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Abstract

Structural properties of sixteen (16) commercial samples of graphene-based materials (GBM) 

labelled as graphene, graphene oxide or reduced graphene oxide are investigated at room 

temperature using X-ray diffraction (XRD) and Raman spectroscopy. Based on the observed 

correlation between the results obtained with these two techniques, these samples are classified 

into three groups: Group A of seven samples consisting of graphitic nanosheets with evaluated 

thickness ≃20 nm and exhibiting both the 2H and 3R phases in XRD; Group B of six samples 

exhibiting XRD spectra characteristic of either graphene oxides (GO) or carbons with some order; 

and Group C of three samples with XRD spectra characteristic of disordered carbons. The relative 

intensities and widths of D, G, D′, 2D and (D + D′) bands in the Raman spectra are equally 

distinguishable between the samples in groups A, B and C. The width of the D-band is the 

smallest for Group A samples, intermediate for group B and the largest for group C samples. The 

intensity ratio I(D)/I(G) of the D and G bands in the Raman spectra of the samples is used to 

quantify the Raman-active defects whose concentration increases in going from samples in Group 

A to those in Group C.

1. Introduction

There continues to be great interest in the properties of graphene and graphene-based 

materials (GBM) because of the interesting physics resulting from these investigations and 

because of the many potential applications of these materials [1–5]. Along with this great 

interest in GBM, a number of recent studies have also been published on the important issue 

of the toxicology of GBM [6–8]. Since GBM are also now available from commercial 

sources, it is important to characterize the properties of these commercial samples of GBM. 

In this connection, we recently reported detailed X-ray diffraction (XRD) investigations of 

seven samples of graphene and graphene nano-plates [9]. These investigations showed that 

these samples contained both the 2H (ABA…) and 3R (ABCA…) phases of the graphite 

structure, typically yielding the concentration of 60/40 for the ratio of the 2H/3R phases. 

This presence of the 3R structure is important since unlike the 2H structure, the 3R phase is 

a semiconductor with tunable band gap [10, 11]. These seven samples were shown to 
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contain several dozen sheets of graphene stacked on top of each other yielding a thickness of 

about 20 nm [9].

In this work, we have extended our investigations to sixteen (16) commercially available 

samples of GBM which are sold either as graphene, graphene oxide (GO) or reduced GO. In 

addition to the use of XRD, we have also employed the technique of Raman spectroscopy to 

characterize these samples. Based on the distinct features in the observed patterns of the 

XRD and Raman spectra of these samples and correlation among these features, these 

sixteen samples are divided into three groups: Group A of seven samples consisting of 

graphitic nanosheets, Group B of six samples consisting of either GO or ordered carbons and 

Group C consisting of disordered carbons. The ratio of the intensities I(D)/I(G) of the D 

band and G band in the Raman spectra of these samples is then used to determine the 

concentration nD of the Raman active defects in these samples. It is found that nD increases 

systematically from samples in group A to those in Group B and then Group C concomitant 

with the increasing width of the Raman D-band in these samples. Details of these results and 

their discussion and analysis are presented below.

2. Samples and experimental details

The list of the sixteen (16) samples and their respective commercial suppliers are listed in 

Table 1. These samples were characterized at room temperature by X-ray diffraction (XRD) 

and Raman spectroscopy. X-ray diffraction measurements were carried out using a Rigaku 

D-Max diffractometer equipped with a CuKα source (wavelength λ = 0.154185 nm). The 

powdered samples were hand-pressed on to a special silicon plate with a few drops of ethyl 

alcohol; the background signal from the silicon being negligible in the scan range of 2θ = 1° 

to 75°. The data were acquired in the step-scan mode using steps of 0.01° with a counting 

time of 6 s at each step.

The Raman spectra were acquired using a Renishaw inVia Raman Microscope (Renishaw 

Inc., Chicago, IL) with the following specifications: laser wavelength λL = 532 nm, spectral 

resolution = 1 cm−1 and groove density of the grating = 1800 lines/mm. To obtain good 

signal to noise, the laser beam was focused on the samples with a 5× objective of the 

microscope and exposure time was 10 s while taking 15 accumulations using 100% of the 

laser power (11.6 mW). The data were taken at room temperature in the scan range of 1000–

3500 cm−1. In order to determine the intensities (area under the peaks) and full widths at 

half-maximum (FWHM) of the Raman lines, the Raman spectra were fitted to the 

Lorentzian curves using WiRE 3.4 software provided with the Renishaw spectrometer. To 

obtain the error bars associated with this analysis, similar analysis was carried out using 

OriginLab 9.0 software since WiRE 3.4 software does not provide this information. Typical 

error bars for FWHM and intensities are 1–2%.

