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Abstract

Mn and Co are known for their redox storage mechanism depending on the kinetics of their ions,
which is required to boost capacity values of the material electrodes for energy storage
applications. However, to the best of our knowledge, Co-Mn phosphate material-based
electrochemical capacitors have been rarely investigated. In this work, CoMn(PQO4), synergized
with graphene foam (GF) was synthesized following an easy, direct and low temperature
hydrothermal method. The study investigated the synergy between Co, Mn and GF supported
composite, with a strong P-O covalent tie occurring at the surface of the material, leading to a
high degree of polarization and very low relaxation time. The CoMn(P0Q4),/GF material tested as
a half-cell could achieve a specific capacity of 58.15 mAh g at 0.5 A g1. A CoMn(POa),/GF//AC
hybrid device was made-up considering CoMn(P0Q4),/GF and an activated carbon (AC) material as
positive and negative electrodes, respectively. The CoMn(PQOa4)2/GF//AC hybrid device achieved a
specific capacity of 45.89 mAh g%, specific energy of 51.53 Wh kg and a corresponding specific
power of 561.52 W kg* at 0.5 A g1. Furthermore, the device displayed a 95% capacity retention
after 10000 GCD cycles at 12 A g* and showed an improved performance over its initial specific

capacity after a voltage holding test for over 110 hat2 Ag™.
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1. Introduction

As aresult of the tremendous shift towards green and sustainable sources for energy, for instance
and limited to hydropower, wind and solar, countless efforts are being compensated to
sustainable energy storage systems. These sustainable energy sources are friendly to the earth
planet and with no side effects to human life. Unlike the conventional fossil fuel, they are safer,
viable and more efficient energy supply systems. Electrochemical capacitors (ECs) are being
acknowledged among the top promising devices for the future electrochemical storage system
owing to their flexible charging-discharging dynamics, high specific power and longer cycling life
compared to other electrochemical storage systems, for instance, fuel cells (FCs), and

conventional rechargeable lithium-ion batteries (LiBs) 2341,

Transition metal phosphates (TMPs) have Recently turn out to be a strong competitive and
promising materials electrodes for ECs *. TMPs offer good charge storage capability, multiple
valence states, open structure; cavities and channels, tend to own worthy charge storing
capability and have, therefore, been examined as potential pseudocapacitive electrode materials
>67 The flexible geometry of phosphate structure groups can resist, avoiding the distortion
resulting from any mechanical alteration by moving the locations of atoms and stabilizing the
intermediary state of the transition metal’s ions 8°. Both the single and bimetallic phosphates
materials can be employed as electrodes for ECs application. P. K. Katkar synthesized a binder-
free Min-phosphate by means of single-pot adopting hydrothermal method, the material showed
145 F g value of a specific capacitance of at 0.2 mA cm™ tested in a neutral electrolyte of 1 M

NayS0,4 10,

Researchers have been indicated in some recently published work %2 that comparing bimetallic
with single metallic phosphate electrode materials for the electrochemical capacitor, bimetallic
phosphate materials are more capable and exhibiting superior performance. This could be due
to the benefit of synergistic influence of joining two active metals as a bimetallic material. The
two metals could be of highly faradic nature thereby, resulting in a very rich and effective redox
reaction. For instance, in our previously published work 3, sodium-nickel phosphate was
synthesized following a direct and easy co-precipitation method, the study brought out the

synergy of Ni and Na cations together with conductive graphene foam. The material tested in 2



M NaNOs aqueous electrolyte could operate well in a wide potential window extended from 0.0
to 1.0 V vs Ag/AgCl and could receive a high value of 63.3 mA h g! specific capacity at 1 Ag?. In
other cases, the bimetallic phosphate could be a combination of one metal similar to EDLC in its
electrochemical performance (pseudocapacitive) and another highly faradic metal, whereby, the
electrochemical performance is expected to result in a synergy of the constituent metals, with a

slightly different mechanism. For instance, in our previously published study *

, @ promising
material of nickel-cobalt phosphate produced via hydrothermal method used for supercapacitor
has been reported. The study demonstrated the storage mechanism of Co-phosphate which
possess similar features to EDLC and Ni-phosphate that mostly shows faradic features.
Surprisingly, the synergy between Co-phosphate and Ni-phosphate based on their different
storage mechanism revealed on the electrochemical outcomes of NiCo(P0Q4)3; where the material
showed higher specific capacity than the individual Ni-phosphate and Co-phosphate with
efficient pseudocapacitive behavior. The composite material exhibited a value of 86.4 mAh g?
specific capacity at 1 A gl in 1 M KOH. Afterward, an assembly of hybrid device was done based
on NiCo(PO4)3 composite and AC as positive and negative electrodes respectively, resulted in 34.8

Wh kg specific energy, 377 W kg specific power at 0.5 A g correlated with high stability of
95% capacity retention after 10000 cycles at 8 A g

