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In this chapter, reversible K+ ion insertion into graphite in an 
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that more facile diffusion of K+ ions is possible in natural 
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2. Aqueous electrolyte mediated reversible K+ ion insertion in graphite 

2.1 Introduction 

As discussed in the introduction chapter, carbon-based materials are gaining widespread 

popularity since the inception of rechargeable batteries. Among them, graphite is a 

simple yet an exceptionally rewarding material in the area of rechargeable lithium-ion 

battery. The success story of lithium-ion battery is well-crafted with the discovery of Li+ 

ion being able to electrochemically diffuse, at a relatively low potential, in the structure 

of graphite to form a stage-1 graphite intercalation compound (GIC) with a composition 

of LiC6, which results in a gravimetric and volumetric storage capacity of 372 mAhg-1 

and 850 mAhcm-3 respectively [1]. In recent times however, there is a demand for non-

lithium based rechargeable batteries due to scarcity and high cost of materials resources 

acutely necessary for the manufacturing of lithium-ion batteries. In view of it, the 

feasibility of energy storage devices based on earth abundant resources such as sodium, 

potassium, magnesium, zinc, aluminum etc. are under intense global investigation [2-7]. 

Taking leverage of the several advantages such as low-cost, high abundance and low 

toxicity, graphite always remains an attractive material of choice for other non-lithium-

based systems [8-13]. The electrochemical stability of graphite for Na+ ion storage is 

extensively studied and it was found that the electrochemical intercalation of Na+ ion in 

graphite is quite challenging and it could exhibit a specific capacity of only around 35 

mAhg-1 in traditional non-aqueous carbonate-based electrolyte with a scope for 

improvement up to about 110 mAhg-1 with solvent co-intercalation method [8-10]. 

Recently, it was also revealed that large size anions such as AlCl4
- could be reversibly 

intercalated in graphite in chloroaluminate electrolyte for aluminum-ion battery [11, 12]. 

Similarly, there are ample examples of K+ ion insertion and extraction in graphitic 

materials [14,15]. GIC with K+ ion as guest was shown to be formed by vapor phase 

method, solution method and electrochemical method. For example, Mizutani et al. 

demonstrated the formation of stage-1 K-GIC (potassium graphite intercalation 

compound) by intercalation of K+ ion in 2-methyltetrahydrofuran [14]. Utilizing molten 

KF electrolyte, Liu et al. illustrated the electrochemical intercalation of K+ ion into 

graphite, but at a relatively high temperature (1163 K) [15]. Until recently, the 

electrochemical K+ ion intercalation in graphite was unexplored at room temperature. 

Jian et al. first reported the formation of stage-1 K-GIC upon electrochemical K+ ion 
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insertion in graphite in non-aqueous carbonate electrolyte [16]. Liu et al. also verified the 

potassiation in disordered carbon with carbonate electrolyte [17]. However, to the best of 

our knowledge, electrochemical storage of K+ ion in graphite from aqueous electrolytes 

is hitherto been unknown. The hydrated radius of K+ ion (3.31 Å) is relatively smaller 

than Li+ ion (3.82 Å) and Na+ ion (3.58 Å) [18]. Therefore, the mobility of K+ ion is 

relatively higher than the Li+ and Na+ ions in an electrolyte which is an important 

parameter for delivering high power by an electrochemical cell [19]. In the current 

chapter, reversible K+ ion insertion in graphite in aqueous electrolyte is explored for the 

first time and the effect of types of graphite and electrolyte on the insertion process have 

been presented. Pyrolytic graphite and natural graphite were used for the study. For 

another set of experiments, exfoliated natural graphite was utilized. The exfoliation was 

performed using a full cell comprising of graphite as positive electrode and Cu foil as 

negative electrode in an aqueous electrolyte [20].  

2.2 Experimental Section 

2.2.1 Materials 

Two types of graphite were used for the study. Pyrolytic graphite (0.017 mm) and natural 

graphite (0.5 mm) foils were obtained commercially. These foils were cleaned with 

ethanol prior to use and no other chemical treatment was performed unless specified. For 

another set of experiments, exfoliated natural graphite was utilized and the exfoliation 

was performed as reported by our group earlier and the surface of this exfoliated graphite 

consists of graphitic nanoflakes. 

