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Abstract 

Two organic compounds namely Acridine (ACD) and 9-aminoacridine (ACD-NH2) have been investigated as electrode 

materials for an aqueous rechargeable lithium-ion battery (ARLIB) applications. The electrochemical investigations 

reveal that the active species act as anodes in ARLIB systems. In this regard, nitrogen group act as redox center and 

undergo electrochemical reaction with Li-ions during charge and discharge process. The synthesis of 9-amonoacridine is 

done by standard method called chichibabin reaction. Amination of ACD enhances the electrochemical behaviour of the 

molecule. To improve the electrochemical performances of ACD & ACD-NH2, graphene is used as an additive for 

ARLIB system. The decorated molecules such as decorated Acridine (dACD) and decorated 9-aminoacridine (dACD-

NH2) showed improved electrochemical performance as compared with ACD & ACD-NH2. The decoration is of great 

importance concerning capacity, reversibility and stability of cycling behavior during charge and discharge processes. 

Charge/discharge tests show that ACD, ACD-NH2, dACD, and dACD-NH2 have achieved initial discharge capacities of 

119, 122, 149 and 220 mAh g-1 respectively at a current density of 0.2 mA. The good cyclic performance and agreeable 

discharge capacity of the cell signifies the application of dACD-NH2 as anode material for ARLIB system. Copyright © 

VBRI Press. 
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Introduction 

Development of novel energy storage devices and 

renovation methods to overcome the energy associated 

problems has taken significant trend in modern 

research. In recent years, rechargeable lithium-ion 

batteries (RLIBs) have been achieved a great invasion 

from portable electronics to electrical vehicles due to 

their high energy density and power density [1-4]. The 

first detailed description on “rechargeable batteries” 

was given by Wade in 1902, which was virtually 

explained the Pb-PbO2 system. In the mid-1990s, Dahn 

and his colleagues [5] anticipated a new type of 

rechargeable Li-ion battery using an aqueous electrolyte 

to overcome the energy associated problems in RLIBs. 

The battery technology developed is called aqueous 

rechargeable lithium ion batteries. Later ARLIB created 

a tremendous change due to easy availability, cost of 

active materials and environmental hazardous issues 

associated with non-aqueous RLIB. In this regard, 

researchers found their way to develop new types of 

materials, which are based on eco-friendly concepts and 

affordable manufacturing cost. Despite their higher 

energy density [1, 2], non-aqueous RLIBs suffer from 

the use of flammable and toxic organic solvents which 

cause safety problems [3]. Currently, the use of 

expensive chemicals, technically complex procedures 

for cell assembly, and high fabrication costs limits their 

applications in electrochemical energy conversion 

systems [4]. In aqueous lithium ion batteries, the safety 

issue was fundamentally established, the conductivity 

of aqueous solutions is two orders of magnitude higher 

than that of organic electrolytes and severe 

manufacturing conditions are ignored, which can 

accomplish the high rate capacity and specific power. 

As described by Glanze [6], researchers assumed this 

development a revolution or big plus because safety 

drives away and a probable way for the development of 

a battery system for electric vehicles. The electro 

activity of electrode material mainly depends on the 

electrolytic medium such as pH, temperature and types 

of electrolytic ions involved in electrical conduction. 

The variation of pH may be due to the generation of H+ 

ions by the electrode material during its electrochemical 
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performance. This occurs when the fixed potential 

window, is greater than the degradation potential of 

water. In principle, materials that are outside the 

stability range of water will tend to decompose. This is 

because the positive electrode material that contain 

lithium and have potentials above the limit of water 

stability therefore it will react with water and absorbing 

lithium with the concurrent generation of protons. This 

will tend to decrease the pH of the water. This 

conditional abnormality will not happen if the potential 

window is within the water stability potentials [7]. 

Inspite of above factors, the instability of electrode 

material in an aqueous medium, also affects the cycling 

capability of cell. The rapid capacity fading during 

cycling has been studied by several researchers in 

aqueous rechargeable lithium-ion battery systems [8]. 

The initial developments in this field concentrated on 

the inorganic resources for electrode materials, which 

assisted with the requirements for superior output [9]. 

Such inventive approach in the field of energy storage 

technology is fluctuating in order to obtain the good 

results from traditional inorganic compounds to new 

organic substituents. 

