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Oscillatory behaviour of the surface reduction process of 

multilayer graphene oxide at room temperature  

D. N. Voylova*, I. N. Ivanovb,a*, V. I. Bykovc, S. B. Tsybenovad, I. A. Merkulovb, S. A. Kurochkine, A. P. 
Holta, A. M. Kisliukb, and A. P. Sokolova,b 

We report the observation of oscillatory redox reactions on the surface of multilayer graphene oxide (GO) films at room 

temperature. The redox reactions exhibited dampened oscillatory behavior with a period of about 5 days and found to be 

dependent on the time elapsed from film deposition. The kinetic behavior observed for the oxidation-reduction reactions 

and the metastability of the surface functional groups are adequately described by two models involving GO reactions and 

reactant diffusion. 

1 Introduction 

The dynamic research in the field of 2D materials, including 

graphene oxide (GO), has enabled the design of complex and 

novel device architectures based on their unique electrical, 

optical, and mechanical properties 1–7. The relative low cost of 

production, tunability of surface chemistry 8, and the 

dispersibility in various solvents make GO an attractive 

candidate for multifunctional system design 9–17. However, S. 

Kim et al. 18 showed that the chemical composition of single 

flake of multilayer GO is metastable on the time scale of one 

month at room temperature. The observed changes in 

chemical composition were attributed to a reduction process 

controlled by the in-plane diffusion of functional groups 18,19 

which progresses through radical reactions 20–22. Furthermore, 

it was reported that chemical modifications of GO are not 

stable and that they can change due to intramolecular 

reactions which inhibits the ability to create stable suspensions 

of GO 23,24. 

There are several favorable conditions for autocatalytic and 

oscillatory chemical reactions25 such as heterogeneity in the 

spatial distribution of chemical functionalities26 , the 

differences in the reactant diffusion rates, media in-plane and 

out-of-plane directions18,19,27–31, and enhanced reactivity at the 

edges of GO 32. 

In this article, we report the observation of oscillatory 

redox reactions pertaining to the oxygen-containing functional 

groups on the surface of a multi-layered GO film under 

vacuum at room temperature, which was determined to occur 

for approximately 10 days. Additionally, we demonstrate that 

the oscillatory redox reactions and metastability can be well 

explained by two models related to the interplay between the 

slow diffusion of chemically bonded oxygen and hydrogen 

below the surfaces of the GO layers and the fast radical 

reactions occurring along the edges of the GO layers. 

2 Experimental part 

4.1 Synthesis of GO 

Multilayered GO was synthesized using a modified 

Hummer’s method 31. The GO films were prepared from a 

centrifuged GO water solution by consecutively drop casting 

on a Teflon film to avoid adhesion. Before casting the films, 

the Teflon supports were cleaned by polar (tetrahydrofuran, 

THF) and non-polar (hexane) solvents in ultrasound bath.  

 

4.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed 

using ESCA with Phoibos-150 analyzer (SPECS, Germany). A 

non-monochromatized MgKα X-ray source was used (hν = 

1253.6 eV), that penetrates approximately 40 Å into the film. 

All the XPS signals were recorded with a pass energy equal to 

30 eV. The pressure in the sample chamber did not exceed 

8×10-10 Torr and the scanning conditions for all measurements 

were as the following: 100 ms/step, 0.1-0.05 eV/step, and 30 

sweeps. We should note that samples were stored in the XPS 

vacuum chamber for the duration of the experiment and that 

the typical thickness of the GO films for XPS measurements 

were approx. 1 micron which is equivalent to several hundred 

single flakes of multi-layer GO. 

The analysis of the XPS data were performed with CasaXPS 

2.3.16Dev.52 software using the Marquardt’s iteration 

method. For our data, the Tougaard background type was used 

and the fitting was done using the function defined as 20% 
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Lorentzian and 80% Gaussian (the same analysis method 

utilized in Ref.33). The spectra of the initial GO film revealed 

electrostatic charging. Since the same material was used to 

prepare all GO films it is reasonable to expect the same 

average value of binding energies for “C-C” electrons. We 

obtained this value (284.6 eV) based on experimental results 

of thermally reduced GO. Thus, the electrostatic charging shift 

was corrected for all spectra in CasaXPS using the calibration 

utility. 