Herein, we report a hydrothermal synthesis of Co-Mn phosphate and its composite of graphene
foam and their demonstration as potential electrodes for electrochemical capacitors
applications. The adopted hydrothermal technique possesses a huge advantage for materials’
morphological controls, with preferred physio-chemical properties thus resulting in enhanced
electrochemical performances of the as-synthesized electrodes. It also offers significant merits
like simplicity, cost effectiveness, high purity and crystallinity of synthesized materials, high
reaction rate, and low operation temperature range in the presence of an appropriate solvent.
The study explored the electrochemical properties of a combination of well-established
pseudocapacitive metals (Co, Mn) in an aqueous medium (1 M KOH). Although, the discrete
electrochemical storage mechanism of Mn and Co is by redox reaction however, each of the
metals possesses semi-rectangular CV sweep due to the polarization initiated from polar nature
of the materials 1>. The addition of 45 mg graphene foam (GF) to the synthesized cobalt-

manganese phosphate produced a robust three-dimensional network (CoMn(PQO4)./GF), with an
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anti-agglomeration property for long-time cycling. This improved short and quick ion/electron
passage and sufficient electrode/electrolyte interaction. As result, the CoMn(PQOa4),/GF composite
showed a results in terms of current and discharge time, respectively, associated to the pure
CoMn(POs)2 which resulted in a specific capacity of 58.15 mAh g at 0.5 A g''. An assembled
hybrid supercapacitor device was built based on CoMn(PO4),/GF and AC as positive and negative
electrodes, respectively. The CoMn(PO4)2/GF//AC hybrid device achieved a specific capacity of
45.89 mAh g1, specific energy of 51.53 Wh kg and a corresponding specific power of 561.52 W
kgt at 0.5 A g'. Furthermore, the CoMn(PQ4)2/GF//AC device was capable of retaining 95%
capacity retention after being tested for continuously 10000 GCD cycles at 10 A g*. Likewise, the
device exposed to a floating evaluation of over 110 h at 2 A g* and could show an improved
performance over its initial specific capacity after a voltage holding test for over 110 hat 2 Ag™.
This outstanding stability of CoMn(PQ4)2/GF//AC device is attributed to the synergy between
CoMn(POg4); and GF and also due to stable chemical structure of CoMn(POQa); material, which
contains strong P-O covalent bond. Besides, phosphate-based materials contain tetrahedral
anion structural units (PO4)" associated with P-O bonds, generating oxygen octahedral sites
occupied by other metal ions, which makes them structurally and chemically stable. In fact, P and
O are readily form covalent bonds with other atoms and rarely exist in isolation. As a rule, each
of these atoms form a characteristic number of covalent bonds with other atoms which hold the

atoms together, therefore, stable molecules exist.
2 Experimental Section
2.1 Synthesis of CoMn(P0O4), and CoMn(PO.)./GF composites

The CoMn(P0Oa4); was synthesized through a hydrothermal method. Initially, stoichiometric
amount of Co(NOs3),.6H,0, Mn(CH3CO).4H,0 and (NH4)PO4 were dissolved in 20 ml deionized
water (DW) separately. The Co(NO3),.6H.0 and Mn(CH3CO).4H,0 solutions were mixed and
subjected to stirring for 30 min. The (NH4)PQO4 solution, which is the source of POs was added
dropwise into the mixture while stirring at room temperature. The mixed solution was then
transferred into a Teflon-lined stainless-steel autoclave and placed in an electric oven at 180 °C
for 6 h. The recovered sample was filtered, washed with DW and dried in an atmospheric oven

at 60 °C for 12 h. The recovered powder sample was referred to as CoMn(PQOa), . Scheme 1 shows



the steps for the synthesis of CoMn(PO4),. Thereafter, the CoMn(PO4)./GF composite material
was further synthesized with addition of an optimized mass (45 mg) of GF to form a composite
material designated as CoMn(PO4)./GF following the same procedure as already stated in earlier
study . In brief, different masses (15 mg, 30 mg, 45 mg and 60, respectively) of the as-prepared
GF were dispersed in 100 mL of deionized water by ultra-sonication for 18 h at room
temperature. Thereafter, the procedure for the preparation of CoMn(PQOs), material was
followed by adding a stoichiometric amount of Co(NOs),.6H,0, Mn(CH3CO).4H,0 and (NH4)PO4
and then stirred for 30 min for homogeneity. The resulting homogeneous mixture was
transferred into a Teflon-lined stainless-steel autoclave for hydrothermal process at 180 °C for 6
h. The recovered solid sample designated as CoMn(P0Q4),/GF was washed with deionized water
and dried overnight at 60 °C. The added GF was to enrich the electrical conductivity of
CoMn(P0Qg4); in this work and was synthesized via chemical vapour deposition (CVD) system

already discussed in our previously published work *©,
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Scheme 1: Preparation steps of CoMn(P0Qa),; material

2.2 Synthesis of activated carbon (AC)

Waste cocoa pods was collected from a dumping site in a farmland and used as source for carbon
material. The cocoa pods collected was washed repeatedly with distilled water and acetone to
avoid any possible dirt that can naturally be attached to the sample, thereafter, the sample dried

at 60 °C for 24 h. After removing dirt, the sample crushed smoothly. A 10 g of the sample was




soaked in in 100 ml of DW having 10 ml of 0.5 M sulphuric acid for dehydration and to remove
contaminants. The mixture was sealed in 120 ml autoclave, stainless steel and heated up to 160
°Cfor 12 h. The recovered material was removed from the oven and left to cool naturally to room
temperature, and then washed several times with DI water followed by drying at 80 °C for 48 h.
A pallet potassium hydroxide (KOH) was added to the product in a mass ratio of 1:1 and mixed in
a gate mortar. The sample was then activated at 700 °C at a ramping rate of 5 °C/min for a period
of 60 min in a flow of argon gas. The recovered carbonized material was soaked in 3 M
hydrochloric acid overnight to neutralize remaining KOH. Then the sample was filtered and
washed with deionized water regularly to reach a pH of 7. The final product was obtained after

the sample has been dried completely using an oven for 24 h at 60 °C.
2.3 Characterizations and electrochemical analysis