 The usage of organic molecules is one of the 

criteria to develop them as electrode materials due to 

their low cost, eco-friendliness, electroactivity etc. [9, 

10]. The present lithium ion battery technologies are 

mainly focusing on the development of environmental 

friendly green organic electrodes. Organic electrode 

materials in recent years have also attracted growing 

attention due to their promising electrochemical 

performances and distinct advantages in sustainability 

and environmental friendliness [11]. Furthermore, the 

unique features of organic materials, such as structure 

diversity, solubility, flexibility, and processability, 

make them promising candidates for cathodes or anodes 

of numerous energy-storage devices [12]. Recently 

Tarascon and co-workers suggested an advanced step 

towards the progress of organic electrode materials 

through an elegant process. They enumerated on 

conjugated dicarboxylate anodes and lithium salt of 

tetrahydroxybenzoquinone suggested has a possible 

alternative to current inorganic based electrodes [13-

15]. Latest research on bio-based materials confirmed 

the prudent use of biomass for value-added chemicals 

and products in a biorefinery concept [16, 17]. The 

practice of such low cost, eco-friendly, non-toxic and 

naturally occurring organic compounds as electrode 

materials in aqueous rechargeable batteries enhances 

the applications of LIBs in electric and electronic 

devices. 

 The main criterion for noble electroactive species 

is the availability of active centres for the redox process 

during electrochemical performance of an organic 

species. With respect to this, reversible redox properties 

of carbonyl-based organic molecules have been 

extensively studied by several groups on few carbonyl 

compounds such as ellagic acid, purpurin, 5, 7, 12, 14-

pentacenetetrone, anthraquinone, dilithium rodizonate, 

quinizarin etc. were used as electrode material for 

RLIBs [18-22]. The molecules containing hydroxyl, 

amine and carbonyl groups in conjugation with 

aromatic coordination assist as useful organic electrode 

materials. The active centres play a major role in the 

redox process during electrochemical performance [23]. 

But, organic-based materials have some drawbacks 

such as low thermal stability, low conductivity, and 

solubility in organic electrolytes as compared with 

existing inorganic-based electrode materials [23]. 

Efforts have been carried out to design new materials 

with enhanced functionalities resulting in stable 

reversible redox activities. However, it is extremely 

inspiring to design organic-based electrodes with high 

redox potential. 

 In this regard, for the first time, we proposed a 

novel organic electrode material called acridine and its 

derivatives for an aqueous rechargeable lithium ion 

battery. Acridine and 9-aminoacridine are nitrogen 

containing heterocyclic compounds. ACD has a similar 

structure to that of anthracene but has a nitrogen atom 

in its central ring. The redox processes of Li-ions are 

influenced by the presence of nitrogen in the molecule. 

While ACD-NH2 is a highly fluorescent dye that 

possesses a solo amino group at the ninth position, 

which facilitates the tautomeric conformation. In 

acridine moiety, the carbon-nitrogen double bond group 

act as redox center and triggers the electron transfer by 

reversible interaction with lithium ions through the 

reduction of carbon-nitrogen single bond within the 

conjugated system and undergoes electrochemical 

reaction during charge discharge process [24]. 

 However, Acridine moiety exhibits conditions of 

dissolution and low conductivity which precludes their 

viability as electrode materials. Thus, to improve the 

electronic and ionic conductivity of acridine 

derivatives, the conductive additives are incorporated. 

Conductive additives play vital role on the 

electrochemical behavior of active electrode material in 

LIBs [25]. They create a conductive percolation system 

to increase and maintain the conductivity persistently 

during charge-discharge process. In this perceptive, 

allotropy of carbon called graphene was used as 

conductive additive due to its good electrical 

conductivity, mechanical strength, high charge mobility 

and high surface area [26]. Hence, hybrid structures 

using conducting additives are prepared by 

incorporating graphene into acridine moiety as a novel 

electrode material and studied using electrochemical 

properties like Cyclic Voltammetry (CV), galvanostatic 

charge/discharge profile (GCPL) and potentiostatic 

electrochemical impedance spectroscopy (PEIS) 

techniques.  

 The electrode materials of acridine moiety shows 

good stability in the aqueous solution and redox 

reactions occur within the window of electrochemical 

stability of water. This behavior is of great importance 

concerning capacity, reversibility and stability of 

cycling behavior during charge and discharge 
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processes. The discharge capacity of the cell is around 

83.6 mAh g-1 at C/5 rate has been reported herein. The 

good cyclic performance and agreeable discharge 

capacity of the cell signifies the application of  

acridine and its derivatives as anode material of 

ARLIBs. Hence acridine seems to be promising 

electrode material for an aqueous rechargeable lithium 

ion battery. 

 In this present work, hybrid structures are prepared 

by incorporating graphene into organic compounds 

which can be used as novel electrode materials. In this 

regard, for the first time, we proposed an organic 

electrode material called acridine and its derivatives for 

an aqueous rechargeable lithium-ion battery. The NH2 

group act as redox centers and undergo electrochemical 

reaction with Li-ions during charge discharge process. 

