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Abstract

:

We present a detailed study of the structural and electrical changes occurring in two graphene oxide (GO) samples during thermal reduction in the presence of malonic acid (MA) (5 and 10 wt%) and P2O5 additives. The morphology and de-oxidation efficiency of reduced GO (rGO) samples are characterized by Fourier transform infrared, X-ray photoelectron, energy-dispersive X-ray, Raman spectroscopies, transmission electron and scanning electron microscopies, X-ray diffraction (XRD), and electrical conductivity measurements. Results show that MA and P2O5 additives are responsible for the recovery of π-conjugation in rGO as the XRD pattern presents peaks corresponding to (002) graphitic-lattice planes, suggesting the formation of the sp2-like carbon structure. Raman spectra show disorders in graphene sheets. Elemental analysis shows that the proposed reduction method in the presence of additives also suggests the simultaneous insertion of phosphorus with a relatively high content (0.3–2.3 at%) in rGO. Electrical conductivity measurements show that higher amounts of additives used in the GO reduction more effectively improve electron mobility in rGO samples, as they possess the highest electrical conductivity. Moreover, the relatively high conductivity at low bulk density indicates that prepared rGO samples could be applied as metal-free and non-expensive carbon-based electrodes for supercapacitors and (bio)sensors.
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1. Introduction


Reduced graphene oxide (rGO) possesses properties between graphene oxide (GO) and graphene that makes it an attractive carbon material in the applications of energy storage systems, (bio)sensors, fuel cells, Li+ ion batteries, supercapacitors, etc. [1,2,3]. Several synthesis strategies of rGO have been proposed, which could be mainly categorized into the chemical, electrochemical, and thermal reduction of GO. Chemical reduction is a fast and straightforward method to obtain rGO at low temperatures (below 90 °C). However, reducing agents (hydrazine, lithium aluminum hydride, hydroiodic acid) used are harmful and highly toxic [3,4]. Moreover, the complete removal of reductants is complicated due to their adsorption on the rGO lattice [5]. Electrochemical reduction of GO is considered a green synthesis approach, but it is not cost-effective in terms of large-scale production of rGO. As a scalable, eco-friendly, rapid, and inexpensive method, thermal reduction is more attractive than chemical and electrochemical treatments. The thermally reduced GO exhibits a higher reduction degree, larger specific surface area as well as better electronic properties compared to rGO samples prepared by the chemical process. Furthermore, thermal reduction is a promising method for the industrial preparation of rGO with less damage to the environment [3].



However, the thermal reduction of GO is still challenging. Annealing of GO leads to high volumes of CO and CO2 gases that cause structural disorders such as Stone–Wales defects, C vacancies, dislocations, grain boundaries, and sp3 defects [6]. It is well known that these disorders alter the length of C–C bonds and induce the σ and π orbitals re-hybridization. They may cause the scattering of electron waves and the change of electrons trajectories resulting in a decrease of electron carrier mobility and electrical conductivity in the sample. The presence of distortions can also deteriorate physical properties such as the thermal conductivity and mechanical strength of the material [7]. For these reasons, it is essential to focus on the synthesis procedure to ensure the best recovery of the sp2 carbon network in the rGO.



The final properties of rGO, including the C/O ratio, number of layers, surface area, and number of structural defects, could be controlled by changing thermal reduction conditions such as temperature, pressure, atmosphere, and oxidation degree of GO. The study reported by A. Kaniyoor et al. showed that the use of the H2 and Ar mixture in the synthesis of rGO leads to a higher C/O ratio compared to that of the sample reduced only under Ar atmosphere [8]. Then, at higher temperatures (1000–2800 °C), the restoration of the sp2 carbon network occurs more effectively than at lower temperatures due to the more pronounced decomposition of oxygen-containing functional groups and stimulation of graphitization [9,10]. The higher oxidation degree of GO influences the more efficient reduction process [11]. The substantial carbon source in thermal reduction of GO can also improve the restoration of the π-conjugated system, make a beneficial change in electrical properties, and decrease structural defects. For instance, Y. Liang et al. carried out thermal GO reduction in the presence of acetylene (C2H2) at 1000 °C temperature in order to prepare transparent graphene-based coatings for electrode materials. The sample obtained exhibited electrical conductivity more than four times higher than the compound in the absence of C2H2, representing the significant advantage of using additional carbon [12]. Following this, carbon suboxide (C3O2) may also be a good candidate as an atomic carbon source in the thermal reduction of GO. Formally, C3O2 is an anhydride of malonic acid (CH2(COOH)2); therefore, this carbon oxide could be produced by dehydration of malonic acid (MA) and a strong dehydrating agent, phosphorus pentoxide (P2O5), at 150 °C temperature [13]. C3O2 is gaseous and thermally decomposes into elemental carbon and two carbon monoxide molecules above 16 °C [14]. For this reason, this linear molecule has been successfully used as an atomic carbon source in the synthesis of carbon nanotubes and carbon coatings [15,16]. Additionally, our previous study showed the positive impact of C3O2 on the decomposition kinetics of GO and the structural properties of rGO obtained at relatively low temperatures (250 °C) [17]. Surprisingly, the use of the MA and P2O5 mixture could be beneficial in the thermal reduction of GO since the reaction between these two compounds produces C3O2 as well as H3PO4. According to the literature, phosphorus acid has been used as an effective dopant of phosphorus atoms in the chemical and thermal reduction of GO [18,19,20,21]. Modification with phosphorus can effectively modulate the electrical, catalytic, and electrochemical properties of rGO. The phosphorus atom has lower electronegativity than the carbon atom that changes charge densities in the graphene-based material resulting in enhanced capacitive performance and surface area of phosphorus-doped graphene compounds [21,22,23]. Moreover, the incorporation of phosphorus atoms increases the density of charge carries in the carbon sample due to the contribution of phosphorus electrons to the π-conjugated system of rGO. For this reason, the electrical conductivity is expected to increase [24]. Thus, we propose that this suggested thermal reduction technique with an additive of MA and P2O5 will provide new possibilities to achieve materials with restored sp2 carbon network and improved electrochemical performance to successfully apply new phosphorus-doped rGO materials in (bio)sensors or supercapacitors. To the best of our knowledge, the mixture of MA and P2O5 has been used for the first time as a reducing mixture and phosphorus-containing agent for the reduction and modification of GO. Moreover, the detailed structural characterization and electrical conductivity behavior of rGO obtained using the mixture of MA and P2O5 have not been investigated in depth yet.



