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Abstract

The influence of the pH of the reaction medium on the structural characteristics of hydrothermally reduced graphene oxide, synthesized by the Tour method, has been investigated. Varying the pH of the reaction medium within the range of 8.0, 10.0 and 12.0 (adjusted with NaOH) has revealed distinct effects on the morphology and properties of the resulting reduced graphene oxide. At a pH of 8.0 the hydrothermal treatment yielded reduced graphene oxide comprising of two particle fractions with a thickness equivalent to 4-5 graphitic layers each. In contrast, pH of 10.0 resulted in two particle fractions corresponding to 2–3 and 4 layers, respectively, while pH of 12.0 produced a single fraction with a particle thickness of 0.70 nm, encompassing 3 graphitic layers. Increasing the pH led to a decrease in the average lateral size of reduced graphene oxide particles to about 8 nm. All rGOs had micro- and mesopores with a specific surface area up to 226 m2/g, showing a proportional increase in mesopores with increasing pH. Analysis of slit-like micropores revealed a minimum fractal dimension (D = 2.18) at pH = 8.0. The obtained results provide valuable insights into tailoring the structural properties of hydrothermally reduced graphene oxide by controlling the pH of the reaction medium, offering potential applications in various fields, including nanotechnology and materials science.
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1. Introduction
Graphene oxide (GO) is an inhomogeneous system formed by oxidizing and non-oxidizing packets of graphitic sheets, which correspond to the presence of a region where carbon atoms on the surface form covalent bonds with oxygen-containing functionalities. The model of the graphene oxide structure developed by Lerf-Klinowski [1] and repeatedly refined by D. Wang et al. [2] can be considered the most experimentally substantiated. According to this model, GO is composed of packages of graphitic layers formed by benzene rings separated by sp3 carbon regions [3]. Graphene oxide retains the crystalline structure of graphite with alternating hexagonal groups of atoms, although the interlayer distance increases sharply during oxidation [4]. The distance between adjacent graphitic layers ranges from 0.6 to 0.9 nm, depending on the method of producing graphene oxide and the degree of its oxidation. The carbon layers of graphene oxide undergo deformation due to the transition of carbon atoms from the sp2 to the sp3 hybridized state, resulting in a significant number of topo​lo​gical defects, structural imperfections and gaps, provided that the graphene oxide layers are weakly bonded to each other. The main method of obtaining graphene oxide is the chemical oxidation of graphite, followed by delamination and dispersion [5] in water or another polar solvent due to hydroxyl and epoxy groups localized on the basic planes of graphite oxide, and carbonyl and carboxyl groups located on the edges of these planes. An important factor in the oxidation of graphite is the choice of oxidants, for example, H2SO4, HNO3, KMnO4, KClO3, NaClO2 [6]. Today, the method proposed by Hummers and Offemann is commonly used to synthesize graphene oxide [7]. A development of the methods for obtaining graphene oxide is the Marcano-Tour approach, in which graphite is treated with a mixture of acids H2SO4/H3PO4 in the presence of KMnO4 without the addition of NaNO3 [8]. This synthesis method makes it possible to obtain hydrophilic graphene oxide with a lower concent​ration of defects in the basal plane compared to the Hummers method. The advantage of the Tour method is an increase in the yield of graphene oxide while reducing the synthesis time (the duration of classical Hummers’ protocol is about 4–6 hours), so this method is interesting for large-scale synthesis of graphene oxide, albeit requiring the use of relatively large amounts of concentrated acids. The advantage of the method is the exclusion of NaNO3 and the avoidance of the release of toxic NO2 and N2O4, which makes the method more environmentally friendly. Typical strategies for the reduction of graphene oxide include chemical or thermal approaches with many modifications (microwave, hydrothermal, etc.) [9]. Reduction of graphene oxide involves the removal of surface functionalities (the presence of residual surface groups will determine the degree of reduction) and the formation of an electrically conductive hydrophobic functio​nal material. NaOH can be used as a reducing agent for graphene oxide with partial removal of oxygen-containing functionalities and formation of multilayered graphene particles that are self-stabilizing in aqueous medium [10]. The hydroxyl group, under alkaline conditions, tends to react preferentially with the carbocation, resulting in the formation of a protonated epoxy group, which is highly reactive so that even relatively weak nucleophiles such as H2O can cleave the bonds of the epoxy group [3]. The processes of removing oxygen-containing surface groups can initiate the destruction of C=C bonds, which leads to further exfoliation of graphitic sheets, as well as the formation of vacancies, structural distortion of the packages, which can cause the formation of topological defects and fragmentation of graphene particles. Identifying the general regularities of structural changes in graphene oxide during reduction is important for the controlled process of removing surface functionalities, which enables the manipulation of electrical and optical properties of reduced graphene oxide.
2. Materials and Methods

