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Abstract 

Graphite exfoliation has been the main mechanism to produce graphene material and its derivatives, 

such as graphene oxide (GO) and reduced GO (rGO). This study was aimed to exfoliate graphite using 

MnO2 paste in Zinc-Carbon (ZnC) battery wastes via audio sonication in X-ray irradiated water. The 

exfoliated graphite (EG) sample was then characterized using UV-Vis spectrophotometry, FTIR 

spectroscopy, XRD, and SEM. The EG sample was utilized as an additive for producing sponge with 

heat-induced volumetric-shrinkage resistance property. The irradiated water was obtained by exposing X-

ray radiation upon distilled water. The graphite and K2MnO4 were mixed in the irradiated water followed 

by audio sonication accompanied by stirring and heating. The K2MnO4 was obtained from the MnO2 

paste added with KOH. The UV-Vis results showed a shouldering peak at 271 nm indicating that the 

graphite was succesfully exfoliated. The FTIR test showed the presence of hydroxyl, C-O, CO2, N-O, and 

C=C functional groups. The XRD showed a peak at 12° for the EG sample similar to the XRD peak of 

GO. The SEM images showed layers of graphene flakes. The threshold temperature values of the sponge, 

sponge with EG (sponge+EG), and sponge with graphite (sponge+graphite) were 399.20, 271.03, and 

414.82 °C, respectively. The sponge+EG underwent less volume shrinkage compared to ordinary sponge 

and sponge+graphite, which confirms its volume shrinkage resistant upon heating. 
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Introduction 

Graphene and its derivatives, e.g. graphene oxide (GO) and reduced-GO (rGO) are nanomaterials 

that are being intensively developed. Many studies are conducted to produce these materials to become 

more specific and functional. Many applications of graphene include electronics, bio-sensor, and 

hydrogen transfers [1,2]. The methods in the synthesis of graphene and its derivatives that are often 

utilized include Hummer’s method, liquid sonication exfoliation (LPE), and chemical vapor deposition 

(CVD) [3-5]. A commonly used method in producing graphene and/or its derivative is the Hummer’s 

method, which uses many chemicals such as K2MNO4, MnO2, KOH, and HCl [6-8]. Hence, this method 

may be harmful to the environment, especially when chemical wastes are produced after the production 

process. 

More specifically, GO synthesis using X-ray irradiation and audio sonication exposure methods 

have also been conducted [9,10]. X-ray irradiation upon (pure) water is called radiolysis [11], whereas the 

audio sonication method uses sound wave in audio frequency range i.e. 20 Hz to 20 kHz, which is 

exposed to a graphite sample dispersed in detergent. This method does not employ as many chemicals as 

in the Hummer’s method so it can be considered environmentally friendly. In addition, this method is 

convenient to do and can be conducted only in a few hours. Hence, this method can be used as an 

inexpensive and environmentally friendly alternative to mass-produce GO materials. On the other hand, 

the radiolysis of water produces various radicals, i.e. hydrated electrons, hydrogen radical (H*), hydroxyl 
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radical (HO*), HO2*, OH-, H3O+, H2, and hydrogen peroxide (H2O2). Moreover, these radicals are very 

reactive and may recombine into superoxide (HO2) and peroxide (H2O2). Although the lifetime of these 

radicals are very short (nanosecond scale), their effect upon the water remains. Hence, HO2 and H2O2 

molecules assist the exfoliation of the graphene layers in the graphite material oxidized by K2MNO4. 

Moreover, it is also argued that ions produced, such as OH- and H3O+ may interact with the graphite 

material in between the graphene layers, hence increasing the intercalation of the graphene layers. 

Sponge is a substance that has pores or cavities. There are three forms of sponge, which is hard, 

medium, and soft. Each form has different applications such as sound-absorbent, dishwashers, heat-

resistant coatings (insulators), impact absorbent, seat and housing materials, and hydroponics [12-17]. In 

general, the sponge base material is polyurethane (PU), which consists of two types of liquids, namely PU 

A and B, respectively [18]. PU A is an ingredient for compacting the sponge, whereas PU B is the 

ingredient for sponge development. Many studies have been conducted concerning GO-based sponge. 