The aim of this research was to evaluate the changes in the structure and electrical behavior of different rGO samples prepared using thermal reduction of GO in the absence and presence of MA and P2O5 mixture. Two GO samples with different oxidation degrees and functional groups were used to prepare rGO samples. We have demonstrated the enhanced successful restoration of the π-conjugated system, as well as the simultaneous incorporation of phosphorus atoms. The impact of C3O2 and the insertion of phosphorus atoms on structural properties and morphology was evaluated in detail using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Raman spectroscopies. Electrical conductivity measurements of synthesized rGO samples with additives were also carried out.




2. Materials and Methods


2.1. Preparation of GO Samples


2.1.1. GO Synthesis Using Pre-Oxidation with K2S2O8, P2O5, and H2SO4 Mixture


Pretreatment of graphite was performed by the synthesis protocol described in the work of Yan et al. [25]. In a typical experiment, natural graphite powder (6.0 g) was mixed with K2S2O8 (5.0 g) and P2O5 (5.0 g) in the 98 wt% H2SO4 (24.0 mL) media. Subsequently, this pre-oxidized graphite obtained was subjected to oxidation, following the protocol reported by Hummers et al. [26]. The GO suspension formed in the reaction was transferred into a dialysis tubing cellulose membrane with a cut-off molecular weight of 10,000–20,000 Da for further purification and dialyzed against distilled water until the pH value of the dialysate became ~5. The brown powder obtained was dried in air at ambient temperature to a constant weight. The prepared powder sample was denoted as GO1.




2.1.2. GO Synthesis Using Pre-Oxidation with H2SO4, H3BO3, and CrO3 Mixture


In this study, pre-oxidation of graphite was carried out according to the new approach proposed in our laboratory [27]. In this method, graphite powder (2.0 g) was added to the mixture of 98 wt% H2SO4 (11.0 mL) and H3BO3 (0.78 g) with steady and vigorous stirring. Later, CrO3 (2.1 g) was gradually added and the reaction mixture was maintained for 2 h at 45−55 °C. Afterwards, the resulting suspension was washed with warm distilled H2O to remove the excess H3BO3. Further oxidation of this pre-oxidized graphite was performed using Hummers’ method [26]. The GO suspension was purified by dialysis as previously described and dried in air to a constant weight. The product obtained was named as GO2.





2.2. Thermal Reduction of GO Samples


Each synthesized GO sample (GO1 and GO2) mixed with MA and phosphorus pentoxide was ground in an agate mortar for 10 min. The weight ratios of GO and MA used in this mechanochemical synthesis were 1:0.05 and 1:0.10. The amount of phosphorus pentoxide was calculated according to the following equation:


  3  C 3   H 4   O 4  +  P 4   O  10   → 3  C 3   O 2  + 4  H 3  P  O 4   



(1)







The solid mixtures prepared after grinding were reduced in the tubular furnace exposing them at 100 °C for 10 min. Later, the samples obtained were treated by thermal shock at 800 °C for 5 min. The whole heat treatment process (at 100 °C and 800 °C temperatures) was carried out under an argon atmosphere with a flow rate of 60 mL/min. After cooling, the thermally reduced GO samples were thoroughly washed with deionized water and dried in air. The thermal reduction of the GO samples without additives was also performed under the same synthesis conditions. The samples obtained were labelled rGO1 and rGO2, respectively. Whereas, thermally reduced GO1 and GO2 samples with the addition of MA and phosphorus pentoxide were named according to the ratio of added MA. For example, if GO1 was thermally reduced by adding 5 wt% or 10 wt% of MA, this synthesized product was denoted as rGO1_5 or rGO1_10, respectively.