The electrode material is stable in the aqueous solution 

and redox reactions occur within the window of 

electrochemical stability of water. This behavior is of 

great importance concerning capacity, reversibility and 

stability of cycling behavior during charge and 

discharge processes. The discharge capacity of the cell 

is around 83.6 mAhg-1at C/5 rate has been reported 

herein. The good cyclic performance and agreeable 

discharge capacity of the cell signifies the application 

of acridine and its derivatives as anode material of 

ARLIBs.  

 

Experimental 

Chemicals and reagents 

Materials and chemicals which were used for our 

experiments like, acridine, polytetrafluroethylene 

powder (12 µmicrons), N-methyl-2-pyrrolidone, and 

lithium sulfate were purchased from Sigma Aldrich. 

The physical characterization of the ACD, ACD-NH2, 

dACD and dACD-NH2 was done by SEM (Zeiss Model 

Supra, Germany) and X-ray powder diffraction studies 

were made using a XRD Benchtop powder diffraction 

system using Cu Kα radiation as a source (λ = 0.15443 

nm, Proto Manufacturing Inc. Canada). Chemical 

composition and structure of the compounds were 

analyzed Bruker 400 MHz processor, Infrared 

Spectroscopy - FT-IR (PerkinElmer Frontier) studies 

respectively. 

 

Scheme1. Acridin-9-amine synthesis. 

 

Scheme for synthesis of acridine derivative 

The synthesis of ACD was done by conventional 

method [27] is as depicted in Scheme1. 9-

aminoacridine was obtained by condensation reaction 

between acridine and sodamide under stirring in 

dimethyl aniline as solvent at 180 oC for 3 Hours. The 

completion of the reaction was monitored by TLC (3:7 

EA: Hexane). After the completion of the reaction, the 

reaction mixture was diluted with known quantity of 

distilled water. The product separated out from the 

reaction mixture was filtered and washed with water; a 

yellow precipitate of crude product was obtained. The 

obtained crude product was washed with benzene, and 

again by water to obtain the desired product called 

acridin-9-amine. 

 

Construction of the cell for electrochemical 

performance tests 

For the cyclic voltammetry studies, a three-electrode 

electrochemical cell was used. The reference electrode 

was a saturated calomel electrode and platinum 

electrode as a counter electrode. The working electrode 

was the active material which was mechanically 

immobilized on the surface of the stainless-steel mesh 

of 1 cm diameter that was held on a steel rod.  

The working electrode was obtained in the following 

protocol: 80% active mass, 10% carbon black, and  

10% polytetrafluroethylene binder and the decorated 

electrodes dACD and dACD-NH2 were prepared  

in the stoichiometric ratio of 70% active mass,  

10% carbon black, 10% graphene additive and 10% 

polytetrafluroethylene binder were mixed well together, 

and then stirred in N-methyl-2-pyrrolidone for 

overnight to make a slurry, that applied uniformly on 

the mesh and then vacuum dried overnight at 85 C. 

The loading amount of the active material was  

2 mg cm-2. All electrochemical measurements were 

performed in saturated Li2SO4 aqueous solutions as the 

electrolytes. The potential of the electrode was cycled 

between -1.0 V to 0.5 V with the scan rate ranges  

0.1-1.0 mV s-1.  

 

 

Fig. 1. X-Ray diffraction patterns of acridine, decorated acridine, 

aminoacridine and decorated aminoacridine.  

 

Results and discussion 

Physical characterization 

In the present study, acridine and synthesized 

derivatives were used as working electrodes for ARLIB 
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systems. The presence of functional groups like amines 

may proliferates the electrochemical activity which is 

heading for the battery. In this regard the acridine & 

ACD-NH2 were subjected to electrochemical activity 

vs. SCE. The physical characterizations were carried 

out by using SEM and pXRD techniques to study the 

crystallinity and morphological aspects of the 

molecules respectively.  The spectral information was 

provided by FT-IR, 1H-NMR techniques. 

 Powder X-ray diffraction analyses of graphene, 

acridine, decorated acridine, aminoacridine and 

decorated 9-aminoacridine were recorded to study their 

crystalline phase as shown in Fig. 1. The XRD profile 

of graphene shows the 2θ value for graphene at 26.5 

[28]. The diffraction peak intensity of the decorated 

moieties gradually decreases and the line broadening 

increases as compared to ACD due to the of graphene-

carbon group interaction [22]. 

 

Fig. 2. SEM morphology of (a) Acridine (b) decorated Acridine, 

(c) Aminoacridine and (d) decorated Aminoacridine. 

