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Highlights
e Thin Co-Mn LDH nanoflakes was synthesized by a facile solvothermal technique.
e AC was synthesized by a two-step eco-friendly hydrothermal synthesis.

e A device was fabricated using Co-Mn LDH as positive and AC as negative electrode.
* The electrode materials exhibited good electrochemical performance.

ABSTRACT

Thin Co-Mn layered double hydroxide (LDH) nanoflakes and Activated carbon (AC) from cork
raw material (Quercus Suber) with highly porous structure and good textural properties was
synthesized by a facile solvothermal and two-step eco-friendly hydrothermal syntheses
routes respectively. A hybrid device was successfully fabricated using Co-Mn LDH as the
positive electrode and AC as negative electrode. The device exhibited a high energy density
of 20.3 W h kg and corresponding power density of up to 435 W kg™ at 0.5 A g"* current
density in 1 M KOH aqueous electrolyte. The device also displayed a very high stability with
99.7% capacitance retention after 10,000 continuous charge-discharge cycles and negligible

degradation after subsequently subjecting it to voltage holding test at its maximum



operating voltage for 70 hours. These results showcase the potential use of this hybrid

device as possible electrodes for high energy density supercapacitor application.
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1. INTRODUCTION

Supercapacitors (SCs) are highly desirable as energy storage devices because they have the
merit of being low cost, with high power density, excellent reversibility, good stability and
fast charge - discharge propagation [1-3]. As compared to electrolytic and electrostatic
capacitors, SCs have higher energy density but they are still reasonably lower than batteries
and fuel cells. This limits their use to supply energy for extended periods of time except
when they are combined with lithium-ion batteries or some other power sources [2,4]. This
has stimulated the research interest on the energy density of SCs to be comparable to that

of batteries. Based on the mechanism of charge, SCs can be grouped into three categories



namely, electric double layer capacitors (EDLCs), faradaic capacitors or pseudocapacitors.
EDLCs store energy by a non-faradaic process which involves electrostatic reversible
absorption or desorption of ions at the interface of the electrode/electrolyte. Faradaic
capacitors store charges through rapid redox reaction involving intercalation of ions at the
active material surface. While pseudocapacitors, store charges through an electron transfer
mechanism rather than by just the accumulation of ions on the electrochemical double layer
[4,5][6][7]. Hybrid supercapacitors often make use of both EDLC and faradaic type storage
mechanism by combining the individual characteristics of the faradaic and non-faradaic
capacitors so as to optimize their energy without losing the power density [4,8,9].

Several types of EDLC materials have been utilized as SCs material electrodes. These
includes carbide-derived carbons, graphene, carbon-nanofibers, zeolite-templated carbon,
carbon nanotubes (CNTs) and activated carbon [10-22]. Amongst these materials, the most
commonly used in hybrid devices is activated carbon due to its high specific surface area
(SSA), ease of production, light weight, relatively low cost, good porosity and presence of
pseudocapacitive charge transfer mechanism which can contribute to increased specific
capacitance due to the presence of functional groups [3,8,23—-25]. However, controlling the
pore structure has not been that easy to achieve despite extensive research and
improvement on the activation process and this greatly limits their performance in some
applications [13,24,26]. This is because supercapacitors require a good combination of a
hierarchical pore size distribution with large SSA for optimal performance [27,28]. In the
production of porous carbons, KOH has been the most common chemical activating agent,
but its corrosiveness and environmental unfriendliness limits its industrial utilization
[27,28].The poor textural and morphological properties recorded from many carbon-

containing precursors including some biomass materials, have also hampered on the



efficient device application of activated carbon [24,27,29]. Recently, hydrochar has been
considered a better precursor for the synthesis of high performance carbons since they have
a high concentration of oxygenated functional groups[27,29-31]. In addition to pre-
treatment of the carbon containing sources, some studies have also adopted other types of
activating agents for the synthesis of porous carbons with good porosity and high surface
areas [23,27-29]. Amongst these, potassium bi-carbonate (K,COs) and potassium hydrogen
carbonate (KHCOs), have been recently shown to preserve the hydrochar morphology due
to its mild nature as compared to KOH, leading to production of activated carbons with
closely packed porous structures with lesser ion diffusion distances resulting in better
electrochemical performance [23]. Potassium-based activating agents easily operate
independent of the ordering of the material structure which makes the K-intercalation easily
attainable [30]. Various materials have also been used as positive electrode materials for
hybrid SC devices. These includes conducting polymers, metal oxides, metal hydroxides and
bi-metallic hydroxides [31-33] because they offer good redox activity, are relatively cheap,
easily produced with facile synthesis techniques, have low toxicity and are environmentally
friendly [33,34].

Metal layered double hydroxides (LDH) have been reported to have higher conductivity,
large inter-layer spacing, better ion exchange and transport for the reaction species which
are neccessary for the production of hybrid devices with superior electrochemical
performance [35-37]. Some of the LDH materials that have been investigated as positive
electrode materials for hybrid supercapacitors include Ni-Co, Co-Al, Ni-Al, Ni-Mn, Co-Mn etc
[41-44]. More specifically, Co-Mn has recently attracted research interest due to the unique
redox combination of both Co®>*/Mn?" and many researchers have reported on optimizing

the structure and morphology of the as-synthesized Co-Mn LDH and its composites with



other materials using various interesting techniques. Nonetheless, they are still quite limited
studies which have been actively carried out on the electrochemical evaluation of the Co-
Mn LDH material using it as a positive electrode material with activated carbon from cheap
biomass sources as the negative electrode for high energy density hybrid supercapacitors.
Furthermore, only a few studies actually exist on studying the device stability of this
particular hybrid combination with respect to actual testing conditions suitable for practical

use.