2.3. Material Characterization


The crystallographic information of the synthesized products was obtained using a MiniFlex II X-ray diffractometer (Rigaku, Tokyo, Japan). XRD patterns were recorded in the 2θ range from 5° to 60° using CuKα λ = 1.5406 Å radiation with a step of 0.010°. The interlayer distance d of the prepared samples was evaluated using Bragg’s equation:


  n λ = 2 d s i n θ  



(2)




where λ is the wavelength of the X-ray beam, n is a positive integer, d is the interlayer distance, and θ is the diffraction angle. The average crystallite size D was calculated by determining the full-width at the half-maximum (FWHM) of the diffraction peaks using the Debye–Scherrer’s equation as follows:


  D =   K λ   β c o s θ    



(3)




where K is a constant (0.89), λ is the wavelength of the X-ray radiation, β is the FWHM of the peak, and θ is the diffraction angle. D for the graphite and rGO samples was determined from the (002) planes, while D for the GO samples was calculated from the (001) planes.



EDX analysis was performed by a scanning electron microscope (TM3000; Hitachi, Tokyo, Japan) equipped with an EDX detector.



XPS analysis was carried out with a Kratos Axis Supra (Kratos analytical, Manchester, UK) spectrometer. Monochromatic Al Kα radiation (hν = 1486.69 eV) was used as an X-ray source. The XPS P2p spectrum was recorded at a pass energy of 20 eV and calibrated using the carbon 1 s line at 284.6 eV. The raw XPS spectrum was deconvoluted by curve fitting peak components using the software CASAXPS. Symmetric Gaussian–Lorentzian functions were used to approximate the line shapes of the fitting components after the Shirley-type background subtraction.



FTIR spectroscopy measurements were performed by an FTIR spectrometer (PerkinElmer, Inc., Waltham, MA, USA). Infrared spectra were recorded in the range of 700–4000 cm−1 using the KBr pellet technique in transmission mode. The spectral resolution was set at 4 cm−1.



Raman spectra were recorded using an inVia Raman spectrometer (Renishaw, Wotton-under-Edge, UK) equipped with a thermoelectrically cooled (−70 °C) CCD camera in the range of 300–3300 cm−1. The He-Ne gas laser provided an excitation beam at 532 nm with power restricted to 1 mW. The integration time was selected as 100 s. The average in-plane crystallite size Lα was determined according to the following equation [28]:


  L α = 2.4 ×   10   − 10   ×  λ L 4  ×        I D     I G        − 1    



(4)




where λL is the wavelength of the laser radiation used for the excitation of the Raman analysis, and ID and IG are the intensities of the D and G bands in the Raman spectra, respectively.



SEM imaging was carried out using a Hitachi SU-70 microscope at an accelerating voltage of 10.0 kV at magnifications of 50,000. The samples were coated with 10 nm of silver using a Q150T ES Turbo-Pumped Sputter Coater (Quorum, Washington, DC, USA) before SEM microscopy.



TEM analysis was performed using a TECNAI G2 F20 X-TWIN microscope equipped with an Orius SC1000B CCD camera (Gatan, Pleasanton, CA, USA) with a Schottky-type field emission electron source using an accelerating voltage of 200 kV. Selected area electron diffraction (SAED) patterns on thermally reduced samples transferred on copper mesh were recorded using the SAED diaphragm.



A Keithley 2601 Source Meter (GlobalTech Sourcing, North Hampton, NH, USA) was applied for the conductivity measurement. The electrical conductivity of the rGO samples obtained was determined using a cell made in our laboratory. The experiments were carried out at room temperature (22 °C) and a relative humidity of 40%. Approximately 0.02 g of rGO powder samples were placed in a glass cylinder of 2.86 mm in diameter between two copper electrodes. We assume that the electrical contact area between the electrode and the powder was the same as the inner area of a cylinder. The sample was gradually pressed by reducing the distance between the electrodes, and the resistance was determined. The resistivity (ρ) was determined using the following equation:


  ρ = R  A l   



(5)




where, R is a resistance (Ω), A is a cross section area (m2), and l is length of the sample (m). It is important to note that current-voltage characteristic curves were linear in a voltage range of ±1 V for all tested samples.