 

4.3 Scanning probe microscopy 

Scanning probe microscopy (SPM) measurements were 

performed using a Scanning Probe Nanolaboratory Integra 

Aura (NT-MDT, Russia) and OmegaScope (AIST-NT, Novato, 

USA). Three types of tips were used: (1) standard silicon tips 

with a radius of curvature ~ 10 nm, (2) supersharp DLC tips 

with a radius of curvature ~ 1 nm for studying topology in a 

tapping mode (NanoSensor, USA), and (3) Scanning Kelvin 

Probe Microscopy (SKPM) measurements were performed 

under low vacuum (about 50 mbar) using standard tips 

covered by PtIr (radius of curvature ~ 20 nm) with a WF ~5.2 

eV, which were previously calibrated by measurements of 

fresh cleaved HOPG surface with a stable value of WF = 4.6 eV. 

For scanning Kelvin probe microscopy measurements, an AC 

voltage with an amplitude of VAC = 0.2 V at a frequency of f = 

154.657 kHz was applied to a probe. It should be noted that 

during all tapping-mode and SKPM measurements the 

amplitude of tip deviation was ~ 4 nm. 

For SPM measurements, the initial samples of GO were 

prepared by the following method: a water solution with a 

volume of 10 µl was drop-casted onto a substrate and was 

subsequently absorbed by filter paper (without touching the 

surface) after 60 seconds. For positive GO sheet identification, 

a fresh flake of HOPG was attached to a pyroceram glass with 

bi-adhesive tape and placed on the scanner with a maximum 

scanning range of 100 microns. A number of SPM 

measurements detected the displacement of the substrate 

due to the reversible deformation of the bi-adhesive tape. As a 

result, the sample was left untouched for 24 hours and then 

was re-scanned. This procedure was repeated until the 

displacement was within acceptable bounds (no more than 2.0 

nm/1.5 min). 
 

4.4 Raman spectroscopy 

Raman measurements were performed in a backscattering 

geometry using a Jobin Yvon T64000 triple monochromator 

spectrometer together with a Coherent Verdi II solid-state 

laser (wavelength of 532 nm with a power of 0.5 mW). 

 

3 Results 

The initial flakes of GO were characterized using scanning 

probe microscopy (Figure 1), infrared (IR) and Raman 

spectroscopy (Figure 2). The contact potential difference 

(Figure 1b) of the GO measured by SKPM with a previously 

calibrated tip (work function (WF) of the tip ≈ 5.2 eV) is 

proportional to the difference between WF of the tip material 

and the sample 34. From these measurements, the WF of GO 

was estimated to be ~4.85 eV. This value is in good agreement 

with literature and implies that synthesized GO typically 

contains oxygen in the form of epoxy and hydroxyl groups 27. 

IR absorbance spectrum is shown in Figure 2a. The regions 

with high absorbance coefficients were assigned to vibration 

modes of C-O and hydroxyl containing modes (C-OH, COOH, 

H2O) in the ranges of 800 – 1370 cm-1 and 3000-3700 cm-1 

respectively (as it was made, for example in the Ref. 6). The 

absorbance at 1580 cm-1 was attributed to in-plane stretching 

of sp2-hybridized carbons (C=C) with a possible contribution of 

ketone and/or carbonyl group (C=O) vibrations (which also has 

absorbance around 1735 cm-1). The shoulder at 2850 cm-1 was 

assigned to C-H vibration modes of alkyl type chains. Results 

from Raman spectroscopy are shown in Figure 2b and contains 

the typical spectra for GO, e.g., the G (1354 cm-1) and D (1605 

cm-1) bands. 

The evolution of chemical functionalities was studied using 

XPS. The analysis and deconvolution of XPS data was based on 

known chemical shifts of electron binding energy of atoms in 

compounds and the integral intensity of peaks which is directly 

proportional to concentration of the atoms 35,36. Typically, the 

core-level C1s spectra are fit by 2-5 functions depending on 

strength or visibility of components 35. The XPS spectra in the 

C1s region (from 281 to 292 eV of binding energy) is shown in 

Figure 3 a,b where the change in the integrated areas, or 

concentration of atoms, of the deconvoluted peaks as a 

function of time is apparent (see the SI for more details).  