 Scanning electron microscopy studies (Fig. 2) 

displays typical images of acridine and its derivative (a) 

ACD, (b) dACD, (c) ACD-NH2 and (d) dACD-NH2 

electrode. Fig. 2a and Fig. 2c shows the individual 

ACD and ACD-NH2 with irregular shape which is 

distinguished by crystalline particles in the vicinity of  

2 μm - 10 μm. As can be observed in Fig. 2b and  

Fig. 2d, highly non-homogeneous arrangement of 

active material and graphene particles as typical sheet 

morphology. The graphene particles are much larger 

than those in the composites, suggesting that ACD and 

ACD-NH2 may effectively impede the aggregation of 

the graphene particle [29].  

 FTIR spectra were carried out in the range of 500 

4000 cm-1 and graph designates the distinctive peaks of 

ACD-NH2 in Fig. 3a. 
The broad band in the range of 3431.58cm-1 due to 

NH2 stretching group, C=C stretching vibration  

bands in the range of 2924.23 cm-1, 2853.53cm-1, 

1461cm-1 (C-NH2 stretching + C-H bending), 1595cm-1 

(C=C stretching + NH2 scissoring), 1659.39cm-1 

(NH2scissoring), 1268cm-1 (N-C pyridine stretching + 

C-H bending). 
 Overall the presence of the NH2 group in the ninth 

position reduces the symmetry and exhibits more bands 

by stretching the intensity [30].  

 Fig. 3b demonstrates the 1H-NMR signals (400 

MHz, CDCl3) for ACD-NH2. All the aromatic protons 

of ACD-NH2endure a small downfield shift. Therefore, 

the NMR peaks for the aromatic protons are predicted 

to suffer similar distinctive multiplet in the range of a 

6.68-8.49 ppm and due to the presence of N-H group at 

the solo position i.e. 9th position shows a significant 

peak at 8.79 ppm (2H, s) for N-H peak [31]. 

 
Fig. 3. (a) Infrared spectrum of 9-aminoacridine. (b) 1H-NMR 

Spectrum of 9-aminoacridine. 

 
Electrochemical studies 

Cyclic voltammetric studies 

The cyclic voltammograms of ACD, dACD, ACD-

NH2and dACD-NH2 were carried out at room 

temperature with Platinum as counter electrode and 

saturated calomel electrode as reference electrode in 

aqueous solutions containing saturated lithium sulphate. 

Fig. 4a shows the cyclic voltammetry performance of 

ACD, dACD, ACD-NH2and dACD-NH2 in saturated 

Li2SO4 solution at 0.5 mVs-1. Notably, the redox curves 

of ACD and ACD-NH2 intersect at a low potential. It 

can be seen that the shapes of the CV curves for the 

four samples are almost similar, indicating that the 

reduction and oxidation process of the samples are 

consistent (with the exception of dACD-NH2). As seen 

in Fig. 4a, ACD shows two pairs of redox peaks at -

0.19 V and -0.49 V, which may arise from the 

formation of a solid electrolyte interface (SEI) layer 

(a) 

(b) 
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[32] and can be assigned to the electrochemical redox 

process with Li, respectively. However, when graphene 

is introduced as additive in dACD during the cell 

preparation, two pairs of redox peaks are obtained at -

0.28V and -0.80 V respectively. The decoration to the 

ACD molecule enhances the peak potential and are 

attributed to lithiation of dACD and graphene, 

respectively [33] while coming to ACD-NH2, two pairs 

of redox peaks were observed at -0.23 V and-0.52 V 

respectively. The shifts might be associated with the 

presence of amine group and formation of tautomeric 

conformation. In the Fig. 4a, dACD-NH2 shows high 

potential redox curves at -0.41 V, 0.11Vand -0.87 V,     

-0.10 V. Among all the molecules, dACD-NH2 exhibits 

remarkable results, which is ascribed to lithiation of 

dACD-NH2 and presence of graphene [33] as shown in 

the following Scheme 2. 

 

Scheme 2.  Electrode reaction mechanism of anode at three electrode 

system under 0.5 mV/sec. 

 These peaks are related to the redox process in 

electrochemical reaction accompanying gain and loss of 

electrons in the active sites which reveals the sum of the 

reductive current is greater than the sum of the 

oxidative current due to the greater diffusion of the 

electroactive species under a reductive potential [34]. 