3. Results and Discussion


The elemental composition of the synthesized GO and rGO samples is presented in Figure 1a,b. As can be seen in Figure 1a,b, GO1 and GO2 contain carbon, oxygen, and sulfur atoms. The origin of sulfur is associated with the presence of HSO4− and SO42− residuals, introduced during the oxidation treatment of pristine graphite. Moreover, the C/O ratio of GO2 is determined to be 1.66 indicating the higher oxidation degree compared to that of GO1 (C/O = 1.95). After thermal treatment of GO samples without MA and P2O5 additives, only carbon and oxygen elements are identified for rGO1 and rGO2 and the ratio of C/O significantly increased up to 11.66 and 8.68 for rGO1 and rGO2, respectively. Besides, from Figure 1a,b, it can be noted that the relative concentration of oxygen has been reduced from 33.6 at% and 37.4 at% for GO1 and GO2, respectively, to 7.9 at% for rGO1 and 9.6 at% for rGO2, suggesting a partial reduction of the GO samples. On the contrary, the samples obtained after thermal reduction of GO using a mixture of MA and P2O5 consist of carbon, oxygen, and phosphorus atoms. The similar tendency of the increasing of C/O values is observed for all rGO samples obtained using additives in the reduction process. The determined C/O values for rGO1_5, rGO1_10, rGO2_5, and rGO2_10 are 8.68, 7.02, 7.71, and 6.24, respectively. Supposedly, phosphorus functionalities enter the structure of rGO samples due to the formation of H3PO4 in the reaction between MA and P2O5 (Equation (1)). As can be seen in Figure 1a,b, the content of phosphorus varies from 0.3 to 2.3 at%, while the highest content of P (2.3 at%) is determined in the rGO2_10 sample. It should be noted that the phosphorus-doping level in this sample is much higher than other previously synthesized phosphorus-doped rGO samples reported in the literature [18,19,29,30]. Furthermore, the results obtained from the elemental analysis show that the amount of oxygen increases with an increase of the additives content used in the thermal reduction process. In the case of rGO1 samples, the oxygen contents are 10.3 at% and 12.3 at% for rGO1_5 and rGO1_10, respectively, while in the case of rGO2 samples, the oxygen contents are 11.4 at% and 13.5 at% for rGO2_5 and rGO2_10 samples, respectively. It could be a consequence of introducing oxygen-containing phosphate groups (O–P or O=P) into the graphene structure. The P2p XPS spectrum could provide detailed information on the phosphorus-containing functional groups presented on the surface of samples. As only two samples, rGO1_10 and rGO2_10, exhibited a higher amount of phosphorus, they were selected for a P2p peak deconvolution analysis, and the results are presented in Figure 1c,d. It can be noted that for both samples, deconvolution of the P2p region presents an inseparable doublet with P2p1/2 and P2p3/2 components at ΔBE = 0.8 eV and an area ratio of 1:2. A low energy doublet with the energy of the P2p3/2 component of 132.6 eV is assigned to the C–P=O bonds. An intense doublet with the P2p3/2 component located at approximately 133.8 eV corresponds to the higher oxidation state of phosphorus [31]. Regarding the content of specific phosphorus-containing functionalities in the samples, it can be noticed that the reduction of GO in the presence of the MA and P2O5 additive leads to the formation of mainly the higher oxidation state of phosphorus (POx), as the relative concentration of these groups in the rGO2_10 sample is 74.9 at% and in the case of the rGO1_10 sample is 81.4 at%. The content of the C–P=O groups was considerably lower (25.1 at% for rGO2_10 and 18.6 at% for rGO1_10). Overall, these results confirm the partial reduction of GO samples and present a new kind of dopant for the successful insertion of phosphorus functionalities in the thermally reduced GO structure.



The functional groups on the surface of the samples obtained have been identified by FTIR spectroscopy. Figure 2 demonstrates the FTIR spectra of the graphite, GO1, GO2, and rGO samples. In the spectrum of pristine graphite (Figure 2a), the non-intensive absorption bands located at 2924 and 2853 cm−1 correspond to the symmetric and asymmetric stretching modes of the C–H bonds [32]. Then, a peak at 3444 cm−1 is attributed to the –OH bonds of adsorbed water molecules. The band at 1633 cm−1 arises due to the vibrations of aromatic C=C bonds, while the peaks at 1420 and 1052 cm−1 are ascribed to the vibrations of the phenolic (C–OH) and epoxy groups (C–O), respectively [33,34]. The FTIR spectra of the GO1 and GO2 samples (Figure 2a) exhibit quite a similar shape, which may reflect the similar surface composition of these materials. The width and intense band at 3444 cm−1 corresponds to –OH stretching vibration [35]. The new peak appearing at 1730 cm−1 could be attributed to C=O stretching vibrations in carboxyl or carbonyl groups, while the presence of the band at 1622 cm−1 could be related to the stretching of C=C bonds from unoxidized sp2 carbon domains or C=O bonds in quinone groups [34]. The band centered at 1420 cm−1 is ascribed to –OH deformation vibrations of tertiary C–OH. The absorption modes at 1280 cm−1 and 1222 cm−1 are assigned to the C–O–C stretching vibrations in the epoxy functional group [33]. Moreover, two quite intense methylene group stretching bands at 2924 and 2853 cm−1 are identified in the spectrum of GO2, indicating the presence of sp3 hybridized carbon regions [32]. Furthermore, the new absorption band centered at 800 cm−1 could be attributed to the deformation vibrations of C–H bonds of aromatic rings [33]. The above results demonstrate the presence of hydroxyl, carboxyl, quinone, and epoxy-functional groups and aromatic domains in the structure of GO samples, consistent with results reported elsewhere [34,36]. Most of these peaks are also present in the rGO1 and rGO2 samples (Figure 2b,c), but with significantly lower intensities. This notable decrease in the intensity confirms the partial decomposition of oxygen-containing functional groups during the thermal reduction of GO1 and GO2 samples. The non-intensive vibrational bands at 3440 cm−1 and in the range of 1730–950 cm−1 indicate the remaining hydroxyl, carbonyl, quinone, epoxy, and phenolic functional groups after annealing of GO samples.