2.1 Graphene oxide synthesis
For the synthesis of graphene oxide, the Tour method was used [8] in the version described in [11]. Synthetic graphite (Aldrich, #282863, CAS 7782-42-5) with a particle size < 20 μm was used as a raw material. The XRD pattern of the raw graphite (figure 1 (a)) contains an intense (002) reflex at 2( = 26.65° and a peak with lower intensity at 2( = 54.85°. The peak at 2( (43° is not observed, which indicates the high crystallinity of graphite. The Raman spectra of raw graphite (figure 1 (b)) consist of G mode at 1582.4 cm-1 only, which confirms its high structural ordering.
Graphite powder was slowly added to the acid mixture in a 1500 mL conical flask under continuous stirring in an ice bath at the temperature of (2–5)°C. The obtained colloid was stirred at 0°C (300 rpm, 3 hours). At the next stage, potassium permanganate KMnO4 (36 g) was added to the reaction medium during thermal stabilization of the colloid at the temperature of (4–5)°C with stirring for 0.5 h. In the next step, the flask with the colloid was slowly heated to 40°C on a magnetic stirrer and kept at this temperature for 1.5 hours. After this, distilled water (270 mL) was very slowly added to the colloid in the flask under continuous stirring with a burette, preventing the temperature of the reaction medium from rising above (60–65)°C.[image: image5.emf]10 20 30 40 50 60
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At the next stage, a 30% aqueous solution of hydrogen peroxide H2O2 (30 mL) was added to the reaction medium under continuous stirring in an amount that led to a change in the color of the solution from dark brown to dirty yellow. Double distilled water (250 mL) was added to the colloid, followed by stirring the solution for 1 hour. As a result, a light-yellow colloid with a pH value of about 2.0 was obtained. 
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The colloid was approximately fivefold diluted with distilled water and subjected to ultrasonic treatment (frequency 22.0 kHz, acoustic power 50–55 W) for 30 minutes (6 sessions of 5 minutes with breaks) in separate parts of 75–100 mL. Afterwards, the colloid was centrifuged (3 min at 1000 rpm) to separate the micrometer-sized particles. The resulting colloid was washed three times with distilled water to a pH value of 5.0–5.5. The colloidal solution of the original graphene oxide was taken directly after ultrasonic treatment and centrifugation, prior to washing at a pH value of 2.2. Subsequently, it was dried at 80°C in air. As a result, a yellow film with a thickness of about 0.8–0.9 mm was obtained. The material was labeled as GO-2.2. A colloidal solution of graphene oxide, collected after a series of washes with distilled water at a pH value of 5.5, was dried at 80°C in air. As a result, a light-yellow film with a thickness of about 0.5–0.7 mm was obtained. The material was labeled as GO-5.5.
The next stage of research involved studying the influence of the pH of the medium on the structural characteristics of graphene oxide after hydrothermal treatment. The colloidal solution of graphene oxide GO-5.5 (three samples of 100 mL each) was taken as the starting material. An aqueous solution of 1 M NaOH was added dropwise under continuous stirring at 50°C to colloidal graphene oxide in the amount necessary to achieve pH values of 8.0, 10.0, and 12.0.At pH = 8.0, the color of the colloid changed from yellow to light brown; at pH = 10.0, ultrasmall particles were observed in the light brown reaction medium in transmitted light; at pH = 12.0, the colloid acquired a light-yellow color with clearly visible dark agglomerates of particles. The resulting three colloidal solutions were placed in a Teflon cup of a high-pressure reactor. The temperature increased from room temperature to 160°C over 60–70 min. The colloids were kept at 150°C for 12 hours. After natural cooling of the reactor, a change in the color of the colloids to black was observed, which is associated with the presence of dark particles at all pH values. In the case of pH = 12.0, a black precipitate was present. After washing, the obtained materials were dried at a temperature of 80°C in air. The resulting powders were labeled as rGO-8.0, rGO-10.0, and rGO-12.0.