The present report, embarks on a detailed evaluation of the electrochemical performance of
a hybrid electrochemical capacitor consisting of nanostructured Co-Mn LDH as positive
electrode and activated carbon as negative electrode. The full device after being subjected
to the routine electrochemical tests was also exposed to lengthy floating and self-discharge
tests to fully elucidate the processes taking place at the electrode/electrolyte level. The
results obtained from this study would aid in the further understanding of the processes
which occur after a maximum voltage has been applied over a long period of time and this
would lead to developing novel blueprints for designing stable and efficient hybrid energy

storage devices.

2. EXPERIMENTAL

2.1 Material synthesis

Synthesis of Co-Mn LDH (Positive electrode material)

CH4N,0 (Merck, Purity >98 %), Co(NQO3)2.6H,0 (Sigma Aldrich > 98 %), MnS0O4.H,0 (Merck,

Purity >98 %) and CHsOH (Sigma Aldrich > 99.9 %) were used without further purification.



Co-Mn LDH nanoflakes was synthesized by a facile solvothermal method. In a typical
synthesis procedure, 0.05 M Co(NOs3),.6H,0, 0.10 M MnS04.H,0 and 0.60 M CH4N,0 was
put into 60 ml of methanol (CH30H) and sonicated for 10 minutes. The solution was then
poured into a 100 ml Teflon lined autoclave and placed in the oven at 120 °C for 6 hours.
The resulting product was then filtered and washed several times with deionized water.
Scheme 1 shows the complete synthesis route of the Co-Mn LDH nanoflakes (see

micrograph image).

CO(NO3)2‘6H20

MnSO,
CH,4N,0 Solvothermal
CH4OH i

) \

Ultra Recovered

solution Sonication Autoclave product Co-Mn LDH

Scheme 1. Schematic of the synthesis route of the Co-Mn LDH nanoflakes (see micrograph image).

Synthesis of AC (Negative electrode material)

Low-cost mesoporous activated carbon was synthesized via a two-step eco-friendly
synthesis route (See Scheme 2). Firstly, 10 g of raw cork (Quercus Suber) was properly
washed using acetone and deionized water and dried in an oven. Then, the raw cork was
put into a 100 ml Teflon lined autoclave which contains 80 ml deionized water and 0.8 ml of
0.5 M sulfuric acid and treated hydrothermally at 160 °C for 12 hours. The addition of

sulfuric acid is adopted to reduce the lignin and cellulose content present in the raw cork



material and improve the quality of the hydrochar obtained. The hydrochar produced was
then washed severally with distilled water and dried in an oven. The hydrochar was crushed
and weighed again followed by activation with potassium hydrogen carbonate (KHCO3) in a
1:1 ratio. Then, the activated hydrochar was put into a quartz tube and carbonized at a
ramping temperature of 5 °C/min from ambient temperature to 850 °C for 2 hours in argon
flow. The obtained activated carbon was washed with 3 M HCI (to remove excess unreacted
activating agent present and also to wash off any impurities present in the sample) and

deionized water and left to dry in the oven at 60 °C for 12 hours.
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Scheme 2. Schematic of the synthesis route of the activated carbon.

2.2 Morphological, Structural, Composition and Electrochemical Characterization

Scanning electron microscopy (SEM) analysis was performed using a Zeiss Ultra plus 55 field
emission scanning electron microscope (FE-SEM) working at an accelerating voltage of 2.0
kV to determine the morphology of the materials. High resolution transmission electron
microscopy (HR-TEM), selected area diffraction (SAED) and the energy-dispersive X-ray

(EDX) analysis of the samples were performed using JEOL 2100 (from Tokyo Japan) operated



at 200 kV. X-ray Diffraction (XRD) studies was performed using an XPERT-PRO diffractometer
(PANalytical BV the Netherlands) to determine the structural properties of the samples. A
Micrometrics TriStar Il 3020 analyzer was used to measure the specific surface area (SSA)
and pore size distribution (PSD) using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) techniques. The SSA was obtained from the N,-adsorption/desorption
isotherm while the PSD data was obtained from the desorption part of the BJH isotherm.
Fourier transform infrared (FT-IR) spectroscopy was performed in the range of 4000 — 500
cm™ at 2 cm™ resolution using Perkin EImer Spectrum RX | FT-IR system. Prior to taking the
FT-IR measurements, the pellets used were prepared by properly mixing the samples with
KBr in a ratio of 100:1. X-ray photoelectron spectroscopy (XPS) measurements of the

samples were carried out using a Physical Electronics VersaProbe 5000 spectrometer.