The thermal reduction of GO1 with the mixture of MA (5 and 10 wt%) and P2O5 leads to the formation of the same functional groups as can be seen in the FTIR spectrum of rGO1 (Figure 2b). Nevertheless, the new peaks appear at 1260, 1160, 1104, and 802 cm−1 that could be attributed to the formation of C–O–C, O=P, O–P–O, and C–H bonds on the surface of rGO1_5 and rGO1_10 samples, respectively [33,37]. The presence of phosphorus-containing bonds in those samples confirms the assumption of successful incorporation of P species into the structure of graphene. After thermal treatment of GO2 with MA and P2O additive, the FTIR spectra of the rGO2_5 and rGO2_10 samples (Figure 2c) exhibit quite similar spectra, which may reflect similar surface composition of these materials. The spectra of rGO2_5 and rGO2_10 contain a peak at 3440 cm−1 characterizing the vibrations of –OH bonds and bands at 2924 and 2853 cm−1 identifying the presence of C–H bonds [34]. However, the FTIR spectrum of rGO2_5 exhibits two broad absorption bands in the ranges of 1680–1440 cm−1 and 1310–950 cm−1. The first wide band can be assigned to the stretching of the C=O and C=C bonds, while the second broad band may present the vibration of the C–O–C, C–OH, O=P, and O–P–O bonds [33,37]. The broad band in the range of 1310–950 cm−1 is also observed in the spectrum of the rGO2_10 sample that indicates the phosphorus insertion in this sample [37]. Furthermore, the absorption band at 1580 cm−1 is related to C=C bonds from aromatic domains showing the partially restored sp2 hybridized carbon structure in rGO2_10. These data confirm the results of the XPS measurement showing the effective functionalization of rGO with phosphorus-containing functional groups.



The structural changes of the synthesized samples have been investigated by XRD analysis. The XRD patterns of the graphite, GO, and rGO samples are presented in Figure 3.



The XRD pattern of the pristine graphite powder (Figure 3a) exhibits a characteristic peak at 2θ = 26.60° corresponding to the (002) diffraction reflection and a low-intensity peak at 2θ = 54.70° that is related to the (004) plane of the hexagonal lattice. According to Bragg’s equation, the interlayer distance d(002) is determined to be 0.335 nm, which is a typical d-spacing value of graphite. The crystallite size D reaches a value of about 31.98 nm. After the oxidation process, the (002) reflection disappears, while two new peaks arise in the ranges of 2θ = 10–11.5° (001) and at 2θ = 42.38° (100) in both cases of GO1 and GO2. The peaks of the (001) planes shift to lower 2θ angles of 11.28° and 10.24° for the GO1 and GO2 samples compared to that of graphite, respectively, due to intercalation of water and the attachment of oxygen-containing functional groups onto the graphitic carbon lattice. Moreover, this results in an increase of the interlayer distance from 0.335 nm in the case of graphite to 0.797 nm and 0.863 nm for the GO1 and GO2 samples, respectively. These values are in good agreement with previous reports found in the literature [38,39]. The more significant expansion of the d-spacing for the GO2 sample in comparison with that of GO1 reveals that the higher oxidation degree of GO is achieved using a pre-oxidation step with the mixture of H2SO4, H3BO3, and CrO3. The values of the crystallite size are estimated to be 8.41 nm and 4.50 nm for the GO1 and GO2 samples, respectively. It suggests that smaller crystallites are obtained during the synthesis of GO2 because of the more substantial interruption of the structure due to the higher amount of oxygen-containing functional groups on the GO2 surface.



Figure 3b,c presents the XRD results of thermally reduced GO1 and GO2 samples obtained with and without the use of MA and P2O5 additive, respectively. After annealing of GO1, significant structural differences and changes in crystallinity are observed in all analyzed samples (Figure 3b). The XRD patterns of the samples produced become broader because of the breakdown of the long-range structure of the GO. Notably, a characteristic diffraction peak of GO (001) still remains in the XRD pattern of the rGO1 samples (at approximately 2θ = 12.68–12.80°) and corresponds to interlayer spacing distances of 0.705 nm, 0.702 nm, and 0.692 nm for rGO1, rGO1_5, and rGO1_10, respectively. This can support the conclusion of the elemental analysis, indicating that the reduction of graphene oxide to rGO is incomplete and that residual oxygen-containing functional groups are still present on the surface of rGO1. It is important to note that the existence of the (001) plane in the rGO1 samples may suggest the presence of thermally stable (at least at 800 °C) oxygen-containing functionalities, such as carbonyl, quinone, or pyrone groups, in the structure of the rGO samples. On the contrary, it is possible that the fraction of less stable functionalities may remain in the samples since the thermal shock time was relatively short. This could explain the reasons why rGO1 samples are still high in oxygen [40]. Nevertheless, a characteristic (002) peak of graphite was observed at 2θ = 25.92° for the rGO1, 2θ = 25.63° for the rGO1_5, and 2θ = 26.23° for the rGO1_10 samples, yielding an interlayer separation of 0.343 nm, 0.347 nm, and 0.339 nm for rGO1, rGO1_5, and rGO1_10, respectively. This indicates that GO1 reduction has occurred.



