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b Department of Physical Chemistry and Materials Science, Budapest University of Technology and Economics, Budapest, Hungary 
c Department of Organic Chemistry and Technology, Budapest University of Technology and Economics, Budapest, Hungary 
d Department of Inorganic and Analytical Chemistry, Budapest University of Technology and Economics, Budapest, Hungary 
e Research Institute for Technical Physics and Materials Science, Eötvös Loránd Research Network, Budapest, Hungary   
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A B S T R A C T   

Solvent-free radiofrequency (RF) nitrogen plasma treatment was applied to incorporate nitrogen atoms in 
relatively high concentration. Graphene oxide (GO) and two reduced GOs of different O-content were used as 
target substrates to reveal the influence of the functional groups decorating the graphene lattice on the quantity 
and quality of nitrogen incorporation. Despite the relatively high oxygen content of the samples no N–O bonds 
develop but three kinds of different N–C bonds of very similar concentration are formed. Reduction of the GO 
removed the O-groups but did not heal the vacancies where N doping may occur. After two days the implanted N 
content drops, the N1 state (sp2 N in pyridine ring, C–N–C) showing the least stability.   

1. Introduction 

Crystalline carbon materials, including carbon nanotubes, graphene 
and their derivatives, have been in the focus of intensive studies due to 
their unique structural, physical and chemical properties. They are 
promising candidates for a wide variety of applications, e.g. within the 
fields of energy storage and conversion [1–3], supercapacitors or cata-
lyst supports in fuel cells [4,5]. 

Experimental and theoretical studies showed that nitrogen doping 
can modulate the band structure of graphene and lead to a metal – 
semiconductor transition [6–8] and it was also demonstrated that ni-
trogen doping effectively improved both the microstructure and elec-
trochemical properties of carbonaceous materials [9,10]. The quality, 
the quantity and the distribution of the nitrogen atoms are crucial for the 
prospective applications. So far, the usually discussed species for the 
direct functionalization of carbon materials with nitrogen are pyridinic, 
pyrrolic and graphitic nitrogen sites within the graphene lattice [9,11]. 
Beside the deconvolution of the N1s peak by Mueller and his group 
resulted in an additional signal at 399.3 eV which they assigned to 
amide, amine and nitrile groups [12]. Nitrogen functionalization and 
incorporation has been demonstrated by wet chemical methods [13], arc 

discharge [14], chemical vapor deposition (CVD) [15–17] thermal or 
electrical annealing [10,11,18–21]. Plasma treatment processes, due to 
their high efficiency have drawn extensive attention in the reactive 
modification of graphene materials including oxidation of graphene, 
reduction of GOs or heteroatom implantation in both types [22–26]. 
Radio frequency (RF) cold plasma activation is a simple method for 
fostering gas–solid reactions. The surface activation creates reactive 
defect-sites or implant the concomitantly excited/ionised gas phase re-
actants into the sub-surface atomic layers, accommodating them in 
interstitial, substitutional lattice sites or in vacancies. Practically no 
environmental hazard arises owing to low energy and reactant con-
sumption, and essentially no emission of harmful by-products occurs. 
Recent reviews on the synthesis of nitrogen doped graphene or graphene 
oxide [27,28] concluded that the efficiency of plasma treatment in ni-
trogen doping noticeably exceeds other methods. Microwave and radi-
ofrequency plasma treatment of graphene or graphene oxide in the 
presence of N2 or NH3 has been reported as an efficient means of 
introducing nitrogen atom heterogeneities into the graphene layer(s) [5, 
18–21,29–37]. The amount of incorporated nitrogen varies from tech-
nique to technique. It was found that the use of chemical routes does not 
allow the distribution of N to be localized on the surface [28]. Samples 
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prepared by CVD contain segregated domains of nitrogen dopants in the 
same sublattice [38,39]. 

Bertóti et al. applied radio frequency (RF) activated N2 plasma for 
covalent attachment of nitrogen to different carbon materials, e.g., 
carbon nanotubes, graphene and graphene oxide [35–37]. By plasma 
treatment even 8–10% N content [5,31,37] is reachable according to the 
applied parameters. The method is solvent-free, thereby minimizing 
re-aggregation of the 2D flakes. The temperature and the duration of the 
treatment as well as the negative bias occasionally applied allow for 
further fine tuning of the nitrogen content [12,36,40]. 