The electrochemical reaction of dACD-NH2 attributed 

to irreversible reduction with solvated lithium ions [35-

37] where the first pseudo irreversible anodic peak at -

0.85 V, which is ascribed to the occurrence of side 

reactions on the current collector surface and interfaces 

due to SEI film formation [36, 37]. According to the 

literature, the presence of redox peaks in the CV curves 

is mainly influenced by phase transition phenomenon 

during the electrochemical performance of the electrode 

material [38]. The appearance of two pairs of redox 

peaks signifies disorder transition due to the redox 

processes in the electrode [39, 40] during lithium 

transport in aqueous lithium electrolyte. Both the 

anodic and cathodic peaks are at negative potentials 

with high reversibility revealing that the active material 

can be designed to be used as an anode material in 

ARLIB technology. Depending on the above 

discussion; we conclude that dACD-NH2 is stable in 

aqueous media and can be used as the anode in 

consideration of its relatively redox potential, low cost 

and excellent cycling stability in aqueous electrolyte. 

The hydrogen in the active material enables the site for 

lithiation during the charging and discharging process 

as shown in Scheme 2 this was enumerated elsewhere 

by our group [41]. 

 Based on theoretical view, the potential separation 

between the peaks and the shape of a specific peak 

mainly influenced by the size of the particles and 

applied scan rate [42]. To know the influence of scan 

rates and peak current on the behaviour of dACD-NH2 

in sat. Li2SO4 aqueous electrolyte, cyclic voltammetry 

studies were performed at increasing the scan rate from 

0.1 mV s-1 to 1.0mV s-1, as shown in the In Fig. 4b, the 

peak separation in dACD-NH2 increased with 

increasing the scan rate and also observed that the 

anodic and cathodic peaks shift towards more positive 

and negative potential respectively with increasing the 

scan rate. The plots of the peak current with the square 

root of scan rate are as shown in Fig. 4c. It can be seen 

that, there is a linear relationship among anodic/ 

cathodic peaks with the square root of scan rate. The 

peak current is proportional to υ1/2, this can be 

explained on the basis of scan rate; the redox peaks are 

well defined at low scan rate than that of medium or 

high rate due to the diffusion layer configuration which 

relays on output current and the electrode surface 

instability is also vital at low scan rates compared to 

fast scans [43]. Diffusion occurs when there is no 

complete lithium electron transfer reaction from the 

electrode which is usually occurs at time interval of a 

high scan rate. Hence, cyclic voltammetry is used to 

measure chemical diffusion coefficients of lithium ions. 

The peak current for a reversible couple can be 

calculated by the Randles-Sevik equation as given 

below, 

ip= 268, 600 n1/2 AD1/2 C υ1/2 

where, ip is the peak current, n is the number of 

electrons involved in charge transfer reaction, A is the 

area of the electrode in cm2, C is the concentration in 

mol dm-3, D is diffusion co-efficient in cm2 s-1 and υ is 

the scan rate in mV s-1. The peak current is proportional 

to υ1/2, which means that the redox processes occurred 

is diffusion-controlled process [44]. 

 

Fig. 4. Cyclic Voltammograms in saturated Li2SO4 aqueous 
electrolyte, (a) Acridine decorated Acridine, Aminoacridine and 

decorated Aminoacridine scan rate of 0.5 mVs-1, (b) of decorated 

Aminoacridine at different scan rates to show reversible reaction,  
(d) Relationship between the peak current density and the square root 

of scan rate in the cathodic and anodic processes. 
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Galvanostatic charge/discharge studies 

In order to analyze the specific capacity, storage 

capacity, and cyclability of ACD moieties as electrode 

material, galvanostatic charge/discharge experiments 

were carried out within the optimized potential window 

of the aqueous electrolyte for both half-cell and full cell 

configuration. Fig. 5a shows the comparative 

charge/discharge studies of ACD, dACD, ACD-NH2 

and dACD-NH2 moieties at 0.2 mA (C/2) in the 

potential window of -1.0 to 1.0 mV in three electrode 

system using sat. Li2SO4 as an aqueous electrolyte. To 

get a closer look at the electrode behavior of the four 

compounds, charge discharge profiles are plotted. It is 

clearly seen that the discharge capacity increases in the 

order ACD (119.16 mAh g-1) < ACD-NH2 (122.76mAh 

g-1) < dACD (149.74 mAh g-1) < dACD-NH2 

(220.62mAh g-1). The performance of ACD moieties 

shows broad redox peaks in aqueous electrolyte  

which explores a very good reversibility, superior 

capacity and good rate performance with slight fading. 

The fade in the capacity may be due to the structural 

changes of the working electrode during 

electrochemical cell [45]. Among all the reporting 

compounds, dACD-NH2 exhibits a better discharge 

capacity around 220.62 mAh g-1. These changes in the 

capacity may be because of graphene incorporation as 

additive where graphene shows a better electronic 

conductivity and mechanical properties.  

 Since the conductive carbon black, graphene and 

organic binder were homogeneously mixed with the 

active material and had similar amounts in the modified 

electrodes, the differences caused by the increase in the 

conductive agent matters. In this case increasing 

percentage of conductive material would indeed 

compensate for increased conductivity of dACD and 

raise its performance. In this respect, we have 

fabricated electrodes from ACD and ACD-NH2 active 

material with varying percentages conductive material.  