The XRD data of the annealed GO2 samples with and without additives are presented in Figure 3c. The same trend is noticed that after the thermal reduction of GO2, the peaks in the XRD patterns of the produced samples become broader. All samples exhibit a low degree of crystallinity, which implies that the graphene layers are randomly arranged along their stacking direction. Moreover, the peak of GO2 can still be observed in the range of 2θ = 12.68–12.80°, denoting the coexistence of rGO and GO or the incompletion of the GO2 reduction. Furthermore, as can be seen in Figure 3c, the diffraction reflections in the range of 2θ = 26.14–26.33° are attributed to the (002) plane. The determined values of d(001) are equal to 0.697 nm, 0.695 nm, and 0.691 nm, while the values of d(002) are 0.340 nm, 0.339 nm, and 0.338 nm, for rGO2, rGO2_5, and rGO2_10, respectively. The smallest interlayer distance for the rGO2_10 sample between all reduced products investigated in this research shows that the most efficient restoration of the π-conjugated system is obtained by using the GO2 sample with the mixture of MA (10 wt%) and P2O5. Furthermore, XRD data showed that rGO samples derived from synthesized GO using the H2SO4/H3BO3/CrO3 mixture exhibit lower d-spacing values compared to those of GO1 reduced products. This tendency is probably related to the higher number of functional groups on the surface of GO2 that during thermal treatment generates higher values of pressure and energy required for a more efficient reduction process of GO.



The behavior of the MA and P2O5 additive used to repair the π-conjugated system and defective sites of the graphene network during the annealing process were evaluated in detail by using Raman spectroscopy analysis. This technique was employed as a non-destructive, high-resolution, and fast tool to investigate the vibrational properties, the lattice structure, purity, defects, doping, and strain of carbon allotropes [39]. The Raman spectra of graphite, GO1, GO2, and thermally reduced GO1 and GO2 samples are shown in Figure 4.



Figure 4 shows that recorded Raman spectra are similar between all synthesized samples. Each Raman spectrum consists of two dominant peaks located at ~1360 cm−1 and ~1600 cm−1, corresponding to the D and G bands, which are typical modes of graphitic materials, respectively. The D band can be visualized as a breathing vibration of six-membered aromatic rings; defects and various disorders, such as carbon vacancies, grain boundaries, dislocations, sp3 defects, armchair, or zigzag edges, are required for activation of this mode. The G band is associated with in-plane vibrations of pairs of sp2 hybridized carbon atoms. This mode is always allowed in Raman spectra. The intensity ratio of the D and G modes (ID/IG) characterizes the degree of structural disorder in graphene-derived material. The number of defects decreases with a decrease in the ID/IG value [41,42,43]. Furthermore, the ratio of ID/IG could be used to determine an average crystallite size Lα (Equation (4)) [28]. The second order bands are observed in the range of 2500–3300 cm−1. The S3 peak located at ~2900 cm−1 is an overtone derived from the combination of D and G modes, while the 2G peak at ~3180 cm−1 is attributed to an overtone of the G band. The 2D band (also called the G’ band) at ~2700 cm−1 is a second-order band of the D peak. It is called the 2D band since it involves two of the same phonons responsible for the D band but it does not require the presence of the defects in the structure in contrast with the D band [44]. The value of I2D/IG (intensities ratio of 2D and G bands) defines the number of graphene layers in the structure. The number of layers increases with an increase of the G band intensity and the decrease of the 2D intensity [45]. In this study, the much higher intensity of the G peak is observed in all Raman spectra of synthesized samples compared to that of the 2D band. This suggests the multilayer structure in all obtained thermally reduced GO products.



As can be seen in Figure 4a, the ratio of ID/IG is found to be 0.89 and 0.92 for GO1 and GO2 samples, respectively. The higher ID/IG value for GO2 indicates that this sample has a more defective structure than GO1 due to the higher number of sp3 defects and other disorders generated by the attachment of oxygen-containing functional groups to the graphene layers. Furthermore, the D and G bands in the GO2 spectrum are shifted to higher wavenumbers compared to that of GO1, indicating a greater disruption of the conjugated structure after the oxidation process in the GO2 sample. Meanwhile, Figure 4b,c indicates that the values of ID/IG for rGO samples obtained during thermal reduction of GO with MA and P2O5 additives varies from 0.91 to 0.96 and are slightly higher in comparison with those of pure GO. This increase might be due to the removal of functional groups and the high release of gaseous products during thermal reduction that causes disorders in the structure, such as vacancies, dislocations, armchair, and zigzag edges. Furthermore, from Figure 4b,c it can be noted that the thermal treatment of GO in the presence of additives causes a slightly higher ID/IG value than that of the thermal treatment of GO without additives. The value of the ID/IG could rise due to the presence of phosphorus atoms in the structure of the rGO samples, which were effectively introduced during thermal treatment of GO in the presence of the MA and P2O5 mixture. These phosphorus atoms could be attached to the graphene layer in the form of C–P–O or C–P=O bonds generating sp3 defects and, also, may be able to replace carbon atoms creating new point defects in the structure due to the higher atomic radius of P than that of C atoms. Nonetheless, this slight increase of ID/IG does not detract from the benefits of the use of carbon suboxide in the thermal reduction of GO since lower values of ID/IG are obtained compared to the results investigated by other authors [18,29,45,46]. Furthermore, the values of Lα vary from 19.79 to 21.59 nm between all synthesized samples showing that the crystallite size remains similar during the thermal treatment in the presence and absence of the addition of MA and P2O5 mixture.