2.2.2 Characterization 

Structural and morphological investigations were carried out using techniques such as 

XRD (BRUKER AXS D8 FOCUS; Cu-K radiation, λ = 1.5406 Å), Raman 

spectroscopy (RENISHAW BASIS SERIES having 514 laser excitation), atomic force 

microscopy and contact angle measurement. Raman experiments were performed in two 

types of natural graphite; one in pristine form another one with electrochemical 

experiments performed on it. The samples were washed and dried properly before 

performing Raman analysis. For ex-situ measurements, the graphite electrodes were 

cleaned with DI water after the electrochemical experiments and these electrodes were 

dried at 100oC for 12 h. The XPS measurements were performed in two sets of natural 
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graphite electrodes. In the first set, electrochemical measurements were done in the 

graphite sheet and the XPS measurements were recorded. Whereas in the second set, the 

XPS measurements were recorded after dipping the natural graphite electrode in KOH 

(for 24 hour) and letting it to dry in ambient condition. In both the cases, electrodes were 

washed and dried properly before performing the XPS measurement. All experiments 

were carried out at room temperature and under ambient atmosphere. 

2.2.3 Electrochemical analysis 

Cyclic voltammetry (CV) and galvanostatic discharge/charge experiments were 

performed in a conventional three-electrode electrochemical glass cell with graphite foil, 

Pt electrode and an aqueous Ag/AgCl electrode (in KCl solution) as working, counter 

and reference electrodes respectively. The utilized electrolyte was an aqueous solution of 

KOH (purity of 84%) of varying concentrations. The discharge/charge and CV 

experiments were performed in the voltage range of -0.9 V to 0.3 V. Electrochemical 

impedance spectroscopy was performed in the frequency range of 1 mHz -200 kHz with 

a signal amplitude of 10 mV. 

The Diffusion coefficient (DK 
+) can be estimated from the following Equation (Ref. 

31,32): 

DK
+ = 0.5 (

RT

An2F2Cσw
)

2

 

where R is the gas constant (8.314 J mol− 1 K− 1), T is the absolute temperature (298.15 

K), A is the surface area of the electrode (1 cm2), n is the number of electrons 

transferred, F is Faraday constant (96500 C mol− 1), C is the concentration of K+ ion in 

the solution (6 M), and σw is the Warburg coefficient, which is calculated by the 

following Equation (at low-frequency region).  

Z′ = RS + RCT + σ w ω
− 0.5 

where RS is the electrolyte resistance, RCT is the charge transfer resistance, σ w can be 

obtained from the slope of linear fitting of the real part of impedance (Z′) vs. the 

reciprocal square root of angular frequency (ω-0.5).  
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2.3 Results and Discussion 

 

Figure 2.1 (a) XRD patterns, (b) Raman spectra and (c,d) FESEM images of Natural and 

Pyrolytic graphite. 

Figure 2.1a shows the XRD patterns of the two types of graphite and it could be noted 

that both show the characteristics of graphitic carbon. The Raman spectra however show 

a distinction between them. The Raman spectrum of natural graphite shows the three 

characteristics G, D and 2D bands at 1351 cm-1, 1575 cm-1 and 2373 cm-1 respectively. 

In contrast, only G and 2D bands are visible for pyrolytic graphite (Figure 2.1b). It is 

noted here that G, D and 2D bands represent the vibration mode of E2g along the 

hexagonal carbon layer, some structural disorder and two-phonon second order band 

without any kind of disorder or defects respectively [21]. FESEM images show similar 

surface morphology for both types of graphite (Figure 2.1(c,d))   

Figure 2.2a shows the CV profiles of natural graphite in 1 M KOH electrolyte at a scan 

rate of 2.5 mVs-1.  There is one broad pair of cathodic and anodic peaks at -0.5 V and -

0.2 V respectively. Interestingly, when the concentration of the KOH electrolyte was 

changed to 6 M, it apparently appears that the cathodic peak is a superimposition of two 

peaks at -0.59 V and -0.53 V (Figure 2.2b). The cathodic and anodic peak separation is 

smaller for the 6 M KOH (260 mV) than 1 M KOH (350 mV). Experiments were also 
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performed with exfoliated graphite and a similar trend was also observed for it (Figure 