 The redox process attributed in electrode material 

during electrochemical reaction can be calculated using 

the equation. 

xLi
+= Q (mA hg-1)/T.C 

where, xLi
+is the number of Li+ electron transfer in the 

electrode material, Q is discharge capacity and T.C is 

the theoretical capacity of the electrode material. The 

equation reveals that existence of partial lithiation is 

about 1.25 which may due to – stacking interaction 

of the molecules [27]. Hence it proves only one Li+ 

electron transfer reaction may take place with the 

cathode material. 

 The cell performance of dACD-NH2 upto 100 

cycles in half cell configuration was performed using 

sat. Li2SO4 electrolyte at 0.08mA (C/5) shown in the 

Fig. 5b. The cell delivers the discharge capacity around 

344.7 mAh g-1 at first cycle, 312.2 mAh g-1 at second 

cycle. This irreversible capacity fading seems to the 

growth of a solid electrolyte interface (SEI) layer on the 

surface of the dACD-NH2 [46]. From the tenth cycle, 

the cell showed a stable and good reversible capacity of 

305.11 mAh g-1 and reached 287.83 mA h g-1 at the 

100th cycle. The variation in the capacity may be due to 

the capacity fade. The capacity fading is mainly 

because of dissolution effect of the electrode or due to 

the surface erosion of the material during 

electrochemical process [47]. The cell dACD-NH2 

exhibits a good reversibility and storage capacity which 

is greater than that of its theoretical value 138.14 mAh 

g-1 which clearly shows the aggregation of graphene 

additive into the dACD-NH2 also influenced on the 

increased capacitance [48]. 

 Overall cell performance: 

At Anode 

 
At Cathode 

 

Overall cell reaction 

 

Scheme 3. Overall electrode reaction of the cell dACD-NH2 |aq. 

saturated Li2SO4|LiMn2O4. 

 

Fig. 5. Galvanostatic charge/discharge measurements in saturated 
Li2SO4 aqueous electrolyte at (a) 3 electrode systems to show the 

half-cell potential of Acridine decorated Acridine, Aminoacridine and 

decorated Aminoacridine. (b) The half-cell potential of decorated 
Aminoacridine upto 100 cycles. (c) dACD-NH2 | sat. Li2SO4 | 

LiMn2O4 cell upto 1000 cycles (d) the cell multiple cycles of dACD-

NH2 | sat. Li2SO4 | LiMn2O4 at C/5 rate to show rate performance.  
(e) Discharge capacity and columbic efficiency vs. number of cycles. 
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 Fig. 5c shows the Galvanostatic charge/discharge 

curves of dACD-NH2|aq. saturated Li2SO4|LiMn2O4 

composite up to 1000 cycles at C/5 rate. The cell was 

constructed using dACD-NH2 as anode and was 

coupled with cathode LiMn2O4. The GCPL studies of 

dACD-NH2|aq. saturated Li2SO4|LiMn2O4 was recorded 

in an aqueous medium of saturated Li2SO4solution 

between 1.2 V to -0.2 V potential window. The cell 

delivers an initial discharge capacity 93.2 mAh g-1 with 

92.5% columbic efficiency, 86.8mAh g-1 with 92.4% 

columbic efficiency and 82.91 mA h g-1 with 92.1% at 

10th cycle. After 10th cycles, the cell shows a steady 

decline in the capacity and stabilized after 100th cycle 

by delivering 78.8 mAh g-1 specific capacity with 

93.4% coulombic efficiency. The GCPL profile shows 

discharge capacity of 78.48 mAh g-1 with 91.62%, 

72.30 mAh g-1 with 91.75%, and 70.32 mAh g-1with 

87.68% with respected to the 200th, 500th and 

1000thcycleswhich is as shown in Table 1. The curves 

exhibits a flat discharge plateaus which may be due to 

the stabilizing effect of the electroactive species [49] or 

the increase in the polarization of the electrodes or the 

semi-infinite diffusion of the lithium ion towards the 

electrodes [22].The change in the discharge capacity 

may be because of dissolution effect on the electrode 

material during electrochemical process or due to 

crumbling and pulverization of active species 

influences the discharge capacity fading [55] from  

93.2 to 54.5 mA h g-1 from 1st to 1000th cycle 

respectively.  

Table 1. Galvanostatic charge/discharge measurements of dACD-

NH2 | sat. Li2SO4 | LiMn2O4 cell upto 1000 cycles in saturated Li2SO4 
aqueous electrolyte 
 

Compound Potential Cycle 

no. 

