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Abstract

:

In this work, graphite intercalation compounds (GICs) were synthesized using three different oxidizers: (NH4)2S2O8, K2S2O8, and CrO3 with and without P2O5 as a water-binding agent. Furthermore, the samples obtained were heat-treated at 800 °C. Specimens were characterized by optical microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), and scanning electron microscopy (SEM). The correlation between different characteristic parameters of the Raman analysis has shown that the use of CrO3 results in a much higher structural disorder compared to the products obtained using persulfate oxidizers. Narrowing the correlation set revealed that minimal defect concentration can be reached by using K2S2O8, while the use of (NH4)2S2O8 causes a slightly higher concentration of defects. It was also established that the additional use of P2O5 can help to achieve more effective intercalation and has a positive effect on the formation of the stage I GIC phase. After heat treatment, the intercalated products mostly return to a graphite-like structure; however, the samples obtained with CrO3 stand out with the most significant changes in their surface morphology. Therefore, analysis suggests that GICs obtained using persulfate oxidizers and P2O5 could be a candidate to produce high-quality graphene or graphene oxide.
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1. Introduction


A special group of compounds known as graphite intercalation compounds (GICs) was first mentioned in 1840 by German chemist C. Schafhaeutl [1]. In 1855, B. C. Brodie described the synthesis of GIC using a mixture of sulfuric and nitric acids [2]. This work is considered to be the beginning of GIC research. Nowadays, research in the area of GICs is the focus, especially due to their use in Li-ion batteries [3]. Furthermore, GICs can form numerous groups of compounds. A variety of GICs can be generally divided into two groups: covalent and ionic. The number of compounds in the latter group far exceeds that in the former [4]. Ionic GICs, such as graphite salts, graphite-halogen compounds, graphite-metal chloride compounds, and graphite alkali-metal compounds, have received more recognition than covalent GICs due to the change in the electronic properties of graphite, which is attributed to the π-bonds that can donate or accept electrons [5]. Therefore, ionic GICs can be further divided into donor-type (Lewis base guests, e.g., alkali metals) and acceptor-type (Lewis acid guests, e.g., strong mineral acids), while unique redox amphoteric characteristics enable graphite to host both cations and anions.



The significance of GICs is not limited to their use in energy storage systems. Some of them reveal the superconductivity phenomenon at low temperatures, while others are used as reagents and catalysts in organic synthesis [6,7]. Another relevant area where GICs play a key role is the production of graphene and graphene oxide. High-quality, low-defective graphene can be obtained using the GIC as a direct precursor [8]. Likewise, GIC, known as graphite bisulfate (GBS), forms as an intermediate in the process of the preparation of graphene oxide, which is widely used for the further production and processing of graphene [9]. GBS is the GIC, where graphite layers are intercalated by HSO4− ions and H2SO4 molecules. The reaction of GBS formation implies oxidation of the graphite matrix conjugated with insertion of the molecules and ions in the presence of an oxidant (Ox):


   {      n  C  24    →   [  Ox  ]     C  24 n     +         C  24 n     +  +   HSO  4    −  + m  H 2  S  O 4  →  C  24 n     +  ·   HSO  4    −  · m  H 2  S  O 4  ,        



(1)




where m/n ratio stands for the staging index, i.e., the number of graphite layers between two intercalant layers [10]. Formula    C  24     +  ·   HSO  4    −  · 2  H 2    SO  4    represents the stage I compound, where a single layer of graphene is alternated regularly with intercalated species. In subsequent stages (stage II, stage III, etc.), the corresponding number of graphene layers (2, 3, etc.) are separated by layers of HSO4− ions and H2SO4 molecules [11].



GBS is also the most widely used precursor for manufacturing exfoliated graphite, which is valued for compactness, flexibility, high electrical and thermal conductivity, and corrosion resistance. For this purpose, GBS is treated with microwaves or thermal shock conditions. Under these conditions, graphene layers are separated and form a characteristic cellular structure. When pressed without binder, exfoliated graphite can be formed into disks, coatings, fabric, etc., and used as a fire retardant, absorbent, electrode material, photo-catalyst, and many similar cases [12].