2.2c). However, the two cathodic peaks could now be prominently identified at -0.45 V 

and 0.51 V for the 6 M KOH electrolyte. The cathodic and anodic peak separation in this 

case is 200 mV. The pyrolytic graphite shows no electrochemical activity as could be 

seen from figure 2.2d. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 CV profiles of Natural graphite in aqueous (a) 1M KOH, (b) 6M KOH, CV 

profiles of (c) exfoliated graphite and (d) pyrolytic graphite in 6 M aqueous KOH at a 

scan rate of 2.5 mVs-1 
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Figure 2.3 Galvanostatic discharge/charge profiles of (a) 200 mAg-1, (b) 400 mAg-1, (c) 

2000 mAg-1 and (d) rate capability measurement of natural graphite in 1 M KOH 

aqueous electrolyte.  

The consistency of the CV profiles was further corroborated with galvanostatic 

charge/discharge experiments. Figure 2.3 and 2.4 show the charge-discharge profiles of 

natural graphite in 1 M and 6 M KOH respectively at current rate of 200 mAg-1. It could 

be seen that natural graphite shows a discharge plateau around - 0.33 to -0.52 V for 1 M 

KOH (Figure 2.3a). On the other hand, two discharge potential plateaus at -0.50 V and -

0.57 V with a charge potential plateau at -0.4 V could be noticed when the electrolyte 

was 6 M KOH (Figure 2.4a). The specific capacities are almost similar for both 1 M and 

6 M KOH electrolytes at 200 mAg-1. However, noticeable difference could be seen at 

higher current rates (Figure 2.3 and 2.4). It is easily inferred that high current rates are 

sustained for the 6 M KOH electrolyte. The specific capacity is only 2.4 mAhg-1 for 1 M 

KOH electrolyte, where as it is 8 mAhg-1 for 6 M KOH electrolyte at the current rate of 2 

Ag-1 (figure 2.3(b,c) and 2.4(b,c)). It is noted here that the ionic conductivity may play a 

vital role here since the conductivity of 6 M KOH (~ 6.26 x 10-4 Scm-1) is higher than 1 

M KOH (~ 2.15 x 10-4 Scm-1) [22].  
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Figure 2.4 Galvanostatic discharge/charge profiles of (a) 200 mAg-1, (b) 400 mAg-1, (c) 

2000 mAg-1 and (d) rate capability measurement of natural graphite in 6 M KOH 

aqueous electrolyte. 

The charge-discharge profiles obtained with exfoliated graphite also indicate a 

similar pattern in 6 M KOH electrolyte (Figure 2.5). In this case also, two almost closely 

spaced discharge potential plateaus could be noticed whereas only one discharge 

potential is seen for 1 M KOH electrolyte (Figure 2.6a). The exfoliated natural graphite 

also shows higher specific capacities in comparison to pristine natural graphite (Figure 

2.5, 2.6 and 2.7). It is also noted here that there is negligible decline in specific capacities 

over the measured number of charge-discharge cycles unlike severe capacity fading as 

was observed in case of non-aqueous electrolyte [16]. The overpotential is 130 mV in the 

case of exfoliated graphite in 6 M KOH, whereas it is 270 mV for pristine graphite in 6 

M KOH (measured at 40% of initial discharge/charge capacity i.e., at the plateau region) 

(Figure 2.5a). Supporting the CV data, pyrolytic graphite fails to show any noticeable 

specific capacity even at a slow current rate of 200 mAg-1 (Figure 2.8).  

 

Figure 2.5 Galvanostatic discharge/charge profiles of (a) 200 mAg-1, (b) 400 mAg-1, (c) 

2000 mAg-1 and (d) rate capability measurement of exfoliated graphite in 6 M KOH 

aqueous electrolyte. 
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Figure 2.6 Galvanostatic discharge/charge profiles of (a) 200 mAg-1, (b) 400 mAg-1, (c) 

2000 mAg-1 and (d) rate capability measurement of exfoliated graphite in 1 M KOH 

aqueous electrolyte. 

 

Figure 2.7 Comparison of Rate capability measurement of normal and exfoliated 

graphite in 6 M KOH aqueous electrolyte. 
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Figure 2.8 Charge/discharge curve of pyrolytic graphite in 6 M KOH electrolyte at 200 

mAg-1. 