Based on the XRD and Raman data, these samples are classified into three groups: Group A, 

B and C, with the samples in group B further split into sub-groups B(1) and B(2) based on 

differences in their XRD spectra although the Raman spectra for these samples are similar. If 

the characteristics of the Raman spectra for samples in groups B(1) and B(2) were 

significantly different, then it would have been proper to designate separate groups for them.
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For samples in group A, the XRD pattern is that of multilayer graphite nanosheets which has 

been discussed in some detail in our recent paper [9]. For samples in group B(1), the XRD 

patterns as shown later resemble that of GO with interlayer spacing d ∼ 0.9 nm whereas the 

XRD patterns of samples in group B(2) are characteristic of carbons with some degree of 

ordering. For samples in group C, the XRD patterns are similar to those for disordered 

carbons. These samples are numbered from 1 to 16 as we received them from commercial 

suppliers and so they are not in any particular numerical order in terms of their placement in 

Groups A, B(1), B(2) and C. For this reason, this numbering of the samples has been also 

used in the identification of the spectra for these samples presented here in the figures as 

well as at appropriate places in this paper.

3. Experimental results and analysis

3.1. X-ray diffraction

The XRD patterns of the samples in group A displaying the features of the graphite structure 

are collected in Fig. 1. These are near identical to the XRD patterns reported in our recent 

paper dealing with the detection and quantification of the 2H and 3R phases in these 

materials using the intensity of the four lines observed from 2θ = 45° to 47° [9]. The XRD 

spectra in Fig. 1 also includes data on sample 14 although the four lines near 2θ = 45° in 

this sample are not as-well resolved. For making these plots in Fig. 1, the log-scale is used 

for the X-ray intensities to highlight the weaker four-line pattern observed near 2θ = 45°. 

Based on the discussion and analysis given in our recent paper on these samples [9], the four 

lines near 2θ = 45° with increasing 2θ are due to the 2H(100), 3R(101), 2H(101), and 

3R(012) Bragg peaks and the intensities (areas under the peaks) of the middle 3R(101) and 

2H(101) were used to determine the relative concentrations of the 2H/3R phases in these 

samples. Since the ratio 2H/3R was found to be near 60/40 for most of the samples in this 

group, it was inferred that the carbon atoms were nearly equally distributed between the 2H 

and the 3R phases. Also these samples are best characterized as graphite nanoplates or 

nanosheets since the thickness of these samples was determined to be around 20 nm with 

several dozen layers of graphene [9].

The XRD patterns of the samples of groups B(1), B(2) and C are shown as three separate 

panels in Fig. 2. The top panel (a) in Fig. 2 shows the XRD patterns of samples # 2, 3 and 12 

of Table 1 belonging to group B(1) all of which have the characteristic peak near 2θ ≃ 10° 

corresponding to d = λ/(2sinθ) ≃ 0.9 nm compared to d = 0.335 nm for graphite. This 

interlayer spacing is typical of the XRD patterns of graphene oxides (GO), the extra spacing 

between the layers resulting from the intercalated oxide groups between the layers. The 

middle panel (b) shows the XRD patterns of samples # 9, 10 and 13 belonging to group B(2) 

which show broad peaks near 2θ ≃ 24° corresponding to d ≃ 0.37 nm with the combined 

(100) and (101) peaks also quite evident near 2θ ≃ 44°. These XRD patterns are quite 

similar to those reported for cokes [12] and some activated carbons [13], analysis of which 

yielded the structure to be graphite crystallites of about two cell lengths along the c-axis and 

about 10 cell lengths along the a-axis [13]. The bottom panel (c) in Fig. 2 shows XRD 

patterns of samples # 4, 5, and 11 which are included in a separate group C because in these 

samples the broad peak near 2θ ≃ 24° is extremely weak and there is no hint of the 
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observation of peak near 2θ ≃ 44°. Therefore it follows that these carbons lack any 

meaningful crystalline order and so they are labelled as disordered carbons.