Zhang et al. [19] conducted a study on chitosan/GO-based sponge to reduce its toxicity obtaining sponges 

with excellent absorption capacity, mechanical stability, and bio-compatibility. Xu et al. [20] had 

produced GO wide ribbon (GOWR) based sponges, which is sensitive to abnormally high temperature of 

300 °C for early warning fire alarm [20]. However, the sponge itself has not been tested for its volume-

shrinkage resistance induced by heating. Testing the sponges by heating them may determine their 

mechanical volume-shrinkage and even heat-resistance properties [21]. This is important in the 

application of sponges for heat-resistant kitchen appliances and costumes to increase the safety of people 

who use appliances for cooking, conduct dangerous fire stunts, and car racing. 

The objective of this study was to synthesize exfoliated graphite (EG) dispersed in K2MnO4 solution 

via audio sonication in X-ray irradiated water. The graphite powder was dispersed in the K2MnO4 

solution obtained from the MnO2 paste in Zinc-Carbon (ZnC) battery wastes. The MnO2 is one of the 

main components in this ZnC battery [22], which can be transformed into K2MnO4 solution by addition of 

KOH through the reaction given as follows; 

 

4KOH (𝑠) + 2MnO2(s) +  O2(𝑔)  ⇆  2K2MnO4(𝑠) +  2H2O (𝑙).                                             (1) 

 

 The resultant sample was then used as an additive material for producing sponge (sponge+EG) with 

heat-induced volume-shrinkage resilience property. The sponge+EG is then heated in an oven to test its 

volume-shrinkage resilience by measuring its volume as the temperature is increased. 

 

Materials and methods 

The materials used in this study were 1) graphite powder, 2) distilled water, 3) PU foams (A and B), 

4) KOH, and 5) MnO2 from ZnC battery wastes. The tools used in this study were 1) X-ray generator, 2) 

audio frequency generator (AFG), iii) amplifiers, 4) loudspeaker, and 5) hot plate magnetic stirrer. The 

audio sonicator and the magnetic stirrer were combined into a custom-made device, which can be 

observed in Figure 1.  

K2MnO4 was synthesized according to the procedure given as follows. 65 g of KOH were mixed 

with 50 g of MnO2. Then the solution was heated and stirred simultaneously for 15 min. The K2MnO4 

solution was synthesized based on the chemical reaction given in Eq. (1). 

 

 

 
 

Figure 1 The devices used consisting of a) a magnetic stirrer, and b) an AFG (b-top), and an amplifier (b-

bottom). 
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Figure 2 The sample of the EG powder. 

 

 

The EG sample was prepared as follows. 200 mL of distilled water was irradiated using the X-ray 

generator for 2 h at 20 kV. 100 mL of the irradiated water was then used to mix 2 g of graphite powder 

and 0.5 g of K2MnO4 using a magnetic stirrer for 15 min. Subsequently, audio sonication was exposed to 

the sample with a frequency of 100 Hz accompanied by stirring and heating using a magnetic stirrer at 60 

°C for 2 h. This process caused the water in the sample to dry out, hence turning the sample into powder 

as observed in Figure 2.  

The samples obtained were then characterized using UV-Visible spectrophotometer (UV-Vis), 

Fourier transform infrared (FTIR), X-ray diffraction (XRD), and scanning electron microscope (SEM). 

UV-Vis and FTIR characterizations were conducted in liquid phase, whereas XRD and SEM were 

conducted in powder form. The liquid phase of the sample was obtained by dissolving the powder into 

100 mL of distilled water. The procedure of the experiment may be observed in Figure 3. 

The sponges were prepared according to the following steps. 0.5 g of the EG powder was mixed 

with 5 mL of PU A and 10 mL of PU B. The mixing was done using a magnetic stirrer for 1 min. The 

mixture was then poured into a molded container, left to expand and harden to form a sponge+EG in 15 

min. The same procedure above was also conducted to produce sponge with graphite (sponge+graphite), 

meanwhile ordinary sponge was prepared from a mixture of PU A and PU B only. 

The heat-resistance characterization of the sponges was conducted by heating the sponge samples 

inside an oven and measuring the volume of the sponges as the temperature of the oven was varied, i.e. 