Although GICs have been known for a long time and are extensively used nowadays, the knowledge in this field so far is not sufficient. Thermodynamics of GIC formation do not always correspond to the theoretical model, and it is still difficult to predict the potential of the system that includes GIC. Simultaneously, very limited structural information is given in the literature concerning these systems, at most due to their instability. Since the properties of GIC with the same chemical composition may vary depending on graphite precursor, preparation conditions, and other factors, it is important to investigate as many different synthesis variations as possible [13].



In this research, GBS compounds were chemically synthesized using three different oxidizing agents as well as P2O5 as a water binding agent. All obtained samples were heat-treated at 800 °C in order to get exfoliated graphite. The obtained samples were investigated using optical microscopy, Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), and scanning electron microscopy (SEM).




2. Materials and Methods


2.1. Materials


In the synthesis, all reagents were used without further purification. Extra pure graphite powder (<50 μm (≥99.5%)) was purchased from Merck KGaA (Darmstadt, Germany), H2SO4 (98%), (NH4)2S2O8 (98%), K2S2O8 (99.99%), CrO3 (99.99%), and P2O5 (99%)—from Sigma-Aldrich (Darmstadt, Germany).




2.2. Synthesis of GBS Products


The synthesis of GBS was performed according to the protocol described by Dimiev et al. [14]. Three different oxidizing agents (ammonium persulfate—(NH4)2S2O8, potassium persulfate—K2S2O8, and chromium trioxide—CrO3) were used. The oxidizing mixture was prepared in a 50 mL Erlenmeyer flask with a ground glass joint by adding 1.6 g of an oxidant to 10 mL of H2SO4 (≥98%) at constant swirling. After 5 min, 0.25 g of graphite powder was slowly added to the solution of the oxidizing mixture. The Erlenmeyer flask was covered with a ground glass stopper, and the swirling procedure was continued for 1 week. The procedure of GBS synthesis was repeated with all three oxidizing agents, adding 2 g of P2O5 to the oxidizing mixture. Abbreviations of obtained 6 GBS products are summarized in Table 1. Additional synthesis in the mixture of CrO3 and H2SO4 was repeated following the protocol, but at the end stage, 40 mL of deionized water was added, ensuring that the temperature of the mixture would not rise above 60 °C. The GBS product of this synthesis is also introduced in Table 1. After synthesis, the GBS products were filtered through a sintered glass filter and stored in a desiccator.



All GBS samples obtained by the synthesis described above were heat-treated under thermal shock conditions. For this purpose, samples were placed into ceramic combustion boats, which were inserted into a quartz glass tube. The tube was sealed and placed in a furnace preheated to 800 °C (heating rate was 5 °C∙min−1) and annealed in argon ambient for 15 min. The flow rate of argon was maintained at 15 mL∙min−1. Samples reached 800 °C approximately in a minute. After a set time, the tube was taken out of the furnace and cooled to room temperature in 15 min (cooling rate was about 50 °C∙min−1). The heat-treated samples were stored in a desiccator. The thermally treated products are summarized in Table 1. In the table, “+” means that the P2O5 or H2O was added to the reaction mixture or that the obtained products were thermally treated.