The Co-Mn LDH and AC samples were tested in three- and two-electrode configurations
with a multichannel channel Bio-Logic VMP300 potentiostat/galvanostat workstation at
room temperature. The AC electrode for the three-electrode measurements was produced
by making a homogenous paste of 80 wt % AC material, 15 wt % carbon black (to increase
the material conductivity) and 5 wt % polyvinyl difluoride (PVdF) binder with dropwise
addition of 1- methyl-2-pyrrolidinone in an agate mortar. The paste was coated on nickel
foam current collector and kept in an oven to dry at 60 °C for 8 hours. The Co-Mn LDH
electrode was likewise prepared by making a homogenous paste of 80 wt % Co-Mn LDH
material, 10 wt % carbon black, 10 wt % polyvinyl difluoride (PVdF) binder with dropwise
addition of 1- methyl-2-pyrrolidinone in an agate mortar and then coated on nickel foam
current collector and kept in an oven to dry at 60 °C for 8 hours. The positive and negative

electrodes for the two-electrode measurements were similarly prepared but coated on 16



mm diameter nickel foams and dried in an oven at 60 °C for 8 hours and was thereafter
assembled with a microfiber glass filter paper as separator in a swagelok and 1 M KOH
aqueous electrolyte was added to soak the electrodes. The mass loading of the material was
2.88 mg for the negative electrode and 1.92 mg for the positive electrode and total mass of
both electrodes was 4.80 mg/cm?” for the complete cell. In line with the consideration for
appropriate mass loading in order to obtain a significant amount of stored energy [45]. The
three-electrode measurements were performed in 1 M KOH with glassy carbon as counter
electrode and Ag/AgCl as reference electrode. The specific capacitances (C;) of the Co-Mn-
LDH, AC and the Co-Mn LDH//AC hybrid cell electrode which show pseudo-capacitor

behavior were evaluated from the integral of discharge curves using equation (1) [42,43]
C(Fg™)=——fvdt (1)
s VZm

where I (A) is the current, At (s) is the discharge time, V (V) is maximum voltage and m (g) is
the total mass of the electrodes. The energy density, E; and power density, Py of the

electrodes were calculated using equation (2) [43] and (3) [48] respectively;

E; (Whkg™) =C, xV?/7.2 (2)
P,(Wkg™1) = E;/At (3)
In order to fabricate the hybrid cell, the C; of the individual electrodes was taken into
consideration. This is to ensure a mass balance on the electrode materials such that equal

charges exist on the parallel electrodes such that Q. = Q; where Q, and Q. is the charge

stored on the positive electrode and negative electrodes. The charge Q is expressed as:

Q=Cmv (4)



The mass balance is therefore obtained by using the equation:
my/m_ = Cs_V_/Cs,V, (5)

where C is the specific capacitance of the electrode material, m is the mass of the

electrodes, and V is the maximum potential.

The EIS measurements were carried out in open circuit potential in 100 kHz — 10 mHz
frequency range to obtain the device behavior at varying frequencies. The device stability
tests involved continuously cycling the full device for a large number of cycles and
subsequently subjecting it to voltage holding tests and finally a self-discharge test to obtain

the device response in practical testing conditions.

3. RESULTS AND DISCUSSION

3.1 Morphological, Structural and Composition Characterization

The SEM micrographs of the Co-Mn LDH and AC samples at low and high magnifications are
presented in Fig.1. Figure 1(a) and (b) shows the Co-Mn LDH micrographs with a highly
interconnected thin flake-like morphology necessary for interface reactions during
electrochemical processes. The Co-Mn LDH nanoflake formation process involves nucleation
and growth of the material crystals and is affected by the solvent polarity and solubility
[49], hence, the morphology of the material is tuned by the solvent used in the synthesis
[49-51].The formation mechanism for the unique flake-like structure of the Co-Mn LDH
material is briefly elucidated as follows: The methanol molecules from the solvothermal
reaction environment aggregates with an adequate supporting surface for nanoflake growth

[38,50,51]. The presence of a mixture of the Co?* and Mn** ions from the precursor salts

10



with the Urea also leads to the formation of an initial seed-layer growth template for the
self-assembly of the individual crystals necessary for nanoflake growth. The entire process
involves a rapid nucleation of individual crystallites, followed by the actual growth and final
self-aggregation of the crystallites to form nanosheets [49,52,53]. In the presence of a
continuous supply of reacting solvent (methanol) and urea necessary for methanolysis [54]
an equilibrium condition is attained between the solid-liquid interfaces. The forces which
contribute to the self-aggregation leading to the flake-like morphology includes Van der
waal forces, crystal phase interactions, electrostatic and dipolar fields linked with the
aggregates [55]. Other newly formed crystallites also align themselves forming initial points
of growth for other semi-stable crystallites forming the LDH nanosheets with flake-like
morphology [55]. The AC morphology shown in Fig. 1(c) and (d) displays a good
interconnected spherical framework consisting mainly of a 3D porous structure. The
material framework and morphology shows that the KHCO; activating agent leads to the
production of an activated carbon sample with microspheres suitable for easy and fast
diffusion of ions within the material ideal for charge storage consistent with the research
findings previously reported [23]. The formation of micro and mesopores in the AC material
is as a result of the gasification and evolution of CO, and the availability of oxygen in the
material. Typically, CO, is formed from the breakdown of KHCOs; during the process of
activation and is increased during the carbonization process at elevated temperatures. The
CO, thus, reacts with the intermediate hydrochar which leads to pore formation and
enlargement of existing ones. Also, KHCO3 can react with carbon to produce metallic K

leading to the production and evolution of CO, thus leading to pore formation [27,48].
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Fig 1. SEM micrographs of Co-Mn LDH nanosheets at (a) low and (b) high magnifications respectively; SEM

micrographs of AC porous network at (c) low and (d) high magnifications respectively.