For the XRD patterns shown in Fig. 2(b) and (c), it is evident that for the lower 2θ values in 

most carbons, the scattered intensity of X-ray photons increases sharply with decrease in 2θ. 

This is a characteristic feature of many materials which lack significant long range 

crystalline order. In this case, the measurements of the intensity of scattered X-rays covering 

smaller angles from 2θ = 0.01°–10° is termed small angle X-ray scattering (SAXS) which 

can provide very useful information about structural aspects of macromolecules between 5 

and 25 nm [14, 15]. The quantity for SAXS is the intensity I(q) of the scattered X-rays of 

wavelength θ as a function of momentum transfer q = 4π·sinθ/λ. Such a plot for three 

samples viz. #9, 10 and 13 belonging to group B(2) is shown in Fig. 3 covering the data 

from 2θ = 1°–10° since our experimental facilities did not allow us to take data for angles 

below 2θ = 1°. Similar measurements were not carried out for samples of group C although 

qualitatively similar observations should be expected for these samples also.

Theoretically, the intensity I(q) ∼ q−α with α = 6−D where D is the dimensionality of pore-

boundary surface [15]. In a lignite coal where the data could be measured down to 2θ = 

0.01°, α ≃ 3.5 was observed yielding D = 2.5 as the fractal dimensions of the pore-boundary 

surface [15]. In our samples, α ≃ 1.8 is observed covering only the limited range of 2θ and 

q in our experiments. Hence additional measurements on these samples covering X-ray 

scattering at lower angles are needed to accurately determine the magnitude of α in these 

samples. The relevant point here is that the increase in X-ray intensity with decrease in 

scattering angle observed here for the carbons is due to the expected SAXS.

3.2. Raman spectra

The Raman spectra of the samples in group A are shown in Fig. 4 with the observed peaks 

labelled as D, G, D′, 2D and (D + D′) following the observations reported by others [16, 

17]. The D-band near 1350 cm−1 and its sister bands D′, 2D and (D + D′) are due to 

Raman-active defects from the ideal structure of graphite as several earlier papers have 

elaborated [16, 17]. The narrowness of the graphitic G-band in the samples of Group A 

likely makes the observation of the D′ band possible in this group of samples. Among these 

samples, D-band is the weakest in sample 1 of Table 1 for which the D′ and (D + D′) bands 

are not visible in Fig. 4. For the samples in Group A where D′ band is resolved, the spectra 

were fitted to three lines (D, G, and D′ bands). The intensities I(D) and I(G) of the D and G 

bands (ratio given in Table 1) were measured by computing the areas under the peaks.

The Raman spectra of the samples in groups B(1), B(2) and C of Table 1 are combined in 

Fig. 5 as three separate panels similar to the arrangement made for the XRD pattern of Fig. 2 

for these samples. In all these samples, the D′ band is not observed and the 2D and (D + D

′) bands become considerably broader and weaker as we move down the panels for samples 

of group B(1) to samples of group B(2) and then to the bottom panel for samples of group C. 

These samples are easily distinguishable from those is group A in terms of the measured 

intensity ratio I(D)/I(G) shown in Fig. 6. This ratio is the largest for samples in Group C and 

intermediate for samples in group B(1) and group B(2).
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In determining the ratio I(D)/I(G), the data for samples in Groups B and C were fitted to two 

lines centered near 1350 cm−1 for the D band and near 1595 cm−1 for the G band with the 

positions picked by the WiRE 3.4 software as noted in Section 2. For the samples in Group 

A where the D′ band is resolved, the spectra were fitted to three lines (D, G, and D′ bands). 

The fitting of the spectra for one representative sample from each group (sample #15 from 

Group A, sample 10 from Group B, and sample 4 from Group C) are given in Fig. 7. This 

comparison in Fig. 7 shows the absence of a shoulder in the Raman G bands of the samples 

of Groups B and C, which might provide a hint of the presence of D′ band in these samples, 

justifying the procedure used for fitting the spectra in these samples to two lines. The 

software provides the adjusted R2 value as a measure of the quality of the fit with R2 = 1 

meaning perfect fit. The R2 factor ∼0.97 or higher was obtained for fits of the data to 

Lorentzian lines. It is evident from Fig. 7 that the large widths of the D band in samples of 

groups B and particularly group C are affecting the position and width of the G band in these 

samples. It is noted that in rotated double-layer graphene, the intensities of the D, G and 2D 

bands have been shown to depend on the angle of mis-orientation between the layers [16]. 