2.2 Materials Characterization

The X-ray diffraction patterns were obtained on a Shimadzu XRD-7000 x-ray diffractometer equipped with a CuKa monochromatic radiation source (( = 1.54178 Å) under operating conditions of 40 kV and 30 mA at room temperature. A reference sample LaB6 660c was used for microstructural analysis. The crystal phases were identified using the Match! 3.0/FullProf software. Raman spectra were measured on a T64000 Jobin-Yvon spectrometer (1800/mm, resolution of about 1 cm–1) in reverse dispersion geometry using an argon-krypton laser (( = 488 nm). The laser irradiation power was less than 1 mW/cm2, thus avoiding local overheating of the samples. The morphology of reduced graphene oxide samples was studied by low-temperature nitrogen adsorption/desorption method at 77 K using a Quantachrome Autosorb Nova 2200e porosimeter. 
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The samples were degassed at 105°C for 18 hours; the degassing conditions (temperature and duration) were chosen to minimize the effect of this heat treatment stage on the properties of the materials. To calculate the specific surface area (SBET, m2/g), the multi-point Brunauer-Emmett-Teller (BET) method was used [11]. The pore-size distribution was estimated using the NL-DFT method for slit-like pores [12].
3. Results and discussion

The XRD pattern of the GO-2.2 film shows an intense diffraction peak at 2( = 9.71°, which corresponds to the diffraction of x-rays on the (001) planes of the graphene oxide lattice (figure 2 (a)). The obtained diffractogram is fully consistent with the literature data, in particular with the results of [13]. Lorentz function fitting of the (001) diffraction reflex enabled us to determine its position and FWHM, and, by applying the Bragg equation (2dsinθ = nλ, where λ = 0.15405 nm, θ is the Bragg angle, and n = 1), we determined the interplanar distance d001 = 0.912 nm, which corresponds to the literature data, in particular [14]. The interplanar distance for the (002) basal plane of raw graphite is 0.335 nm.