The structural and crystalline nature of the samples were all examined via X-ray diffraction (XRD)
(Bruker BV with 2D Phaser Benchtop, reflection geometry), 29 = 10-65°, requisition time: 5.240
s per step, radiation source: Fe filtered Co Kal (A =0.1789 nm), operates at 30 mA and 50 kV. For
molecular bonding analysis, A Confocal Raman Microscope with following descriptions was used,
Model: WITec alpha 300 R Germany, Laser wavelength: 532 nm, laser power: 4 mW, spectral
acquisition: 120 s. An X-ray photoelectron spectroscopy (XPS) analyzer (Versa Probe 5000
spectrometer initiated with a 100 um monochromatic Al-Ka exciting source) was employed to
measure the electronic states of the surface elements present within the composite sample. To
attain the morphology of the samples, field emission scanning electron microscope (FE-SEM) was
used with Model: A Zeiss Ultra plus 55 Germany, Carl Zeiss, Oberkochen, operates at 2.0 kV
accelerating voltage. The specific surface area (SSA) and pore size distribution (PSD) analysis of
the samples were performed by using a Discrete Fourier transform (DFT) model via the aid of a
Quantachrome (NOVAtouch NT 2LX-1, Volts 220, USA) operated with the Quantachrome
TouchWin Software Version: 1.22. The TEM analysis was obtained by JEOL JEM-2100F
transmission electron microscopy operated at 200 kV. The samples were dispersed in ethanol
under sonication for 30 minutes, therefore, the homogeneous solution was dropped uniformly
on copper grids for examination. The electrode materials for 3-electrode measurement were

prepared as follow: a combination of 80%, 10% and 10% of active (prepared) material,



polyvinylidene difluoride (PVDF) and carbon black respectively was mixed to form a slurry in the
presence of some drops of 1-methyl-2- pyrrolidinone (NMP) as a solvent. The PVDF serves as a
binder while carbon black was added to compensate for the reduction of conductivity resulted
from an addition of PVDF. The slurry was pasted on 1 cm? nickel foam current collector. The
pasted current collector was dried for 12 h at 60 °C in an electric oven to dry off the NMP. The
final active mass-loaded to the electrode was weighted to be 3 mg cm?. The 3-electrode system
was explored to examine the as-prepared material in aqueous 1 M KOH as electrolyte, Ag/AgCl
(3 M KCI saturated) as reference electrode, the active material working electrode under
investigation, and glassy carbon as a counter electrode. To understand the storage mechanism
of the materials, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) were measured. The EIS was measured in a
frequency range between 100 KHz and 1.01 Hz and potential amplitude of zero. All the
electrochemical measurements were carried out employing VMP-300 potentiostat, Knoxville, US

Bio-logic instrument, associated with EC-lab software.

The specific capacity Qs (mAh g!) and specific capacitance Cs (F g*) were calculated from the GCD

curve using the following equation (1) and (2) respectively:

_q
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Where g is the charge, m is active mass and AV is the operating potential.

The charge storage mechanisms of CoMn(PQa); and AC are different, therefore, charge balance
is required. Equations (3) and (4) below are applied to assure that the quantities of charges in the

positive and negative electrodes are equal:

(0 T 0 (3)

Based on Eq. (1) and (2), the positive (g+ ) and negative (g- ) charges can be expressed as function

of specific capacity and specific capacitance respectively ’:
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Where m: and m. are the active masses loaded for the positive and negative electrodes
respectively. Eq. (4) was applied to estimate the mass-ratio of both electrodes, therefore, m.:m-
was obtained to be 1:1.4. Based on this ratio, the masses of CoMn(PO4), and AC are 2.1 and 2.9
mg cm2, respectively, with device’s total mass as 5.0 mg cm2. The CoMn(PQ4)>/GF//AC hybrid
device was assembled by using a standard 2025 grade coin cell with a Watman Celgard paper-
based separator and 1 M KOH used as electrolyte, with the CoMn(PO4),/GF and AC electrode
acting as positive and negative electrodes, respectively. The assembled cell was impacted with a

metallic spacer and spring to ensure tight contact in CR2025 grade coin cell.

Specific energy Eq4 (Wh kg?) and specific power Py (W kg1) are two significant factors for assessing
device’s performances therefore, the following formulae (5) and (6) were applied to estimate the

values of Egand Pg:

B = [Vl ettt et b et e s a e et e 5
“ 3.6m )
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s At (6)
i
Where | =—denotes specific current and consequently, /(mA) is the current applied to the
m

device while m(mg cm?) denotes the mass of the electrodes, At(s) denotes discharge time and

Ith denotes device’s area under the discharge curve.

3 Results and discussion

Figure 1(a) represents XRD pattern of CoMn(POQs); measured in the range 26 = 10° to 26 = 65°
plotted with the standard phase crystal. The mineralogy was determined by selecting the best—
fitting pattern from the ideal matching Inorganic Crystal Structure Database (ICSD) database to
the measured diffraction pattern, using Visualization Molecular Structure Diamond Crystal

(VMSD) software. The peaks of the pattern are in coherence with the standard, according to the



