) X t(s)

Cop(Fg™) = Av(mV)

3)

where Csp (F g71) is the specific capacitance of the full cell, i is the input
current measured by considering the total mass of the active material in
the cathode and anode (mA g_l), t is the time of the discharge curve in
seconds (s), and Av is the voltage window of the cell [51]
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The KIC delivers the highest specific capacitance of 34.69Fg~! at

the current density of 0.1 Ag~?, considering the active masses of both
the cathode and anode. At high currents also, the CD curves exhibit
negligible IR-loss, demonstrating the superior kinetics of the well-ba-
lanced KIC. Fig. 4d illustrates the Ragone plot of the fabricated hybrid
capacitor. The energy and power density of the supercapacitor is cal-
culated by considering the active masses of both the cathode and anode
using the formulae in Eq. (2) and (3).

The full cell delivered a very high energy density of 43.37 Whkg ™!
corresponding to the power density of 150Wkg™! (input
current = 0.1 Ag™1"). Even at a substantially high power density of
30kWkg ™! (it corresponds to 0.62's for discharge), the full cell could
retain 5.16 Whkg~'. When compared to similar unconventional com-
binations of hybrid capacitors in which the cathode is of battery-type
material and the anode is of non-faradaic type, the high energy density

was comparable to the commercial lithium hybrid capacitors along with
superior power density among rival supercapacitors. For comparison,
the reported values of lithium- and sodium-ion capacitors are tabulated
together with those of our work (Table S1). The high energy and power
characteristics of the proposed potassium-ion hybrid capacitor can be
ascribed to the (i) high capacity resulting from the unique composition
of Ko 45Mng 5C0g 502 when used as a cathode in potassium-ion batteries
(the partial replacement of Mn with Co improves the structural stability
of the cathode; moreover, the Co undergoes reduction and oxidation in
parallel with Mn, contributing toward higher capacity), (ii) suppression
of alkali ion ordering and the resulting structural heterogeneity, which
causes a smooth voltage profile owing to the co-existence of Mn and Co
in the lattice structure, (iii) enhanced ionic conductivity owing to the
presence of cobalt, and (iv) formation of nano-sized particles exhibiting
shorter ion diffusion length and charge transfer resistance [52-55].
For the successful application of hybrid supercapacitors in HEVs,
long-term cycling and high power delivery is necessary with energy
density comparable to that of lead-acid batteries [20]. Based on the
above results, we intended to test the cyclic stability of the device at a
substantially high current rate of 10 Ag~! (Fig. 4e). As expected, the
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cell could effectively preserve the initial energy density of
12.85 Wh kg ! after 30,000 cycles, retaining 87.8% of its initial energy
density (11.3 Whkg™ 1) with 100% coulombic efficiency and a marginal
degradation rate of 0.0004% per cycle. This performance could surpass
all reported potassium-based hybrid capacitors (less than 5000 cycles)
and a few highly popular sodium-ion hybrid capacitors (Table S1). The
inset in the Fig. 4d shows the initial cycling curves at 10A g™ ", de-
picting near-linear behavior without IR-decrease. To our knowledge,
the cyclic stability of our work is higher than those of most of the re-
ported layered lithium- and sodium-ion capacitors. Furthermore, this
remarkable stability is verified using the Nyquist plot (Fig. 5a) obtained
before and after cycling for 30,000 cycles at a high current rate. A
semicircle in the high frequency region is followed by a sloping line at
lower frequencies. The former corresponds to the charge transfer re-
sistance, and the latter is diffusion-related impedance. The negligible
change in the charge transfer resistance clearly indicates the stability of
cathode even after continuous interaction with the electrolyte species
[56]. This was supported by the Ex-situ SEM of the KMC electrode
before cycling, after 10,000 cycles, and after 30,000 cycles in Fig
S10(a-f). The morphology of the microparticles were well preserved
even after 30,000 cycles at 10 A g~ '. Fig. 5(b) demonstrates the su-
periority of this new system over other energy storage devices reported
till the present.
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4. Conclusions

In summary, we propose P3-Kj4sMngsC0o50, as a new robust
cathode for potassium-ion batteries. This binary cathode delivers a high
capacity of 140 mAh g~ ! involving both Mn**/Mn3* and Co**/Co®*
redox activities, exhibiting an average operating potential of 2.55V (vs.
K/K™). With the K content varying from 0.26 to 0.56, it delivers ade-
quate cycling stability and rate kinetics. The presence of binary
(Mn-Co) transition metals in the structure suppresses the K* /vacancy
ordering, resulting in smooth charge and discharge curves. Ex situ X-ray
diffraction and electrochemical analysis indicated a two-phase (P3-03)
reaction during the charge/discharge process. It could retain 80% of its
initial capacity after 50 cycles. This sets a benchmark for the potential
application of Co-Mn binary cathode for potassium-ion batteries. As a
cathode for a potassium-ion hybrid capacitor, the new configuration
could deliver the highest energy (43Whkg™!) and power density
(30kWkg™1) in conjunction with remarkable stability over 30,000
cycles, thereby making it a potentially highly-preferred system for fu-
ture HEV applications.
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