Charge 

capacity 

(mA h g-1) 

Discharge 

capacity 

(mA h g-1) 

dACD-NH2 C/5 rate, 

0.05 mA 

1 92.10 92.50 

10 92.00 82.91 

100 93.40 78.80 

200 91.62 78.48 

500 91.75 72.30 

1000 87.68 70.32 

 

 In order to study the electrode behaviour of dACD-

NH2|aq. saturated Li2SO4|LiMn2O4 in details, full cell 

was carried out with different C rates from C/5 to C/1 

as shown in the Fig. 5d. It shows the rate performance 

of full-cell battery system at varying current density. 

The reversible capacity approximately of 86.85mAh g-1 

was obtained for C/5 rate and it maintains almost same 

capacity up to 10 cycles. The increase in the C rates of 

C/5, C/4, C/3, C/2, and C/1 rates shows the subsequent 

decrease in capacity of 86.85, 78.5, 72.4, 69.6 and 

65.07mAh g-1. 

 The gradual decrease in the capacity may be  

due to the formation of solid electrolyte interface  

[50, 51] on the surface of dACD-NH2|aq. Saturated 

Li2SO4|LiMn2O4 cell. From the figure it is clear that the 

gradual increase in current densities leads to decrease in 

the discharge capacity. This clearly shows that the cell 

is quite suitable for ARLIBs. Fig. 5e shows the 

discharge capacity and coulombic efficiency at different 

scan rates of dACD-NH2 |aq. saturated Li2SO4|LiMn2O4 

cell. From the figure it is clear that the C/5 rate gives 

the significant discharge capacity at high columbic 

efficiency of 92%. By this consideration the graphene 

moiety as an additive which is an effective material  

to render the significant electrochemical performance  

of organic active materials, under appropriate 

experimental condition. The average cell potential  

of 0.6 V was obtained by the cell formulation  

dACD-NH2 |aq. saturated Li2SO4|LiMn2O4. The 

structural manifestation of these materials to be studied 

further and which will be one of the alternatives for 

ARLIBs. 

Electrochemical impedance spectroscopy studies 

Electrochemical impedance spectroscopy (EIS) is an 

essential technique to determine the kinetic parameters 

mainly, the chemical diffusion coefficient of lithium ion 

and to study the lithium ion transfer reaction kinetics. 

EIS analysis fordACD-NH2was carried out and the 

related Nyquist plots are illustrated in Fig. 6. The 

electrode is cycled for few cycles to make sure the 

formation of stable surface-electrolyte interface layer 

on the surface of the electrode before running the EIS. 

Fig. 6 shows the Nyquist plot achieved for dACD-

NH2electrode during redox process in sat Li2SO4 

aqueous solution respective to the CV peak obtained 

(Fig. 4b).  All the Nyquist plots shows three important 

regions that is high frequency semicircle, middle to low 

frequency semicircle and a Warburg element in the low 

frequency region. Migration of lithium ions through the 

passivating surface layer are observed in the high 

frequency region, semicircle at high-mid frequency due 

to parallel combination of charge-transfer resistance 

(Rct) and double-layer capacitance [52] and a linear 

region at low frequencies correspond to the diffusion 

process of Li ions in the electrode. Fig. 6a shows the 

Nyquist plots attained before oxidation potential bias 

where the semi-circle in the high frequency region and 

a Warburg lines in the low frequency region are 

observed. During oxidation potential bias, Fig. 6b 

exhibits the charge transfer resistance in the middle 

frequency region and Warburg behavior in lower 

frequency region of the spectra indicating solid state 

diffusion of lithium ion in the bulk of the electrode 

[53]. The diameter of the semicircle gradually increases 

representing the end of charge process shown in the fig. 

6c similar Nyquist plots are observed during discharge 

process as shown in Fig. 6d-f. The reduction of Rct is 

due to the lithium insertion process (Fig. 6d). The 

Warburg lines are observed during reduction potential 

bias (Fig. 6e). Fig. 6f shows the Nyquist plots obtained 

after reduction process which indicates the end of redox 

process. 

 The values of the parameters calculated from the 

impedance data during the redox process are showed in 

Table 2 and Table 3. From the table, it is clearly shows 
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that the considerable lower Rf values for the organic 

electrode material which established a better electrical 

conductivity. The Nyquist plots before oxidation and 

reduction exhibits semicircle with a Rct Value of 16.12 

and 272.15 Ω in the high-middle frequency region 

respectively, indicates the charge transfer resistance in 

the electrode material. 

 
Table 2. PEIS Parameters obtained during Charging. 