ICSD card number: 00-052-1090, having the following specifications: chemical formula Co1.2s
Mn1.75 (POa); indicating a Co to Mn atomic ratio of ~ 1 : 1, space group: P, crystal system:
Orthorhombic, cell parameters a = 9.4810 (A), b = 9.9160 (A), c = 8.6800 (A), a = 90.0000°, P =
90.0000°, y = 90.0000°. This is also supported by wt% from EDX analysis shown in the inset to
figure 3 (I). Quantification of the sample could not be performed as phase Mn1.75C01.25(PQOa4)2 is
an old entry and does not contain structure data. The noticed peaks appeared sharp and narrow,
indicating the high level of crystallinity of the material*® 1°. The XRD spectrum measured in an
angular range of 10° to 65° illustrates the appearance of peaks at angular positions 26 equals ~
12.73, 14.95, 22.12, 25.69, 26.86, 31.44, 35.38, 41.11, 47.94, 51.07, 52.85, 58.63, and 63.21°
corresponding to the reflection planes 010, 110, 200, 012, 211, 030, 131, 321, 240, 402, 332, 250
and 105, respectively, indexed in line with an ICSD card number: 00-052-1090 for CoMn(PQa),.
Figure 1(b) represents XRD patterns of CoMn(PO,), plotted together with CoMn(PO,)./GF
composite. The figure confirms that both CoMn(PQ4), and CoMn(POa4)2/GF share similar XRD
patterns. However, the CoMn(PO4),/GF composite material portrays an extra peak at 26 = ~
26.3°, which is attributed to a carbon and proved the existence of graphene foam in the
CoMn(PQ4)2/GF composite 2°. The Raman spectra of CoMn(PQOs), and CoMn(POs),/GF are shown
in Fig. 1(c). A formation of CoO and MnO; are observed in the CoMn(P0Q4), spectrum. The peak
at ~ 483.45 cm is owed to the stretching mode of Co-O, while the peaks at ~516.55 cm™ and ~
533.77 cm are ascribed to the twisting modes of O-Mn-O 2122, The powerful peak wit high
intensity at ~ 952.86 cm™ is well-known and consigned to the symmetric stretching vibration
mode of P-O-P 23, All the modes approve the successful production of CoMn(PQO4)> material. An
extra G and 2D peaks at 1520 and 2449 cm’, respectively, were seen in the CoMn(PQ4)2/GF
composite sample. These peaks are assigned to C-C vibrational mode and double resonance peak
of carbon respectively 2. The N, adsorption-desorption analysis was reported to estimate the
specific surface area and pore size distribution (PSD) of the samples. Fig. 1(d) displays the
isotherm and PSD of CoMn(PQa); and CoMn(PQa4)./GF samples. From the isotherm, CoMn(POa);
and CoMn(PO4)2/GF samples exhibit a type Ill behavior with an H3-type hysteresis loop which
appeared to be convex to the X-axis demonstrating both samples having mesopores dominantly
25 Figure 1(e) represents the pore size distribution curve of CoMn(PO4)2 and CoMn(P04)2/GF

was obtained using DFT method in the range of 0-9 nm. The PSDs of both materials revealing the



presence of mesopores, in line with the isotherms of the samples. The specific surface area values
of CoMn(P0O4); and CoMn(P0O4)2/GF were estimated to be 8.2 m?2 gt and 16.1 m? gl respectively.
The improved specific surface area recorded for CoMn(PQ.),/GF is owed to the attendance of GF
within the composite sample. The integration of GF into CoMn(POa4); structure has resulted in a
synergistic effect, enabling a defined nanosheet that emanated via the addition of GF, therefore,
enhances the flow of electrolyte ions in and out of the material. This, in turn reduces the
possibility of particle aggregation and minimizes ion diffusion resistance. Accordingly, the

electrochemical response of CoMn(P0Q4),/GF composite material is likely to be enhanced.

10



5 @ (b)
= "’§ g
8 & i Ty 3
= | Space group .
El ‘g# @ | 1P 1(2] - triclihic < Co.Mn(PO,)./GF
aley - - ol
;|.$3:§' IS | B
S0 e (|| - 5
eltl) === M\l 5is g
L c
ELN ﬁ‘ﬁ'r’lltw'.“ (o= 3 g g N
¥ 1 AT N’u‘i Ll ‘Z‘.n-. : il .
r}' i' ey 1ML I ] Uyt
) LW AL A
ICSD-2 -.]r.?., U w10
Co Mp(PO ¥ b L Il'g
I.J I., I LALJ.‘]. M ¥ LAM

-

0 15 20 25 30 35 40 45 50 55 60 65 1‘01520253ﬂ354ﬂ455ﬂ555955

26 Co Ka (degree) 26 Co Ka (degree)
18 P |
CoMnPO), éﬁ} 5, ﬁ;{d] 3 CoMn(PQ),
2 G_Co-MNPOYIOF | a2 0] —s— CoMn(PO,) JGF
3| Co0 S 4
8\ 0o A - =R
; .
7 A & 12
8 2 104
£ \ -
5 | > ¥
E (| Co.Mn(PO. = 1
& — = g © a3
i | .‘-\._,_,__.-.-n-__..__.-f"-—--—-'- a 4“_:}:_3'#——3_—3\:’*
570 1140 1710 2280 2850 06 07 08 09
Wavenumber (cm™) Relative pressure (P/P,)
D.UDB~[e}
; —— CoMn(PO)),
e
&
§D.ﬂﬁ4-
=]
)
T 0.002-
S
=]
0.000-

01 2 3 456 7 8 9
Pore diameter (nm)

Fig. 1: X-ray diffraction patterns of (a) CoMn(PQy),, (b) CoMn(P0Q,); plotted with CoMn(P04)2/GF composite, (c)
Raman spectra of CoMn(PQO4), and CoMn(P0O,),/GF, (d) Isotherm and (e) Pore size distribution (PSD) analysis
generated by Nitrogen adsorption/desorption of CoMn(PQ,4), and CoMn(PQ4),/GF.
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The surface chemistry of CoMn(P0Q4)./GF composite sample was examined by XPS as can be seen
in Fig. 2. Fig. 2(a) shows XPS survey spectra of CoMn(PQOa4)2/GF composite sample which exhibit
the main elements of the sample as (Mn 2p, Co 2p, P 2p, O 1s and C 1s). The sample shows atomic
percentage of (7%) Mn 2p, (7.5%) Co 2p, (11.6%) P 2p, (15.7%) C 1s and (58.2%) O 1s indicating
the sample is predominantly composed of oxygen however, the content of carbon on the surface
is also reasonable. This suggest that the composite sample can be expected to possess a good

electrical conductivity owing to the outstanding electrical conductivity of graphene.

