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Abstract 1 

 We present a new modification of graphene oxide with very high content (85 wt. %) of 2 

oxygen-containing functional groups (hydroxy, epoxy, lactol, carboxyl, and carbonyl groups) that 3 

forms stable aqueous dispersion in up to 9 g∙l−1 concentration solutions. A novel faster method of 4 

the synthesis is described that produces up to 1 kg of the material and allows controlling the particle 5 

size in solution. The synthesised compound was characterised by various physicochemical 6 

methods and molecular dynamics modelling revealing unique structure in the form of multi-7 

layered wafer of several sheets thick, where each sheet is highly corrugated. The ragged structure 8 

of the sheets forms pockets with hindered mobility of water that leads to the possibility of trapping 9 

guest molecules. 10 

 11 

  12 
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 Unique thermal, chemical, mechanical, electronic, electrical and optical properties of 1 

graphene and its oxidised form graphene oxide (GO) 1–9 determine their applications in energy 2 

(solar cells, batteries, supercapacitors, fuel cells 10–17), electronics 18–20, optics 21, sensor design 3 

14,22,23, textiles 24, water disinfection 25–27 and desalination 28,29, as well as in biomedical areas such 4 

as targeted drug 30,31 and biomolecule 32–38 delivery, tissue engineering 39, diagnostics 40–42 and 5 

bioimaging 43–46, photodamage protection 47, development of nanomaterials with antiviral 48, 6 

antibacterial 49, antifungal 50, and anticancer activity 51–53. When discovered in 2004 by Geim and 7 

Novoselov, graphene was obtained through a simple mechanical method by separating one layer 8 

from graphite material 54. To date, various methods of graphene synthesis were designed including 9 

chemical vapour deposition 55, electrochemical exfoliation of graphite 56, mechanical exfoliation 10 

57, and reduction of GO thermally 58, chemically 59 or electrochemically 60. 11 

 GO is an oxidised form of graphene that contains oxygen functional groups, such as 12 

carbonyl, carboxyl, and lactol groups at the edges of GO flakes as well as hydroxyl and epoxy 13 

groups located at the basal plane of the flake surface. Oxidising graphene surface brings several 14 

physical, chemical, and biological advantages, specifically, (i) the ability to form a stable 15 

dispersion due to the interaction of the oxygen functional groups with water molecules through 16 

hydrogen bonds; (ii) the possibility of further functionalisation exploiting various functional 17 

groups located on the GO surface. 18 

 Interestingly, GO was synthesised before graphene, first by Brodie in 1859 61 from graphite 19 

using potassium chlorate and fuming nitric acid as the oxidising agents and then by Staudenmaier 20 

in 1898 62 with some modifications for the oxidation method using potassium chlorate, 21 

concentrated sulphuric acid, and fuming nitric acid. In 1937, Hofmann utilised non-fuming nitric 22 

acid with potassium chlorate 63. Hummers and Offeman in 1958 synthesised GO by oxidising 23 
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graphite using a mixture of oxidising agents: sulphuric acid, sodium nitrate, and potassium 1 

permanganate. The method was called Hummers’ method 64. In 2010, Tour developed a 2 

modification of the Hummers’ method by replacing sodium nitrate with phosphoric acid for 3 

improved oxidation and using H2SO4 / H3PO4 mixture with the 9:1 ratio 65. Currently Hummers’ 4 

method and its modifications, and Tour’s method are usually used for obtaining GO, rather than 5 

Brodie’s and Staudenmaier’s methods, as faster and safer methods 66. An additional advantage is 6 

higher oxygen content in Hummers’ (52.89 %) and Tour’s (55.86 %) methods comparing to 7 

Hofmann’s (45.50 %) and Staudenmaier’s (44.89 %) methods. 8 

 Graphene and its derivatives are intensively studied using computational methods 67–73. In 9 

particular, molecular dynamics (MD) modelling of graphene oxide was utilised to investigate the 10 

molecular details of GO, including its interaction with water, its aggregation properties, 11 

physicochemical and mechanical characteristics 74–79. 12 

 Here we present a new modification of GO with even higher content of oxygen-containing 13 

functional groups (up to 85 wt. %). We describe a new method of synthesis as well as 14 

physicochemical characterisation of the material using experimental and computational methods. 15 