For further information on the morphology, the samples were investigated using HR-TEM.
Fig. 2 (a) and (b) shows the HR-TEM micrographs of Co-Mn LDH at low and high
magnifications respectively, revealing the nanoflake-like morphology. The inset to Fig. 2 (b)
displays a selected area electron diffraction pattern (SAED) of a Co-Mn LDH which shows
diffraction rings revealing the polycrystalline nature of the material. In Fig. 2(c), a high
magnification HRTEM micrograph of AC is shown which displays no lattice fringes suggesting
that AC is not crystalline. Besides, the SAED pattern (inset in Fig. 2(c) does not show
diffraction rings revealing that AC is amorphous. EDX analysis was carried out to confirm the
elemental composition of the as-prepared Co-Mn LDH and activated carbon materials and is

presented in Fig 3 (a) and (b).The EDS spectrum in Fig. 3 (a) confirms the predominance

12



content of Co and Mn in Co-Mn LDH and the spectrum for activated carbon (Fig. 3 (b))
confirms the predominance content of C in the sample. The observed low-intensity peaks of
Si and S could originate from quartz tube or Teflon during sample preparation and the

observed Cu (in fig. 3 (a) are due to the formal-coated copper grid.

Fig 2. HRTEM micrographs of Co-Mn LDH at (a) low and (b) high magnifications respectively (Inset to (b) is
SAED pattern of Co-Mn LDH); (c) HRTEM micrograph of activated carbon and the corresponding SAED pattern

(Inset).
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Fig 3. EDS spectra of (a) Co-Mn LDH and (b) Activated carbon.

The structure of the as—synthesized Co-Mn-LDH and AC materials were further investigated
by X-ray diffraction using a Co-K, (1.7890 A) source. The XRD spectra are presented in Fig. 4
(a) and (b) for the Co-Mn LDH and AC samples respectively. The XRD pattern for the Co-Mn
LDH sample (Fig. 4 (a)), showed peaks observed at 26 values of about 12°, 26°, 39°, 44°,
52°,68° and 70° and corresponding to (003), (006), (009),(015), (018),(110) and (113) lattice
planes respectively for a hydrotalcite-like structure of LDH. This is consistent with earlier
reports on similar LDH type structures [35,36]. However, the observed peak shifts in
positions may be as a result of the Co-K, X-ray source used for the analysis which is of a
different wavelength as compared to Cu-K, [45]. Fig. 4 (b) reveals the XRD spectrum of the
AC sample showing a broad peak at a 20 angle of 26° and a weak peak at 51° which is
related to the (002) and (100) planes of graphitic carbon. The broad and low intensity of the
peaks is an indication that the AC material is mostly non-crystalline and therefore can be
referred to as amorphous carbon [46]. FT-IR spectrum for the samples performed in the
wavenumber range of 4000 - 500 cm™ are presented in Fig. 4 (c) and (d). This measurement

is important for the determination of surface functional groups in the as-synthesized Co-Mn

14



LDH and AC samples. the FT-IR spectrum for the Co-Mn LDH (Fig. 4 (a)), shows peaks at
~3440 cm™and ~1629 cm™ which are due to O-H bending mode of water and hydrogen
bonded to the hydroxyl groups [37,47,48]. The peaks appearing at about ~2945 cm™ and
~2815 cm™ and the bands occurring at ~1056 cm™is related to C — O and C — H stretching
vibrations [60]. Whereas the peak position observed at about ~2207 cm™ is due to O-C-O
the stretching vibrations of antisymmetric Carbon di-oxide in air [49]. The peak occurring at
1384 cm™ are assigned to the typical vibration of carbonate ions and the peak occurring at
about ~627 cm™ is attributed to the metal bonded to the hydroxyl group Co-OH [37,48]. The
FT-IR spectra for AC after carbonization at 850 °C for 2 hours and hydrochar after
hydothermal treatment at 160 °C for 12 hours is presented in Fig. 4 (b). A reduction in the
intensity of the peaks of the AC as compared to that of the hydrochar can be observed. This
may be due to the breaking of the water molecule bond and loss of moisture in the sample
due to carbonization at high temperatures. The ~3435 cm™t is due to the O-H stretching
vibrations of water due to surface hydroxyl groups. The bands occurring at ~2942 cmtin the
hydrochar and AC samples indicate the C-H bond of the aliphatic group and the peak at
~1608 cm™ indicates the C = O stretching vibrations of the carboxyl groups. The peaks
occurring at ~1180 cm™tand ~502 cm™ may be due to the - C- C stretching vibration [44].

The results from the textural analysis of the samples using the BET measurements are
presented in Fig. 5 (a) and (b). The N, adsorption-desorption isotherm of the Co-Mn LDH
(Fig.. 5 (a)) shows a type lll and a H3 hysteresis loop indicating agglomeration of plate-like
particles with slit-shaped pores and the presence of mesopores in the double-layered
configuration [50]. While the N, adsorption-desorption isotherm of the AC sample (see Fig.
5 (b)) shows a type IV and a H4 hysteresis loop demonstrating a composite material

comprising of microporous and mesoporous structures. The SSA of the Co-Mn LDH was
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recorded as 44.60 m” g while that of the AC sample was recorded as 1056.52 m” g*. The
insets to Fig. 5 (a) and (b) show the Pore size distribution (PSD) plots for the Co-Mn LDH and
AC samples signifying that the Co-Mn LDH is made up of mainly mesoporous structure with
an overall pore volume of 0.15 cm® g™ and average pore diameter of 16.1 nm while the AC is
made up of both micropores and mesopores with overall pore volume of 0.64 cm? gt and
average pore diameter of 3.4 nm. The active micropores and mesopores in the samples
provide the necessary sites for ion trapping required for efficient energy storage and serve
as the channels used for the electrolyte ion transport required for device power delivery

[51].
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Fig 4. X-ray diffraction pattern of (a) Co-Mn LDH; and (b) activated carbon; FTIR spectra of (c) Co-Mn LDH and

(d) Activated carbon and Hydrochar.
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Fig 5. N, Adsorption-desorption isotherm for (a) Co-Mn LDH and (b) Activated carbon (Insets to the figure

show pore size distribution plots).