Oxidation 

Sl. No. Potential in 

V 
Rs in  

 

Rct in   

 

Rf in   

 

Before oxidation 

1 -0.9 34.02 16.12 794.02 

2 -0.8 5.0 309.86 3998.6 

3 -0.7 4.95 241.71 2809.93 

4 -0.6 4.93 4496.83 3576.40 

During oxidation 

5 -0.45 4.43 114568.9 0.0763 

6 -0.41 4.08 21900 28.99 

7 -0.14 3.46 82324.13 0.023 

8 -0.11 3.09 17450 23.10 

After oxidation 

9 0.2 4.37 189.74 1234.83 

10 0.3 3.382 183.46 9805.75 

11 0.4 3.352 180.65 8902.03 

12 0.5 3.912 206.53 14364.86 

 

Table 3. PEIS Parameters obtained during Discharging. 

Reduction  

Sl. No.  Potential in 

V 
Rs in   

 

Rct in   

 

Rf in   

 

Before reduction  

1 0.4 2.998 272.15 86.77 

2 0.3 3.197 789.62 88.17 

3 0.2 3.669 1255.97 99.32 

4 0.1 3.972 970.37 71.79 

During reduction  

5 -0.07 4.435 6628.7 415.39 

6 -0.74 4.194 3960.39 218.88 

7 -0.78 4.943 7341.08 462.97 

After reduction 

8 -0.9 5.012 135.15 9802.6 

9 -1.0 5.346 137.75 15930.0 

 

 During electrochemical reaction, the Rct decreases 

indicating the activation stage and gradually increases 

as the reaction approaches the peak potential bias which 

is ascribed to the morphological changes of active 

electrode materials and the formation of SEI [54, 55]. 

As electrochemical reactions proceeds, the SEI layer 

get stabilized and leads to the viable lithium ion transfer 

[41] as shown in the EIS plots. The experimental data 

reveals better electronic conductivity and diffusion of 

ions during electrochemical process. 

 During oxidation and reduction render 

approximately high charge resistance than that of 

applied potentials due to the presence of active sites in 

the organic molecules signifies the electro activity of 

dACD-NH2 is depended on the change in the structure 

which effects the electrochemical reaction between 

active material and the electrolyte, imparting 

improvements in the electrochemical properties [56].  

 Fig. 6g shows the equivalent circuit to fit the 

impedance spectra during the charge process. In this 

equivalent circuit, RS symbolize the ohmic resistance of 

the aqueous media, Rct is the resistance of the charge 

transfer reaction which is attributed to the diffusion 

process, Rf is the resistance for Li+ movements via 

surface film interphase, Q is the constant phase 

element, Cdl is the capacitance of the double layer, Zw is 

the Warburg impedance.  

 The respective equivalent circuit is characterized 

into three parts i.e., (a) the Ohmic resistance in the high 

frequency region, (b) the Rct and Zw parallel circuit for 

the CPE and (c) the Rf parallel circuit for the Q. The 

frequency-dependent ohmic resistance in the high 

frequency region is mainly due to the uniform kinetic 

resistance led to CPE behavior. When the capacitor was 

replaced by a CPE, the Rct is in series with Zwand 

parallel circuit to Q indicates the surface film layer 

formation on the electrode [57], Zw and Q form a 

parallel circuit which is attributed to the Warburg 

diffusion in the low frequency region. The resistance 

for lithium migration via surface film interphase is 

parallel to the Q indicating finite diffusion. This agrees 

with the outcome of the simulation table of impedance 

spectra demonstrating the redox process. 

 

 
Fig. 6. Nyquist plots to show the impedance response of decorated 
Aminoacridine anode material at different charge and discharge 

potential bias (a) before oxidation, (b) during oxidation, (c) after 

oxidation and (d) before reduction, (e) during reduction, (f) after 
reduction of electrode material, and (g) equivalent circuit.  
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Conclusion 

Insummary, acridineandamino-acridine were developed 

as an organic electrode material for ARLIB 

applications. The electrochemical performances of 

decorated aminoacridine composites showed better 

output in comparisons with other nitrogen heterocycle 

and it was influenced firmly by graphene. Incorporation 

of graphene in the acridine composites exhibited an 

increase in conductivity & specific capacity and good 

cyclic stability. The dACD-NH2 moiety delivered a 

capacity about 220.62 mAh g-1. The optimized dACD-

NH2 |aq. Saturated Li2SO4|LiMn2O4 cell presented 

satisfactory electrochemical property and reveals a 

primary discharge capacity of 93.2 mA h g-1 with 

92.5% columbic efficiency capacity retention. The 

prominent enhancements are due to hybrid structure 

and improved electron transportation derived from 

graphene. The results indicated that decorated amino-

acridine moieties would be a promising power source 

for lithium-ion battery applications. 
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