We show that this new GO compound has unique structure that is capable of trapping a variety of 16 

guest molecules not only as chemical conjugates but also between the sheets in formed pockets 17 

filled with immobilised water. 18 

 The proposed method of synthesis has the following advantages over the analogues: (i) 19 

increased, up to 95 %, yield of the product due to the new ratio between the reagents (KMnO4 and 20 

graphite, graphite and H2SO4, H2SO4 and H2O, H2SO4 and H2O2); (ii) increased content of the 21 

oxygen-containing functional groups (carboxyl, carbonyl, hydroxyl, epoxy, lactol) due to the use 22 

of additional oxidants, with the oxidiser (NaNO3, P4O10) weight ratio of 10 (graphite) to 1 23 
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(oxidiser); (iii) the ability to obtain stable aqueous dispersions of GO without adding surfactants; 1 

(iv) the reduced time of synthesis (4 h); (v) the ability to control the size of the resulting 2 

nanoparticles due to an additional stage with temperature treatment of the reaction mixture at 95°C; 3 

(vi) scaling of the GO production process up to 1 kg. 4 

 For GO synthesis, the graphite powder was used having the following characteristics: 5 

particle size <45 μm, 99.99 % purity. In a round-bottom flask 500 g of graphite, 50 g of P4O10, and 6 

2.5 l of H2SO4 were mixed and treated in an ultrasonic bath ODA-DS40, Russia (ultrasonic 7 

frequency 37 kHz, ultrasonic power 160 W) for 10 min, then the resulting mixture was stirred for 8 

15 min at room temperature. Thereafter, 50 g of NaNO3 was gradually added to the reaction 9 

mixture while cooling on ice to 5°C with continuous stirring for 30 minutes. Next, 500 g of KMnO4 10 

were added with continuous stirring for 30 min (the temperature was maintained at 5 °C using ice), 11 

and then the temperature was increased to 40°C for 1 h with continuous stirring, followed by the 12 

gradual addition of 1.25 l of distilled water. After that, the temperature of the reaction mixture was 13 

increased to 95°C for 1.5 h, then 2.5 l of distilled water and 50 ml of 30 % H2O2 were added. The 14 

resulting precipitate was separated from the solution using a Schott filter (pore size 1.6–4.0 μm), 15 

washed with 5 % HCl, then distilled water was added until neutral pH, dried at 65°C, and dissolved 16 

in distilled water in an ultrasonic bath for 1 h for exfoliation. 17 

 The obtained dispersions of GO in the concentration range C = 1.8–9.0 g·l−1 are shown in 18 

Fig. 1 in comparison with distilled water. Even the solution of highest concentration forms a stable 19 

transparent dispersion for more than one month. 20 

 Fig. 2 shows the 13C NMR spectrum obtained by direct excitation. The spectrum reveals 21 

the following peaks: (i) the weakly pronounced peak at 60 ppm corresponding to the epoxy groups; 22 

(ii) the intense peak at 69 ppm attributed to the hydroxyl groups; (iii) the low-intensity peak at 100 23 
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ppm corresponding to the carbon atom in the lactol group; (iv) the peak at 129 ppm attributed to 1 

the C=C structural fragment of the graphene plane; (v) the weak peak at 165 ppm corresponding 2 

to the carboxyl groups; (vi) the broad peak at 191 ppm corresponding to the carbonyl groups. From 3 

these data, the percentage of the oxygen-containing functional groups on the surface of GO was 4 

determined to be 55 85 wt. % for hydroxyl groups, 22 wt. % for epoxy groups, 4 wt. % for lactol 5 

groups, 3 wt. % for carbonyl groups, 1 wt. % for carboxyl groups (85 wt. % in total), which was 6 

consistent with available experimental data 80–84. 7 

 The IR spectrum of GO is presented in Fig. 3a. The broad peak at 3440 cm−1 refers to the 8 

stretching of the O–H fragment of the hydroxyl, carboxyl and lactol groups; the intense peak at 9 

1718 cm−1 corresponds to the stretching of the C=O fragment of the carboxyl, carbonyl and lactol 10 

groups; the three peaks at 1363, 1418 and 1226 cm−1 refer to the stretching of the C–OH fragment 11 

of the hydroxyl groups from the hydroxyl, lactol and carboxyl groups respectively, the peak at 12 

1085 cm−1 corresponds to the stretching of C–O in the epoxy groups; the peak at 1630 cm−1 13 

corresponds to the stretching of graphene C=C aromatic domains. The obtained results are in 14 

agreement with the literature data 85,86. 15 

 Fig. 3b demonstrates the UV/Vis spectrum of GO in the wavelength range λ = 200–800 16 

nm. The absorption peak at 235 nm corresponds to π–π* transitions of the remaining sp2 C=C 17 

bonds of GO. The shoulder at 300 nm is related to the n–π* transitions of C=O bonds of the 18 

carboxyl, carbonyl and lactol groups. The obtained spectrum is in good agreement with the 19 

literature data 87,88. 20 

 Fig. 3c shows the results of Raman spectroscopy of a GO sample. The spectrum contains 21 