Furthermore, to analyze the oxidation states of the Mn and Co in the Co-Mn LDH, the
sample was analyzed by XPS including activated carbon sample. Fig. 6(a) shows the wide
scan XPS spectra of the as-received Co-Mn LDH sample (i.e. without sputter cleaning) which
displays the main elements (Co, Mn, and O) of the composition of the sample. Fig. 6(b)
shows the core level spectrum of Co 2p of the Co-Mn LDH sample which reveals the binding
energy peaks at 778.4 eV and 783.5 eV which correspond to Co 2ps/, core level, and other
binding energy peaks at 794.3 eV and 800.9 eV which correspond to Co 2p;,, core level. The
fitted Co 2ps/, peaks suggest that the Co oxidation state of the Co-Mn LDH sample is mainly
Co**. On the other hand, the core level spectrum of Mn 2p of the Co-Mn LDH sample reveals
the binding energy peaks at 639.3 and 651.5 eV corresponding to Mn 2ps/; and Mn 2py/;
core levels, respectively, as shown in Fig. 6 (c). The fitted Mn 2ps/;, peaks suggest that the
Mn oxidation state of the sample is composed of Mn?*, Mn®" and Mn*" [63]. Fig. 6(d) shows

the core level spectrum of O 1s with fitted peaks at 528.6 and 529.7 eV which could be
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C 1s of an activated carbon.

ascribed to O 1s in Co—0 and Mn-0 compounds. The core level spectrum of C 1s (Fig. 6 (e))

shows a high-intensity peak at about 283.5 eV which corresponds to the graphitic carbon,
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C=C and/or C-C and other fitted peaks related to some of the carbon-oxide components as
suggested by FT-IR analysis. Similar to the core level spectrum of C 1s of a Co-Mn LDH
sample, the C 1s core level spectrum of the activated carbon sample reveals the graphitic
carbon peak (C=C and/or C-C) and carbon-oxides peaks. However, for the activated carbon
sample the high-intensity peak at about 284.2 eV (C=C and/or C-C) confirms the

predominance content of graphitic carbon in the sample.

3.2 Electrochemical analysis

The results from the electrochemical analysis of Co-Mn LDH positive electrode material and
the AC negative electrode material performed in a three electrode configuration is
presented in Fig. 7. The CV curves for the Co-Mn LDH positive electrode material performed
at scan rates of 10 mV s* to 100 mVs™ (see Fig. 7 (a)), displayed a very good quasi-reversible
faradaic behavior. Two redox couples can be observed with peak separation between 60 to
110 mV for each of the redox peaks, within the negative/positive voltage of -0.2 Vto 0.5V,
indicating relatively fast surface redox reactions of the Co?* and Mn*" in the Co-Mn LDH
material. The first anodic and cathodic current peaks were observed at ~-0.01 V and ~0.1 V
respectively and the second was observed at ~ 0.24 V and 0.39 V respectively. Where the
latter is indicative of the quasi-reversible faradaic behavior related to the transition
between Co?*/ Co**at the various scan rates related to the reaction [52,53]

CoOOH + OH «> Co0, +H,0+e (6)
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Fig 7. CV curves of (a () Co-Mn LDH from 10 mVs™ to 100 mVs™ (b) AC from 10 mVs™ to 100 mVs " in 1 M KOH;

CD profiles of (c) Co-Mn-LDH and (d) AC at current density of 1.0A g -5Ag™ in 1 M KOH.

Thus, the first redox couple could be assigned to the reversible faradaic reaction related to

transition from Mn?* to Mn®" in the reaction [65] .

Mn(OH), + OH <> MnOOH + H,0 + e

(7)

The CV curves of the AC material performed at 10 mV s - 100 mV s scan rates are

presented in Fig. 7 (b). The CV curves exhibited rectangular shapes which are related to

electric double layer capacitive (EDLC) features for porous carbon materials coupled with a

good current response in the negative potential range of -1.0 V — 0.0 V. The results from the

charge-discharge (CD) tests performed in the three electrode configuration at varying

current densities of 1.0 — 5.0 A g™ for the Co-Mn LDH and AC electrodes are presented in
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Fig. 7 (c) and (d). The CD profiles of the Co-Mn LDH and AC electrodes are directly related to
the observed redox and EDLC characteristics for the CV curves of the Co-Mn LDH and AC
respectively. A specific capacitance of 318 F g'1 and 103 F g'1 were calculated for the Co-Mn
LDH and AC respectively at 1.0 A g* using equation (1).