Fig. 2(b), (c), (d), (e) and (f) show the high-resolution spectra of Mn 2p, Co 2p, P 2p, O 1sand C 1s
respectively. The binding energy peaks detected at 642.11, 644.26, 653.11 and 655.05 eV in Fig.
2(b) comply with Mn 2ps/2, Mn 2p1/; and satellite shakeup are associated to the chemical states
of Mn?* and Mn3*. While the binding energy peaks detected at 782.72, 786.96, 799.12 and 804.08
eV in Fig. 2(c) comply with Co 2ps/2, Co 2p1/2 and satellite shakeup are associated to the chemical
states of Co?* and Co3" #2. The binding energy peaks positioned at 132.62 and 133.34 eV in Fig.
2(d) are assigned to P-P and P-O bonds respectively 3. Fig. 2(e) shows the core level spectrum of
O 1s with peaks detected at 530.81 and 531.96 eV which could be attributed to presence of Mn-
0, Co-0 and P-O compounds #*. Fig. 2(f) displays C 1s core level spectrum of CoMn(PQ4)/GF
composite sample. The binding energy peaks positioned at 283.92, 284.79, 285.41, 286.27 and
288.62 are associated to sp? C=C (graphene component), C-O-C, C=0, O-C=0 (oxide
components) and m-rt* (satellite peak/electrons transition) bonding respectively. In this figure,
all fitted peaks exhibit the sp? hybridization properties of graphene, traces of oxygen content
present in GF and the nm—mt* electrons transition which enhances the C-C bonds in graphene and

confirms the high quality of GF °.

12



CoMn(PO,),/GF (a) CoMn(PO,),/GF: Mn 2p (b)
P njc Mn2p,,
) e %‘3 Q ) Mn2p,,
8 a 30 S Mn2p,, sat
> N O 2
1 | = i, 'a
5| 88 TS 8
= kS
0 300 600 900 637 650 663
Binding energy (eV) Binding energy (eV)
CoMn(PO,),/GF: Co 2p (c) CoMn(PO,),/GF: P 2p (d)
= 312 sat Come ol
;" Co2p Co2p,, sat| o
-
= =
E E
770 784 798 812 126 129 132 135 138
Binding energy (eV) Binding energy (eV)
CoMn(PO,),/GF: O 1s (e) CoMn(PO,),/GF: C 1s (f)
_ 531.97 R
=3 =]
S 530.80 ©
2 >
= £
524 528 532 536 282 285 288 291
Binding energy (eV) Binding energy (eV)

Fig. 2: (a) XPS survey spectra of CoMn(PQ4),/GF and high resolution spectra of (b) Mn 2p, (c) Co 2p, (d) P 2p, (e) O 1s
and (f) C 1s of CoMn(PQ4),/GF.
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SEM was used to obtain the morphology of CoMn(P0Q4); and CoMn(PO4),/GF as presented in Fig.
3. Fig. 2(a & b) represents low and high magnifications SEM images of CoMn(PQa),, where the
sample shows a uniform flake-like morphology. Fig. 3(c) represents the TEM micrograph of
CoMn(POa4)2, which is in-line with the flake-like images noticed in the SEM images shown in Fig.
3(a & b). The introduction of graphene foam (GF) into the matrix of the material did not change
the morphology, however, a uniform and interconnected layered structure of the flake-like
images were observed as displayed in Fig. 3 (d & e). This is clearly observed in the TEM
micrograph of the sample as shown in Fig. 3 (c & f). The figure displays similar flake-like
morphologies for both samples with attached sheets of graphene for the CoMn(P0Q4),/GF sample
(Fig. 3 (f)) . These layered structures of CoMn(PQOa4), were seen to form atop of the surface of GF
sheets, thus covering the entire surface of the GF, which is why the GF could not be detected in
the SEM images. In principle, SEM generates images caused by electron/atom interaction at the
surface of the material, therefore might not be able to show the bottom GF sheets 2°. Fig. 3(f)
signifies TEM micrograph of CoMn(PQ4),/GF at 50 nm, indicating the occurrence of graphene.
The observed TEM micrograph in Fig. 3 (f) further confirmed the successful integration of

graphene into CoMn(PQa4), material.

Fig. 3: (a & b) low (2 um) and high (200 nm) magnification SEM images of CoMn(PQy,),, (c) TEM image of CoMn(PQy),,
(d & e) low (2 um) and high (200 nm) magnification SEM images and (f) TEM image of CoMn(PO4),/GF.
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Fig. 4 (i) shows the EDX elemental composition of the CoMn(PO4)2/GF composite with the inset
to the figure showing elemental wt%, while figure (ii) is the represents the elemental mapping of
the CoMn(PQ4)2/GF composite analyzed using energy dispersive X-ray mappings (EDX). Fig. 4 (ii
(a)) shows the mutual elemental map of the composite while Fig. 4 (ii (b, ¢, d, e and f)) show the
individual elemental map of Co, Mn, P, O and C, respectively. The observed maps proved a