According to Wang et al. higher defect density in the starting ma-
terial allows for higher N-doping [41,42]. The presence of oxygen con-
taining functional groups on the graphene lattice increases the defect 
density, this way providing a good starting point for N-doping methods. 
Moreover, among the several routes which have been published for 
graphene production, the oxidative exfoliation of graphite is one of the 
most widely used, cost-effective way. The graphene oxide (GO) obtained 
then may be reduced or chemically modified to have chemically doped 
graphene sheets. In spite of the high number of papers published in this 
field, the effect of the oxygen content on the nitrogen doping possibil-
ities has not been investigated so far. Therefore, one of the goals of the 
work reported herein was to experimentally study the influence of ox-
ygen functionalities on nitrogen incorporation during the RF plasma 
treatment of well characterized GO having various O content. 

Nitrogen plasma treatment is able to incorporate nitrogen atoms in 
relatively high concentration, however, the role of the already existing 
functional groups in this process is hardly known. Our aim was to reveal 
how the oxygen containing functional groups decorating the graphene 
lattice influence the quantity and quality of the nitrogen incorporation. 
Therefore, the radiofrequency plasma treatment was performed on 
various GO targets having different O-content. The results of the in-situ 
XPS analysis are reported here. 

2. Experimental 

2.1. Materials 

The light brown graphene oxide suspension of 1 w/w% was obtained 
from natural graphite (GR, Graphite Týn, Týn nad Vltavou, Czech Re-
public; average particle size 0.063 mm, purity 99.5%) by an improved 
Hummers’ method [43]. Freeze dried GO (GOL) was further treated i) in 
ambient air at 110 ◦C yielding sample GO110 and ii) at 300 ◦C in high 
purity argon (T45, Linde, Hungary) flow resulting the thermally reduced 
graphene oxide sample (TRGO). The chemically reduced GO (CRGO) 
was prepared from the aqueous suspension by applying aqueous ascor-
bic acid (AA, Molar Chemicals Ltd., Hungary) in the presence of cc 
NH4OH (32%, Merck, Hungary) at 368 K for 1 h [44]. Fig. 1 summarizes 
the sample preparation and the acronym of the samples. 

2.2. Plasma treatment 

Plasma treatment was performed in the stainless steel sample prep-
aration chamber of the XPS instrument (base pressure <10− 4 Pa) at 
room temperature. The high purity N2 flow of a few mL/min (STP) was 
regulated by a bleeding valve that set the pressure to 3 × 10− 1 Pa. 
Constant RF power of 100 W at 13.56 MHz was applied through a 
matching circuit to a coil set outside of a glass dome fixed to the 
chamber. The sample bias was set to negative value of 300 V (equivalent 
to 150 eV N ion energy). Following preliminary experiments the treat-
ment time selected was 10 min. After treatment the sample was trans-
ferred to the analysis chamber without exposing it to the ambient air. 

2.3. Characterization methods 

The high resolution images of the samples were taken by a FEI Titan 
Themis 200 kV spherical aberration (Cs) corrected TEM 0.09 nm 
HRTEM and 0.16 nm STEM resolution equipped with 4 Thermofischer 
“Super X G1” EDS detectors. The samples were drop-dried on TEM 
microgrids coated with ultrathin carbon layer. The crystalline structure 
was investigated by a PANalytical X’Pert Pro MPD X-ray diffractometer 
using monochromatic Cu Kα radiation (λ = 1.5406 Å) at 40 keV and 30 
mA. The results were analyzed by an X’Pert High Score software, 
applying Bragg’s [45] and the Scherrer equation [46] to estimate the 
lattice spacing d and the mean size of the ordered domains Lc. Raman 
spectra were measured with a LabRAM (Horiba Jobin Yvon) instrument 
having a λ = 532 nm Nd-YAG laser source (laser power at the focus point 
is 15 mW). A 0.6 OD filter was used to reduce the intensity of the 
excitation beam to suppress the chance of sample degradation. LabSpec 
5 software was applied for parameter optimization and data collection. 
After baseline correction the first and second order regions of the spectra 
were deconvoluted to Lorentzian peaks using the conventional fitting 
procedure of the Origin program. The lateral size La of the graphenic 
platelets was estimated by the Tuinstra-Koenig-Cancado equation [47].  