The interplanar distance between graphitic layers in graphene oxide particles depends on the degree, type and concentration of functional surface groups, the presence of molecular water in the interlayer space, as well as the longitudinal dimensions of the particles [15].
The Scherrer equation was used to determine the average sizes D001 of the coherent scattering regions in the direction perpendicular to the crystallographic plane (001), i.e., in the direction normal to the planes in the graphene oxide package, which is 
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. The Warren constant K is determined by the shape of the crystallites, and for the case of crystals that do not belong to cubic symmetry, we used K = 0.89 assuming strong fragmentation of particles in the form of packets of graphene planes.
It has been found that the GO-2.2 material is formed by particles with a thickness of about 8.93 nm, which corresponds to the number of graphitic planes in a package equal to 10–11. According to the XRD pattern of the GO-5.5 material (figure 2(b)), washing with increasing pH, as well as centrifugation, results in a decrease in the average interplanar distance d001 to 0.872 nm. The observed increase in FWHM to 0.949° corresponds to a decrease in the average thickness of crystallites to 8.31 nm. The average number of graphitic planes in particles remains equal to 10–11. 
The Raman spectra obtained for samples GO-2.2 and GO-5.5 in the spectral range 750-2300 cm–1 (figure 2 (c), (d)) are formed by two characteristic bands. The first one with a maximum at about 1350 cm–1 can be attributed to the D-band, which, having a multicomponent structure, is determined by π–π* transitions for the vibrational modes of sp3 carbon atoms. The other peak with a maximum around 1520–1540 cm–1 corresponds to the G-band, the appearance of which is due to the multiple degenerate phonon mode E2g of the symmetric vibrations of sp2-hybridized carbon atoms [16]. The presence of the D-band indicates structural and surface defects with increasing sp3 carbon content. The relative intensity of the D-band increases with an increase in the structural disordering of the materials, i.e., both fragmentation and growth of structural defects in graphene planes, as well as the formation of the "amorphous" sp3-carbon phase [17]. There is no D-band in the Raman spectra of raw graphite, which indicates that the sp2 state of carbon atoms is absolutely dominant.
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The D-band of the Raman spectra of carbon nanomaterials has a complex structure and can be represented by several components [18–19]. In the characteristic region of 750–2300 cm–1, the following components are distinguished: the G-band (1530–1590 cm–1) corresponds to the stretching vibrational mode (E2g symmetry) of the sp2-carbon of the highly ordered graphite lattice; the D1 (or D) band (1340–1370 cm–1) corresponds to the vibrations of the disordered graphite lattice (typical in the presence of broken edges of the graphene layer), observed due to the violation of the selection rule q ≠ 0, the "breathing" mode A1g of the symmetry of sixfold degenerate aromatic carbon rings; the D2 (or D() band (1605–1615 cm–1) is observed due to the structural disordering of the graphite crystal lattice and can be considered as the shoulder of the G-band (typical in the presence of free surfaces of the graphene layer, E2g symmetry); the D3 (or D(() band (1515–1550 cm–1) is an evidence of the presence of amorphous sp3-carbon due to the presence of the functional groups on the surface of graphene sheets; the D4 (or D*) band (1110–1250 cm–1) is a consequence of the presence of a defective graphite crystal lattice formed by sp-hybridized carbon chains.
Deconvolution of the Raman spectra of graphene oxide samples GO-2.2 and GO-5.5 was carried out using five Lorentzian components. The coefficient of determination (R²) was not less than 0.985, and the errors of the parameters did not exceed 5% of their absolute value (table 1). A sharp (more than an order of magnitude) increase in the full width of the G-band for graphene oxide compared to the original graphite is observed with a red shift in the G-line position for sample GO-5.5 compared to sample GO-2.2. The relative content of the D4 component corresponding to disordered sp3-carbon is the same for the spectra of both GO materials [20]. There is a tendency towards a decrease in the relative content of the contribution of the D2 component, which corresponds to the contribution of the phonon density of states for graphite nanocrystals [16]. The transition from GO-2.2 to GO-5.5 leads to a slight increase in the content of the D3 component, which implies either an increase in the presence of amorphized sp3-carbon or, more likely, a change in the surface functionalization of graphene oxide crystallites. According to [21], there is a linear relationship between the ratio of the integral intensities of the D and G lines (ID and IG, respectively) and the lateral sizes of the packages of carbon material: 
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, where La (nm) is the average size of the crystallites, ( = 488 nm is the wavelength of the excitation radiation.
The calculated lateral length of crystallites for materials GO-2.2 and GO-5.5 is 6.2 and 6.6 nm, respectively. The formal “growth” of the average lateral size of the crystallites after washing is most likely a consequence of a change in the granulometric composition of the system due to the partial loss of "small" particles during decantation. According to [18], there is a correlation between the ratios of the integral intensities of the D4 and G bands, when an increase in the ratio ID4/(IG+ID2) corresponds to an increase in the degree of reduction of graphene oxide.
For samples GO-2.2 and GO-5.5, the value ID4/(IG+ID3) does not change, which is consistent with the stability of the reduction degree. Additional information on the structural characteristics of graphene oxide was obtained from the analysis of the region 2200–3300 cm–1 of the Raman spectra, which contains the first overtones of the G and D bands (figure 2 (e), (f)). In [image: image9.emf]5 10 15 20 25 30
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particular, the complex 2D-band is a second-order D-band caused by rotations of the vibrational modes of the two-phonon lattice; it is not associated with defects but is sensitive to the electronic structure of graphene materials [22]. This band is sensitive to the arrangement and number of graphitic planes in the direction along the crystallographic c-axis (normal to the basal plane), and in the case of single-layer graphene, it degenerates into an intense symmetric peak in the form of a Lorentz line at a wavenumber of (2685 ± 1) cm–1 [23]. An increase in the number of graphene planes initiates a change in the electronic structure, the formation of additional modes with a simultaneous short-wave shift of the entire 2D-band. The 2D Raman spectrum of bulk or microcrystalline graphite is formed by two bands – an intense 2D1-band and an additional 2D2-band shifted to the long-wave region [24].