uniform dispersion of the elements within CoMn(PO4)./GF composite sample.
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Fig. 4: (i) EDX spectrum of CoMn(PQ,),/GF composite and (ii) (a) EDX image of CoMn(PQ4),/GF composite, and EDX

elemental mapping of (b) Co, (c) Mn, (d) P, (e) O and (f) C elements, respectively.
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Fig. 5(a) displays a comparison of CV curves for CoMn(P0Q4); and CoMn(PQa)2/GF measured at the
same 50 mV st The figure presents a larger curve area for CoMn(PO4)2/GF as against
CoMn(P0Qg),, indicating a higher current response for the composite sample compared to the
pristine. The observed improved response for the composite is due to GF interaction in the
composite sample. The integration of GF into CoMn(PQOa); structure has resulted in a synergistic
effect, enabling a defined sheet that seem to grow from GF base well separated and therefore
enhances the flow of electrolyte ions in and out of the sheets. This in turn, reduces the possibility
of sheets aggregation and minimizes ion diffusion resistance ?’. Fig. 5(b) presents GCD curves of
both CoMn(P0Q4);and CoMn(P0Q4)2/GF where CoMn(PO4),/GF is showing extended discharge time
compared to CoMn(POa), in line with CVs in Fig. 5(a). Fig. 5(c) presents EIS analysis for
CoMn(P0O4)2 and CoMn(PO4)2/GF. The Nyquist plots for CoMn(PO4), and CoMn(PQOa),/GF as
shown in Fig. 5(c), reveal an estimated equivalent series resistance (ESR) (intercept to the x-axis
in the high-frequency region) for both CoMn(P0Q4); and CoMn(P0O4),/GF of 0.95 Q and 0.78 Q,
respectively. The lower ESR value of CoMn(PO4)2/GF compared to CoMn(PQs); is an evidence that
the composite is less resistive as result of addition of the GF, which is also in line with the CVs
and GCDs in Fig. 5(a and b). The charge transfer resistance (Rct), results from ions interaction at
the electrode-electrolyte interface. The non-noticeable semi-circle at high-frequency region
indicates fast movements of ions and hence, a better capacitive performance. Moreover, in the
low-frequency region, CoMn(PO4)2/GF shows the vertical line being closer to the imaginary axes
(2”) as well as shorter diffusion length compared to CoMn(PQOa),, indicating a better capacitive

characteristic of the composite.

Fig. 5(d) presents the CV profile of CoMn(P0Q4),/GF at different scan rates of 5, 10, 20, 50 and 100
mV s in a potential window range of 0.0 to 0.45 V. The CV shows the pseudocapacitive
mechanism with no clear potential peaks %6, however, the charge is being stored through surface
redox reaction (phase change process) between Co* and Co3* (Co*¢> Co%*) and also Mn?* and

Mn3* (Mn?*¢>Mn?*) via the phase changing stated as equation (7 & 8):

CoMN(PO4)2+ OH™ €5 COMN (OH) (PO4)2 F € creeereteeeeete ettt et eee e ser s et e sae ereans (7)

CoMn(OH) (PO4)2 + OH™ € CoMN (OH)2 (PO4)2 + € vttt (8)
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Fig. 5: (a and b) CV curves and GCD curves and (c) EIS of CoMn(PO,), and CoMn(PQ,),/GF respectively, (d and e) CV
sweep at variety rates and GCD curves at variety specific-currents respectively, (f) specific capacity estimated in the
range of specific currents for CoMn(PQy4),/GF sample, (g) fitted Nyquist plot with its corresponding circuit as the
inset, (h) stability test in terms of specific capacity and Columbic efficiency and (i) phase angle as a function of

frequency for CoMn(PQ4),/GF.

Afterwards, the capacitive performance of CoMn(PQO4),/GF was measured via the galvanostatic
charge-discharge (GCD) technique and evaluated at 0.5, 1, 2, 5 and 10 A g! specific currents. As
exposed in Fig. 5(e), the GCDs exhibit relatively symmetrical profile, which indicates a promising
capacitive performance of CoMn(PO4)2/GF composite material. The associated CV and GCD
shapes imply the pseudocapacitive nature of CoMn(P0O4),/GF composite material. Considering

the GCDs in Fig. 5(e), the specific capacity values are calculated as shown in Fig. 5(f), where the
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material achieved 58.15, 54.00, 37.46, 36.66, 29.22 and 26.82 mAh g at of 0.5, 1, 2, 5, 10 and

12 A glrespectively.

The fitted Nyquist plot and its equivalent circuit (inset to Fig. 5(g)) are shown in Fig. 5(g). The
fitting was carried out using a Z-fit program software attached to the Bio-Logic system used for
electrochemical analysis. In the circuit, R1, which represents equivalent series resistant (ESR) is
connected in parallel to Q1, which is the constant phase element (CPE) acting in the high-
frequency region. R2, which represents charge transfer resistant (Rcr) is also in parallel to Q2,
which represents mass-capacitance. The values of all the circuit elements are very close to the

experimental data, therefore, give an excellent fit with the experimental data as depicted in Fig.

5(g).

The GCD cyclic stability test of CoMn(P0Q4)>/GF was performed for over 4000 cycles at 12 A g*
(Fig. 5(h)). The double-Y plot in Fig. 5(h) shows that the material could retain about 75.3% of its
initial specific capacity after a cycling test of 4000 cycles. Moreover, the material possesses
outstanding columbic efficiency of nearly 100% with no noticeable fluctuations. The specific
capacity was noticed to decline gradually until at about 2000 cycles when it then stabilized, this
phenomenon could be referred to as wettability, which often takes place at the initial stages of
the cycling #’. Consequently, the material became more stable and this could be attributed to the
interacting ions gaining full access to the pores of the material 2. To evaluate the reliability of
the material with the ideal capacitive nature, the phase angle was plotted as a function of
frequency as could be seen in Fig. 5(i). The material showed a phase angle value of ~-77.3
degrees. This phase angle value indicates the material is of good properties as its closer to -90°

which considered being the ideal capacitive value.
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Fig. 6: (a) CV curves, (b) GCD curves and (c) EIS Nyquist plot of activated carbon (AC) derived from waste cocoa pods.