La = (2.4 × 10− 10) λ4 (ID / IG) − 1                                                      (1) 

where λ is the excitation laser wavelength (nm), ID and IG are the in-
tensity of D-band and G-band, respectively. The Fourier-transform 
infrared (FTIR) spectra were collected on Attenuated Total Reflection 
Fourier Transform Infrared spectrophotometer (ATR-FTIR, Bruker). 

X-ray photoelectron spectra were recorded on a Kratos XSAM 800 
spectrometer operating in fixed analyzer transmission mode, using Mg 
Kα1,2 (1253.6 eV) excitation. The pressure of the analysis chamber was 
lower than 1⋅10− 7 Pa. Survey spectra were recorded in the kinetic en-
ergy range 150–1300 eV in 0.5 eV steps, while photoelectron lines of the 
main constituent elements (O1s, N1s and C1s) were recorded in 0.1 eV 
steps with 1 s dwell time. Spectra were referenced to the energy of the 
C1s line of the sp2 type graphitic carbon, set at 284.3 ± 0.1 eV binding 
energy (BE). Peak decomposition was performed after Shirley-type 
background removal using Gaussian–Lorentzian peak shape with 

Fig. 1. Preparation and acronyms of the samples.  
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70:30 ratio. Details of the applied fitting procedure is described else-
where [37]. 

Quantitative analysis, based on integrated peak intensity, was per-
formed by the XPS MultiQuant program [48,49], applying the conven-
tional infinitely thick layer model using the experimentally determined 
photoionisation cross-section data of Evans et al. [50] and the asym-
metry parameters of Reilman et al. [51]. 

3. Results and discussion 

3.1. Characterization of the samples 

The alteration of the graphitic order during the wet chemical exfo-
liation and the following reductions is reflected by both the TEM images 
(Fig. 2), the XRD patterns and the Raman spectra in Fig. 3. The main 
structural parameters deduced from XRD and Raman spectroscopy are 
shown in Table S1. 

For GO derivatives Raman spectroscopy and XRD act as comple-
mentary tools to characterize the morphology of the samples [52]. The 
deconvolution of the Raman spectra allows not only the assignment of 
the emblematic G (ca 1580 cm− 1, graphitic band, related to the vibra-
tions of the sp2 building blocks) and D (ca 1350 cm− 1, defect band, 
associated to structural disorder) bands but also the contribution of D’ 
(ca 1600 cm− 1, disordered graphitic lattices), D” (ca 1506 cm− 1, 
amorphous phases) and D* (ca 1220 cm− 1, disorder from graphitic lat-
tices and impurities) in the first order spectrum [53–55]. In the second 
order spectrum, beside the 2D band (ca 2700 cm− 1, structural order), 
G*, D + D′ and 2D’ bands contributing to the 2300 - 3100 cm− 1 region 
were identified [56,57]. The iconic ID/IG ratio (0.17 in the parent 
graphite) dramatically increased after the oxidative exfoliation indi-
cating a high degree of disorder. The decrease in the extension of the 
in-plane sp2 domains seems to be more expressed during the chemical 
treatment. The G and 2D bands usually appearing at 1585 and 2679 
cm− 1 in single layer graphene are shifted here to lower and higher 
values, respectively, showing that on average all the samples contain 
more than a single layer which is also confirmed by the low I2D/IG ratio 
(>1.6 in single layer graphene) and agrees with the XRD results [58–60]. 
The La and Lc values in GR were 113 and 40 nm, respectively. The wet 
exfoliation led to a significant fragmentation, more severely in the 
lateral dimension, which on the other hand, was hardly affected by the 
reductive treatments. Eq. (1), however, should be applied with caution, 
as the value of La is defined by the Raman active defects than by the 
“physical” extension of the platelets [61]. 

The XRD and Raman results unanimously confirm a delicate 
morphological difference between the thermal and chemical treatments 
applied here. The latter one results in platelets with narrower interlayer 
distance, smaller lateral dimension and higher ID/IG ratio. 