2.3. Characterization


Optical images were obtained using a BX51, Olympus optical microscope (Tokyo, Japan) at a magnification of 50×. Raman spectra were recorded using an inVia, Renishaw spectrometer (Wotton-under Edge, UK) equipped with an optical microscope at a magnification of 20× and an objective numerical aperture of 0.40, a CCD camera, and 1800 grooves∙mm−1 grating. The laser excitation wavelength was 532 nm, beam concentration area—2 μm2, and integration time—100 s. To analyze the band changes, Raman peaks were fitted with a pseudo-Voigt function—a linear combination of Lorentzian and Gaussian functions [15]. FTIR measurements were carried out using a Frontier PerkinElmer FTIR spectrometer (Seattle, WA, USA) in the spectral range of 4000–800 cm−1 with 4 cm−1 resolution and 25 scans. The samples were prepared using the KBr pellet technique. For this purpose, sample powder (0.5% by wt.) was mixed with pure KBr powder. Then, for 5 min, the mixtures were pressed into transparent pellets using a CrushIR PIKE hydraulic press (Madison, WI, USA) with 8 ton·cm−2 pressure. Background correction was made using a reference blank KBr pellet. The wet samples were analyzed by applying a thin layer of the substance on the surface of a pure KBr pellet. XRD measurements were performed in the 2θ range between 5–60° with a Miniflex II, Rigaku diffractometer (Neu-Isenburg, Germany) (Cu Kα radiation with a graphite monochromator). The interlayer distance d was calculated according to Bragg’s equation [16]:


  n λ = 2 d · sin θ ,  



(2)




where n is a positive integer, λ is the wavelength of the X-ray, d is the interlayer distance and θ is the scattering angle. Crystallite size L was calculated using the Scherrer equation [17]:


   L =     0.89  · λ   β ·  cos θ    ,  



(3)




where λ is the wavelength of the X-ray, β is a full width at half maximum (FWHM) and θ is the scattering angle. The morphology of the samples was examined using a SU-70, Hitachi microscope (Tokyo, Japan) at an accelerating voltage of 10 kV and magnification of 5000×.





3. Results and Discussion


Synthesized and heat-treated GBS products were characterized using optical and SEM microscopy, FTIR and Raman spectroscopy, and XRD measurements. GBS products are unstable (sensitive to moisture and higher temperatures) and have a significant corrosive effect. For this reason, SEM and XRD analyses were applied only to those products (treated at higher temperatures or washed with H2O), from which the H2SO4 intercalant was removed.



The effect of the synthesis duration of GBS products was examined using optical microscopy. The specimens for analysis were collected after 2 h and 24 h from the beginning of the synthesis, respectively. The optical micrographs of the GBS samples are presented in Figure 1 and Figure 2.



Many stage I and stage II GICs are colored. A rich blue color is observed in optical microscopy pictures both 2 h and 24 h from the start of the synthesis, indicating the formation of stage I GBS [18,19]. The abundance of blue zones is approximately the same and does not depend on the duration of the synthesis. Therefore, we can conclude that the GBS of stage I represented by the formula    C  24     +  ·   HSO  4    −  · 2  H 2    SO  4    is stable under the synthesis conditions in a medium of conc. H2SO4. We can also note that the GBS of stage I is more likely to form in the central part of larger crystallites, irrespective of the oxidizing agent. Blue areas are commonly surrounded by crystallites of darker color, which vary from black to brown-yellowish tint. These crystallites might be attributed both to non-intercalated graphite and GBS with a lower staging index [19,20]. Single inserts of this color can be detected in the micrographs of all GBS samples. However, the shape and tint of the brown-yellowish inserts of the GBS samples obtained using CrO3 (Figure 1e,f and Figure 2f) are slightly different: some of them are lighter in color with more expressed yellow tint and more regular shape. Such a difference may occur due to the presence of either orange-yellowish CrO3 crystals or miscellaneous Cr(VI) compounds [21].



Raman spectroscopy may help reveal the defectiveness of the carbon materials, staging indices, and the amount of stacked graphene sheets in a layered graphene-like material [19,22,23,24]. Raman spectra of all samples are provided below (Figure 3, Figure 4 and Figure 5), and data obtained from the analysis are presented in Table 2 and Figure 6.