The results from testing the assembled hybrid device taking into cognizance the
electrochemical performance values obtained from the half-cell analyses of the individual
electrodes and adopting the mass balance approach to ensure equal charge concentration is
reported in Fig. 8. Figure 8 (a) shows the individual CV curves superimposed to illustrate the
combination of the independent operating potentials of both the EDLC and Faradaic-type
materials in order to maximize the final operating voltage of the hybrid device. An optimized
voltage window was determined by cycling the full device at a moderate 25 mV s scan rate
whilst varying the voltage from 1.0 V — 1.7 V as shown in Fig. 8 (b). The CV curves mimic the
CV shape of AC within the voltage window of 0.0 V — 0.8 V and above 0.8 V that of the LDH
seen earlier in Fig. 8 (a). An anodic current leap can be observed beyond 1.6 V which may be
attributed to gas evolution as the potential is increased. Therefore, the ideal operating
voltage was chosen as 1.5 V for the hybrid device based on the ideality of the CV plot. The
hybrid device is able to work within this potential window of 1.5 V, beyond the
thermodynamic decomposition of water (1.23 V) in 1 M KOH because of the synergistic
operation of the individual operating potentials of the positive electrode and the negative
electrode materials, thus, combining the high overpotential for di-hydrogen and oxygen
evolutions at the positive and negative electrodes respectively [32,54]. The CV curves of the
hybrid device at 5 mV s™ - 100 mV s scan rates are presented in Fig. 8 (c). The current
response increases as scan rate is increased with the signatory redox peaks still observed

from the typical faradaic behavior.

21



12

: —— Co-Mn LDH a)
o —AC ~
O 6 ‘o
5 S 4
23] z
§ 0- § 24
-3
E T 0-
o
e c
3 3
0 ‘9‘ Q -2-1
'12 T v T v T Al T T T T T T T T v T
-1.0 -0.5 0.0 0.5 00 02 04 06 08 10 12 14 16 18
Potential (V vs. Ag/AgCl) Voltage (V)
15 . 1.6
—5mVs (C)
—~ |——10mvs’
‘U)1° 1=——25mvs"’ 1.2
< {—50mvs' o
2 5{—75mvs’ -
2 |—100mvs’ So.8
Ao %
fé >
E o 0.4-
e -5
(8]
‘10 T T T o-o
0.0 0.4 0.8 12 16
Voltage (V)
80
70 - (e) A10‘1
60 g Y
— 2101 EpLc ® Q9
" 50 S . :b A
E:— 40+ 75 2
g & 171 —o—This work
Q ] —m—A.D. Jagadale et al. (2016)
20 - ¥1 , | =@=Y.G. Wang et al. (2006)
3107 W.Fuetal (2016)
10 a ~A~D.Chenetal (2017) .
5 8 —#=—W. Quan et al. (2017) Li-ion Batteries
o 1 2 3 4 5 10" 10° 10' 10° 10°
Current Density (Ag)

Energy Density (W h kg')

Fig 8. (a) CV curves of AC and Co-Mn LDH at 25 mV s7 (b) CV plots of hybrid cell of Co-Mn-LDH//AC at 25 mV
s™ for different operating voltages in 1 M KOH,(c) CV plots from 5 mV s"to 100 mV s, (d) the associated GCD

plots from 0.5 A g — 5.0 A g in same voltage window, (e) Capacitance variation with current density and (f)

Ragone plot.

22



The associated CD curves of the hybrid cell performed at various current densities are
presented in Fig. 8 (d). The calculated specific capacitance value of the Co-Mn LDH//AC
hybrid device was recorded as 65 F g'1 at 0.5 A g'1 current density which decreased to about
37 F g'1 (retaining more than 50% of its original value) even when the current density is
increased by 10-fold to 5.0 A g™. This is indicative of good rate capability of the hybrid
device as the current is increased. The specific capacitance as a function of current density is
presented in Fig. 8 (e). A maximum energy density of 20.3 W h kg™ was recorded for the
hybrid device at 0.5 A g™ current density with a corresponding power density of 425 W kg™.
The Ragone plot (Fig. 8 (f)) displays the energy density values as a function of power density,
and shows that the energy density values for Co-Mn LDH//AC hybrid device are close to the
upper end region of the lithium ion batteries which confirms good EDLC contribution, the
dominating faradaic behavior and good electrochemical performance of the of the hybrid
device. It is worthy to note that this energy density value is much higher than some earlier
reports on similar asymmetric type hybrid devices. For example, CoMn LDH/Ni foam//AC
electrodes by A.D. Jagadale et al. [36], CoAl LDH//AC by Y.G. Wang et al. [55], NiMn
LDH/MnO,//AC by W. Quan et al. [68] as shown in Fig. 8 (f). The obtained values in this
report are also comparable to other similar research studies reported for
ZnC0,0,@NiyCo(OH)ex//AC by W. Fu et al. [56], NiCoSs@Co(OH),//AC by R. Li [57] and
NiMn LDH/rGO//AC by M. Li [37], CoMn LDH /NF//AC by D. Chen et al. [7]. In addition to
the high energy density, the material in this work displays good cycling stability.