In order to understand the electrochemical mechanism, CV experiments were 

performed at different scan rates for natural graphite in 6 M KOH electrolyte and CV 

profiles are shown in Figure 2.9a. The cathodic and anodic peak current responses were 

plotted against the square root of the scan rates (Figure 2.9b) and it was found to be 

linearly proportional suggesting a possible diffusion-controlled process as per Randles-

Sevcik relationship [23]. To make a quantitative estimation of the diffusion process, CV 

profiles were analyzed using the following relationships: (i) i(V) = K1ϑ + K2ϑ
1

2(ii) 

i(V)

ϑ
1 
2

= K1ϑ
1

2 + K2. Here, the term K1ϑ gives the capacitive part and K2ϑ
1

2 gives the 

diffusive contribution to the overall ion storage process [23]. It is again found that 

diffusion-controlled storage process is quite dominant over the capacitive storage process 

and the diffusive contribution is higher than 80 % (Figure 2.9 (c-e)). This analysis gives 

an indication that the observed electrochemical activity is mainly due to K+ ion insertion 

and extraction in natural graphite.  
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Figure 2.9 (a) CV curves of natural graphite at different scan rates and (b) plot of peak 

current vs scan rate. (c) Capacitive and diffusive contributions for 6 M KOH in natural 

graphite at 2.5 mVs-1, (d) Log (peak current) vs Log (scan rate), (e) Diffusive and 

capacitive contributions in percentage. The electrolyte is 6 M aqueous KOH. 

To further identify any change in the structure of the natural graphite electrode 

during potassiation and depotassiation, the electrodes were removed after specific 

number of charge/discharge cycles and interrogated with ex-situ XRD measurements. 

Although there is no major change in the XRD pattern after the 1st discharge cycle, the 

peak at 2θ = 26.53o shifts to lower angle after subsequent discharge cycles with a 

noticeable shift of 0.37o for the 50th discharged cycle electrode as shown in figure 2.10 

(a,b). The ex-situ Raman spectrum of the discharged state natural graphite electrode also 

shows a lower shift, in the G band by an amount of 5.5 cm-1 (Figure 2.10 (c,d)). Similar 
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effect was also observed for K+ ion insertion in graphite in non-aqueous electrolyte [24]. 

The most striking feature is the change in the intensity of the disorder peak (D band). 

The intensity ratio of D to G band i.e., ID/IG is 0.11 and 0.17 for the pristine and 

discharged state graphite electrodes respectively, which indicates a 55 % rise in disorder 

in the graphite electrode after potassiation (Figure 2.10 c). Ex-situ XPS measurement 

also confirms the presence of K species in the discharged state natural graphite electrode. 

Figure 2.11 shows the characteristic K2p3/2 and K2p1/2 at 290.46 eV and 293.50 eV 

respectively. In order to confirm that this K signal is not due to mere adsorption of K+ 

ions, an additional XPS measurement on a graphite electrode submerged in 6 M KOH for 

24 h was performed. The corresponding XPS spectrum is shown in Figure 2.12. It could 

be seen that there is no noticeable K-signal (Figure 2.12 b).  AFM images, as shown in 

figure 2.13 (a-d), also show change in the surface texture of the graphite electrode. The 

swelling of the surface could be clearly noticed after potassiation from the 3D height 

map. There is significant difference in the height profile of the discharged state and 

pristine graphite electrodes. This is also supported by the FESEM images obtained after 

discharge (Figure 2.13 (e,f)).  

 

Figure 2.10 (a-b) Ex-situ XRD analysis, (c-d) Raman spectra of pristine graphite, natural 

graphite after 1st and 50th Discharge. 
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Figure 2.11 High resolution XPS spectra for (a) Full XPS spectrum, (b) C 1s, (c) O 1s 

peaks and (d) O1s.  

 

Figure 2.12 High resolution XPS spectra (after dipping natural graphite in KOH) for (a) 

full XPS spectra, (b) C 1s peak (no K2p peaks), (c) enlarged C 1s and (d) O 1s. 
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Figure 2.13 AFM images of natural graphite (a,c) before discharge, (b,d) after discharge 

and (e,f) FESEM image of natural graphite after discharge. 