Three prominent bands were observed in the resonance Raman spectra of graphite. The D band at 1345 cm−1 is caused by defects of the graphene layer (A1g symmetry mode), the G band at 1581 cm−1 is assigned to the first-order scattering of E2g mode arising from the sp2 bonded carbon, and the 2D band at 2709 cm−1 is an overtone of the D mode; however, contrary to the D band, this mode is always Raman-allowed and the presence of defects or disorders is not required for activation of this band in the resonance Raman spectrum [22,23,25,26,27,28,29]. In addition to these peaks, at about 1622 cm−1 a low intensity band named D’ can be seen in Raman spectra of annealed samples. The D’ band is the second Raman-forbidden band, which appears as a shoulder at the high-frequency side of the G peak due to the presence of disorder. The D’ band appears when randomly distributed impurities interact with extended graphene phonon modes [30]. However, the main attribute observed in the Raman spectra of GBS products is splitting of the G band (see Figure 3, Figure 4 and Figure 5). Splitting can occur when charged graphite layers adjacent to the intercalated layers are differentiated from those uncharged next to the empty galleries [31]. The effect of splitting is clearly noticeable using the persulfate oxidizing agents ((NH4)2S2O8 and K2S2O8; Figure 3 and Figure 4; samples A000, A100, P000, and P100). Simultaneously, the blue shift occurs when the graphene layers are charged with intercalant molecules [18]. This shift, also accompanied by the splitting of the G band into three peaks, evidences the process of graphite intercalation [32]. The smaller G bands at approximately 1586 cm−1, which remain in the samples A000, A100, P000, and P100, represent the part of graphite that must have remained non-intercalated [13]. The other two peaks, G1 at about 1632 cm−1 and G2 at about 1618 cm−1 represent stage I and stage II GBS phases, respectively, present in the samples A000, A100, P000, and P100 [33]. The Raman spectra of G bands of GBS phases obtained using both persulfate oxidizing agents are quite similar (Figure 3b and Figure 4b); more differences can be found between the samples with and without using P2O5 additive. Meantime, the Raman spectra of the GBS phases obtained using CrO3 oxidizing agent (Figure 5) show a significant difference from those obtained using the persulfate oxidizing agents. Splitting of the G band for C000 and C100 is implicit, also different from that in the case of the A000, A100, P000, and P100 samples. The G2 peak at 1611 cm−1 can be assigned to the GBS stage II phase, and the peak G1 at about 1626 cm−1 indicates the stage I GBS compound. In the spectrum of C010, two peaks may be hidden in the amid G band region. The peak in the lower wavenumbers corresponds to graphite, and the G2 peak at about 1616 cm−1 is characteristic of stage II GIC. Moreover, it can be seen that the G peaks of the samples synthesized with CrO3 are clearly broadened. FWHM(G) (full width at half maximum of the G band) represents the degree of the graphitization of carbon materials, which is the grade to which the carbon atoms form a hexagonal close-packed graphite crystalline structure [28]. Therefore, high FWHM(G) values reveal that the use of CrO3 oxidizer could result in an almost amorphous structure, the formation of vacancies, sp3 defects as well as reduction in particle size [34].



A comparison of the intensities of peaks G, G1, and G2, evaluated by the fit procedure, was used as a relative indicator of the quantity of different intercalation phases in the samples [13]. The amount of stage I, stage II phases, and non-intercalated graphite according to the intensities of the G1, G2, and G peaks, respectively, are presented in Table 2. Samples A000, P000, and C000 have the majority of stage II GBS compounds, while the stage I GBS is formed mostly when P2O5 is added. The GBS sample obtained using CrO3 oxidizing agent and water at the end of the reaction (sample C010) shows a different case. In this spectrum, the G1 peak cannot be found, which suggests that the stage I GBS phase was not formed in this compound. For this reason, the value of stage I for C010 is blank in Table 2. However, Raman analysis reveals that stage II phase remains in the sample even after washing it with water. Nevertheless, non-intercalated graphite makes up the majority of this compound. Apparently, the addition of P2O5 can help to get a higher proportion of intercalated compound, while the addition of H2O gives the opposite results. In this work, P2O5 was used as a dehydration agent. When dissociation of concentrated sulfuric acid occurs, H3O+ ion, which is responsible for the acidity, is obtained. When there is no water present, the dissociation of sulfuric acid proceeds in a different way. In that case, H3SO4+ dominates among ions and it is a much stronger acid than H3O+. This results in a higher oxidation state of graphite. For this reason, the addition of P2O5 and dehydration can help to reach a higher oxidation state of graphite and, therefore, a higher degree of intercalation [35].