The stability response is of utmost importance as it shows the practical electrochemical
performance of the device over a period of time and the long term cycling lifespan which
are desirable for high performance materials in supercapacitor application [18,58]. The plot

of capacitance retention as a function of cycle number performed at 5.0 A g current

23



density is presented in Fig. 9 (a). A steady increase in the capacitance retention of 97.7 %
from the 1* cycle to 99.7 % at the 10,000 cycle can be observed for the hybrid device. The
increase in capacitance retention may be attributed to the accessibility of more pore sites
within the active material after several constant GCD cycles. This allows the electrolyte ions
to further intercalate and access more pores in the active material thereby improving the
electrochemical performance of the hybrid device [59]. Interestingly, the Co-Mn LDH//AC
hybrid device displays a superior cycling stability of 99.7 % up to 10,000 constant GCD
cycles when compared to other earlier reports such as NiMn LDH/rGO//AC (74.1 % after
10,000 cycles) [37], CoMn LDH/Ni foam//AC (84.2 % after 5000 cycles) [36],
NiCoS;@Co(OH),//AC (70.10 % after 5000 cycles) [70] , for ZnCo,04@Ni,Co,,(OH)ex//AC
(81.4 % after 2000 cycles) [56], NiMn LDH/MnO,//AC (87 % after 5000 cycles) [68] and
CoMn LDH /NF//AC (83.7 % after 3000 cycles) [7] (as shown in Fig. 9 (b)). The SEM images of
the electrode materials after cycling have been included in the supporting information (Fig.
S1) to further validate the stability of the material electrodes. The stability of the device was
further tested using the voltage holding method at its maximum operating voltage of 1.6 V
and 1.0 A g'l current density for 70 hours and the result is presented in Fig. 9 (c). The voltage
holding test (also known as floating test) shows a decrease in the device capacitance after
the first 20 hours (approx. 1 day) before stabilizing for the rest of the floating time with a
capacitance retention of ~80%. The observed floating performance might be linked to the
stable network of the porous carbon structure inhibiting the disintegration or collapse of the

material after floating at maximum voltage [44].
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Fig 9. (a) Capacitance retention as a function of cycle number for 10000 continuous charge-discharge cycles;
(b) 3D comparison plot of capacitance retention Vs cycle number of the material with previous reports; (c) Plot
of Specific capacitance versus voltage holding time after device cycling test, (d) Self-discharge analysis of the
hybrid device over a period of 60 h for the Co-Mn-LDH//AC hybrid device, (e) self-discharge with linear fit of

the plot of InV as a function of t and (f) self-discharge with polynomial fit from equation 9.
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Lastly, to conclude all stability tests in relation to practical device operation, the device was
subjected to a self-discharge test on open circuit potential to observe the routine device
behavior after being fully charged to its maximum operating voltage. The initial drop in the
voltage (see Fig. 9 (d)) is attributed to decomposition of any moisture in the electrolyte
directly in contact with the active material electrode [60]. As observed in Fig. 9 (d), about
0.8 V is still retained after 60 hours of self-discharge test which means that half of the
amount of the initial voltage is retained which shows the potential of the device to retain
charge on open potential. The mechanism of self-discharge is described based on the
established models in literature [61,62]. The self-discharge can be described by relating the

leakage current to a resistance by applying the expression:
V = Vyexp"7rO (8)

Where V, is the maximum applied voltage, R is the resistance and C is the charge stored in
the device. The self —discharge curve in this experiment however deviates from the linear fit
of the plot of InV as a function of time (See Fig. 9 (e)). The self-discharge profile
subsequently follows a diffusion-controlled process (See Fig. 9 (f)) in which the accumulated
ionic-charge are lost during the process of discharge. The discharge profile is governed by

the voltage polynomial expressed as:

V=V, —mt’ (9)

where m is a diffusion parameter and is related to V,, the initial applied maximum voltage

and tis the time duration of the self-discharge process.

The EIS study was done in open circuit potential in 10 mHz to 100 kHz frequency range and

is presented in Fig.10. Electrochemical impedance spectroscopy (EIS) is very important in
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evaluating the electron and ion transport of an electrochemical capacitor [63]. The Nyquist
plots for the Co-Mn LDH//AC device before and after stability is presented in Fig. 10 (a).
Semicircles in the high frequency regions for the plots before and after stability (inset to the
Fig. 10 (a), indicates the presence of charge transfer resistance linked to a resistive element
present in the electrode. The nearly vertical lines at the low frequency regions parallel to
the y-axis show ideal capacitive behaviors. The intersection of each semicircle with the real
Z’-axis shows the solution resistance (Rs) which is a summation of the overall electrolytic
resistance, electrode material intrinsic resistance and the resistance between the electrode
material and the current collector [46,63]. An Rs-value of 0.46 QO was recorded for the
Nyquist plot before stability, indicating good ion diffusion and conductivity between the
electrolyte and the surface of the active material [64]. This might be due to the synergy
between the thin nano-flake structure of the Co-Mn LDH and the spherical porous structure
of the AC electrodes enabling good electron transport and ion percolation. A value of 0.67 Q
was recorded for the charge transfer resistance (Ry), which is in the Z’ — axis intercept from
the high to middle frequency region and it is indicative of a good charge transfer and
conductivity of the material. The R, values are smaller than those earlier reported for similar
electrode devices such as 0.75 Q, 0.75 Q, 0.88 Q reported for CoMn LDH/Ni foam//AC [36]
ZnCo,04@Ni,Co,,(OH)ex//AC [56] and NiCoS;@Co(OH),//AC[70] respectively. The R value is
also smaller than those reported for CoMn LDH/Ni foam//AC (3.4 Q)[39],
ZnCo,04@Ni,Co(OH)e//AC (1.12 Q) [56] but higher than that reported for
NiCoS;@Co(OH),//AC(0.01 Q) [70]. The R, value recorded after stability is 0.63 @ which is
very close to 0.46 Q (the Rs value before stability) and the R value after stability is 0.68 Q