The first maximum on the spectra at 284.6 eV (Figure 3b) 

was attributed to the electrons from carbon atoms in sp2 

(Csp2), sp3 (Csp3) hybridization 37 and to the chemically bonded 

carbon with hydrogen (C-H) (further referred to as C-C)38. The 

contributions from defects, carbon atoms in the structure of 

5–8–5 defects, and Stone–Wales defects 39,40 are expected to 

have binding energy slightly higher than that of Csp2 (about 0.5 

eV, full width at half maximum (FWHM) of about 2 eV) 41. 

Therefore, C-H, Csp3 and “defects” contribute to the 

broadening of C-C peak, which usually has FWHM of about 1 

eV for aromatic layers in Csp2 hybridization. The high-energy 

peaks of the spectrum were attributed to the hydroxyl (286.2 

eV), epoxy/ether (286.8 eV), carbonyl (288.1 eV) and carboxyl 

(289.3 eV) functional groups 37 (Figure 3b) (for more details 

related to deconvolution procedure, see SI). In the literature, it 

is widely accepted that the electronic energies of carbon 

bonded to hydroxyl or epoxy groups have very similar values 

which prevents the deconvolution of their contributions to the 

C1s spectra from XPS. It is important to note that oscillatory 

behavior does not depend on how many components were 

used during deconvolution procedure. In fact, all the evidence 

supporting the oscillatory behavior presented in this work, as it 

will be shown, stems from the analysis of the C-C component. 

The specific reason to use five functions was due to the shift of 

the maximum at around 286 eV to a low energy during the 

experiment (Figure 3b inset) (for more details, see SI). This 

shift can only be explained by a relaxation process or a change 
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in contributions to the spectra from different functionalities. 

Our dielectric measurements did not reveal any process with 

such a long relaxation time (~104 min). Therefore, we believe 

the shift is caused by changes of epoxy/hydroxyl functional 

group concentration ratio which correlates with the degree of 

GO reduction (C-C concentration) as shown in Figure S2 and 

S3.  

Unfortunately, IR and Raman spectroscopy do not reveal 

any essential difference between the initial GO and the GO 

after eleven days of measurements. We believe that this is 

caused by difference of sampling depth (or escape depth of 

photoelectrons) and measurement conditions. The XPS 

technique provides information concerning the chemical 

composition of surface with a typical sampling depth of about 

4 nm (for this material). By taking into account X-ray beam 

diameter (50 mm) it is easy to estimate that the XPS allows to 

analyze a chemical composition of about 1011 atoms or 10-13 

mole of substance on a surface. However, IR and Raman 

spectroscopy integrate their signal from a volume several 

orders of magnitudes larger and have a much lower sensitivity 

to the surface. In addition, it should be noted, that the XPS 

measurements are performed in a high vacuum while IR and 

Raman spectroscopy work under ambient conditions. This 

difference may be crucial if water molecules adsorbed on the 

surface of the GO and participate in chemical reactions or the 

reduction process. 

4 Discussion 

The time-dependence for the concentration of the 

functional groups are shown on the Figures 4a-e. It becomes 

apparent that the concentration of C-C (Figure 4a), hydroxyl 

(Figure 4b) and epoxy/ether (Figure 4c) groups changes 

significantly as a function of time. However, the 

concentrations of carbonyl (Figure 4d) and carboxyl (Figure 4e) 

functional groups undergo rather small changes. The changes 

in the water content is shown in Figure 4f. These results 

indicate that there are complex chemical reactions are 

occurring on the surface of GO under vacuum at room 

temperature over the course of eleven days.  

S. Kim proposed that the reduction of GO occurs through 

the reactions between chemically bonded hydrogen (C-H) and 

hydroxyl groups (C-OH) on the surface of GO 18.  

{ } { } { }→ ↑2- + - = +C H C OH C C H O  (1) 

The loss of hydroxyl group is compensated by a reaction 

between epoxy groups (C-O-C) and C-H: 

{ } { } { } { }→- + - = +C H C O - C C C C - OH  (2) 

However, these reactions alone cannot explain the observed 

oscillatory behavior. In addition to the reactions (1) and (2), we 

considered the diffusion of functionalities in both the in-plane 

and out-of-plane directions. Also, we suggest another model 

based on facile reactions along the edges of GO layer between 

defect sites. 