The morphology of thermally reduced GO samples was studied using SEM analysis at 50,000× magnification (Figure 5). SEM images of the GO1 and GO2 samples (Figure 5a,e) present a well-ordered layered structure with folds and wrinkles. This is a consequence of the oxidative treatment of graphite by the attachment of oxygen functional groups. After thermal reduction of the pure GO1 sample (Figure 5b), the layers agglomerate and form carbon derivatives of about 1 μm in size. The heat treatment of GO1 with the mixture of MA (5 wt%) and P2O5 (Figure 5c) leads to irregular stacking of graphene layers with multiple folds. The further increase of additives in the thermal reduction of GO1 creates a corrugated morphology, as can be seen in Figure 5d. These obtained folded sheets could be related not only to the reduction process but also to the insertion of phosphorus into the rGO1_5 and rGO1_10 structures, because the phosphorus atoms form a pyramid-like structure in the graphene sheet due to increased bond length and decreased bond angle [23,47]. After the reduction of pure GO2 (Figure 5f), no agglomerates are observed, but the graphene layers are disrupted into smaller randomly arranged sheets. The rGO2_10 sample is composed of numerous thin layers that are randomly stacked together, forming a porous network. Furthermore, as can be seen from Figure 5g,h, both reduced GO2 samples in the presence of additives (rGO2_5 and rGO2_10) exhibit nanosheets with folded and crumpled features that could also be attributed to the doping of rGO with phosphorus atoms.



Electrical conductivity is one of the key characteristics determining the successful application of rGO in various electrochemical systems such as (bio)sensors, supercapacitors, fuel cells, etc. The electrical behavior of non-metallic powders, including carbonaceous compounds, could be estimated by monitoring the electrical conductivity of bulk materials under compression [48]. Consequently, in this study, the relationship between electrical conductivity (σ) on the logarithmic scale and bulk density (ρbulk) was determined. The results presented in Figure 6 reveal that the electrical conductivity of prepared carbon materials increases with the increasing of ρbulk value. This trend is in accordance with the electrical conductivity and resistivity results of graphene, graphite, graphite oxide, carbon black, and carbon nanotubes reported in [48,49,50]. By compressing a bulk material, closer contact between particles is achieved, leading to higher electrical conductivity because higher electron mobility is ensured in the sample. Following this, the highest electrical conductivity is established with maximum values of bulk density when the most compact arrangement of particles is obtained. The electrical conductivity of pristine graphite is dependent on the compression of the sample as well. From Figure 6a, it can be noted that graphite is a good electrical conductor. Log electrical conductivity varies in the range 1.47–3.53 S m−1, approaching the theoretical values [50]. Besides, the maximum value of ρbulk for graphite powder is found to be 2.03 g cm−3, which is a similar result to the theoretical value of its density reported in the literature (ρ = 2.26 g cm−3) [51]. Meanwhile, the electrical conductivity of both synthesized GO1 and GO2 samples is significantly lower than that of graphite. This decrease is certainly due to the existence of a large number of oxygen-containing functional groups in the backbone of the graphene sheet. Upon oxidation treatment of graphite its band gap significantly broadens due to the disruption of the sp2 carbon network and the attachment of numerous oxygen-containing functionalities to the surface that inhibit the effective electron transport. Furthermore, higher resistivity is estimated in the case of GO2, which proves the higher degree of oxidation for GO2 compared to that of GO1.



Figure 6b represents the dependence of electrical conductivity on bulk density for thermally reduced GO samples. It should be noted that the bulk density values for all annealed compounds are significantly decreased compared to those of their precursors (GO1 and GO2). This drastic change in density indicates the porous structure of products after thermal treatment. The highest bulk density corresponds to the rGO1_10 sample (ρbulk = 1.11 g cm−3), while the lowest density value is determined for the rGO1 product (ρbulk = 0.57 cm−3). Furthermore, a remarkable enhancement of electrical conductivity is observed after the thermal decomposition process of GO in the presence of the MA and P2O5 mixture. The higher the amount of additives used in the thermal reduction reaction, the higher the conductivity achieved. In addition, higher electrical conductivity values in the case of rGO samples are achieved at lower densities than that of graphite. This makes these materials promising in the production of supercapacitor electrodes. Log conductivity (S m−1) appears to be in the range of –0.43–2.05 for rGO1, 0.01–2.25 for rGO1_5, 0.09–2.72 for rGO1_10, –1.65–0.71 for rGO2, 0.53–2.26 for rGO2_5, and 0.40–2.48 for rGO2_10, showing the semi-conductor properties of samples. These electrical conductivity values of rGO are similar to previous reports found in the literature [49,52]. It should be highlighted that the most obvious advantage of the use of additives is observed in the set of thermally reduced GO2 samples. As can be seen from Figure 6b, rGO2 without additives shows the worst conductivity between all reduced products, but the addition of MA and P2O5 enhances electrical conductivity extremely in rGO2_5 and rGO2_10. These reduced samples exhibit values close to the reduced GO1 products with additives indicating the achieved effective recovery of π-conjugated system. Moreover, it could be clearly seen that the addition of MA (10 wt%) and P2O5 in the thermal reduction of GO leads to the highest values of electrical conductivity between all reduced samples. This suggests that carbon suboxide used in the thermal reduction reaction of GO could repair the sp2 hybridized carbon structure and improve electron mobility. However, the presence of phosphorus atoms observed by EDX and FTIR analysis could also influence the electrical behavior of the rGO1_5, rGO1_10, rGO2_5, and rGO2_10 samples because phosphorus atoms are capable of modulating the electronic structure and decreasing the resistivity of graphene-based derivatives. The incorporation of phosphorus species may increase the density of charge carries in the carbon product due to the contribution of phosphorus electrons to the graphene π-conjugated system [23]. Overall, the obtained electrical conductivity data indicate that the thermal reduction of GO with the use of the MA and P2O5 mixture has a positive impact on electronic properties of the final products. The relatively high conductivity at low values of bulk density demonstrates the possibility of applying thermally reduced GO samples for metal-free and cheap carbon-based electrode materials.