The CV, GCD and EIS of the AC applied as a negative electrode of the hybrid device were
presented in Fig. 6. The observed CV curves measured within a potential range of -1.0 to 0.0 V
displays a characteristic of EDLC nature. The current peak response of the material was witnessed
to rise rapidly proportional to increase of scan rates from 5 mV s to 100 mV s,

typical characteristics of carbon materials?®. The observed behavior for the material (Fig. 6(a) was
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further confirmed by the GCD in Fig. 6(b), where the material showing a symmetrically linear
galvanostatic charge-discharge profile indicating the EDLC mechanism, which correlates to the
CV curvesin Fig. 6(a). The Nyquist plot of the AC is presented in Fig. 6(c). The Nyquist plot displays
almost a vertical line, very close to Z”-axis with short diffusion path length, suggesting a promising
electrode material for electrochemical capacitor. The equivalent series resistance (ESR) and
charge transfer resistance (Rcr) of the material are estimated to be 1.3 Q and 0.4 Q, respectively,
as can observed in the inset to the Fig. 6(c). The low ESR and Rc¢rvalues are indication that the AC
material offers high electrical conductivity, which is essential for electrochemical capacitor.
Based on the capacitive properties of the AC derived from waste cocoa pods, the material is
expected to perform well in a hybrid device assembled with CoMn(PO,),/GF as positive electrode.
More details on the activated carbon derived from waste cocoa pods with their electrochemical

performance are available in the literature 393132,

Due to the CoMn(PO4)/GF promising electrochemical results, the composite material was used
as positive electrode in part with the activated carbon from waste cocoa pods (AC) as negative
electrode to couple a hybrid device. Fig. 7 (a) represents CV profiles for both electrodes adopted
in assembling of the device. The AC could work well in an operating potential range of -1.0 to 0.0
V, while the CoMn(PQO4)/GF works within the range of 0.0 to 0.45 V. Fig. 7(b) represents CV profile
of CoMn(P0O4)/GF//AC hybrid device measured at a cell potential range of 0.0 to 1.5 V at scan
rates ranging from 5 mV s to 100 mV s in 1 M KOH. The graph in Fig. 7(b) shows that
CoMn(P0O4)/GF//AC hybrid device possesses two different features: EDLC signature at about 0.0—
1.0 V and redox faradaic reaction at about 1.0-1.5 V, which reflect a contribution from the AC
and CoMn(PQ.)/GF electrodes that made up the device. However, the EDLC characteristic has
been overwhelmed by the faradic response at higher potential, therefore the device’s CV curves
(Fig. 7(b)) portray a predominantly faradic behaviour. The noticed peaks at about 1.2 Vand 1.4
V are due to the redox reaction of Co* and Co3* (Co*¢> Co>*) and Mn?* and Mn3* (Mn?*¢>Mn3*).
Fig. 7(c) represents GCD profiles of the hybrid device at specific currents of 0.5 to 12 A g
measured within a cell potential of 0.0 to 1.5 V in line with CV profiles in Fig. 7(b). The GCD graphs
in Fig. 7(c) reflect the faradic nature observed in Fig. 7(b) with a mixed performance of EDLC
behavior at around 0.0 V to 1.0 V and faradic from about 1.0 V to 1.5V. The specific capacities at

specific currents of 0.5, 1.0, 2.0, 5.0, 10 and 12 mV s were calculated based on the area under
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the discharge curve from the GCD in Fig. 7(c) using equation (1) and is shown in Fig. 7(d). The
specific capacity values are 45.89, 44.31, 40.69, 26.15, 19.66 and 17.83 mAh g at specific
currents of 0.5, 1.0, 2.0, 5.0, 10 and 12 A g}, respectively.

The EIS Niquist plot of the device has been presented in Fig. 7(e). The plot shows an equivalent
series resistance (ESR) value of 5.6 Q, which is a mixture of electrode material’s resistance,
electrolyte’s resistance, electrode/electrolyte interface resistance and electrode/current
collector interface resistance 3334 Moreover, a charge transfer resistance value of 0.18 Q was
estimated due to phase transformation process results from the electron transfer. The inset to
Fig. 7(e) is an equivalent circuit diagram used for fitting the experimental EIS data. In the circuit
diagram, the equivalent series resistance (Rs) is in series with charge transfer resistance (Rcr),
which is in parallel with real capacitance (Qcr) *°. At high-frequency region, a slight deviation from
a real capacitance was noticed, which could be due to the leakage resistance (R.), however the

mass capacitance (Qu) kept the line almost vertical close to the Z”-axes 3.