D, G and 2D bands. The G band is characteristic of all sp2-hybridised graphite-like materials; it 22 

shows that the synthesised sample contains a C=C fragment that forms a π-structure. The D band 23 
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describes a defect mode associated with the functionalisation of the surface, leading to the 1 

transition of carbon atoms to the sp3-hybridised state and disordering the π-system. The 2D band 2 

describes the number of graphene layers and determines whether these structures are single-3 

layered, double-layered, or multi-layered. In particular, in the case of single-layer GO, the ratio 4 

I2D / IG is equal to 2; a decrease in this ratio indicates an increase in the number of layers. The ID / 5 

IG ratio allows to estimate the degree of functionalisation of the GO surface as well as the defect 6 

content. The analysis of Fig. 3c shows the presence of D and G bands at 1360 cm−1 and 1592 cm−1, 7 

having the ID / IG ratio of 0.97, indicating the functionalisation of the graphene surface with oxygen 8 

functional groups confirming the formation of GO. The analysis of Raman spectrum shows 9 

agreement with the literature results 89–94. 10 

 In summary, the applied techniques provide consistent picture for the chemical structure 11 

of the synthesised compound with very high quantity of oxygen containing groups and specific 12 

distribution between various groups that we used in our subsequent MD simulations. 13 

 The presence of the 2D band (ratio I2D / IG = 0.65) in Raman spectrum indicates a multi-14 

layered structure of GO. We now concentrate on determining the properties of this wafer-like 15 

structure. 16 

 The analysis of graphite and GO X-ray diffraction spectra (see the spectra in Appendix 1) 17 

shows that the peak of the 002 plane of graphite was found at 2θ = 26.5°, while after oxidation the 18 

peak shifted to 2θ = 9.68° representing the 001 plane of GO. This fact confirms the oxidation of 19 

graphite to GO.  To estimate the inter-molecular distance between the GO sheets, Bragg’s law was 20 

applied 95: 21 

2 sind =            (1), 22 
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where λ is the wavelength of the X-ray beam (0.154 nm), d is the distance between the adjacent 1 

GO sheets or layers, θ is the diffraction angle. The diffraction peak was at 2θ = 9.68°, representing 2 

the (001) planes, the spacing between which was the distance between the GO sheets which, in our 3 

case, was equal to 9.13 Å (the value in literature is in the range 6–11 Å 78). This particular value 4 

is explained by a unique structure of the layer, the details are revealed by MD simulation, see 5 

below. 6 

 Fig. 4 shows SEM and HRTEM images of GO. It can be seen that the synthesised sample 7 

consists of delaminated crumpled layers with sharp edges. At the same time, HRTEM analysis 8 

shows that the structure of GO consists of smooth transparent flakes with organised distribution 9 

and homogeneous surface without agglomerations. The number of layers is low, even bilayers and 10 

single layers of GO sheets are visible with twisted or wrinkled edges due to functionalisation and 11 

different interactions between the functional groups on the surface. This leads to the high density 12 

of functional groups on the surface that help increase the distance between the layers to account 13 

for transparency and preventing the accumulation of the layers. 14 

 When dissolved in water, the flakes form associates. The dynamic light scattering analysis 15 

of the obtained size distribution reveals that the average size of GO associates is 300–350 nm. At 16 

the same time, the values of ζ-potentials (−(35−30) mV) prove that the obtained dispersions 17 

possess aggregative stability (see Fig. 3 in the Appendix 1) 96. 18 

 The obtained adsorption isotherm is presented in Fig. 5. According to the BET 19 

classification, this isotherm can be attributed to type B. Such isotherms are observed in the case of 20 

the adsorption on layered structures, in particular, the adsorption of non-polar vapours on 21 

montmorillonite 97. When interpreting such isotherms, it is assumed that such form of a desorption 22 

branch is due to the evaporation of the adsorbate between plate-shaped particles, which are 23 
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oriented by the surface tension forces into a thixotropic structure. During desorption, the amount 1 

of capillary condensate decreases and the thixotropic structure is disordered. Rapid evaporation of 2 

the adsorbate leads to the formation of a step in the desorption curve. The surface was determined 3 

by the DFT method and corresponds to (26.6 ± 2.6) m2∙g−1. Usually, the GO surface area according 4 

to the literature data is estimated to be 200–600 m2∙g−1 98,99, and the low surface area is due to the 5 

association of the layers via hydrogen bonds. Similar results were previously obtained by Ding et 6 

al. 100 for GO obtained from the waste graphite from diamond synthesis industry. 7 