The D band is present in Raman spectra of graphite, all GBS samples, and their annealed products (Figure 3, Figure 4 and Figure 5). Although the I(D)/I(G) ratio is the most commonly used Raman marker to evaluate the concentration of defects in graphite and graphene-like materials, the splitting of the G band due to the presence of intercalated phases raises the question of whether this ratio can be directly applied as a defect marker. Furthermore, a parameter named FWHM(D) (full width at half maximum of the band D) shows high sensitivity to all types of defects [36]. We used both parameters to evaluate the concentration of defects in the GBS products and to assess the correlation between them (Figure 6a). For I(D)/I(G) calculation, the maximum peak at the G band was normalized to be 1 in an arbitrary unit scale. As one can see in Figure 6a, a positive correlation exists between these two parameters: the higher I(D)/I(G) ratio, as well as the wider FWHM(D), results in a higher concentration of defects. In the correlation chart, a sample C101 stands out; the R2 value including C101 reaches 0.6256. After excluding C101 from the correlation data set, R2 rises to 0.8598. The Raman spectrum of C101 is rather different from the other spectra of that series; the D peak is extremely high, and the G band includes a pronounced shoulder of the D’ peak. Since the D’ peak appears as a result of defects that are different from those caused by the broadening of the D band [36], the high concentration of specific defects may be the reason for non-fitting of the C101 sample to the correlation data set. Figure 6a also shows that the concentration of defects in GBS products obtained using ammonium and potassium persulfate oxidizing agents is much lower compared to those obtained using CrO3. Meanwhile, no significant differences can be detected between these two persulfate oxidizing agents. Similar results were obtained by measuring the correlation between the FWHM of two main bands in the Raman spectra of GBS products: FWHM(D) and FWHM(G) (see Figure 6b). While the higher values of both FWHM(D) and FWHM(G) mean the higher defect concentration, two characteristic zones, one for the samples oxidized with CrO3 and another for the samples oxidized with ((NH4)2S2O8 and K2S2O8, can be distinguished in the correlation chart. As in the previous case, no significant differences were observed between the action of (NH4)2S2O8 and K2S2O8.



Another important Raman marker is the FWHM(2D) (full width at half maximum of the 2D band), which is frequently used to identify the amount of graphene layers [27]. Single layer graphene has FWHM(2D) values around 30 cm−1. When the number of layers increases, the FWHM values also show an increase [33]. In addition to this, the 2D Raman band shape also helps to distinguish single and bilayer graphene from the multilayer. Monolayer graphene has a single 2D component, bilayer graphene is fitted to four components, and the 2D mode in bulk graphite can be decomposed into two components. In this work, calculated FWHM(2D) values of all samples exceed 60 cm−1 and can be best fitted with two components (see Figure 3c, Figure 4c and Figure 5c). Thus, it can be concluded that the materials obtained feature a multilayer structure. The correlation between FWHM(D) and FWHM(2D) shows the presence of two zones, as in previous cases: one for the samples oxidized with CrO3, another—for the samples oxidized with persulfates (Figure 6c).



Previously discussed correlations between the parameters in Raman spectra of GBS products do not allow us to distinguish any significant difference between the action of (NH4)2S2O8 and K2S2O8. Such a result can be treated as an evident outcome, since the samples in the correlation set include completely different compounds (e.g., intercalates and annealed graphene-like phases). We tried to narrow the correlation set and compared the features of the Raman spectra of intercalated GBS phases (see Figure 6d). By comparing the FWHM(G1) and FWHM(G2), which are sensitive to the presence of defects in the corresponding GBS phase (stage I and stage II correspondingly), one can see that the quality of the phase is extremely sensitive to the use of CrO3—it results in the evident increase of defect concentration [36]. Meanwhile, the minimal defect concentration in GBS phases can be reached by using K2S2O8, while the use of (NH4)2S2O8 causes a slightly higher concentration of defects. Supposedly, the effect of NH4+ ion may be related to its higher redox activity in comparison with the K+ ion, which is significant in the reaction of carbocation formation (see Equation (1)).