According to [25], the 2D-band for multilayer graphene (5–6 layers and more) is close to the profile of the 2D-band for graphite. The 2D-band for Raman spectra of graphite is formed by two components, 2D2 and 2D1, with relative intensities of 23.1% and 70.0%, which corresponds to [24] (table 2). An additional component at 2445 cm–1, designated as 2DX with a relative intensity of 6.9%, is observed in the spectra (figure 1 (c)).
The 2D-band for sample GO-2.2 is formed as a superposition of three components – the intense 2D1-band (relative intensity 53.1%) at 2917 cm–1, the 2D2-band (relative intensity 41.0%) at 2695 cm–1, and an additional 2D3-band (relative intensity 5.9%) shifted towards higher frequencies to 3174 cm–1. The 2D3-band exhibits a significantly smaller width compared to 2D1 and 2D2. The width of 2D1-band for graphene oxide GO-2.2 is approximately 7 times larger than that observed in the raw graphite spectra. The 2D band of the Raman spectra of graphene oxide GO-5.5 retains the composition observed for the GO-2.2 material with a tendency to decrease the relative content of the 2D3 component (to 4.0% relative intensity) while maintaining the ratio of the integral intensities of the 2D1 and 2D2 bands without changing the positions of all three components, but with an increase in their widths (table 2).
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The XRD patterns of rGO-8.0, rGO-10.0, and rGO-12.0. materials show a complete disappearance of the reflex around 2( ( 10° and an appearance of a broad peak in the range of 2( = 15–35°, which corresponds to the (002) reflex of reduced graphene oxide (figure 3). In all patterns, a peak at about 2( ( 42–43° is clearly visible, which corresponds to the superimposition of the (100) reflexes (sometimes denoted as (10) and called a two-dimensional reflex [26]). 
For the rGO-8.0 material, the "bimodality" of the (002) reflex is clearly observed; for the rGO-10.0 material, a qualitative assessment indicates the presence of several components that determine the asymmetry of the (002) reflex; and for the rGO-12.0 material, the (002) peak is close to symmetrical. The results of the deconvolution of (002) peaks for materials rGO-8.0, rGO-10.0, and rGO-12.0 are shown in figure 3 (a), (b), (c) and in table 3. It has been found that the rGO-8.0 material is formed by two fractions of particles (relative content of 36 and 64%, respectively) with average interplanar distances d(002) of 0.461 and 0.364 nm, respectively. The average thickness of the particles of these fractions is 1.67 and 1.21 nm, and the number of graphitic layers forming these particles for both fractions is 4–5. The lateral size of reduced graphene oxide particles was estimated using the approach described in [27] and [28], which is based on the Scherrer equation with a Warren constant of 1.84. The reflexes (10) were approximated using Lorentz functions, the full width at half maximum of reflexes (10) was determined, and the value L(10) was calculated (table 3).The average lateral particle size for the sample rGO-8.0 is 10.89 nm. 