The ATR-FTIR spectrum of the GOL sample is very rich in signals 
from O-containing functional groups (Fig. S1). The broad and intense 

band in the 3000-3700 cm− 1 corresponds to the O–H stretching vibra-
tions. The narrow bands at about 1740 cm− 1 and in the 1570-1620 cm− 1 

range mark the C––O stretching vibrations from carbonyl and carboxyl 
groups and the C––C skeletal vibrations of O-free graphitic domains, 
respectively. The deformation shoulder at 1384 cm− 1 belongs to the 
O–H bending vibrations of hydroxyl groups, while the bands within 
1010–1215 cm− 1 can be attributed to epoxy, ether or peroxide func-
tionalities [62,63]. The difference between the TRGO and CRGO spectra 
reflects again the different efficiency of the applied physical and 
chemical reduction treatments. While all the features marking O-con-
taining functional groups are below the detection limit in the CRGO 
sample TRGO still possesses some of the functional groups within the 
900-1800 cm− 1 region, although with a reduced intensity. The carboxyl 
groups certainly decompose at the temperature of the heat treatment, 
but the carbonyl stretching vibrational peak is still present in TRGO. 
This implies that the more stable ketones or conjugated quinones might 
be retained in the bulk sample [64]. 

XPS analysis performed prior to the plasma treatment approve the 
observations above. Although XPS is a surface analytical method, in case 
of 2D nanoparticles its information depth is close to the thickness of the 
particles. The total surface compositions based on the “infinitely thick 
homogeneous sample” model, are shown in Table 1. 

The surface composition of the GOL sample was identical to that of 
the GO110 sample, revealing that the 5% water detected by TG/DTG 
analysis was removed during the high-vacuum treatment in the XPS 
sample preparation chamber. An additional evidence was the lack of 
signal at BE~536 eV [65]. 

The considerable oxygen content of the GO110 sample significantly 
decreased during both reductive steps (TRGO, CRGO) explaining the 
constricted interlayer distance. The chemical reduction was more effi-
cient, as shown by the O/C ratio, also confirmed by the FTIR results. On 
the other hand, it also led to more fragmented graphene like platelets 
according to the Raman results. The source of the small amount of ni-
trogen in the CRGO is related to the presence of NH3 in the reaction 
medium. The shape of the O1s, N1s and C1s photoelectron lines of the 
samples are compared in Fig. 4 (upper row). The high oxygen content of 
the GO110 sample is clearly reflected by the C1s line shape (in GO 
samples with high oxygen content the asymmetry of the C1s peak is less 
obvious), while the shape of the reduced samples is almost identical. 

All complex lines could be decomposed by a similar scheme (same 
components with varying intensity), as illustrated by the GO110 sample 
in Fig. 5 (upper row). Assignation of components to chemical states are 
based on our previous results and on literature data [66,67] and 
enumerated in Table 2. The oxygen balance (Table S2), the ratio of the 
measured and calculated (required by the other elements) oxygen con-
tent, is fairly close to 1 (±10%), which also supports the assignation of 
chemical states. 

During the reduction the surface concentration of all oxygen com-
ponents decreased, most spectacularly the O2 (C–O–C, C–OH) and O1 

Fig. 2. TEM image of the GOL, TRGO and CRGO samples. The scale bar is 10 nm. (A colour version of this figure can be viewed online.)  
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components as reflected by the change of the O1s line shape in Fig. 5 and 
the corresponding concentrations in Fig. 6 and Table S3. Accordingly, 
the C1 – C4 carbon components also underwent a significant 
modification. 

3.2. Effect of the plasma treatment 

The efficiency of the radiofrequency plasma treatment applied to 
introduce N functionalities was followed by XPS. Plasma treated samples 
are distinguished by an N postfix. The development of the spectra is 
shown in Figs. 4 and 5, while the C1s, O1s and N1s concentrations are 
given in Table 1 and Fig. 6. 

Fig. 3. Powder X-ray diffractograms (A) and the Raman spectra (B) of the samples prior to plasma treatment. The normalized graphs are vertically shifted. (A colour 
version of this figure can be viewed online.) 

Table 1 
The overall surface compositions (atomic %) of the untreated and nitrogen 
plasma treated samples, calculated by the “infinitely thick homogeneous sam-
ple” model.  