FTIR spectra were employed to determine the functional groups that emerged on the surface of the GBS products obtained using three oxidizing agents: (NH4)2S2O8 (Figure 7), K2S2O8 (Figure 8), and CrO3 (Figure 9). Additionally, the spectrum of the graphite precursor is presented (Figure 7), where the low intensity of the peaks represents a low concentration of surface functional groups in pristine graphite. The most characteristic features are the following: the absorption band at 3435 cm−1 (stretching vibrations of the O–H bond), band at 1637 cm−1 (stretching vibrations of the C=C bond), and peak at 1418 cm−1 (deformation vibrations of the C–OH bond) [28,37]. The addition of an oxidant increases both the intensity and variety of peaks in the FTIR spectra. Some newly appeared peaks may correspond to the SO2 asymmetric stretching vibrations (1293 cm−1) and S=O (1070 cm−1) groups [13,38]. Peaks at 1231 cm−1 and 1167 cm−1 may be related to C–O vibrations [28,39,40]; the peak at 1004 cm−1 can be assigned to graphitic domains C–O vibrations [41,42], while 882 cm−1 and 850 cm−1 may correspond to out-of-plane vibrations of the C–H bond [42]. The broad feature in the vicinity of 2700−3100 cm−1 might be related to O−H stretching vibrations of strongly hydrogen-bonded carboxylate groups or adsorbed water molecules and C−H stretching motions [27]. In addition to these bands, the peak at 1117 cm−1 (asymmetric SO42− vibrations) appears in the FTIR spectrum of the P001 sample [43]. In the spectra of GBS products obtained using CrO3 (C010 and C011), minor bands that indicate the vibrations in the Cr=O group (950 cm−1 and 914 cm−1), are also introduced [44]. After thermal treatment, absorption bands related to oxygen-containing groups in the fingerprint area mostly disappear, though a band in the vicinity of about 1070 cm−1, which indicates the presence of S=O group, remains. As can be seen, during the intercalation of graphite, some of the carbon double bonds can be oxidized by strong acids, leading to the formation of oxygen-containing functional groups, and sulfur derivatives can be intercalated into the graphite structure [45]. In addition, analysis showed that the functional groups introduced during the intercalation process were not influenced using different persulfate oxidizing agents; however, using CrO3 oxidizer determined that a small part of Cr=O groups was formed during the synthesis reaction.



The annealed GBS products, together with the GBS sample washed with H2O (C010), were examined using XRD analysis. The XRD patterns are presented in Figure 10. The XRD pattern of pristine graphite is also presented for comparison. The determined values of interplanar spacing d002 and crystallite size L are presented in Table 3.



The use of (NH4)2S2O8 and K2S2O8 oxidizing agents made it possible to obtain GBS products which, after annealing, return to the graphite-like structure: the peak positions, crystallite sizes and interplanar spacing of A001, A101, P001, and P101 closely coincide with that of pristine graphite (Table 3). Different results were obtained using the CrO3 oxidizing agent. The peak (002) is clearly broadened compared to that of pure graphite. This is most likely caused by the drastic decrease in average particle size. As in most cases, smaller particles lead to broader reflections as estimated by the Scherrer equation. Such a result is observed not only for the annealed GBS products, but also for sample C010, which is obtained by adding water at the end of the intercalation reaction. A broadened peak with the maximum position at about 11.5° in the XRD pattern of the C010 sample supposedly indicates the presence of the structure, which is similar to that of graphite oxide. Furthermore, compared to the graphite, the (002) peak is shifted to lower 2θ angles and the interplanar spacing is increased from 0.335 nm up to 0.337 nm in GBS products obtained with CrO3. A shift to lower angles can occur due to the presence of defects in the crystal lattice [13]. This observation, together with the Raman analysis, indicates that the GBS produced with CrO3 can have a significant number of defects. Additional peaks (marked with dots) were also observed in the XRD patterns, where CrO3 was used. These peaks may indicate the presence of Cr2O3. This compound can be formed when CrO3 remains in the mixture and decomposes into Cr2O3 during thermal treatment [46]. The Cr2O3 reference pattern (ICDD 38-147) is shown in Figure 10 for comparison.