Analysis of the XRD pattern of the rGO-10.0 material showed the presence of two fractions of particles with a content of 39 and 61% and average interplanar distances of 0.528 and 0.376 nm, respectively. The average thickness of the particles for these fractions is 0.74 and 1.11 nm, and the number of graphitic layers forming the particles is 2–3 and 4, respectively. The average lateral dimension of the reduced graphene oxide particles is 10.75 nm.
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The XRD pattern of the rGO-12 material is optimally described by assuming the existence of particles of only one fraction with an average interplanar distance of 0.375 nm and a particle thickness of about 0.70 nm. Thus, particles of the rGO-12 material contain an average of 3 graphene planes. The lateral particle size of the rGO-12 material is 7.59 nm. For the materials rGO-8.0, rGO-10.0, and rGO-12.0, the interplanar distance corresponding to the (10) reflex is about 0.203–0.204 nm. The Raman spectra of reduced graphene oxide in the range of 750–2300 cm–1 have a composition close to that of the graphene oxide sample (figure 3 (d), (e), (f) and table 4).
We have found that an increase in the pH of the reaction medium under the same conditions of hydrothermal synthesis leads to an increase in the relative content of the D4 component, which corresponds to an increase in the carbon/oxygen atomic ratio. At the same time, the intensity of the D1 component systematically decreases, which indicates a decrease in the concentration of structural defects. However, in our case, this is the result of material fragmentation with a decrease in the thickness of lamellar particles, as well as their linear size in the basal plane. We have found that the ratio of the integral intensities of the components ID1 and (IG+ID2) with increasing pH leads to a decrease in the lateral sizes of particles from 6.4 nm for rGO-8.0 to 6.1 nm for rGO-10.0, and to 4.7 nm for the rGO-12.0 material. The decrease in the lateral size of graphene oxide crystallites during reduction can be explained within the model proposed in [29]. The model is based on the statement of a relatively stronger C–C bond for sp2-carbons, which leads to the fragmentation of partially reduced graphene oxide particles along sp3 bonds. There is a significant difference between the lateral sizes of the reduced graphene oxide crystallites determined by Raman spectroscopy and x-ray diffractometry, but indirect methods and an empirical equation were used. The same trends in changes in the lateral sizes of crystallites according to XRD and Raman data and a strong positive correlation between them with a Pearson coefficient (r) equal to 0.99 were observed. The composition of the 2D-band of Raman spectra of reduced graphene oxide samples is similar to the characteristics of graphene oxide materials (figure 3 (g), (h), (i) and table 5). There is a negative correlation (r = –0.82) between the average particle sizes (1.38, 0.97, and 0.70 nm for rGO-8.0, rGO-10.0, and rGO-12.0, respectively) and the I2D1/I2D2 ratio (1.03, 1.04, and 1.31 for rGO-8.0, rGO-10.0, and rGO-12.0, respectively), but the data are not sufficient for a systematic statistical evaluation. 
It can be assumed that an increase in the degree of reduction of graphene oxide during hydrothermal treatment in an alkaline NaOH medium has a relatively weak effect on the parameters of the Raman spectra of the material, in particular on the 2D-band of the Raman spectra.
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The adsorption-desorption isotherms of reduced graphene oxide samples rGO-8.0, rGO-10.0, and rGO-12.0 (figure 4 (a), (b), (c)) can be described as a combination of types II and IV of standardized isotherms according to the IUPAC classification [30]. For all three materials, "open" isotherms (adsorption-desorption branches do not coincide at low relative pressures) were observed, suggesting a complex hierarchical pore structure with a high probability of the presence of branched multi-level pores that combine micro- (< 2 nm) and meso- (> 2 nm) levels. Similar isotherms were obtained in [31] and [32]. "Open" isotherms with similar composition were observed in [33] for the composite material CoFe2O4/rGO. A similar isotherm of reduced graphene oxide was obtained in [34], in which the authors studied the dynamics of the reduction of graphene oxide by hydrazine hydrate. A sharp increase in the amount of adsorbed nitrogen at p/p0 ( 1 by reduced graphene oxide was observed in [31] and [35]. Such behavior is typical for polymolecular adsorption on the surface of weakly porous materials, but for graphene materials, it can be explained by the gradual filling of a hierarchical network of pores of different sizes formed by multi-level agglomerates built by primary rGO particles under the dominance of adsorbent-adsorbate interaction. In this case, at any pressure in the range 0 < p/p0 < 1, there are pores, the filling of which will occur precisely at this pressure, which implies the formation of a monotonically increasing adsorption isotherm (figure 4 (a), (b), (c)). At high relative pressures for rGO-8.0 and rGO-12.0 materials, adsorption and desorption branches are superimposed, which is also characteristic of graphene materials and can be interpreted as the result of reverse adsorption-desorption of nitrogen molecules that are not in the pores but in the adsorption volume near the surface particles of material. Thus, for an in-depth understanding of the results obtained, it is necessary to obtain additional information about the fractal properties of the surface of rGO samples. According to the Frenkel–Halsey–Hill model [36], under the condition of intensive interaction of nitrogen molecules with the surface of the graphene material, there is a relationship between the volume of nitrogen V adsorbed at pressure P and the volume of adsorbent Vm necessary to form a monolayer 
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, where Df was calculated from the slope of the linear sections of this dependence (figure 4 (d), (e), (f)). For the rGO-8.0 material, three regions of close to linear decline with different slope values can be distinguished. These regions can be associated with adsorption in the mesopores, described by the fractal dimensions Df1 and Df2, and adsorption on the surface of micropores, described by the parameter Df3. Thus, the rGO-8.0 material has three levels of hierarchy, the characteristics of two of which are close to the three-dimensional case (Df1 = 2.73 and Df2 = 2.92), and the third probably corresponds to quasi-two-dimensional pores between primary particles (Df3 = 2.92). This gradation is preserved for the rGO-10.0 material, while the values of the fractal dimension of the mesopore surface are Df1 = 2.68 and Df2 = 2.83, i.e., the "layering" of three-dimensional objects is observed. At the same time, the parameter Df3 increases and becomes equal to 2.52, which means that the material becomes relatively more homogeneous in properties. For the rGO-12.0 material, the situation changes – the content of the hierarchical structure described by the parameter Df2 decreases sharply and the material composition is formed by two components with the most probable values of the fractal dimension Df1 = 2.77 (quasi-three-dimensional formations-agglomerates) and Df3 = 2.33 (quasi-two-dimensional clusters of primary particles). The NL-DFT pore size distributions for materials rGO-8.0, rGO-10.0, and rGO-12.0, calculated using the slit pore model, are quite similar (figure 4 (a), (b), (c)) and, in all cases, are formed by the fraction of micropores, the content of which is generally the same for all materials, and the interparticle mesopore fraction. For all materials, mesopores with a diameter in the range of 2–25 nm are observed, and there is a clear increase in the mesopore content with increasing pH. An increase in the mesopore content causes an increase in the specific surface area, which are 121, 137, and 226 m2/g for materials rGO-8.0, rGO-10.0, and rGO-12.0, respectively. 
4. Conclusions