which is only ~ 1.5 % increase from the value before stability. This shows very good ion
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diffusion and conductivity, and low degradation of the material even after 10,000

continuous CD cycles and further confirms the stability of the hybrid device.
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Fig 10. (a) Nyquist plot before and after cycling test; (b) Nyquist plots on open circuit potential with associated
equivalent series circuit used for fitting the Nyquist plot data; (c) Real and imaginary part of cell capacitance as

a function of frequency and (d) Phase angle as a function of frequency, for the Co-Mn LDH //AC hybrid device

in 1M KOH.

The associated equivalent series circuit fitted for the Nyquist plot data is presented in Fig.
10 (b). In the equivalent series circuit (inset to the Fig. 10 (b)), the R is in series with Q;
(constant phase element) which is connected in parallel to the charge transfer resistance R.

The element, Q; is the double layer capacitance attached to the Warburg diffusion element
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(W) which is in series with Rgy. Q, (mass capacitance) is an indication of ideal polarizable
capacitance connected in parallel to R, (impedance element), which is responsible for the
deviation of the vertical line from the ideal behavior [34,65]. The shift from the typical
vertical behavior also suggests that there is a leakage resistance, R, which is a resistive
element associated with Q,.

The impedance (Z) of Qg, is expressed as [34,66];

Zo, = K(jw)™ (10)
where w is angular frequency, k and b are frequency-independent constants. The static or
real (C'(w)) and imaginary(C" (w)) parts of the capacitance as a function of frequency is
presented in Fig. 10 (c). From Fig. 10 (d), the capacitance (C(w)) is the sum of C'(w) and

C" (w) and are expressed by equations (9-11) [67] below:

Z”((l))

C'(@) = = Zzwr (11)
N ()

S =y (2
C(w) = C'(w) +jC" (w) (13)

where C'(w) is the static capacitance, C''(w) is related to the energy dissipated by the
capacitor and also the frequency transition between an ideal capacitive and resistive
characteristics [80], w is the frequency and |Z(w)?| is impedance modulus. The value of C’
at a frequency of 10 mHz is 0.63 F which is the real attainable capacitance of the hybrid cell
at this frequency. C"" describes the frequency transition between an ideal capacitive and

resistive characteristics of the hybrid device [80] with a relaxation time (t) which was
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calculated for the hybrid device as 1.32 s corresponding to a frequency of ~1.0 Hz using the

equation:
_ 1 _ -1
T= o = 2MWmax (14)

The direct interpretation of the relaxation time simply means that the energy stored within
the Co-Mn LDH//AC hybrid device can be released in a period of 1.32 s. The plot of phase
angle of the cell as a function of frequency is presented in Fig. 10(d). The phase angle is
recorded at approximately -80° (close to -90°) which is indicative of the capacitive behavior

of the hybrid cell similar to the ideal device.

4. CONCLUSIONS

Thin Co-Mn-LDH nanoflakes with exceptional morphological and textural properties and
highly porous activated carbon (AC) from cork raw material (Quercus Suber) and was
successfully synthesized by a facile solvothermal and a two-step eco-friendly hydrothermal
syntheses routes respectively. A hybrid device was successfully fabricated with a specific
capacitance value of 65 F g™ obtained at 0.5 A g™ current density. The device displayed a
good rate capability in a 1 M KOH aqueous electrolyte with the energy and power densities
of 20.3 Wh kg'1 and 425 W kg'1 respectively. The device had a remarkable stability response
with an initial capacitance retention of 97.7% after a few cycles which subsequently
improved to a final capacitance retention value of 99.7% for up to 10,000 constant GCD
cycles. There was also negligible degradation recorded after 70 hours of floating time at the
maximum cell voltage and the cell still retained more than half of its operating voltage after

60 h of self-discharge test. The results recorded in this study on the Co-Mn LDH//AC hybrid
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device depict the as-synthesized material as potential electrodes for high performance

supercapacitor applications.
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SUPPORTING INFORMATION

The SEM micrographs of the Co-Mn LDH and AC electrode materials after cycling at low and high
magnifications are presented in Fig S1. Figure S1 (a) and (b) show the Co-Mn LDH micrographs with
highly interconnected thin nanoflake-like morphology. From the Co-Mn LDH electrode material SEM
images, well-defined and smoother hexagonal nanoflake-like structure can be observed, suggesting
that the integrity of Co-Mn LDH is preserved after cycling. The AC electrode material presented in Fig
S1 (c) and (d) shows an interconnected spherical porous network of the material. A more dispersed
arrangement of the microspheres in network structure can be observed in the SEM image as
compared to the SEM image before electrochemical testing and cycling (Fig. 1 (c) and (d)). The
dispersed structural network might be attributed to a breakdown of the initial structure as a result

of the effect of sample preparation process and cycling. However, the microspheres structure

retained by the material is an indication of the good structural stability of the sample.

Fig S1. SEM micrographs showing the Co-Mn layered double hydroxide nanosheets electrode materials after
cycling at (a) low magnification and (b) high magnification; Activated carbon porous electrode materials after
cycling at (c) low magnification and (d) high magpnification.
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