100, 150, 200 and 250 °C. The volume was determined via measurements of the length, width, and height 

of the sponges using a caliper. The volume was obtained by multiplying the length, width, and height. To 

obtain the threshold temperature values of the sponge samples, i.e. sponge+EG, sponge+graphite, and 

sponge, the extrapolation using the linear trend line function in MS Excel was utilized. 
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Figure 3 The procedure in the exfoliation of graphite. 
 

 

Results and discussion 

The UV-Vis spectrum of the EG compared to the original graphite is presented in Figure 4. The 

solid-blue line is the EG showing a broad-weak absorbance peak at 271 nm. The typical absorbance peaks 

for GO commonly appear around 230 nm and a shouldering peak at 300 nm [23,24]. The rGO absorbance 

peak at around 270 nm is usually strong and sharp [25-27], but here a weak and quite broad peak is 

obtained, which indicates that the graphite is exfoliated. Moreover, the UV-Vis spectrum of EG is in 

contrast to the graphite UV-Vis spectrum given by the dashed-red line, which shows no absorbance peak. 

It can be concluded that the oxidation process due to K2MnO4 on the graphite leads to the exfoliation of 

the graphite layers. The radiolysis water affects the readiness of exfoliation process of the graphite 

sample. Thus, after sonication, the EG sample becomes more graphene-like with reduced oxygen 

indicated by the absorption in 271 nm. 

 

 
 

Figure 4 The UV-Vis of EG compared to the original graphite. 
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Figure 5 FTIR spectra of EG and graphite samples. 

 

 

The FTIR spectrum of the EG sample compared to the original graphite is presented in Figure 5. 

Both spectra indicate the presence of bands at 3434, 2328, 2015, 1616 and 1170 cm-1, which correspond 

to the functional groups of hydroxyl (OH), carbon dioxide (O=C=O), N-O, C=C, and C-O, respectively. It 

may be observed that the oxygen functional groups have weak bands, except for the usual hydroxyl 

functional groups. It can be observed that the existence of C=C and oxygen functional groups confirm the 

formation of EG as well as graphite samples. This is because the C=C functional group contains in both 

EG and graphite materials. However, it may be observed that the band of the OH functional group of the 

EG material is wider than graphite. Moreover, this is similar to the FTIR spectrum obtained in [28] 

especially for the functional groups of hydroxyl, carbon dioxide, C=C, and C-O at 3434.59, 2362.78, 

1627.64 and 1084.17 cm-1, respectively. 

The diffractogram of the EG sample compared to graphite is shown in Figure 6. Both of the XRD 

patterns exhibit a broad 2 of around 10 - 20° that may be caused by the sample holder of the XRD 

apparatus, which commonly occurs in the characterization process. It can be observed that the strongest 

peak for graphite is around 2 of 26.5°, while the strongest peak for the EG sample appears at 2 of 

around 12°, apart from the broad band due to the sample holder. The peak at 26.5° indicates the presence 

of (002) plane of hexagonal lattice of graphite, which correlates with the stacking layers of graphene in 

the graphite sample. This peak disappears in the EG spectrum, which indicates that the graphite was 

exfoliated due to the sonication process in the radiolysis water and K2MnO4 solution. The EG spectrum at 

around 12° is related to the crystal plane of (001) from the hexagonal lattice of few layers of graphite. The 

evolution of XRD pattern from graphite into GO indicates the structural change of graphite in terms of the 

number of layers and the distance among graphite planes. This is in accordance with the XRD data for 

GO, which is generally around 10o and suggests the stacking of GO sheets [29-31]. 

 

 

 
 

Figure 6 XRD spectra of EG and graphite samples. 

EG 

EG 
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Finally, Figure 7 shows the SEM images of a) graphite and b) EG materials. The SEM images show 

the surface morphology of the graphite and EG samples with magnification of 5000X. The SEM image of 

the EG material (Figure 7(b)) shows few layers stacking of graphene flakes, which tend to be thinner 

than that of graphite material (Figure 7(a)). Furthermore, it can be observed in the red box in Figure 7(b) 

that the surface of the EG material has crack lines and wrinkles indicating the thinness of the layers. Due 

to the thinness of its surface, the EG material tend to agglomerate and tend to be more wrinkled than the 

graphite surface. In addition, this feature is due to the EG’s surface-to-volume ratio, which is higher than 

that of the graphite material. This surface structure of the EG is in accordance with the study in [32]. 