 

3.1 Diffusivity model 

The diffusivity model, based on the reactions (1) and (2) 

considers the diffusion of the oxygen and hydrogen containing 

functional groups throughout the multilayered GO. The 

diffusive processes follow from a simple analysis of the kinetic 

behavior (Figure 4). This behavior may be conditionally divided 

into four regions corresponding to the time intervals with the 

prevalent chemical processes. The first region (0-5,000 min) 

reveals the growth in the concentration of C-C bonds (Figure 

4a) which corresponds to intensive reduction. It is also 

accompanied by a decrease in the FWHM (Figure 4g) and 

charging shift (Figure 4g). The charging shift reflects the 

resistivity of the material and therefore the size of π-

conjugated domains which percolate throughout the volume 

of the film. The continued growth in the concentration of C-C 

bonds during the times from 5,000 to 7,500 min was allocated 

into region II due to a simultaneous change in the trend of the 

charging shift and FWHM of the C-C peak (Figures 4a and 4g). 

The broadening of C-C maximum accompanied by an increase 

of the charging shift (Figure 4h) can be explained only by a 

considerable growth in the concentration of C-H, Csp3 or 

“defects” sites. Based on general considerations, literature 

data, and Raman spectra which have not revealed any 

difference for the GO film before and after XPS measurements 

we cannot conclude any reasons why the concentration of 

“defects” might spontaneously increase at room temperature 

and under vacuum. The SPM results (Figure 1) also showed 

that pristine GO does not possess indented edges or holes 

which are typical for high defective sheets 42. The third stage 

(7,500-12,000 min) (Figure 4a) shows the re-oxidation of GO. 

Recently, M. Acik et al. 21 reported an increase in the degree of 

oxidation of GO at a temperature of 200oC. Also, we previously 

reported the observation of re-oxidation of microwave 

exfoliated graphite oxide in storage under an ambient air 

atmosphere at room temperature 42. The fourth stage (12,000-

16,000 min) is dominated by the reduction process. 

The material balance analysis suggests that the re-

oxidation of the GO surface under vacuum occurred due to the 

diffusion of oxygen functionalities. The possible ways for 

oxygen and its functionalities to diffuse are through the 

defects and edges of graphene oxide sheet because of the 

large steric factor for motion through the structure. The 

hydrogen atom does not have steric constraints for the inter- 

and intra- layers hopping in GO sheets because of its small size 

and sufficient space in GO structure 44. The case of different 

diffusion paths for hydrogen and oxygen functional groups 

should lead to a different space localization on the surface. 

Also, in the case of carbon nanotubes it was shown that 

diffusing hydrogen is more probable to form pairs 45. We 

believe that consumption of the initial hydrogen occurring 

during the reduction in the stage I, leads to a concentration 

gradient of hydrogen in a transverse direction which causes 

diffusion. Water molecules that are intercalated in the 

interlayer space may play an important role and act as the 

buffer for hydrogen and oxygen due to the reactions with 

Page 3 of 12 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

carbon radicals that are released during the reduction process. 

A detailed schematic representation of this model is illustrated 

in Figure 5.  

Based on the kinetics of the “C-C” bond concentration and 

the fact that hydrogen should diffuse at least through one 

interlayer distance to maintain the observed contribution in 

the XPS spectra, we estimate that the higher limit of diffusion 

coefficient has a value order of 10-10 cm2/s. This value is only 

one order of magnitude lower than the in-plane diffusion 

coefficient of physio-adsorbed hydrogen in graphite 46. In 

order to evaluate this model, we propose that diffusion is 

facilitated by the reactions of functionalities from the inner 

layers with carbon radicals. The oscillatory-like behavior is 

known to take place in the systems with a spatially separated 

localization of reagents 30,25. The diffusing hydrogen through 

GO may form pairs, as was previously reported in carbon 

nanotubes 45. The radical reactions are believed to define the 

degree of oxidation in the volume and on the surface of GO 21. 

It is probable that the same radical reactions can facilitate 

the spatial separation of functional groups 26. The existence of 

the carbon radical {C•} is reasonable based on a literature 21, 47, 

48 and when we take into account the possible formations of 

the transitional state complex {H-C-OH} in reaction (1) 49. The 

carbon radical is expected to have a long enough life time to 

react with water molecules or participate in other reactions, 

leading to the transfer of functionalities from the bottom 

layers to the surface of GO. Likewise, the carbon radical can 

move in the plane of the GO surface as well as migrate along 

the structure of the π-system 50.  