The effect of the pH of the reaction medium on the structural parameters of hydrothermally reduced graphene oxide, obtained by the Tour method, has been investigated at pH values of the reaction medium of 8.0, 10.0, and 12.0 (using NaOH as a regulator). Hydrothermal treatment of colloidal graphene oxide at pH = 8.0 makes it possible to obtain reduced graphene oxide formed by two fractions of particles with a thickness of 1.67 and 1.21 nm (4–5 graphitic layers each), at pH = 10.0 – two fractions with a thickness of 0.74 and 1.11 nm (2–3 and 4 layers, respectively), at pH = 12.0 – a single fraction with a particle thickness of 0.70 nm (3 graphitic layers). An increase in the pH of the reaction medium leads to a decrease in the average lateral size of the reduced graphene oxide particles from 10.9 to 7.6 nm. Samples of hydrothermally reduced graphene oxide at pH values of 8.0, 10.0, and 12.0 exhibit both micro- and mesopores with a specific surface area of 121, 137, and 226 m2/g, respectively. The relative contribution of mesopores increases with increasing pH. It has been found that the fractal dimension of the surface of slit-like micropores is minimal (D = 2.18) for the case of pH = 8.0, increases to 2.52 for the material obtained at pH = 10.0, and again decreases to 2.33 for the material obtained at pH = 12.0. The results obtained are valuable for understanding the process of graphene oxide reduction, provided that the structural and morphological properties are controlled to adapt the material for specific applications.
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Figure 1. (a) X-ray diffraction pattern, (b), (c) Raman spectra of raw graphite (Aldrich, #282863).
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Figure 2. (a), (b) XRD patterns, and (c), (d), (e), (f) Raman spectra of dried graphene oxide at pH = 2.2 (GO-2.2) and pH = 5.5 (GO-5.5).





Table 1. Parameters of Raman spectra of graphene oxide samples GO-2.2 and GO-5.5 (range 750–2150 cm–1)
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Table 2. Parameters of Raman spectra of graphene oxide samples GO-2.2 and GO-5.5 and raw graphite (range 2300–2900 cm–1)


�
Area, %�
Center, сm–1�
Width, сm–1�
�
Graphite Aldrich #282863�
�
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2445.0�
40.8�
�
2D2�
23.1�
2698.7�
38.1�
�
2D1�
70.0�
2741.7�
31.5�
�
GO-2.2�
�
2D2�
41.0�
2695.1�
244.7�
�
2D1�
53.1�
2924.5�
218.7�
�
2D3�
5.9�
3174.0�
89.6�
�
GO-5.5�
�
2D2�
42.0�
2694.4�
267.9�
�
2D1�
54.0�
2917.4�
246.9�
�
2D3�
4.0�
3157.7�
91.8�
�






� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���


� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���


� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���� EMBED Origin50.Graph ���


Figure 3. (a), (b), (c) XRD patterns, (d), (e), (f), (g), (h), (i) Raman spectra of materials obtained by hydrothermal treatment of graphene oxide GO-5.5 at pH of the reaction medium of 8.0, 10.0, and 12.0 (pH regulator –1 M NaOH aqueous solution).





Table 3. Structural characteristics of samples of reduced graphene oxides obtained by hydrothermal treatment of graphene oxide GO-5.5 at pH values of 8.0, 10.0, and 12.0 (materials rGO-8.0, rGO-10.0, and rGO-12.0)
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Area, %�
Peak position 2(, °�
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Table 4. Parameters of Raman spectra of reduced graphene oxide samples rGO-8.0, rGO-10.0, and rGO-12.0 (range 750–2150 cm–1)
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Area, %�
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Table 5. Parameters of Raman spectra of reduced graphene oxide samples rGO-8.0, rGO-10.0, rGO-12.0 (range 2300–3400cm–1)