However in these samples with many stacked layers, it is not possible to determine the 

effects of such mis-orientations if present.

In recent papers, Cancado et al. [17] and Bruna et al. [18] have related the intensity ratio 

I(D)/I(G) to the density nD of the Raman active defects through the following relation which 

for λL = 532 nm used in our experiments leads to:

(1)

For the honeycomb lattice of a perfect graphene layer, the number of carbon atoms nC = 3.82 

× 1015 cm−2 is calculated. The concentration of Raman-active defects in ppm (parts per 

million) can then be determined by taking the ratio nD/nC. As an example, I(D)/I(G) = 0.22 

for sample 1 leads to nD = 4.80 × 1010 cm−2 and nD/nC = 1.26 ×10−5 = 12.6 ppm. For other 

samples, I(D)/I(G) is larger and so the density of defects is higher as shown in Fig. 8. The 

measured ratio of I(D)/I(G) for all 16 samples are plotted in Fig. 6 showing that for samples 

of Group A, I(D)/I(G) ≤ 1.4 and so nD/nC ≤ 75 ppm approximately.

The division of the samples in terms of groups A, B and C is also evident from the widths of 

the D and G bands. The plots of the widths (full widths at half maximum, FWHM) of the D 

and G bands against computed nD/nC are shown in Figs. 9 and 10 respectively. The plot for 

the D band in Fig. 9 shows that D band is relatively narrow (FWHM < 80 cm−1) for samples 

of group A, intermediate for samples of graph B (FWHM = 100 cm−1 to 150 cm−1) and very 

broad for samples of group C (180 cm−1 to 210 cm−1). Thus the proposed division of the 

samples based just on the width of the D band is justified. This division based on the width 

of the G band is also evident in Fig. 9, although there is some overlap of the data near the 

boundaries between the three groups. As evident in Fig. 7 for the samples of group B and 

Group C, the tails of the D band extends to the center of the G band suggesting that the 

broader D band effectively broadens the G band also and it probably also affects whether D′ 
band is observed or not.
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The width of the D band in sample of Group C (Fig. 9) is considerably higher than those in 

samples of Group B or Group A. The XRD spectra of samples of group C in Fig. 2 is also 

distinctly different showing lack of any significant graphitic order. However, unlike in XRD, 

in the Raman spectra there is no distinct separation between samples of Groups B(1) and 

B(2) and consequently these samples are now grouped together as Group B in Figs. 6, 8,9 

and 10. This represents a notable distinction between the XRD and Raman techniques for 

characterizing GBM.

The Raman spectra of chars has been analyzed by Li et al. [19], in which there is a 

considerable overlap between the D and G bands as observed here for samples of Group C. 

Li et al. [19] argue that in such a case, the D band is really made up of several different 

groups of organic molecules with centers of their Raman lines varying between 1000 cm−1 

and 1500 cm−1. Such an analysis, even if valid for samples of group C, is beyond the scope 

of the present investigation.

4. Discussion

Based on the distinct features in the XRD patterns, the 16 samples of commercial GBM have 

been divided into groups labelled here as A, B(1), B(2) and C. The samples of Group A have 

features of graphitic nanosheets, samples of group B(1) those of GO, samples of group B(2) 

those of carbons with some degree of order and group C with features of disordered carbons. 

This division is further corroborated by the parameters of their Raman spectra in that the 

width of the D band is the smallest, intermediate and largest for samples of group A, B and 

C respectively. Also the ratio I(D)/I(G) varies systematically from samples in group A to 

samples of group C, and the D′ band is observed only in samples of group A. The densities 

of Raman-active defects being proportional to I(D)/I(G) have also been calculated for these 

samples.

Following up on the earlier studies of Tuinstra and Koening [20], Lespade et al. [21], Wang 

et al. [22], and Schwan et al. [23], Ferrari and Robertson [24] have discussed the evolution 

of the Raman spectra in disordered and amorphous carbons in terms of the sp2(graphitic) 

and sp3(diamondlike) bonds. From graphite to amorphous carbons (a–C), they proposed 

three stages: Stage 1 from graphite to nanocrystalline graphite; Stage 2 from nano-

crystalline graphite to a–C; and Stage 3 from a–C to tetrahedral a–C. In stage 1, the G peak 

in the Raman spectra moves from near 1580 cm−1 to about 1600 cm−1 whereas in stage 2, 

the G peak moves from about 1600 cm−1 to about 1500 cm−1 and I(D)/I(G) goes to zero. 