By accounting for the diffusion of functional groups and 

the existence of carbon radicals, the simplest modification of 

reactions (1) and (2) are: 

{ } { } { } −→ •
2+ + + eCOH CH C - C H O  (3) 

{ } { } { } { } −→ •+ + + eCOC CH C - C COH  (4) 

{ } { }−→• + eC - C C = C   (5) 

The presented reactions (3-5) along with the consideration for 

the diffusion of reactants lead to a system of non-linear 

differential equations. Our analysis demonstrates that 

oscillatory relaxations are probable for certain parameter 

values with small deviations and very likely for large deviations 

from the steady state (for more details, see SI). The deviations 

from a steady-state may be caused by the evaporation of 

water from the GO surface.  

 

3.2 Reactive edges and defects model 

We employed the following set of reactions for the 

examination of the reactive edges and defects, as model: 

( ) { } { }→←2 + 2 2 ,O Z ZO   (6) 

( ) { } { }→←2 + 2 2 ,H Z ZH   (7) 

{ } { } { } { }→←+ + ,ZO ZH Z ZOH   (8) 

{ } { } { } ( )→ZOH ZH Z H O2+ 2 + ,  (9) 

( ) { }→←2 2+ ,H O Z ZH O   (10) 

( ) { } { }→←2 2+ ,H Z ZH   (11) 

{ } { } { } ( )→ +ZH ZO Z H O2 2+ 2 ,  (12) 

{ } { }→←2 ,Z C = C   (13) 

Where Z – is active site on the GO sheet (i.e., carbon radical). 

The reactions (6), (7), (10-12) may be realized on the edges of 

graphene plane or defects located in the center of a GO sheet. 

The diffusion of hydrogen atoms in the plane of the GO surface 

has been reported in the literature 51,52. The hydrogen atom 

does not have steric constraints for the inter- and intra- layer 

hopping in the GO layers because of its small size and the 

adequate space in GO structure 44. The molecular species of 

oxygen released during the reduction of GO was reported by R. 

Larciprete and co-authors 20. R.Y.N. Gengler et al. recently 

reported the interaction between water and graphene oxide 

on the timescale of picoseconds 53. The remaining components 

are typical for GO chemical reactions 24.  

The reactions (6), (11), (12) represent the simplest catalytic 

trigger, i.e. a system with three stationary states. The reaction 

(10) alone could lead to continuous oscillations. The remaining 

reactions lead to a non-stationary condition and dampened 

oscillations. The observed behavior is typical for a 

heterogeneous catalytic reaction where the fluctuation of 

reaction rates on the catalyst surface can induce a transient 

behavior in the catalyst volume 25, which is important since the 

catalytic reactions in GO are known to occur on the edges 54. 

The deactivation of graphene active centers through reaction 

(13) is irreversible, and leads to dampened oscillations within 

the system. 

The analysis of experimental results by this model is shown 

on the Figure 6. Figure 6a shows a single measurement fit 

using the “reactive edges” model. A comparison of 

experimental results beginning after the initial deposition of 

GO to those obtained by S. Kim and co-authors in Ref. 18 is 

shown in the Figure 6b. The data was fit using equation: 

− −
1 2

,% 1 2 3 3 4( ) = - e + e sin( - )
t t

k k

C-CC t C C C k t k  

This is one of possible analytical solutions of the system of 

differential equations, which satisfies the reactions in this 

model.  

The results of additional measurements of nine different 

samples are presented on the Figure 6c along with previously 

reported results in Ref. 18. We found a correlation between the 

functional group concentrations and the time elapsed after the 

water evaporation. We normalized the data on time elapsed 

from the deposition procedure (i.e., water evaporation) 

introducing a time parameter, td, which accounts for the time 

from when the initial GO deposition occurred. By taking into 
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account that the samples were stored in a dark place (to avoid 

photo reduction) and at room temperature after the initial GO 

deposition, we conclude that the evaporation of water plays a 

crucial role in these effects. 

5 Conclusions 

We observed the oscillation in the concentrations of 

oxygen-containing functionalities on the surface of GO on the 

timescale of approximately 11 days. Our experiments revealed 

that the amplitude of oscillations depends on time elapsed 

from the deposition of GO. We proposed two models based on 

(1) the chemical reactions along the edges of GO and defects, 

and (2) the diffusion phenomena of functionalities.  