SEM micrographs were used to assess the surface morphology of the annealed GBS samples and compare it to that of pristine graphite (Figure 11).



The variable surface morphology of GBS products is evident. The SEM image of the pristine graphite sample (Figure 11a) revealed the presence of lamellar structure and flat surfaces with regular edges. The use of (NH4)2S2O8 and K2S2O8 oxidizing agents produces particles with an expanded lamellar structure and less regular edges (Figure 11b–e). Significant differences in the morphology of GBS products appear after the use of CrO3 oxidizing agent (Figure 11f–i); the lamellar structure becomes much less pronounced, while the edges of the particles turn highly jagged and irregular. This observation is in good agreement with the results discussed previously, as the use of CrO3 in the GBS synthesis results in the most affected graphite structure.




4. Conclusions


In this work, samples of GBS were synthesized using three different oxidizing agents: (NH4)2S2O8, K2S2O8, and CrO3 with and without using P2O5 as the water-binding agent. In addition, all the specimens obtained were heat-treated at 800 °C. Optical microscopy pictures taken after 2 and 24 h from the start of the synthesis show blue GBS particles, which correspond to stage I of the GBS compound, confirming that graphite has been successfully intercalated and is stable under used synthesis conditions in a medium of conc. H2SO4. Raman spectroscopy analysis revealed differences between the GBS phases and annealed GBS products when using all three oxidizing agents and P2O5. It was established that when P2O5 acts as a dehydration agent, the intercalation system can reach a higher acidity, resulting in a higher oxidation state of graphite and a more effective intercalation. Correlation between different characteristic parameters of the Raman analysis has shown that the use of CrO3 results in a much higher defect concentration compared to the GBS products obtained using persulfate oxidizers. The correlation among all GBS products did not allow us to distinguish any significant difference between the action of (NH4)2S2O8 and K2S2O8. However, narrowing the correlation set only to the characteristic parameters of GBS phases (stage I and stage II) revealed that the difference between the action of K2S2O8 and (NH4)2S2O8 is still noticeable. The minimal defect concentration in the GBS phases can be reached by using K2S2O8, while the use of (NH4)2S2O8 causes a slightly higher concentration of defects. Supposedly, the effect of the NH4+ ion may be related to its higher redox activity in comparison with the K+ ion, which is significant in the reaction of carbocation formation. FTIR analysis has shown that during graphite intercalation, part of the carbon double bonds is oxidized, and sulfur derivatives are intercalated into the graphite structure. XRD analysis revealed that after heat treatment, GBS products mostly returned to a graphite-like structure; however, several differences were observed in samples with CrO3. These compounds are characterized by the largest interplanar distances and the smallest crystallite sizes. SEM pictures confirm that the most significant changes in surface morphology were observed in the GBS products obtained using the CrO3 oxidizing agent.
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Figure 1. Optical micrographs of GBS obtained after 2 h from the start of the synthesis—A000 (a), A100 (b), P000 (c), P100 (d), C000 (e), and C100 (f). 
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Figure 2. Optical micrographs of GBS obtained after 24 h from the start of the synthesis—A000 (a), A100 (b), P000 (c), P100 (d), C000 (e), and C100 (f). 
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Figure 3. Raman spectra of GBS products obtained using (NH4)2S2O8 oxidizing agent (a), G band frequencies (b), and 2D band frequencies (c). 
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Figure 4. Raman spectra of GBS products obtained using K2S2O8 oxidizing agent (a), G band frequencies (b), and 2D band frequencies (c). 
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Figure 5. Raman spectra of GBS products obtained using CrO3 oxidizing agent (a), G band frequencies (b), and 2D band frequencies (c). 
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Figure 6. Correlation between FWHM data of Raman spectra of GBS products obtained using different oxidizing agents: FWHM(D) and I(D)/I(G) ratio representing defect concentration in GBS products (a), FWHM(D) and FWHM(G) representing defect and sp2 bonded carbon vibrations (b), FWHM(D) and FWHM(2D) representing defect and second mode defect vibrations (c), FWHM(G1) and FWHM(G2) representing the staging index (stage I and stage II) (d). 
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Figure 7. FTIR spectra of GBS products obtained using (NH4)2S2O8 oxidizing agent in the region of 4000–800 cm−1 (a) and 1300–800 cm−1 (b). 
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Figure 8. FTIR spectra of GBS products obtained using K2S2O8 oxidizing agent in the region of 4000–800 cm−1 (a) and 1300–800 cm−1 (b). 
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Figure 9. FTIR spectra of GBS products obtained using CrO3 oxidizing agent in the region of 4000–800 cm−1 (a) and 1300–800 cm−1 (b). 
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Figure 10. XRD patterns of GBS products, graphite, and Cr2O3 (ICDD 38-147; marked with ●). 
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Figure 11. SEM micrographs of pristine graphite and GBS products: graphite (a), A001 (b), A101 (c), P001 (d), P101 (e), C001 (f), C101 (g), C010 (h), and C011 (i). 
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Table 1. Synthesized and heat-treated GBS products.
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	Oxidizer
	Addition of P2O5
	Addition of H2O
	Thermal Treatment
	Abbreviation in Text