Fig. 7(f) represents a stability test in terms of columbic efficiency and specific capacity calculated
at every 500 cycle for over 10000 GCD cycles at 12 A g. The columbic efficiency showed
approximately 100% after the long-term cycling test. In the initial stage, the specific capacity
increased from 12.9 mAh g to a maximum of 13.5 mAh g and then started to decrease slightly
until it reached 12.3 mAh g at the 10000th cycle giving an efficiency of ~ 95%. The initial increase
might be explained as the ions are not fully capable of accessing the material's pore at the initial
cycles, the pores are being accessible with time, leading to an intimate contact at the
electrode/electrolyte edge. The voltage holding test is an established alternative and dependable
technique for analyzing the stability of supercapacitor electrodes. It provides a factually correct
resistance effect after being subjected to maximum potential, which may be near to practical
application *8. The test proffers a direct insight into the probable effect and degradation
phenomena that might occur during the electrochemical process in cells at significant potentials
in comparison with the conventional cycling test that often provides no degradation *8. Here in,
the method was carried out at a constant load by holding the device at its highest operating
potential (1.5 V) and estimating the capacitance over the entire period as shown in Fig. 7 (g) in a

repeated sequence. Fig. 7(g) presents a plot of the voltage holding test of CoMn(PO4)/GF//AC
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hybrid device investigated at 2 A g% in an operating potential of 1.5 V for 110 h. The capacity of
the device calculated after every 10 h and throughout 110 h was recorded and showed in the
figure. The figure showed that the specific capacity was increasing until 20 h then stabilized at
about 40 mAh g with a slight increase for the rest of the floating time. The hybrid device reached
a specific capacity of ~41.0 mAh g after a voltage holding test for over 110 h at a specific current
of 2 Ag?. Anincrease of 2.5 % compared to a specific capacity of ~40.0 mAh g obtained for the
device before the voltage holding test. The excellent long term stability observed in the form of
capacity retention (Fig. 7(f)) and voltage holding (Fig. 7(g)) can be explained based on the
following two aspects: (1) The structure of CoMn(PQO,) is chemically stable due to the P-O strong
covalent bond that cannot be destroyed easily and (2) the high stability of AC which strongly
synergizes with CoMn(PO4) when coupled in CoMn(P0O4)/GF//AC hybrid device.
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presented in terms of retention and efficiency, (g) stability test presented as voltage holding, (h) Ragone plot
compares the current work with other similar works from the literature and (i) phase angle as function of frequency

of CoMn(P0O4),/GF//AC device.

Fig. 7(h) expresses a Ragone plot matching the current hybrid device’s performance with other
metal phosphates device’s performance described in the literature work. The
CoMn(P04)2/GF//AC hybrid device shows a maximum specific energy values of 51.5 Wh kg
equivalent to a specific power of 561.5 W kg at 0.5,. These values are much higher compared to
other metal phosphate-based devices as shown in Fig. 7(h), and in Table 1 19163740 Therefore,
CoMn(POa4)z can strongly be considered as promising pseudocapacitive material other than well-
known materials such as MnO, and RuO; for electrochemical capacitors. Fig. 7(i) represents a
plot of the phase angle versus frequency of CoMn(PQOa4)2/GF//AC hybrid device, showing a phase
angle -82.6°. The obtained value is close to the ideal capacitive value of -90°, which further
evident that the device’s electrochemical performance is of great potential for electrochemical

capacitors.

Table 1: CoMn(PQ4),/GF//AC hybrid device’s performance and other metal phosphate-based devices from the

literature.
Device Max. specificenergy Max. specific Cycle number Capacitance/Capac Ref.
(Wh kg?) Power (W kg?) ity retention (%)
Mn3(POa)2// Mn3(PO4), 11.7 1410 9000 99 10
AC//PANI- Mn3(P0Oa), 14.7 378 3000 80 3
Co3(P04)2.4H,0/GF//CFP 24 468 10000 99 38
AC//Mn3(PO4),/100 mg GF 7.6 360 10000 96 16
NCoNIP@NCoNIP//HPC 44.6 150 7000 77.5 3
Mn-CoP//AC 35.21 193 4000 88.9 40
CoMn(PQ4)2/GF//AC 51.5 561.5 10000 95 Current
work
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4 Conclusion

CoMn(P0O4)2 and CoMn(P0O4)2/GF composites were effectively synthesized via a hydrothermal
method. The crystal structure, vibrational and rotational modes and composition and chemical
bond configuration of the sample were acquired and discussed by means of XRD, Raman
spectroscopy and XPS. The morphology and microstructure of the samples were carried out using
SEM and TEM while the elemental mapping was carried out using EDX maps attached to SEM.
The study demonstrates the electrochemical properties of a combination of well-established
pseudocapacitive materials (Co-phosphate, Mn-phosphate). Even though, the discrete
electrochemical storage mechanism of Mn and Co is redox reaction however, each of the metals
possesses semi-rectangular CV sweep and semi-linear GCD due to the polarization initiated from
polar nature of the materials. Moreover, graphene was introduced to the matrix of the material
to further develop the conductivity and surface texture. The CoMn(PQ4)2/GF composite material
was tested with 1 M KOH electrolyte in both half and full cell configuration. For the half-cell, the
CoMn(P0Q4)2/GF achieved a maximum a specific capacity of 58.15 mAh gt at 0.5 A g*. Therefore,
CoMn(P0O4)2/GF was used as positive electrode and AC as negative electrode in a hybrid device.
The CoMn(P0O4)2/GF//AC hybrid device achieved a maximum a specific capacity of 45.89 mAh g
1 a specific energy of 51.53 Wh kg and a specific power of 561.52 W kg at 0.5 A g*. The device
after been subjected to stability test in the form of GCD cycling could retain 95% of its initial
specific capacity for over 10000 cycles at 12 A g'* and also showed increase over its initial specific
capacity after a voltage holding test for over 110 h at 2 A g'1. The electrochemical results achieved
in this study indicated that CoMn(PQ4), material is of great prospective as pseudocapacitive

material for supercapacitor applications.
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