Sample C O N O/C N/C (O + N)/C 

pristine GO110 75.1 24.9 0.0 0.33 – 0.33 
TRGO 85.2 14.9 0.0 0.17 – 0.17 
CRGO 87.1 9.9 3.0 0.11 0.03 0.15 

plasma treated GO110 N 72.0 12.4 15.6 0.17 0.22 0.39 
TRGON 76.0 8.3 15.7 0.11 0.21 0.32 
CRGON 73.2 10.0 16.9 0.14 0.23 0.37  

Fig. 4. Comparison of the O1s, N1s and C1s photoelectron lines of the untreated (upper row) and N plasma treated (lower row) samples. (A colour version of this 
figure can be viewed online.) 
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The plasma treatments implant a relatively large amount (over 15%) 
of nitrogen. The penetration depth of the 150 eV N ions into graphene 
oxide, calculated by the SRIM-2013 program [68], is 3.6 nm, which is 
approximately the half of the information depth of XPS for this system. 
Thus the resulted concentrations are representative as average to the 
whole modified layer. The nitrogen content in the top surface layer may 
be even higher. Plasma treatment, like other energetic particle treat-
ments, e.g., ion bombardment, reduces the graphene oxide. Nitrogen 
atoms, being chemically active, are especially effective compared to 
inactive species, such as Ar [69]. In the case of other nanocarbon ma-
terials (graphene, nanotubes, etc.) with limited oxygen content the 

concentration of the built-in N is lower than that for GO [37] suggesting 
that the presence of C–O groups promotes N incorporation through ox-
ygen exchange with nitrogen. 

The plasma treatment reduced all samples to a comparable oxidation 
level, the O loss in the GO sample was 50%. In the chemically reduced 
GO, no significant oxygen loss was observed. In the case of the GO and 
the thermally reduced samples the loss of O coincided with the N in-
clusion and the increase of the overall O + N content, particularly in the 
case of the TRGO sample. Although the O concentration was not affected 
by the plasma treatment the highest N content was achieved in the 
CRGO sample, while in the other two samples N was incorporated with 
similar, but lower efficiency. The similarity of the (O + N)/C atomic 
ratio in the three plasma treated samples (Table 1) suggests that the final 
states of the samples are also alike. 

The chemical states of C and O constituents of the plasma treated 
samples are analogous to those of the untreated ones (Fig. 5, lower row). 
The treatments create three new different N–C bonds (Table 3). Despite 
the relatively high oxygen content of the untreated samples, N–O bonds 
did not develop in the conditions employed. 

The quantitative relations between the components are shown in 
Fig. 6 and Table S3. The concentration of the incorporated nitrogen is 
almost the same for all the three types, and there are only minor dif-
ferences in oxygen concentrations. The trends observed in the untreated 
samples suggest that the C3 – O2 (C–O–C, C–OH), the C4 – O1 (C––O) 
and the C5 – O3 (O–C––O) components are bonded, which is in good 
agreement with the assigned chemical states. During reduction, decrease 
occurred mainly in the concentration of C3, moderately of C4, while the 
quantity of C5 is practically unchanged. As the binding energy ranges of 
the C–O and C–N bonds overlap, the corresponding chemical states 
cannot be assigned quantitatively to each of these bonds. Nevertheless, 

Fig. 5. Typical example of decomposition of the O1s, N1s and C1s photoelectron lines to various chemical sates of the untreated (upper row) and N plasma treated 
(lower row) GO110 sample. (A colour version of this figure can be viewed online.) 

Table 2 
Assignation of the chemical states to the various C, O and Na components applied 
to decompose complex photoelectron lines of the nanocarbon materials.  

Component Binding energy 
(eV) 

Chemical states 

C1 284.3 ± 0.1 sp2 C 
C2 285.1 ± 0.2 sp3 C 
C3 286.4 ± 0.2 C–O–C, C*‒O‒C‒O, C–OH, C–N 
C4 287.7 ± 0.2 C=O, C3N 
C5 288.7 ± 0.2 O=C–O, O––C–N 
O1 531.5 ± 0.2 O–C–N, aromatic C––O 
O2 532.6 ± 0.2 C–O–C, aliphatic C–OH 
O3 533.5 ± 0.2 O*‒C––O, H*O–C––O 
O4 530.5 ± 0.2 aliphatic C––O, graphene oxide 
N1 398.4 ± 0.2 sp2 N in pyridine ring, C–N–C 
N2 399.4 ± 0.2 sp2 N in pyrrole or diazine ring, C–––N, N–C––O 
N3 400.5 ± 0.2 N in graphene plane, N–COO, O––C–N–C––O  

a N species are illustrated in Fig. S2. 
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the trends show that the C3 – N1, N2; C4 – N3 and C5 – N2, N3 bonds are 
plausible. 