The samples having the highest values in electrical conductivity (rGO1_10 and rGO2_10) were analyzed using TEM analysis to compare their structure morphology and crystallinity in detail. Obtained TEM and SAED patterns are presented in Figure 7.



The TEM image of the rGO1_10 specimen clearly shows several transparent reduced graphene oxide layers with wrinkled and folded features originated from the exfoliation process and incorporation of phosphorus atoms in the structure of graphene layer. However, the existence of darker areas indicates thick stacking nanostructure in some regions. In contrast, rGO2_10 consists of a remarkable multi-layered structure with corrugations that confirms the presence of structural defects in the nanosheets. The SAED images presented in Figure 7b,d show typical ring-like patterns indicating the polycrystalline nature of the rGO1_10 and rGO2_10 samples [53]. Nevertheless, the more obscure and featureless rings with unclear diffraction spots in the SAED image of rGO2_10 are evidence of a more amorphous and disordered structure compared with that of rGO1_10. For this reason, the rGO2_10 sample may contain a larger number of sp3 regions and phosphorus atoms in its structure. Based on obtained XRD analysis data it is determined that the inner ring shown in SAED images is associated with the diffraction of (002) planes and the outer ring describes (100) planes. This is in accordance with the study on the SAED patterns of reduced graphene oxide reported by Ngidi et al. [54]. The presence of both planes (002) and (100) confirms the partial restoration of sp2 structure in both rGO1_10 and rGO2_10 samples.




4. Conclusions


In summary, we presented a novel and simple thermal reduction of a GO technique in the presence of malonic acid and phosphorus pentoxide that results in a repaired π-conjugated system and the incorporation of phosphorus atoms into the structure. It has been determined that structural and electrical properties or rGO samples depend on the amount of additive used and the type of GO. The best recovery of sp2 hybridized carbon system was achieved using the mixture which has 10 wt% of malonic acid. Thermally reduced GO1 samples in the presence of additives have higher values of electrical conductivity compared with those of annealed GO2 samples. Furthermore, the investigation has showed the doping of phosphorus atoms in all rGO samples obtained using additives. The highest phosphorus content (2.3 at%) was achieved in rGO2_10 compared to that of other samples synthesized. This suggests that samples prepared in this study could have a potential application in supercapacitors, biosensors, and fuel cells since the phosphorus-rich sites in rGO materials could act as electrochemical active regions, which can improve charge storage properties, increase charge carries, and enhance the capacity performance during electrochemical measurement. Moreover, the obtained findings set the direction for future research, suggesting that studies aimed at the full recovery of π-conjugated system and incorporation of high amounts of phosphorus-containing functionalities should focus on optimization of the GO-reduction process. It is still essential to test the effect of different temperatures, amount of additives, or pressure on the rGO structural changes.
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Figure 1. Elemental composition of GO1 and thermally reduced samples derived from GO1 (a), GO2 and thermally reduced samples derived from GO2 (b) based on EDX results. The P2p XPS spectra of rGO1_10 (c) and rGO2_10 (d) samples. 
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Figure 2. FTIR spectra of graphite, GO1, and GO2 (a); thermally reduced samples derived from GO1 (b); and thermally reduced samples derived from GO2 (c). 
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Figure 3. XRD patterns of graphite and synthesized GO samples (a), thermally reduced samples derived from GO1 (b), and thermally reduced samples derived from GO2 (c). 
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Figure 4. Raman spectra of graphite, GO1, and GO2 (a); thermally reduced samples derived from GO1 (b); and thermally reduced samples derived from GO2 (c). The excitation wavelength is 532 nm. 
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Figure 5. SEM images of GO1 (a), rGO1 (b), rGO1_5 (c), rGO1_10 (d), GO2 (e), rGO2 (f), rGO2_5 (g), and rGO2_10 (h) samples. 
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Figure 6. Electrical conductivity dependence on bulk density for graphite (a) and thermally reduced GO samples (b). The inset in (a) demonstrates the relationship between electrical conductivity and bulk density for GO1 and GO2 samples. 
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Figure 7. TEM images of—rGO1_10 (a) and rGO2_10 (c). SAED patterns of rGO1_10 (b) and rGO2_10 (d). 
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