Contact angle measurement was also performed to see any changes in the 

wettability of the natural graphite electrode. It is seen that the natural graphite electrode 

after discharge shows a smaller contact angle (54.6o) than the pristine natural graphite 

electrode (68.7o) (figure 2.14 (a,b)). In order to find that the mere dipping of the 

electrode in the electrolyte while discharging did not change the contact angle, the same 

was measured for a natural graphite electrode dipped in 6 M KOH electrolyte for 12 h. It 

is seen that the contact angle in this case (68.5o) is similar to the contact angle for 

pristine natural graphite electrode (figure 2.14c). It signifies that electrochemical K+ ion 

insertion changes the wettability of the electrode. This intriguing process of change of 

contact angle under a bias potential in an electrolytic medium is known as 

‘Electrowetting” [25]. Several interesting recent studies on graphite/graphene electrode 

indicate decrease in the contact angle upon cation or anion insertion in both aqueous and 

non-aqueous electrolytes akin to our observations [25-30]. EIS measurements (figure 

2.14d) also show that the charge transfer resistance for the natural graphite electrode is 

much lower in comparison to the pyrolytic graphite electrode. The K+ ion diffusion 
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coefficient was estimated from the EIS data following a well-known procedure as 

described earlier and the diffusion co-efficient is found to be of the order of 10-19 cm2s-1 

(figure 2.14e) [31,32]. It is to be noted that this value is much lower in comparison to Li+ 

ion (~ 10-11 cm2s-1) and K+ ion (~10-9 cm2s-1) diffusion co-efficient in graphite in non-

aqueous electrolyte [33,34]. The slow diffusion may be a reason for low specific 

capacity. It could be a possibility to enhance the performance by the utilization of few 

layers graphitic foam or highly crystalline graphitic foam as demonstrated earlier for Al-

battery research [35,36]. It is important to discuss here the electrochemical processes that 

may possibly occur. The ex-situ XRD and ex-situ Raman measurements unable to give a 

clear verdict on the possible formation of K-GIC as was evidenced for non-aqueous 

systems [37,39]. Therefore, a plausible explanation is given exclusively based on the 

electrochemical outcomes [40,41]. A careful inspection of the CV profiles (for example 

Figure 2.2c) indicates both surface mediated and insertion process. Following the 

standard protocol of distinguishing surface and intercalation storage, it could be seen that 

if there were no redox activities in the potential region of -0.6 V to -0.2 V, the CV 

profiles resemble a rectangular feature which is indicative of capacitive charge storage 

(or adsorption of charged species) [41]. On the other hand, the appearance of the sharp 

cathodic and anodic peaks (Figure 2.2c) is indication of intercalation based redox 

activities. The charge/discharge profiles (for example Figure 3c) also underpin this 

phenomenon. There is presence of long discharge potential plateaus which is a trait of 

insertion-based electrodes. Such potential plateaus are typical of LiFePO4 or LiMn2O4 

type of cathode materials for Li-ion batteries where Li+ ion intercalation/deintercalation 

is the only dominating process [42-46]. Again, the charge/discharge profiles also show 

linear behaviors in the potential range of 0.3 V to -0.3 V and -0.5 V to -0.9 V (Figure 

2.4a). Generally, the linear potential response corresponds to surface storage [41]. As 

already discussed, using figure 2.9 (c-e), there is capacitive contribution in the present 

case. Therefore, it could be commented that there is signature of both the insertion and 

adsorption processes [47].  
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Figure 2.14 (a-c) Contact angle measurement for natural graphite, EIS spectra for (d) 

natural graphite and pyrolytic graphite, (e) The relationship curve between Z′ and ω-1/2 in 

the low-frequency range for natural graphite in 6 M KOH. 

2.3 Conclusion 

In summary, this chapter explains the reversible K+ ion insertion in natural graphite in 

aqueous electrolyte in this chapter. It is found that not only the type of graphite but also 

the concentration of the electrolyte plays an important role in the storage process. It is 

revealed that pyrolytic graphite fails to host K+ ion. It is also obtained that the K+ ion 

insertion significantly enhanced the wettability of the graphite electrode which promotes 

ion insertion kinetics. A careful observation from Raman spectra of discharged state 

natural graphite electrode depicts 55% rise in disorder followed by potassiation. 

Exfoliated graphite shows reduced overpotential in comparison to natural graphite in 6 

M aqueous KOH electrolyte. Additionally, various ex-situ characterization techniques 

confirm potassium ion insertion in the natural graphite electrode during cycling. It is also 

found that diffusion-controlled storage process is quite dominant over the capacitive 

storage process.  
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