A closer analysis of the surface compositions, however, implies that 
the assumed correspondence between the initial O content and the final 
N content has not been confirmed, i.e., the mechanism is more sophis-
ticated than a plain C–O to C–N substitution. After the plasma treatment 
CRGO with the lowest O content ended up with the highest overall N 
content while its overall O content was not affected. Moreover, almost 
40% of its N content is in N3 state. This sample has a particularly low 
concentration of O2 and O3 states after the chemical reduction which 
lead also to the lowest interlayer distance. That indicates that the 
chemical reduction left behind more vacancies than the thermal treat-
ment in the carbon plane which readily accommodate the N atoms. The 
alteration of the distribution of the O species also implies the rear-
rangement of the O states. 

3.3. Persistency of the surface functional groups 

The influence of aging on the GO and the persistency of the N species 
introduced by the plasma treatment was studied on the GO110 sample 
by XPS. Two aspects of the atmospheric exposure were tested according 
to the scheme presented in Fig. 7. The surface compositions of these 
samples are shown in Tables 3–4 and Fig. 8. 

The GO110 sample was stored in air ambient for one year. As ex-
pected, during the long-term ambient storage the total oxygen content 
(Table 3) increased. The concentration of the O1 and O2 oxygens and the 
corresponding C3 carbon increased, while the concentration of the C1 
and C2 species decreased (Table 4). The aged GOA sample was then 
treated with the nitrogen plasma as previously. The trends of concen-
tration changes during the N plasma treatment of the aged GOA sample 
are similar to those of the fresh sample but the overall level of the built- 

in nitrogen is lower. The concentration of the O1 component was not 
decreased, unlike that of the fresh sample (Fig. 8). 

While in the GO110 sample the treatment halved the O content, this 
effect was much more limited in the aged GOA sample. Interestingly, the 
change in the overall heteroatom composition is similar in the two 
treatments resulting in a total (O + N)/C ratio as high as 0.49 in the 
GOA-N sample. In both the GO110 and the GOA samples the C2 and O2 
species alter the most. While the distribution of the N species in the 
GO110 N sample is relatively even, in GOA-N ca 50% of the N is in N1 
state. In order to study the persistency of the freshly introduced N spe-
cies the GOA-N sample was kept in ambient air for 48 h. Within this 
short period the O/C ratio does not change, but the N content di-
minishes, the N1 form seems to be particularly unstable. The corre-
sponding C3 carbon is transformed to C1. 

The O heteroatoms are sensitive to the plasma treatment and part of 
them is removed efficiently. In the graphene oxides the amount of N 
atoms built in always exceeds the number of removed O atoms implying 
that already existing or new vacancies are also activated to give rise to 
N3 type nitrogen states, while in highly ordered purely graphenic 
structures the nitrogen is incorporated typically in N1 and N2 forms 
[70]. The role of vacancies is the most obvious during the plasma 
treatment of the chemically reduced GO sample, (CRGO → CRGON) as 
the reduction removes part of the oxygen groups but does not remove 
the vacancies. In GOA sample the oxidation and the redistribution of the 
O functionalities during the storage resulted in a limited reactivity of the 
vacant sites and thus a lower overall N and particularly N3 type 
incorporation. 

4. Conclusions 

The solvent free radiofrequency plasma treatment was applied on 
graphene oxide and its reduced derivatives to reveal the influence of the 
oxygenic functional groups on the nitrogen implantation. Three kinds of 
different N–C bonds of very similar concentration were formed in all the 
samples in spite of their different O/C ratio and the different distribution 
of the O-functionalities present. Despite the relatively high oxygen 
content of the target samples no N–O bonds develop. However, the 
presence of C–O groups promotes the N incorporation through oxygen to 
nitrogen exchange. Reduction of the GO may remove the O-groups but 
does not heal the vacancies where N doping may happen effectively. 
After two days the N content drops, the N1 form showing the least 

Fig. 6. Distribution of the various C1s, O1s and N1s components before and after the plasma treatment (Numerical data are given in Table S3.). (A colour version of 
this figure can be viewed online.) 

Table 3 
Overall surface compositions (atomic %) and atomic ratios of the aged GO110 
sample before and after nitrogen plasma treatment and 48 h air exposure.  

History of the sample C O N O/C N/C (O + N)/C 

GOA 69.9 30.1  0.43  0.43 
GOA-N 67.2 24.0 8.8 0.36 0.13 0.49 
GOA-NA 68.5 25.2 6.3 0.37 0.09 0.46  

Fig. 7. History and acronyms of the samples for aging study.  
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stability. 
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