 

 

 
 

Figure 7 SEM images with 5000X magnification of (a) graphite, and (b) EG samples. 

 

 

The results of the addition of graphite and EG to sponges can be observed in Figure 8. The Figure 

shows the sponges produced with different ingredients, i.e. sponge+EG (Figure 8(a)), ordinary sponge 

(Figure 8(b)), and sponge+graphite (Figure 8(c)). There is a clear difference in colour between the 3 

sponge samples. The sponge+EG, sponge, and sponge+graphite tend to be white with black spots, 

yellowish, and darkish, respectively. This indicates that mixing different materials into the sponge affects 

the colour of the sponge itself. The clear yellow colour of the ordinary sponge is caused by the chemical 

nature of the material being mixed. In addition, in this case graphite and EG are originally made from 

carbon materials producing different colour on the mixing process of the sponge. 
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Figure 8 Physical appearance of (a) sponge+EG, (b) sponge, and (c) sponge+graphite. 

 
 

As previously discussed, these sponge samples are heated in the oven and their volumes are 

measured as the temperature of the oven is increased. The results of the sponge heating tests can be 

observed in Figure 9. The Figure shows various sponge samples, namely sponge+EG, ordinary sponge, 

and sponge+graphite exposed to heating temperature from 100 to 250 °C (see yellow arrow going down 

from Figures 9(a) to 9(e)). It may be observed that all sponge samples undergo volume shrinkage as the 

temperature of the oven is increased. However, qualitatively, the sponge+EG sample has the least volume 

shrinkage at 250 °C. It can also be observed that each temperature increase changes the colour of each 

sample. The sponge+EG still has a brighter colour compared to the ordinary sponge and sponge+grahite. 

The ordinary sponge and sponge+graphite samples tend to have dark colour, while sponge+EG is still 

light brown at 250 °C. Moreover, it can be observed that the volume of sponge+EG sample tends to be 

stable - because the reduction in volume is not too significant as the temperature is increased. This is 

clearly different from the ordinary sponge sample, which undergoes a slight increase at 150 °C and then 

starts to shrink drastically when passing 150 °C towards 250 °C. This indicates that sponge+EG can 

maintain its volume against high temperatures. 

 

 
 

Figure 9 Heating results of the sponge samples with temperature variations at a) room temperature, b) 

100 °C, c) 150 °C, d) 200 °C, and e) 250 °C. 
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In addition, the trend line graphs of the sponge samples may be observed in Figure 10. It is clearly 

observed that the ordinary sponge sample increases its volume under heating until around 150 °C, and 

then shrinks beyond it. This is different with sponge+EG and sponge+graphite, which suffer linear 

volume shrinkage under heating. However, the sponge+graphite is more rapidly decreasing compared to 

the sponge+EG sample. This confirms that sponge+EG sample is more resistant to volume shrinkage 

compared to ordinary sponge. The threshold temperatures of the ordinary sponge, sponge+graphite, and 

sponge+EG are 399.20, 414.82, and 1271.03 °C, respectively. From this data it is found that the volume 

of the sponge+EG will hypothetically be 0 when the temperature reaches 1271.03 °C, which is the highest 

temperature value compared to sponge+graphite and ordinary sponge samples. Hence, adding EG results 

in the increase of volume resistant of the sponge to more than 200 % compared to ordinary sponge. It is 

worth noting that this threshold temperature for 0 volume only gives a qualitative picture of the sponge’s 

volume shrinkage that goes beyond the data points [33]. 

 

 

 
 

Figure 10 The volume shrinkage graphs of the sponge samples. 

 
 

Conclusions 

EG material has been produced based on the UV-Vis, FTIR, XRD, and SEM characterization 

results. The EG material is obtained by dispersing graphite and K2MnO4 solution in X-ray irradiated 

water assisted by audio sonication and heating. The heat induced volume-shrinkage resistance test results 

show that sponge+EG sample has the least volume reduction compared to ordinary sponge and 

sponge+graphite. Further study upon the EG sample includes determining the flakes size based on the 

SEM results. It is interesting to test other properties of the sponge+EG, e.g. its compressive strength, 

which can be conducted in future studies. 
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