Using the position of the G peak and the magnitudes of I(D)/I(G), it can be stated that all our 

samples belong to stage 1 of Ferrari and Robertson [24]. This is because the position of the 

G peak for samples in group A and group B is near 1584 cm−1 and it is near 1595 cm−1 for 

samples in group C. In addition, as evident in Fig. 6, I(D)/I(G) systematically increases in 

going from group A to group C. Therefore the groups A, B(1), B(2), and C proposed here 

for the commercial GBM may be considered as further subdivisions of the samples in Stage 

1 of Ferrari and Robertson [24].
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5. Conclusions

By correlating the features observed in the XRD and Raman spectroscopy of 16 

commercially obtained samples of GBM, these samples are divided into groups labelled here 

as groups A, B(1), B(2) and C. Group A contains samples of graphitic nanosheets, group 

B(1) contains graphene oxides, group B(2) contains carbons with some degree of order and 

group C contains samples of disordered carbons. The observed features of the samples do 

not always match with the names given to them by the suppliers. Hence thorough structural 

characterization of the samples is warranted before their use in fundamental studies and 

applications. Finally, the Raman spectra of the samples of group B(1) containing GO and 

group B(2) containing carbons with some structural order are not as clearly distinguishable 

as their XRD patterns indicating differences in the sensitivity of the two techniques for such 

characterization.
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Fig. 1. 
X-ray diffraction patterns of the samples of group A with the spectra shifted vertically for 

clarity. The first number in the names of the samples is the sample number listed in Table 1. 

Note that the intensities are plotted on a log scale to highlight the weaker lines. (A colour 

version of this figure can be viewed online.)
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Fig. 2. 
Same as Fig. 1 except that the XRD patterns are for samples of groups B(1), B(2) and C in 

panels (a), (b) and (c) respectively. (A colour version of this figure can be viewed online.)
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Fig. 3. 
Log- Log plot of the scattered X-ray intensity against q = 4π·sinθ/λ for samples #9, 10 and 

13. The data covers the scattering angles 2θ = 1°–10° only. (A colour version of this figure 

can be viewed online.)
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Fig. 4. 
Raman spectra of samples of group A which are shifted vertically for clarity. The observed 

peaks are labelled as D, G, D′, 2D and D + D′ following the convention in literature. (A 

colour version of this figure can be viewed online.)
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Fig. 5. 
Same as Fig. 4 except that the Raman spectra are for samples of group B(1), group B(2) and 

group C in the top, middle, and the bottom panels respectively. (A colour version of this 

figure can be viewed online.)
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Fig. 6. 
Plot of the intensity ratio I(D)/I(G) of the D and G-bands for all 16 samples with the number 

next to each data point representing the sample number shown in Table 1. The experimental 

error bars are within the size of the data points. Group B contains samples of both the B(1) 

and B(2) groups since I(D)/I(G) ratios in these samples are nearly the same. (A colour 

version of this figure can be viewed online.)
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Fig. 7. 
Fits of the Raman spectra for three samples, one each from groups A, B and C. Black lines 

represent the measured spectra, blue lines the fits to individual peaks and the red lines the 

overall fits. (A colour version of this figure can be viewed online.)
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Fig. 8. 
Same as in Fig. 6 except the plots are now for the defect density (right scale) and their 

concentrations in ppm (left scale) for all the samples. (A colour version of this figure can be 

viewed online.)

Seehra et al. Page 16

Carbon N Y. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Same as Fig. 6 except the plot is for the full-width at half-maximum (FWHM) of the Raman 

D band vs. defect concentration in ppm for the 16 samples. The FWHM is the largest for 

samples of group C (blue), intermediate for group B (red) and the smallest for group A 

(black). (A colour version of this figure can be viewed online.)
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Fig. 10. 
Same as in Fig. 9 except that the plot is for the FWHM of the Raman G band. (A colour 

version of this figure can be viewed online.)
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