 In summary, experimental data show that the synthesised GO sheets form multi-layers 8 

structures, of few sheets thick, that are flexible and associated into several hundred nanometres 9 

large particles when dissolved in water. The structures are capable of absorbing nitrogen in a 10 

manner characteristic to inter-layer absorption/desorption process. 11 

 In order to elucidate the spatial structure of the material and explain its unique properties 12 

in hosting molecules we have performed MD modelling closely mimicking the realistic GO with 13 

chemical and physical properties revealed by the experiment. 14 

 The models of GO sheets were prepared in several stages. First, a flat 8×8 nm square 15 

graphene sheet (2,508 atoms) was generated using the VMD Nanotube builder plugin 101. Then, 16 

the hydroxyl and epoxy groups were attached to randomly chosen carbon atoms from both sides. 17 

The correctness of the produced structure was checked in terms of the absence of tri- or pentavalent 18 

carbon atoms. Five GO sheets with unique distributions of groups were prepared by this procedure. 19 

 The size of real sheets is in hundreds of nanometres or even micrometres that far outreaches 20 

the conventional targets of MD. Therefore, we used periodic boundary conditions to mimic sheets 21 

that are “infinitely large” from the microscopic point of view. For this, in the atomistic models the 22 

atoms located at any sheet edge were made matching those located at the opposite edge. 23 
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 The number of groups of each kind corresponded to their experimentally measured content. 1 

According to the NMR results (Fig. 2), carbon atoms are functionalised with 55 wt. % hydroxyl 2 

groups, 22 wt. % epoxy groups, as well as with 8 wt. % groups, which can be situated only at 3 

edges. Consequently, among the subset of non-edge carbon atoms, the fractions of atoms bound to 4 

hydroxyl and epoxy groups are (100/92) ~ 1.09 times higher than the overall values, resulting in 5 

60 wt. % and 24 wt. %, respectively. Because we modelled the “edge-less” sheets, we employed 6 

the latter percentages in our atomistic models. 7 

 The details on the forcefield and other specifics of the MD setup are provided in Appendix 8 

2. 9 

 We simulated two kinds of systems: a single GO sheet in water and a stack of five sheets 10 

in water, Fig. 6. For the latter systems, eight configurations were prepared. Configurations #1–#3 11 

were made by placing the sheets in empty box at different inter-sheet spacing with subsequent 12 

solvation and energy minimisation. The values 0.75, 1.15, 1.5 nm were taken, where the former 13 

two values correspond to a single or double layer of water molecules fitted between the sheets 79. 14 

In contrast, in configuration #4 the sheets were placed with 1.5 nm spacing and then simulated in 15 

vacuum for 10 ns. At such conditions the sheets were allowed to approach each other as close as 16 

possible. The resulting configuration having variable spacing was then solvated and used as the 17 

initial structure, Fig. 6d. Configurations #5–#8 were made exactly in the same way as #1–#4 but 18 

had two non-adjacent sheets initially mirrored with respect to their basal planes. The details of the 19 

prepared GO stacks are listed in Table 1. 20 

 The single GO sheet, which was flat in the initial configuration, was considerably deformed 21 

and adopted a strongly rugged shape during the first picoseconds of MD. This shape stayed 22 

conserved afterwards, and no further deformations or fluctuations occurred, Fig. 7a. The 23 
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magnitude of roughness, estimated as the distance between the points located farthest out of plane 1 

at each side, reached 1.2 nm. This finding seems somewhat surprising, as we have found no 2 

evidence for observing such non-flat GO structures in the available literature. However, it can 3 

readily be explained by the vast prevalence of sp3-hybridised carbon atoms tending to adopt a 4 

tetrahedral coordination and the strong repulsion between closely packed oxygen atoms. 5 

 The stacks of five sheets behaved in similar fashion, Fig. 7bc. Each sheet was deformed to 6 

the thickness of 1.2–1.4 nm in all cases. The original spacing has considerably changed from the 7 

initial value in response to the deformation of the sheets. Its average final value was calculated by 8 

dividing the cell thickness by the number of sheets (that is five), Table 1. As a result, the contact 9 

between the sheets appeared rather loose and occurring not across the whole plane, but only at 10 

some regions. 11 

 The results indicate that the shortest average distance between sheets that can be achieved 12 

is ~0.9 nm. This is much thicker than for the less functionalised GO, where 0.6 nm is possible if 13 

no water layer is present 79. The reason is the highly rough shape of the sheets that prevents tight 14 

packing. This fact also allows numerous water molecules to be placed in the gaps between adjacent 15 

sheets, which however form not a continuous layer but a set of weakly connected basins, Fig. 7d. 16 