�
Area, %�
Center, сm–1�
Width, сm–1�
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�
2D2�
47.1�
2681.6�
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Figure 4. (a), (b), (c) Adsorption-desorption isotherms and pore-size distribution, (d), (e), (f) functional plots log(V) = f(log[log(P0/P)]) for determining the fractal dimension of the surface for reduced graphene oxide samples rGO-8.0, rGO-10.0, and rGO-12.0.








xxxx-xxxx/xx/xxxxxx
1
© xxxx IOP Publishing Ltd

[image: image14.emf]10 20 30 40 50

(a)

C

10

B

002

(10)

2



, 

o

Intensity, arb. units

rGO-8.0

(002)

A

002

[image: image15.emf]10 20 30 40 50

(b)

(10)

2



, 

o

Intensity, arb. units

rGO-10.0

(002)

A

002

B

002

C

10

[image: image16.emf]10 20 30 40 50

(c)

(10)

2



, 

o

Intensity, arb. units

(002)

rGO-12.0

B

002

C

10

[image: image17.emf]800 1000 1200 1400 1600 1800 2000 2200

(d)

R

2

=0.998

Intensity, arb. units

Raman shift, cm

-1

rGO-8.0

D4

D1 D2

G

D3

[image: image18.emf]800 1000 1200 1400 1600 1800 2000 2200

(e)

D2

R

2

=0.999

Intensity, arb. units

Raman shift, cm

-1

rGO-10.0

D4

D3

G

D1

[image: image19.emf]800 1000 1200 1400 1600 1800 2000 2200

(f)

R

2

=0.998

Intensity, arb. units

Raman shift, cm

-1

rGO-12.0

D4

D3

G

D1

D2

[image: image20.emf]2400 2600 2800 3000 3200 3400

(g)

rGO-8.0

Intensity, arb. units

Raman shift, cm

-1

R

2

=0.985

2D2

2D1

2D3

[image: image21.emf]2400 2600 2800 3000 3200

(h)

Intensity, arb. units

Raman shift, cm

-1

rGO-10.0

R

2

=0.905

2D2

2D1

2D3

[image: image22.emf]2400 2600 2800 3000 3200 3400

(i)

Intensity, arb. units

rGO-12.0

R

2

=0.975

Raman shift, cm

-1

2D2

2D1 2D1

2D3

[image: image23.emf]0 5 10 15 20

0.000

0.005

0.010

0.015

0.020

0.025

(a)

0.0 0.2 0.4 0.6 0.8 1.0

10

20

30

40

50

60

70

80

90

100

Adsorption, cm

3

/g

p/p

o

rGO-8.0

rGO-8.0

Pore Volume, cm

3

/g

Pore size, nm

[image: image24.emf]0 5 10 15 20 25

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

(b)

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

120

140

p/p

o

Adsorption, cm

3

/g

rGO10

rGO-10.0

Pore Volume, cm

3

/g

Pore size, nm

[image: image25.emf]0 5 10 15 20 25

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

(c)

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

120

140

160

180

rGO12

Adsorption, cm

3

/g

p/p

o

Pore Volume, cm

3

/g

Pore size, nm

Pore Volume, cm

3

/g

Pore size, nm

rGO-12.0

[image: image26.emf]-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

1.2

1.4

1.6

1.8

2.0

(d)

D

3

=2.18

D

2

=2.92

D

1

=2.73

rGO-8.0

lg(V)

lg(lg(p

0

/p))

[image: image27.emf]-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

1.4

1.6

1.8

2.0

2.2

(e)

D

3

=2.52

D

2

=2.83

D

1

=2.68

lg(V)

lg(lg(p

0

/p))

rGO-10.0

[image: image28.emf]-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

1.4

1.6

1.8

2.0

2.2

(f)

D

3

=2.33

D

1

=2.78

lg(V)

lg(lg(p

0

/p))

rGO-12.0

_1781340235.bin

_1781340352.bin

_1783074464.bin

_1783074656.bin

_1783074657.bin

_1783074491.bin

_1781340492.bin

_1781340494.bin

_1783074369.bin

_1781340493.bin

_1781340490.bin

_1781340491.bin

_1781340357.bin

_1781340489.bin

_1781340298.bin

_1781340312.bin

_1781340345.bin

_1781340302.bin

_1781340266.bin

_1781340271.bin

_1781340239.bin

_1779976422.unknown

_1781340194.bin

_1781340218.bin

_1781340189.bin

_1779904322.unknown

_1779904323.unknown

_1779904289.unknown