Our analyses demonstrate that both models well describe 

the experimental results and may be complementary 

processes. The mechanism based on the diffusion phenomena 

is likely to stem from the successive accumulation and 

consumption of chemically bonded oxygen (mainly hydroxyl 

and epoxy groups) and hydrogen species on the GO surface 

which lead to radical reactions. The diffusion of oxygen-

containing functionalities may have higher steric hindrance in 

comparison with those based on hydrogen diffusion. 

The rate constant of GO reduction at room temperature 

obtained by S. Kim and co-authors 18 (relaxation time was 

estimated to be equal to ~35 days) are probably applicable to 

the processes occurring on the timescale of > 30 days. Many 

functionalities with unresolvable peak positions from XPS 

measurements limited the estimation of reaction rate 

constants. There are further experiments are required to fully 

understand the complexity of these reactions. 
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Figure captions: 

Figure 1. (a) AFM results (tapping mode) of deposited on fresh 

cleaved mica GO flakes, (b) SKPM measurements results of GO 

deposited on fresh cleaved HOPG. 

Figure 2. (a) IR and (b) Raman spectra of GO. There was no 

essential difference in spectra of initial GO and after 12 days of 

experiment. 

Figure 3. Experimental data and fitting of X-ray photoelectron 

spectra in C1s electrons region: (a) The time evolution of the 

XPS shown as a surface plot. (b) The experimental data (open 

circles) with fitting curves (solid lines): C-C (black), hydroxyl 

groups (red), epoxy/ether groups (blue), carbonyl groups 

(green), carboxyl groups (magenta). Inset: The shift of the peak 

maximum at ~286.5 eV which was observed during all 

measurements. 

Figure 4. The time evolution of concentration of C-C (a), C-OH 

and C-O-C (b), and C=O and COOH (c), carbonyl (d), carboxyl 

(e), and water (f) functional groups derived from the 

deconvolution of XPS spectra. (g) The full width at half 

maximum (FWHM) of the C-C functional group and (h) the 

charging shift. 

Figure 5. A detailed schematic representation of the stages 

allocated from the time evolution of GO surface 

functionalities. 

Figure 6. Dependence of C-C concentration on time. (a) 

Experimental results (red circles) and fitting using the “reactive 

edges” model (blue curve) of single measurement. (b) 

Comparison of experimental results started right after GO 

deposition (symbols), results obtained by S. Kim and co-

authors in Ref. 18 (green stars), and the fitting based on the 

“reactive edges” model (red curve). (c) Comparison of all 

experimental data in the present work normalized on time 

elapsed from the deposition procedure (symbols), results 

obtained by S. Kim and co-authors in Ref. 18 (green stars), and 

the fitting based on the “reactive edges” model (red curve). 
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Figure 1. (a) AFM results (tapping mode) of deposited on fresh cleaved mica GO flakes, (b) SKPM 
measurements results of GO deposited on fresh cleaved HOPG.  
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Figure 2. (a) IR and (b) Raman spectra of GO. There was no essential difference in spectra of initial GO and 
after 12 days of experiment.  
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Figure 3. Experimental data and fitting of X-ray photoelectron spectra in C1s electrons region: (a) The time 

evolution of the XPS shown as a surface plot. (b) The experimental data (open circles) with fitting curves 
(solid lines): C-C (black), hydroxyl groups (red), epoxy/ether groups (blue), carbonyl groups (green), 

carboxyl groups (magenta). Inset: The shift of the peak maximum at ~286.5 eV which was observed during 
all measurements.  
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Figure 4. The time evolution of concentration of C-C (a), C-OH and C-O-C (b), and C=O and COOH (c), 
carbonyl (d), carboxyl (e), and water (f) functional groups derived from the deconvolution of XPS spectra. 

(g) The full width at half maximum (FWHM) of the C-C functional group and (h) the charging shift.  
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Figure 5. A detailed schematic representation of the stages allocated from the time evolution of GO surface 
functionalities.  
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Figure 6. Dependence of C-C concentration on time. (a) Experimental results (red circles) and fitting using 
the “reactive edges” model (blue curve) of single measurement. (b) Comparison of experimental results 
started right after GO deposition (symbols), results obtained by S. Kim and co-authors in Ref. 18 (green 

stars), and the fitting based on the “reactive edges” model (red curve). (c) Comparison of all experimental 
data in the present work normalized on time elapsed from the deposition procedure (symbols), results 

obtained by S. Kim and co-authors in Ref. 18 (green stars), and the fitting based on the “reactive edges” 
model (red curve).  
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