	(NH4)2S2O8
	−
	−
	−
	A000



	K2S2O8
	−
	−
	−
	P000



	CrO3
	−
	−
	−
	C000



	(NH4)2S2O8
	+
	−
	−
	A100



	K2S2O8
	+
	−
	−
	P100



	CrO3
	+
	−
	−
	C100



	CrO3
	−
	+
	−
	C010



	(NH4)2S2O8
	−
	−
	+
	A001



	K2S2O8
	−
	−
	+
	P001



	CrO3
	−
	−
	+
	C001



	(NH4)2S2O8
	+
	−
	+
	A101



	K2S2O8
	+
	−
	+
	P101



	CrO3
	+
	−
	+
	C101



	CrO3
	−
	+
	+
	C011
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Table 2. Amount (%) of stage I, stage II, and non-intercalated graphite phases in GBS samples determined according to the intensities of the G1, G2, and G peaks, respectively.
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	Sample
	Stage I (%)
	Stage II (%)
	Non-Intercalated Graphite (%)





	A000
	45.62
	46.78
	7.60



	A100
	40.96
	38.79
	20.25



	P000
	44.28
	45.47
	10.25



	P100
	56.60
	37.14
	6.26



	C000
	30.15
	31.81
	30.05



	C100
	50.85
	29.34
	19.81



	C010
	−
	49.63
	50.37
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Table 3. XRD peak positions, interplanar spacing d002 and crystallite size of the annealed and water-treated GBS products.
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	Sample
	2θ (deg)
	d002 (nm)
	L (nm)





	Graphite
	26.53
	0.335
	27.87



	A001
	26.55
	0.335
	27.40



	P001
	26.54
	0.335
	27.58



	C001
	26.48
	0.336
	7.34



	A101
	26.61
	0.334
	27.37



	P101
	26.52
	0.335
	23.71



	C101
	26.41
	0.337
	4.49



	C010
	26.41
	0.337
	4.36



	C011
	26.43
	0.337
	5.87
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