 The similarity of final thicknesses between stacks #1 and #4, #2 and #5 etc. indicates that 17 

the values are robust and do not substantially depend on the functionalisation patterns of the sheets 18 

taken for simulation. 19 

 Considering the dynamics of the simulated systems, the lateral motion of the sheets in all 20 

stacks was strongly hindered because the adjacent sheets formed contacts. The mobility of water 21 

molecules was reduced, as well, due to the hydrogen bonding with GO. We estimated the diffusion 22 

coefficient D of water over the MD trajectories. For most stacks D is less than 0.05·10−9 m2∙s−1 23 



12 

indicating that it is almost completely bound to GO. Only in the stacks #3 and #5 with the largest 1 

spacing and highest content of water D = 0.2·10−9 m2∙s−1 that is somewhat higher. For comparison, 2 

the bulk value for SPC/E water is 2.7·10−9 m2∙s−1 102. 3 

 Summarising, for the first time, the express synthesis method was developed leading to the 4 

formation of GO enriched with oxygen-containing functional groups up to 85 wt. % (hydroxyl (55 5 

wt. %), epoxy (22 wt. %), lactol (4 wt. %), carbonyl (3 wt. %), and carboxyl (1 wt. %) groups). 6 

The proposed technique has several advantages including the high yield of the product (95 %), the 7 

reduced time of synthesis (4 h), scaling up the GO production (1 kg), the diverse possibilities of 8 

further chemical modification, the formation of stable aqueous dispersions. The obtained material 9 

was characterised with a set of physicochemical techniques as well as simulated using MD, which 10 

reveal that it has multi-layered structure of several sheets thick, where each sheet is highly 11 

corrugated. The sheets form associates that in solution produce stable dispersions even at high 12 

concentration with particle size of several hundred nanometres.  The unique ragged structure of 13 

the sheets forms pockets with hindered mobility of water that leads to the possibility of trapping 14 

guest molecules. 15 
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Table 1. The characteristics of the simulated GO stacks. 1 

Stack number Number of water molecules Initial spacing, nm Final spacing (in average), nm 

#1 1478 0.75 0.92 

#2 5544 1.15 1.12 

#3 9539 1.5 1.46 

#4 2676 1.03 (in average) 0.95 

#5 1510 0.75 0.92 

#6 5554 1.15 1.11 

#7 9518 1.5 1.46 

#8 2533 1.00 (in average) 0.94 
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 1 

Fig. 1. Dispersions of GO in the concentration range C = 1.8–9.0 g·l−1. 2 
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Fig. 2. 13C NMR spectrum of GO obtained using direct excitation (contact time is 2 ms). a is a 2 

structural fragment of C–O–C located on the basal planes of the graphene sheet, b is a structural 3 

fragment of C–OH located on the basal planes and the edges of the graphene sheet, c is a structural 4 

fragment of  at the edges of the graphene sheet, d is a structural fragment of C=C in 5 

the graphene plane, e is a structural fragment of –COOH at the edges of the graphene sheet, f is a 6 

structural fragment of C=O at the edges of the graphene sheet. 7 
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Fig. 3. (a) IR spectrum of GO; (b) optical excitation spectrum of GO (C = 1.8 g·l−1); (c) Raman 1 

spectrum of GO. 2 
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Fig. 4. (a) SEM image of GO; (b) HRTEM image of GO. 1 
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Fig. 5. The nitrogen adsorption isotherm of GO at 77.4 K consisting of the adsorption branch (■) 2 

and the desorption branch (●). A is the amount of the adsorbed substance, p is the gas pressure, p0 3 

is the saturated vapour pressure of nitrogen. 4 
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(c) 

 

(d) 

 

Fig 6. Initial configurations of the simulated systems. Water molecules are not shown. (a) Single 1 

sheet before energy minimisation; (b) stack #1 before energy minimisation; (c) stack #2; (d) stack 2 

#4. Carbon atoms are cyan, oxygen atoms are red, hydrogen atoms are white. 3 
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(d) 

 

Fig. 7. Final configurations of the GO sheet and stacks. (a) Single sheet; (b) stack #1; (c) stack #2; 1 

(d) water trapped between two GO sheets (coloured grey and blue, functional groups not shown) 2 

in stack #4. 3 


